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ABSTRACT 

Underwater acoustic measurement has received great interest in the twenty-first century, 

owing to the growing need for the detection and localisation of underwater objects, such as 

underwater vehicles and marine life. Acoustic waves have been found to be the most effective 

carriers for underwater information transmission over long distances. Hence, many efforts have 

been made in developing hydrophones and acoustic vector sensors to meet the needs of 

different applications and measurement situations. 

Among all the acoustic sensing materials, polyvinylidene fluoride (PVDF) film is 

particularly well suited as an underwater acoustic sensor because of its many desirable 

piezoelectric properties and its matched acoustic impedance with water. However, while PVDF 

film has been widely utilised for hydrophone applications by a number of researchers, the 

sensing mechanism of PVDF film to the underwater sound field is not well understood. The 

aim of this thesis is to analyse the response of a PVDF film generated by the sound field and 

to use the findings to develop a hydrophone and acoustic vector sensor based on PVDF films. 

Analytical models of the plain PVDF film when placed in an underwater plane sound field 

are developed and described. The effects of the incident sound pressure and the scattered 

pressure on the stress and voltage response of the PVDF film are analysed, with the underlying 

fluid physics discussed. The frequency and directional dependencies of the sensitivity of the 

PVDF film are illustrated. It is found that the sensitivity of a PVDF film with free–free 

boundary conditions can be explained by the averaged symmetric stress response to the incident 

sound pressure, while the voltage response of a cantilever PVDF film is mainly generated by 

the anti-symmetric pressure related to the particle velocity. Based on these models, a PVDF 

bimorph sensor is developed and the use of it in estimating the acoustic intensity is explored. 

Finite-element models are also developed to investigate the effects of elastic coatings, 

which are often adopted for PVDF protection and water proofing, on the response of the PVDF 
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film. The interaction between a PVDF film, elastic coating, and sound field is included in the 

model. The elastic coating, which usually has a very different stiffness and thickness compared 

with the PVDF film, would experience a different degree of in-plane deformation when excited 

by the sound pressure. Shear stress occurs at the PVDF–coating interface and affects the 

developed stress field in the PVDF film. It is found that the sensitivity of the PVDF film can 

be significantly increased and the frequency and directional dependencies of the response will 

be significantly changed by the elastic coating. It is therefore shown to be possible to design 

PVDF-based hydrophones and acoustic intensity probes with desired responses. 

Based on these findings, a PVDF-based pressure–pressure (P-P) intensity probe is 

presented. The performance and limitations of the designed P-P intensity probe are investigated. 

The advantages and drawbacks of the two intensity sensors designed in this thesis, the PVDF 

bimorph sensor and the PVDF P-P intensity sensor, are then compared. Results show that the 

bimorph sensor has much higher sensitivities at a low-frequency range and more accurate 

results when carefully calibrated. Meanwhile, the P-P intensity probe had a wider usable 

frequency range, up to several kilohertz, with less calibration requirements. 

Laboratory experiments are carried out for verifying the developed analytical and 

numerical models. Several sensors are constructed and tested in a large water tank, and 

reasonable agreements between the predicted and experimental results are achieved. 
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Chapter 1  

Introduction 

1.1. General Background & Motivation  

Underwater acoustic sensing has attracted great interest in the twenty-first century. 

Acoustic waves, owing to their propagation properties, are the most effective carriers for 

underwater applications and information transmission over long distances (Saheban & 

Kordrostami, 2021). The detection and localisation of underwater sound sources, such as 

underwater vehicles and marine life, are also important for improving safety and transport 

efficiency, as well as helping in marine mammal conservation (Wahlberg et al., 2001; Liu et 

al., 2015; Ma et al., 2021).  

As a fundamental physical quantity, underwater sound pressure has been studied and 

measured extensively. It is still of vital importance to have a highly sensitive hydrophone that 

can accurately determine sound pressure, as it is the basis for many studies and applications 

(Merchant et al., 2012; Etter, 2012). In addition to pressure measurements, concepts of 

measuring the acoustic vector value, such as the acoustic particle velocity, and the acoustic 

intensity have been developed as they can provide more information (Leslie et al., 1956; 

Gabrielson et al., 1995). The acoustic intensity is derived from both sound pressure and particle 

motion, and is a measure of the power flow of a sound wave propagating through a medium. 

The direction gives the local direction of power flow and the magnitude is equal to the time-

averaged rate of acoustic energy transport through a unit area perpendicular to the energy-flow 

direction.  
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Since the measurement of those underwater acoustic quantities is of practical interest, rapid 

advances have been made in the area of developing hydrophones and acoustic vector sensors 

(Zhang et al., 2017; Meng et al., 2021). As the needs of different applications and measurement 

situations vary, hydrophones with different structures and based on different sensing 

mechanisms have been proposed. It should be noted that currently the vast majority of 

hydrophones used worldwide are based on the piezoelectric effect.  

Among all the piezoelectric materials, polyvinylidene fluoride (PVDF) film is particularly 

well suited as an underwater acoustic sensor because of its many desirable mechanical and 

piezoelectric properties, and its matched acoustic impedance with water. As a result, many 

efforts have been made to develop PVDF-based hydrophones (Moffett et al., 1985; Josserand 

et al., 1985). It is worth noting that, while PVDF is popular for measuring sound pressure in 

the megahertz range, its use in the low-frequency range is limited because of the low sensitivity. 

Furthermore, for a PVDF film used in a vector sensor, the directivity response of the PVDF 

needs to be controlled. Therefore, research on improving the sensitivity of PVDF hydrophones 

and obtaining desired responses is needed. 

In terms of building a vector hydrophone, one common way is to use two omni-directional 

pressure sensors separated from each other at a certain distance for estimating the pressure 

gradient, while another way is to build a sensor that can directly sense the particle motion. 

Although PVDF is considered suitable for use as a vector sensor, not much work has been 

reported in this area (Kharat et al., 2007). Research on the feasibility of PVDF-based vector 

sensors and intensity probes is also of interest. 

To build a solid basis for developing PVDF hydrophones and intensity probes, in this thesis 

the relationship between the voltage output of the PVDF film and the incident sound is explored, 

based on the analytical models developed here. The sensing mechanisms of a raw PVDF film 
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to sound pressure and a cantilevered PVDF bimorph to both sound pressure and particle 

velocity are explained. 

As previous research shows, the voltage response of a PVDF film would be modified when 

clamped by stiff plates, or encapsulated inside elastic materials (Wang et al., 1993; Munyard 

et al., 2016). Therefore, in this thesis the potential of increasing the sensitivity of PVDF and 

shaping its response curves by applying coatings on the film is explored. This is achieved using 

the finite-element method to model the coated PVDF inside a plane wave field. The underlying 

physical mechanism of the stress transmission from the incident sound field into the coated 

PVDF structure is explained. The advancements in this area help in designing PVDF-based 

hydrophones and acoustic intensity probes with the desired response.  

Two designs for a PVDF-based intensity probe are studied and shown to be feasible. One 

is a PVDF bimorph sensor and the other is a P-P intensity probe using parallel PVDF films. 

The algorithms for calculating the sound intensity are presented and the limitations of the 

proposed design are discussed. The presented results may provide some guidelines for 

calibrating PVDF-based intensity probes and for employing them in practical measurements.  

1.2. Literature Review  

1.2.1. Underwater hydrophones  

Hydrophones are used to obtain underwater sound pressure information and have received 

wide attention from researchers around the world. Today, depending on the application 

requirements, various types of hydrophones are available, and the most common types of 

hydrophones are designed from piezoelectric materials, such as piezo-ceramics and piezo-

polymers. Piezo-ceramics are widely used for generating acoustic signals from electrical 

signals, while piezo-polymers are good sensing materials for building highly sensitive and 
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broadband hydrophones (Hurrell & Beard, 2012). Among these piezoelectric materials, PVDF 

polymer has a flat response, high flexibility and mechanical strength, and a low acoustic 

impedance. They can be easily shaped to meet the needs of different hydrophone structures, or 

be applied to curved surfaces. As a result, PVDF hydrophones are considered ideal for 

underwater sound measurement (Woodward & Chandra, 1978). 

The performance of a hydrophone is usually described by several key factors, such as 

sensitivity, frequency response and directional response. The sensitivity of a hydrophone 

reflects its ability to transform acoustic pressure to output voltage. Typically, in underwater 

acoustics, sensitivity is specified in terms of decibels (re: 1 V/μPa). A typical hydrophone may 

have a sensitivity of approximately −206 dB, which corresponds to 
1250 10  V/μPa  or 50 

μV/Pa.  

The sensitivity of a hydrophone generally depends on the frequency and the angle between 

the hydrophone’s acoustic axis and the direction of propagation of the incident wave. Therefore, 

descriptions of these dependencies are necessary and are expressed as frequency and 

directional responses, respectively. The frequency response curve of a hydrophone is usually 

most affected by its resonance frequencies. Since a flat transfer function is generally preferred, 

hydrophones are mostly used under their resonance frequency. As a result, hydrophones should 

be designed to have their mechanical resonance frequency several times higher than the desired 

operating frequency range (National Measurement Office et al., 2014).  

In terms of directivity, hydrophones can be divided into two general categories: omni-

directional hydrophones and directional hydrophones. Omni-directional hydrophones can 

detect acoustic waves with the same sensitivity in all directions, while directional hydrophones 

are more sensitive in certain ranges of incident angle.  
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The requirements on the frequency and directional responses of hydrophones are highly 

dependent on the application and measurement conditions. Therefore, understanding the effects 

of different factors such as materials, shape, and dimensions of the hydrophone structure is 

important. Many studies have been done in this area. Winnicki and Auyer (1977) investigated 

the effect of the geometric and material factors on the sensitivity of a cylindrical piezo-ceramic 

hydrophone based on a finite-element model. Later, handbooks of hydrophone element design 

were written for engineers to select the most efficient combination of materials and geometry 

to achieve a desired result (LeBlanc, 1978). However as will be shown in the following section, 

further studies on understanding and controlling the response of PVDF hydrophones are still 

necessary.   

Apart from the factors mentioned above, properties that are desired when designing a high 

performance hydrophone also includes low size, large signal to noise ratio, large dynamic range, 

and good linearity. A more detailed discussion could be found in the review work by Saheban 

and Kordrostami (2021). 

1.2.2. Underwater acoustic vector sensors  

Acoustic vector sensors are often used to determine vector values such as acoustic pressure 

gradient, acceleration, and particle velocity at a certain point of the acoustic field, and therefore 

can provide more information than pressure hydrophones. With vector sensors, the direction of 

an acoustic wave is easily detected (Zhang et al., 2009). Therefore, vector sensors have been 

extensively used for source localisation and target recognition (Felisberto et al., 2013; Kavoosi 

et al., 2021). 

Measuring the acoustic particle velocity or acceleration using neutrally buoyant inertial 

sensors has attracted much interest and has recently become feasible. Different designs have 

been reported, including a cilia-type four-beam vector hydrophone (Xue et al., 2007), a T-
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shape vector hydrophone (Guan et al., 2012), and a thickness-shear-mode vector hydrophone 

(Pyo et al., 2018). Beam-type structures with fixed boundary conditions are popular in this area, 

as they can have sufficient sensing ability with relatively small sizes. The beams can deform 

or move along with the fluid particle movement induced by the acoustic waves, so that the 

sound propagation direction can be easily estimated. Cantilever-type acoustic vector 

piezoelectric sensors have also been designed and very high sensitivity levels have been 

reported, ranging from −190 dB to −160 dB (Abdul et al., 2020; Kim et al., 2021). 

Based on the developed vector sensor, an acoustic intensity probe can then be created from 

the combination of a pressure sensor and vector sensors. The extension of a pressure gradient 

sensor to a sound intensity probe is straightforward, as the sound pressure is already obtained 

when estimating the particle velocity from the difference between the values measured from 

two pressure sensors. This type of intensity sensor is usually called a ‘pressure–pressure’ (P-P) 

intensity probe. This design was introduced to the underwater field by Ng in 1991 (Ng, 1991). 

Since then, underwater intensity probes developed with pairs of hydrophones have been 

demonstrated and put into practical use (Hutt et al., 1999).  

The other type is called a ‘pressure–particle velocity’ (P-U) or ‘pressure–particle 

acceleration’ (P-A) intensity probe, where a vector sensor that can directly sense the fluid 

motion is used. Based on the recent development of velocity vector sensors, several P-U and 

P-A intensity probes have been developed and their ability to measure sound intensity has been 

demonstrated. As an example, an accelerometer-based underwater intensity sensor was 

described by Kim et al. (2004). They claimed that the designed probe is able to exact the active 

propagating intensity even in a strong reactive field. 

Both methods have their advantages and drawbacks and also different requirements for the 

sensing elements. The accuracy and limitations of the gradient method have been well studied 
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by many researchers (Juhl & Jacobsen, 2004; Jacobsen & de Bree, 2005). The response of the 

sensing element inside the P-P intensity probe should be omni-directional in order to accurately 

estimate the sound pressure gradient using the finite-difference approximation. Angular 

variation of the response, which can be caused by many factors such as sound scattering and 

the spatial average of the pressure distribution on the sensing element, will cause errors in the 

intensity estimation. The geometry of the sensing elements will also affect the performance of 

the probe and its usable frequency range (Wiederhold et al., 2012, 2014). Compared with the 

P-U method, the calibration methods of pressure transducers and the guidelines for 

measurement in practice are relatively simple and are available from many resources. However, 

the phase responses need to be matched extremely well in order to avoid error when the 

pressure at the probe location is larger and the intensity in the measured direction is small 

(Jacobsen, 1997). 

As shown by several research groups (Jacobsen & de Bree, 2005; Kumar et al., 2018; 

Fernandez Comesaña et al., 2011), the P-U probe generally exhibits better performance when 

put into practical use. Apart from the requirement of omni-directionality for the pressure 

sensing element, the velocity sensor needs to be carefully designed to have a neutrally buoyant 

property (McConnell, 2002). Therefore, the choice of material is limited. Moreover, the P-U 

probe requires a careful calibration of the two different types of sensors, which is currently still 

under development. 

1.2.3. PVDF film  

Since the discovery of the piezoelectric properties of PVDF (Kawai, 1969), the potential 

use of PVDF films as sensors and actuators has been explored extensively. They are 

particularly well suited to this because of their many desirable mechanical and piezoelectric 

properties. It has been widely used as a force transducer, in vibration measurements and 
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structural health monitoring, as well as been applied to portable medical detections (Chiu et al., 

2013; Xin et al., 2016). Compared with lead zirconate titanate (PZT), the most common 

piezoelectric ceramic in use today, PVDF has a piezoelectric voltage constant that is 

approximately 20 times larger and an impedance match with water that is 10 times better 

(Sappati & Bhadra, 2018). Therefore, PVDF is an excellent candidate for an underwater 

acoustic sensor.  

PVDF is a semi-crystalline polymer that can arise in several crystalline states. The 

crystallinity of PVDF is a major factor in determining its piezoelectric constant. Typical 

piezoelectric polymers have a crystalline region that has an internal dipole moment. These 

dipole moments are randomly oriented before the polarisation process, and the net dipole 

moment is zero in this condition. With post-processes such as mechanical stretching and 

electrical poling under a high electric field, crystalline regions inside the bulk PVDF film will 

align in the direction of the electric field (Ruan et al., 2018). It has been shown that, after these 

processes, the PVDF film has a much higher piezoelectric constant, making it more suitable as 

a sensor material. The anisotropic property is also introduced in the polarisation process, 

meaning that it has different responses in different directions.  

There are many different types of PVDF films with various properties and sensitivities 

available on the market, but Measurement Specialties supply the most commonly used films 

(Measurement Specialties, 2008). The parameters used in this thesis are based on the films 

bought from this company. 

1.2.4. PVDF films as underwater acoustic sensors 

The PVDF film has a relatively high hydrostatic response compared to other piezoelectric 

materials such as PZT ceramics, due to the larger piezoelectric voltage constant of the PVDF 



9 
 

film. In addition, its ability to measure sound fields with little to no disruption to the sound 

field itself makes it very suitable for underwater acoustic measurement. 

Consequently, efforts have been made in utilising PVDF for hydrophone applications by a 

number of researchers. It was demonstrated that PVDF hydrophones work well in ultrasonic 

fields and they have been used for calibration of media ultrasound devices (Harris et al., 2000). 

Membrane-type and needle-type PVDF-based hydrophones have been developed for 

frequencies up to the megahertz range and have become very popular (Shotton et al., 1980; 

Platte, 1985; Chan et al., 1991). As an example, Boechat et al. (2018) developed a miniature 

PVDF-based needle hydrophone for use in measuring ultrasonic fields and Lum et al. (1996) 

designed a membrane hydrophone with a bandwidth of approximately 150 MHz.  

While PVDF hydrophones for low-frequency applications have also been designed and 

reported, they are generally less common. Membrane types with a larger diameter were 

developed and show sufficient sensitivity (Howie & Gallantree, 1983). However, the PVDF 

membrane can be easily ruptured when used under hydrostatic pressure, even in shallow water. 

Therefore, various designs have been developed by mounting the PVDF film to elastic 

structures to improve the strength. Flexural disk hydrophones and composite cylinder 

hydrophones using PVDF films have been reported, with sensitivity levels at −200 dB and 

−212 dB, respectively (Powers et al., 1978). In 1985, a design was proposed by Moffett et al. 

(1985), where the impedance of the hydrophone was matched to that of water. The constructed 

hydrophones exhibited smooth curves between 5 kHz and 1000 kHz, and a sensitivity level of 

approximately −190 dB with a 20.5 dB pre-amplifier. Later, with a thicker PVDF film, the 

cylindrical hydrophone developed by Yuan and Shi (1993) was able to obtain a sensitivity level 

of approximately −190 dB. While the measured response is satisfactory, the fabrication is 

relatively complicated as numerous parts need to be assembled and large film size is needed to 
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ensure the sensitivity level. Consequently, the practical applications are limited by the 

manufacturing cost and the physical size of the hydrophone (Choi et al., 2010). 

A simple but efficient way to increase the sensitivity of a PVDF film is therefore needed. 

It is found that the sensitivity of PVDF will increase when laminated between thin stiff plates 

(Bloomfield, 1994; Brom et al., 1995; Sherrit et al., 1995). It is also noticed from experimental 

results that it is possible to modify the response of a PVDF film by attaching it to elastic 

materials (Matthews et al., 2013). Therefore, the idea of using different coating materials to 

control the response of the PVDF film arose, and is investigated in this thesis. 

In contrast, while PVDF is supposed to be suitable for use as an acoustic vector sensor and 

intensity probe, not much work on this has been reported (Kharat et al., 2007). A cantilevered 

PVDF bimorph hydrophone was designed by Josserand and Maerfeld in 1985 (Josserand et al., 

1985). They demonstrated that the output of the PVDF bimorph is proportional to the incident 

particle velocity normal to the surface, and suggested that acoustic intensity measurement 

might be possible with only one PVDF bimorph sensor. More recently, prototype intensity 

probes using parallel PVDF films were developed by Killeen et al. (2009). Based on the P-P 

method, the pressure-related PVDF outputs were utilised for estimating the pressure and 

pressure gradient components (Killeen et al., 2009). While the potential of using PVDF films 

for intensity probes was demonstrated, it is clear that more research is needed before sensor 

construction and measurement. 

1.2.5. Modelling of PVDF sensors  

The modelling of the PVDF sensor is complex for the following reasons: 

(1) The involvement of the sound–structure interaction, 

(2) The anisotropic property and the mechanical–electrical coupling of PVDF film, and 

(3) The coupling between the PVDF film and coating material when it is coated. 
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Therefore, the modelling of the PVDF sensor is divided into two parts: analytical models with 

reasonable simplifications are developed for understanding the mechanisms of the plain PVDF 

films for sensing incident sound, and numerical models are developed to investigate the full 

coupling between the sound field and coated PVDF structure. 

Analytical models for the sensitivity of the PVDF film when it is attached to simple elastic 

structures, including a flexural disk and cylinder, were developed (Sullivan & Powers, 1978; 

Ricketts, 1980, 1981; Holden et al., 1983). The response of the film is calculated by modelling 

the response of the elastic structures to the sound pressure, and assuming the same strain is 

experienced by the PVDF film. Then the voltage response of the film is calculated using the 

piezoelectric constitutive equation. The effects of the boundary conditions and the dimensions 

of the elastic structure on the sensitivity of PVDF were discussed.  

Similar assumptions were used for analytical models that were developed to investigate the 

clamping effect of metal plates, such as electrodes, on the PVDF sensitivity (Tancrell et al., 

1985; Moffett & Ricketts, 1986; Wang et al., 1993). The film and the electrodes are considered 

as a thin elastic bar, where the stress and strain values can be regarded as constant, i.e., 

independent of the coordinates, and there is no slip at the electrode–piezoelectric interface. It 

was found that, due to the mechanical clamping effect of the electrodes on the lateral motion, 

the hydrostatic piezoelectric constant of the PVDF film, which is defined as the sum of the 

piezoelectric constants in all three directions, is largely enhanced. 

As for modelling the directivity responses of the PVDF sensors, simple receiver models 

were used. In the ultrasonic frequency range, the directional pattern was modelled by a simple 

stiff disc receiver, where the voltage was assumed to be proportional to the integral of the 

incident pressure over the surface of the film (Bacon, 1982; Preston et al., 1983). The 

propagation of the Lamb wave in a membrane was taken into account. The model developed 
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by Moffett works in a lower frequency range for frequencies at several kilohertz, where the 

film was modelled as a piston set in a rigid baffle (Moffett et al., 1985). 

In these analytical models, the coupling between the sound field, the elastic structure, and 

the PVDF film are much simplified, and therefore their applications are limited. Furthermore, 

these models provide little information on what is actually happening inside the film. 

It is important to build an analytical model that can improve the understanding of the 

vibration mode of a PVDF film. A reasonable and widely applicable assumption is needed to 

reduce the complexity of the coupling condition. The piezoelectric constitutive equation 

represents the source of coupling between mechanical and electrical effects. This 

electromechanical coupling, as in the previously published works, can be decoupled by 

calculating the mechanical stress- or strain-induced voltage response of the PVDF film using 

the piezoelectric constants (Ricketts, 1980, 1981; Mitchell & Reddy, 1995). 

Considering the size and acoustic impedance of a PVDF film, the decoupling of the sound–

structure interaction is also assumed to be an appropriate choice for modelling the plain PVDF 

film inside a sound field. This decoupling would be much favoured as the analytical solution 

of the acoustic scattering problem is only available for elastic structures with simple shapes, 

such as spheres, shells, and infinite cylinders (Hickling, 1962; Junger, 1952; Doolittle et al., 

1968). Numerical methods are usually used to solve this problem and explore the coupled 

response of the structure and the sound wave (Wilton, 1978; Everstine, 1997). The interaction 

between a vibrating elastic structure and a normal incident sound wave was carefully studied 

by Hunt et al. (1975), who considered three different structural models for an aluminium disk. 

The perfectly rigid model treats the structure as a perfectly hard scatterer, where all kinds of 

motions are restricted. The rigid motion model allows it to undergo a uniform translational 

motion in the direction of the incident plane sound, while in the elastic structure model all kinds 

of vibration are permitted. From the results shown in their work, it can be clearly seen that the 
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scattered sound from an elastic model is very close to the rigid motion model except in the 

vicinity of the resonance frequencies. Their results indicated the scattered sound may have little 

effect on the in-plane and transverse vibration of a freely vibrating thin elastic structure except 

for frequencies around the resonances. Therefore, based on their findings, the feasibility of 

developing a decoupled model for the plain PVDF film inside the plane sound field is 

investigated in this thesis.  

However, it is noticed that scattered sound pressure is important for modelling the bending 

deformation of a structure with clamped boundary conditions, such as an immersed cantilever 

beam. A series of works was done by Sader et al. to develop a hydrodynamic model of the 

force around a cantilever beam (Sader, 1998; van Eysden & Sader, 2006a, 2006b). A rigorous 

solution and approximation expression for excitation force around beams were presented in 

their work. The effect of the viscosity and compressibility of the fluid was investigated and 

included in the hydrodynamic force model (van Eysden & Sader, 2007, 2009a, 2009b). Their 

expressions have been used for building atomic force microscopes. 

Cranch et al. (2012) developed a cantilever-type acoustic velocity hydrophone based on the 

hydrodynamic force model and explained the forcing term using two mechanisms. The first is 

proportional to the gradient of the incident sound pressure normal to the surface and the second 

is the added mass effect due to local surface vibration. A reasonable agreement indicates that 

it is a good approximation model for the actual force generated by the pressure difference 

between the top and bottom surfaces of the beam, when the wavelength of the sound wave is 

much larger than the thickness of the beam. It should be noted that a cantilever plate with 

infinitesimal thickness and infinite width leads to nonlocal flow around the plate, where the 

pressure at any location on the plate surface is related to that at all other positions (Atkinson & 

Manrique De Lara, 2007; Shen et al., 2016). However, it will be demonstrated in this thesis 

that a local approximation is feasible. With the hydrodynamic force model, it is possible to 
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develop an analytical model to simulate the voltage response from cantilever PVDF films when 

excited by the incident plane sound wave.  

In terms of modelling the coated PVDF film where the thickness of the coating is at least 

comparable to the thickness of the PVDF film, numerical methods are used. Relevant studies 

are the modelling of multi-layer laminated structures, with PVDF as a vibration sensor or 

actuator. Models of PVDF embedded in a composite thin plate and cylindrical shell have been 

proposed (Ricketts, 1985; Tzou & Gadre, 1989; Lee, 1990). For these cases, some assumptions 

such as the structure moving as a single layer and the boundary remaining straight and normal 

to the geometric mid-plane after deformation are made for deriving the equations. However, 

these assumptions are not always applicable, especially when the coating is much softer and 

thicker than the PVDF film.  

To better determine the strain and stress fields in the laminated structure, theories such as 

the layer-wise theories (Lezgy-Nazargah & Salahshuran, 2018; Li, 2020) and zig-zag theories 

(Carrera, 2003) have been developed. The displacement field in the thickness direction of the 

laminated structure is generally described by piecewise continuous functions. These theories 

have been successfully applied to model multi-layer PVDF-based smart composite structures, 

with reduced computational cost compared with 3D finite-element modelling (Torres & 

Mendonça, 2010; Moleiro et al., 2015; Liew et al., 2019). However, these theories cannot be 

applied to the case when the PVDF film is encapsulated inside a material. 

Considering the geometry of the PVDF hydrophone, and the complex coupling effect 

between the PVDF film, coating, and sound field, the approach of finite-element modelling 

with proper equations in the structure and sound fields turned out to be an appropriate choice. 

To simulate sound propagating in an unbounded domain, the perfectly matched layer can be 

used to absorb the outgoing sound wave and minimise the sound reflection from the truncated 
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boundaries of the computational domain (Bermúdez et al., 2007; Vermeil De Conchard et al., 

2019).  

This approach has already shown some success in modelling piezoelectric materials as 

sensors and actuators (Benjeddou, 2000; Nguyen et al., 2018). Models for planar PVDF film 

sensors (Baumgärtel et al., 2016), PVDF membrane sensors (Lee et al., 2017), and wagon-

wheel-shaped piezoelectric transducer (Wong et al., 2017) subjected to various excitations 

have been developed and shown good agreements with experimental results. When the 

underwater plane sound field is included in the model as the excitation, the sensitivity of the 

PVDF hydrophone can be calculated. The ability of the finite-element method to accurately 

model a complicated PVDF hydrophone structure, which consists of PVDF films, stiff 

substrates, compliant baffle, damping layer, and waterproof layer was demonstrated by Bai and 

Xu (2019). PVDF hydrophones with multi-layer carbon-fibre composites as the backing 

material were modelled by Wang et al. (2019). It is clear that the finite-element method is an 

effective and reliable tool for solving problems with complex coupling conditions, as presented 

at the beginning of this section. Therefore, in this thesis, the finite-element method is also 

utilised for investigating the interaction between a sound field, coating, and PVDF film, and 

for understanding the effect of a coating on the response of PVDF. 

1.3. Research objective 

Based on the literature review, the research objective could be clearly defined as follows:  

 To carry out a detailed study of the response of PVDF film to the underwater sound 

field using analytical and numerical methods. 

 To examine the coupling effect between the coating materials, the PVDF film and 

the sound field on the sensitivity of the PVDF based sensors. 

 To explore methods for tailoring the response of PVDF hydrophones. 
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 To design sound intensity probes based on PVDF films. 

 

1.4. Layout of thesis and key contributions 

The remaining chapters of the thesis are outlined as follows. 

Chapter 2 presents the analytical model for a plain PVDF film inside an underwater plane 

sound field. With the help of a finite-element model, it is found that the antisymmetric scattered 

sound does not contribute to the sensitivity of the PVDF film, while the magnitude of the 

symmetric scattered sound is negligible. Therefore, the scattered sound is ignored in the 

analytical model. A 2D model with the plain strain assumption is used to calculate the response 

of an infinite-strip-shaped PVDF film (Zienkiewicz et al., 2013). The sensitivity of the PVDF 

film is explained by the averaged symmetric stress response of the film to the incident sound 

pressure. The spectral property of the sensitivity is characterised by the hydrostatic response at 

low frequency, and resonances of the in-plane modes, as well as anti-resonances due to the 

superposition of the stress components at high frequency. The directional property is described 

by three directivity mechanisms of the averaged stress. 

This chapter forms the basis of this thesis by illustrating the frequency and directional 

features of the PVDF film, which helps in understanding the mechanisms involved in 

generating the voltage output of PVDF by an incident sound field.  

In Chapter 3, the voltage contributed by the anti-symmetric sound pressure is extracted by 

a PVDF bimorph sensor. This voltage response is found to be useful for detecting the particle 

velocity of the incident sound. Analytical models of the open-circuit voltage outputs of an 

infinite-strip-shaped PVDF bimorph cantilever in an underwater sound field are developed. 

The hydrodynamic expression is utilised for constructing the decoupled forcing term. 
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Results show that the voltage outputs from the PVDF bimorph can be decomposed into 

pressure-generated and velocity-generated voltage components, which are suitable for the 

intensity estimation. An algorithm for determining the complex acoustic intensity normal to 

the surface is proposed and its accuracy and limitations are discussed. 

Chapter 4 studies the effect of the coating on the sensitivity of a PVDF film based on a 

finite-element model. The interaction between the PVDF film, elastic coating, and sound field 

is investigated and the underlying physical mechanisms are explained. The effects of the 

material and geometric properties of the coating on the frequency and directional responses of 

the PVDF film are studied. The demonstrated results may advance understanding of the 

measurements of existing PVDF hydrophones, and help in designing PVDF-based 

hydrophones and acoustic intensity probes with desired responses. 

In Chapter 5, a design for a P-P intensity probe using parallel PVDF films is presented. 

This chapter focuses on investigating the performance of the designed probe in terms of 

intensity measurements, examining the potential errors and problems, and providing possible 

solutions. Several key points are also addressed for future sensor design. Results show that the 

probe is able to determine the intensity in a plane wave field before the upper frequency limit 

introduced by the traditional gradient method. The performance of this probe is compared with 

the PVDF bimorph sensor presented in Chapter 3. 

Chapter 6 gives a summary and discussion of the work presented in this thesis and provides 

insight into the scope for future work on this research topic. 
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Chapter 2  

Sensing Mechanisms of a PVDF Film 

2.1. Introduction 

Understanding the sensing mechanisms of a polyvinylidene fluoride (PVDF) film to an 

incident sound field is very important. It forms the basis for developing PVDF hydrophones, 

through exploring the relationship between the sensitivity of a PVDF film and the incident 

sound. 

When a plain PVDF film is placed directly into a sound field, the film is under a pressure 

loading on all boundaries and stresses build up inside the film. An electric potential difference 

occurs between the two surfaces of the film as a result of the piezoelectric effect, and this is 

picked up by the electrodes as the voltage response. It is clear that obtaining the stress response 

of the PVDF film to the incident sound is the main focus for this problem. 

As discussed in Chapter 1, the PVDF is a thin film with an acoustic impedance very close 

to that of water (Moffett et al., 1985; Sappati & Bhadra, 2018). It is supposed to cause little 

disturbance to the incident sound field, so it is assumed that very little scattered sound pressure 

would be generated and this scattered pressure should have a negligible effect on the response 

of the PVDF film. To support this assumption, the underlying fluid physics are discussed. 

In this chapter, an analytical model is developed to analyse the response of a plain PVDF 

film in an underwater plane sound field. Based on the 2D plane strain model (Zienkiewicz et 

al., 2013), the in-plane and normal stress responses of the PVDF film are calculated and used 

for generating the corresponding voltage component. The frequency and directional 
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dependencies of the sensitivity of the PVDF film are analysed. Illustrating the frequency and 

directional features of the PVDF film is expected to advance understanding of the mechanisms 

involved in generating the voltage output of a PVDF by an incident sound field. 

2.2. Description of the PVDF 

A PVDF film exhibits anisotropy, meaning that different coefficients must be assigned for 

each direction of the piezoelectric film (Ruan et al., 2018). The definition of the axes for the 

PVDF film is shown in Fig. 2.1. The 1, 2, and 3 directions of the material coordinate system 

used to describe the properties of piezoelectric materials, correspond respectively to the 1x , 2x , 

and 3x  directions of the Cartesian Coordinate System used in this thesis. The anisotropic 

coefficients are then indexed as nme , where n corresponds to the direction of polarisation and 

m corresponds to the direction of mechanical stress. The films used in this thesis were polarised 

in the 3 direction with the electrodes placed on the surface of the film, therefore n equals 3. 

 

FIG. 2.1 Definition of axes for piezoelectric films. 

The piezoelectric property of the film can be characterised in terms of the piezoelectric 

coefficients: 
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where eD  is the electric displacement, eE  is the electric field,   is the mechanical stress, and 

  is the strain. The piezoelectric charge coefficient nmd  and voltage coefficient nmg  are the 

most commonly used parameters when PVDF is used as a sensor. The piezoelectric equations 

used to describe the behaviour of PVDF, when the voltage coefficient nmg  is used, are: 

es gD    and                                                                                                                       (2.5) 

1

e r eE g D     ,                                                                                                                                                        (2.6) 

where s is the material compliance matrix and
r  is the permittivity. Therefore, the open-

circuit (where eD  across the thickness of the film is zero) voltage output of the PVDF film can 

be calculated by (Lee, 1990): 

31 11 32 22 33 33(g g g )TPVDF PVDFV      ,                                                                                          (2.7) 

where T is the thickness of the PVDF film and 
11 , 

22 , and 
33  correspond to the averaged 

stresses in the three directions. As shown from the equation, each individual stress value, 11 ,

22 , and 33 , generates a voltage component referred to as 31V , 32V , and 33V , respectively.  
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Table 2.1 gives the typical physical properties of the film used in this work, which is based 

on the film purchased from Measurement Specialties (2008). Here, E  and   are respectively 

the Young’s modulus and Poisson’s ratio of the PVDF film and   is the mass density. These 

values were used in the following analytical and numerical models.  

TABLE 2.1 Material properties of the PVDF film. 

 

2.3. Modelling of the plain PVDF film 

2.3.1. Assumptions of the analytical model  

To understand the sensing mechanism of the PVDF film for sound pressure, an infinite-

strip-shaped PVDF film is modelled based on the plane strain assumption. The voltage output 

per unit length is used for the sensitivity calculation. The coordinates of the cross section of 

the PVDF film are shown in Fig. 2.2.  The width of the film is defined as W , and the thickness 

is T . The 1 direction of this PVDF film is aligned in the 
1x  direction, and is assumed to be 

infinite, meaning the strain along the 
1x  direction is zero. The incident plane sound is described 

by the sound pressure: 

2 3( sin cos )i k x k x

I op Pe
 

 ,                                                                                          (2.8) 

where / ok c  and oc  is the sound wave speed in water. For convenience, the harmonic 

time-dependent term 
i te 

 is ignored in the derivation of the steady-state PVDF response at 

.  

2(N/m )E    
3(kg/m )  

Pressure wave

( / )c m s  31(Vm/N)g
 32 (Vm/N)g

 33 (Vm/N)g
 

91.8 10  0.42  1780  1606.7  0.209  0.0418  0.3  

r  
31(C/ )d N  

32 (C/ )d N  
33 (C/ )d N  2

31(C/ m )e  
2

32(C/ m )e  
2

33(C/ m )e  

12108 10  
1223 10  

124.6 10  
1233 10   0.01  0.013  0.06  
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FIG. 2.2 Cross-sectional diagram of an infinite-strip-shaped PVDF film and incident sound. 

When the PVDF film is placed in the sound field, it responds to the incident and scattered 

sound pressures on the film. For developing the analytical model, it is assumed that the 

scattered pressure field is far smaller than that due to the incident plane wave. This assumption 

can be examined as follows, with the help of a finite-element model developed in COMSOL 

multi-physics. The pressure acoustics module is used for modelling the sound field and the 

solid mechanics module is used for the film. A detailed description could be found in Section 

2.3.4. 

The sound pressure on the top and bottom surfaces of the PVDF film is composed of 

incident and scattered sound pressures. Since the thickness of the PVDF film is very small 

compared with the wavelength of the sound in the frequency range of interest, the difference 

between the incident sounds on the top and bottom surfaces is negligible. Therefore, the 

pressure difference between surfaces is mainly contributed by the scattered pressure. As an 

elastic structure, the PVDF film permits four components of the scattered wave: (1) a reflected 

wave, (2) a diffracted wave, (3) a transmitted wave, and (4) an "elastic" wave (Hunt et al., 

1975). The amount of scattered sound pressure is dependent on the film’s velocity response 

and characteristic size with respect to the wavelength of the incident sound. 

To examine the effect of the scattered pressure, the sound pressure on the surfaces is 

decomposed into symmetric ( SP ) and anti-symmetric ( AP ) components: 
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3
2

T S Ax
p P P


   and                                                                                           (2.9) 

3
2

T S Ax
p P P


  .                                                                                                    (2.10) 

 

The symmetric pressure causes a symmetric stress response in the film, whilst the anti-

symmetric pressure generates the transverse vibration and associated anti-symmetric bending 

stress. As the voltage output of the PVDF film is determined by integrating the normal stresses 

on the cross section of the PVDF, the contribution of the anti-symmetric stress to the voltage 

is cancelled in the averaging process. Therefore, the anti-symmetric sound pressure is ignored 

in the modelling of the voltage output of the PVDF film. However, it is worth noting that the 

voltage due to anti-symmetric bending stress of the film can be extracted when a PVDF 

bimorph sensor is used (Josserand et al., 1985). This voltage output can be used for detecting 

the particle velocity of the incident sound (Cranch et al., 2012), which will be discussed in 

Chapter 3.  

 Figure 2.3 shows the scattered symmetric and anti-symmetric sound pressures with respect 

to the incident sound pressure up to / 1.2Wf f  , where /W of c W  and the wavelength of 

the incident sound is comparable to the width of PVDF film. The scattered-to-incident sound 

pressure ratio is described by 

/2

2

10 2 2

/2

1 1
20log ( ( ) )

W

S

o W

P x dx
P W



 . Three different structural 

models as described by Hunt et al. (1975) are examined. (1) The first is a perfectly hard 

scatterer model, where the displacement and velocity at all points of the film are zero. Two 

types of scattered sound wave are produced by the perfectly hard scatterer, including a reflected 

wave mainly in front of the scatterer, and a diffracted wave around the scatterer. (2) The second 

is a rigid body model where translational motion in the direction of the incident wave is 

permitted. The velocity at all points on the film is uniform. This model produces one more type 

of scattered sound wave compared to the perfectly hard model, which is the transmitted wave. 
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(3) The third is an elastic structure model where both in-plane and transverse vibration are 

included. For this case, an additional elastic wave is generated by the vibration modes of film. 

As shown in Fig. 2.3, when / Wf f  is small, the incident sound is not significantly affected by 

the scatterer and little scattered sound is generated. However, the scattered-to-incident sound 

pressure ratio increases with frequency. For the perfectly hard scatterer, the scattered sound 

becomes significant as / Wf f  increases to 0.4 and the anti-symmetric scattered sound pressure 

dominates. For the elastic model, peaks appear as a result of the resonances of the film. Since 

the peak values are still at least 10 dB less than the incident sound, the effect of the scattered 

sound is considered minor. Away from these narrow frequency bands, the scattered pressure 

from the elastic model is very close to the rigid motion model. Generally, the scattered sound 

pressures are relatively small, except the anti-symmetric pressure scattered by the perfectly 

hard scatterer.  

 

FIG. 2.3 The scattered-to-incident sound pressure ratio for 0   for  

(a) symmetric scattering and (b) anti-symmetric scattering. 

The large difference in the anti-symmetric sound pressure between the models is explained 

by the underlying fluid physics. The particle velocity of the fluid around the PVDF film for the 

perfectly hard and rigid body model at / 0.43Wf f   and 0    is shown in Fig. 2.4. For the 

perfectly hard model, strong reflected and diffracted particle velocity fields are generated to 
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ensure the zero normal velocity condition on the top and bottom surfaces of the PVDF film. It 

is evident in Fig. 2.4(a) that the particle velocity field around the film is largely in the opposite 

direction to the particle velocity of the incident sound, and has a strong component in the 
2x  

direction. Especially at the surfaces of the film, the scattered sound pressure is generated by 

the velocity component in the 
2x  direction. This velocity component is mainly due to the 

diffracted sound wave, and shows a divergence pattern. The anti-symmetric nature of the 

scattered sound pressure for the perfectly rigid PVDF model is therefore clearly explained.  

The particle velocity around the rigid body PVDF film, as shown in Fig. 2.4(b), is 

dominated by the incident sound field. This is because the film moves along with the incident 

sound with a similar velocity. As a result, very little scattered sound is required to satisfy the 

velocity condition on the surfaces. Similar things happen to the elastic PVDF film, which also 

shows a much smaller value than the incident sound. 

       

FIG. 2.4 Particle velocity field of fluid around the PVDF film at / 0.43Wf f   and 0    for (a) 

perfectly hard scattering and (b) rigid body scattering (red vectors represent velocity of the film). 

Therefore, the assumption that scattered pressure can be ignored for the raw PVDF film 

inside a plane wave field is considered valid, and will be applied for developing the analytical 

model. 

(a) (b)
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2.3.2. Stress response of the PVDF film  

Based on the assumption proposed in Section 2.3.1, the incident sound pressure is used as 

the excitation term in the model. The incident sound pressures on the top and bottom surfaces 

are assumed to be identical, defined as: 

2sin

2 2 2( ) ( ) ( ,0)
ik x

T B I op x p x p x Pe


   , where 2( )
2 2

W W
x   .                         (2.11) 

Similarly, the pressure at the two ends can be represented by: 

2

sin
2

2
2

( ,0)
W

ik

W ox
p x P e




 .                                                      (2.12) 

Therefore, the symmetric stress in the thickness direction of the PVDF film is determined by 

the incident pressure on the surfaces: 

33 2( ,0)S

Ip x   , where 2( )
2 2

W W
x   ,                            (2.13) 

and is considered to be uniform across the thickness, since the thickness of the film is much 

smaller than the wavelength in the frequency range of interest. 

The symmetric stress in the 
2x  direction of the PVDF film is generated by the symmetric 

pressure at the surface of the film via the Poisson effect, and the incident sound at the two ends 

of the film. For the plane strain condition where 
11 0  , the stress–strain relationship is 

described by the generalised Hook’s law: 

22 22

33 33

23 23

1 0

1 0
(1 )(1 2 )

1 2
0 0

2

S S

S S

S S

E
   

   
 

  

 
    
    

      
        
 

.               (2.14) 

Therefore, the symmetric in-plane stress is related to the in-plane strain and stress in the 

thickness direction by: 
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.                                                      (2.15) 

By substituting Eq. (2.13) into (2.15), the in-plane stress due to the incident sound pressure is 

obtained as: 

22 22 22
( ,0)

(1 ) (1 )

S S

I

E
p x


 

 
 

 
.                 (2.16) 

Considering the force equilibrium of a mass element with displacement 
2u  in the 

2x  direction, 

the equation is derived as: 

2
2 2 2

2 2 2

2 2

( ,0)

(1 ) (1 )

Iu p xE
u

x x




 

 
   

   
,                (2.17) 

which is the in-plane vibration equation of a thin plate. The homogeneous equation of the in-

plane vibration of a thin plate was first derived by Love (1944), and the forcing term on the 

right-hand side represents the excitation due to the Poisson ratio effect. The solution of this 

equation could be expressed by the general solution and the particular solution: 

2 0 2 0 2 2,sin cosL L pu a k x b k x u   ,                 (2.18) 

where 
L

L

k
c


  and 

2(1 )
L

E
c

 



. The particular solution can be obtained using the plane 

incident sound pressure in Equation (2.11): 

2, 22 2

(1 )
sin ( ,0)

[ ( sin ) ]
p I

L

u ik p x
E k k

 








                (2.19) 

and the general solution can be determined from the boundary conditions at the ends of the 

film: 

2 2
22 2

2 2

( ,0)W WIx x
p x

 
  .                  (2.20) 

By substituting Eqs. (2.16) and (2.18), the boundary condition at 2 / 2x W   becomes: 

2

0 2 0 2 2 22 2 2

(1 )( sin )
( ( cos sin ) ( ) ( ,0)) ( ,0)
(1 ) [ ( sin ) ] (1 )

L
L L I I

L
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              (2.21) 

Therefore, the coefficients of the general solution can be obtained as: 

2
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 and                     (2.22) 
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,               (2.23) 

where Sp  and Ap  are the symmetric and asymmetric sound pressures (with respect to 2 0x  ) 

applied at the two ends of the PVDF film, defined as: 
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  and                 (2.24)
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 .                  (2.25) 

Thus, the in-plane stress response (symmetric with respect to 3 0x  ) is obtained as: 

22 22, 22,

S S S

T W    ,                   (2.26) 

where:    
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 and            (2.27)

2 2
22,
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cos( ) sin( )
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    .                (2.28) 

The above solution has two in-plane stress components. The first component 22,

S

T  is excited 

by the sound pressure on the top and bottom surfaces via the Poisson ratio effect, while 22,

S

W  

is excited by the sound pressure at the two ends of the film. These stress components are used 

in the following analysis.  
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The sensitivity of the PVDF is dependent on the stress components averaged over the width, 

derived as: 

2

2

2

1

W

S S

ii ii

W

dx
W

 



  , 2,3i  .                                                                                                                       (2.29) 

The averaged values of the three stress components are obtained as: 
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where the averaged sound pressures are: 

sin( sin )
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  and                                          (2.33) 

cos( sin )
2

S o

kW
p P  .                                                                                                       (2.34) 

Using the plane strain condition, the stress component in the 1x  direction is generated by the 

stress in other two directions via the Poisson effect, and can be determined as: 

11 22 33( )S S S     .                   (2.35) 

The stress in the 1x  direction also contributes to the voltage response of the PVDF film. 
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2.3.3. Sensitivity of the PVDF film 

The voltage response of the PVDF can be calculated based on Equation (2.7), with the 

averaged stress components derived as in the previous section. The sensitivity of the PVDF 

film as a hydrophone is defined using the ratio of the open-circuit PVDF voltage output (
PVDFV ) 

and the amplitude of the incident plane sound pressure (
oP ): 

0 10( , ) 20log 120PVDF

o

V
M

P
                     (2.36) 

in decibels relative to 1 V/μPa. This sensitivity is generally a function of   and  , which are 

respectively the angular frequency and angle of the incident sound. The angular property of the 

sensitivity at a given frequency is often referred to as the directivity of the sensitivity. The 

averaged stress permits analysis of the frequency and directivity properties of the sensitivity. 

The poles in the expressions of in-plane stress imply resonance frequencies in the 

sensitivity. For example, cos( / 2) 0Lk W   leads to the resonance frequencies of the in-plane 

modes (symmetrical in-plane stress modes of a free–free plate) in the PVDF film: 

1
( )

2

L
n

c
f n

W
  , where 1,2,...n                   (2.37) 

Using the parameters of the PVDF film in Table 2.1, having 13 mmW  and T = 0.056 mm , 

the first resonance 
1 42.618 kHzf  . As 1o

L

c

c
  for the PVDF film under consideration, the 

denominator 
2 2( sin ) 0Lk k    for all incident angles. 

The resonances are observed in the sensitivity of the PVDF film for the normal and grazing 

angles of incidence shown in Fig. 2.5. The superposition of the stress components versus the 

sensitivity of the PVDF film for the normal and grazing angles of incidence is also illustrated 

in the figure. When 0   , the voltage magnitude due to the stress component in the thickness 
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direction ( 33V ) remains constant for the frequency range of interest. At low frequencies, the 

voltage magnitude ( 32V ) due to the in-plane stress component is approximately 5 dB lower 

than that of 33V . For this case, the voltage components are opposite in phase, resulting in a 

reduced total voltage ( 32 33PVDFV V V  ) and thus reduced sensitivity. Below the resonance 

frequency, the voltage magnitude of the in-plane stress increases with frequency. When the 

frequency is in the near region of the resonance frequencies of the in-plane modes, the 

contribution of the in-plane stress to the sensitivity becomes a dominating factor. 

Anti-resonance of the sensitivity is observed when the voltages of the two stress 

components are equal and opposite in phase. When 0   , this anti-resonance occurs before 

the in-plane resonance, owing to the increased in-plane stress components. For 90   , it 

occurs after the in-plane resonance, owing to the decrease of the stress in the thickness direction 

with the increased frequency. The voltage due to in-plane stress also exhibits anti-resonances 

because of the superposition of the two parts of the in-plane stress components ( 22,

S

T  and 22,

S

W ). 

However, voltages close to these anti-resonances are much smaller than that from the stress in 

the thickness direction and thus do not affect the overall sensitivity of the PVDF film. 

  

FIG. 2.5 Sensitivity and corresponding stress components: (a) 0   and (b) 90  . 
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The directivity of the sensitivity can be explained by three angle-dependent mechanisms in 

the stress components, as follows. 

A. The first directivity function: 

1

sin( sin )
2( )

sin
2

kW

D
kW






                   (2.38) 

is derived from Equation (2.33). This is an aperture function resulting from the spatial average 

of the incident plane wave on the surface of the PVDF film. Clearly this is the directivity of 

component 33

S . This aperture function is traditionally used to explain the directivity of a planar 

PVDF element to an incident sound field (Moffett, 1986).  

B. The second function: 

2 ( ) cos( sin )
2

kW
D                     (2.39) 

in Equation (2.34) has a dipolar directivity, resulting from the incident sound pressure at the 

two ends of the PVDF film. This term controls the directivity of the in-plane stress component

22,

S

W . 

C. The third function: 
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ck k
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                (2.40) 

is an angle-dependent gain function in 22,

S

T . It is independent of the frequency and results from 

the in-plane stress response to the incident sound pressure. Equation (2.30) demonstrates that 

the directivity of 22,

S

T  is contributed to by all three directivity functions. 

Figure 2.6 illustrates the three directivity functions at 10 kHz, 30 kHz, and 60 kHz. As 

frequency increases, the aperture and dipolar functions change from monopole to multipole 
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directivity. The gain function has an oval shape. Its major axis aligns with the grazing angle of 

incidence and is more than twice the size of the minor axis. 

It is worth noting that the first two directivity functions are frequency-dependent. When 

/ 2 1kW  and / 2 1Lk W , then 1( ) 1D    and 2 ( ) 1D   , and thus 22,

S

W  and 33

S  become 

omni-directional. Although 22,

S

T  is affected by 3( )D  , this effect becomes negligible as 

sin( )
2 0

cos( )
2 2

L

S I
L L

k W

p p
k W k W

  . As a result, the sensitivity of the PVDF film at the lower 

frequencies becomes independent of the incident angle, and is approximated by the sensitivity 

of a volume expander (Moffett, 1986): 

0 10 33 32 3120log ( 2 ) 120M g g g T    .                (2.41) 

   

FIG. 2.6 Diagrams of (a) 1( )D  , (b) 2 ( )D  , and (c) 3( )D   at 10, 30, and 60 kHz. 

At the higher frequencies, the directivity of the sensitivity function is determined by the 

combined contribution of the aperture, dipolar, and angular modulation functions. Figure 2.7 

shows the directivity of the sensitivity at 10, 30, and 60 kHz. The formation of the directivities 

can be explained by the directivity of the open-circuit voltage of the three stress components 

in Fig. 2.8. The voltage components are due to the in-plane stress component caused by the 

incident pressure on the PVDF surfaces ( 22, 32 31 22,( ) S

T TV g g T   ), owing to the in-plane stress 

component caused by the incident sound at the two ends ( 22, 32 31 22,( ) S

W WV g g T   ), and due 
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to the stress in the thickness direction ( 33 33 31 33( ) SV g g T   ). At each incident angle, those 

three voltage components superimpose and give rise to the directivity pattern of the sensitivity. 

 

FIG. 2.7 Directivity of the sensitivity at 10, 30, and 60 kHz. 

  

FIG. 2.8 Directivity of the open-circuit voltage of the PVDF film and its components at  

(a) 10 kHz, (b) 30 kHz, and (c) 60 kHz. 

2.3.4. Validation by numerical model  

A numerical simulation of the interaction between a PVDF film and incident plane sound 

pressure was conducted to verify the analytical results derived above. The PVDF film is located 

at the centre and surrounded by water, which is the medium for sound waves. The plane 

incident wave is used as the initial excitation field. The governing principles of the COMSOL 

multi-physics model are the force equilibrium equations in solid mechanics, the constitutive 

equations of the linear elastic and piezoelectric material, and the sound wave equation in water 

(COMSOL AB, 2021). Coupling boundary conditions at the sound–PVDF film interface are 
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assumed for ensuring continuity of normal velocity, equilibrium normal stress, and free shear 

stress. Perfectly matched conditions at the outer boundary of the calculation domain are defined 

to absorb the outgoing sound waves. The top surface of the film is set as the voltage terminal, 

while the bottom is connected to the ground. The voltage value is extracted directly without 

any other circuit component, in order to simulate the open-circuit condition. The current or the 

free charge on the top surface is equal to zero at all times. The maximum mesh size is set to fit 

the common rule that more than six elements need to be used per wavelength, and the 

convergence of the numerical model is ensured by a convergence study. The computational 

domain and meshes of the COMSOL model are shown in the appendix. 

The sensitivity calculated from the analytical model and the finite-element model are 

compared in Fig. 2.9. The good agreement indicates that the developed inhomogeneous 

equation and its analytical solution are capable of explaining the frequency properties of the 

sensitivity up to / 1.2Wf f  . In contrast, the sensitivity calculated by the volume expander 

(Equation (2.36)) shows good agreement when / 0.2Wf f  , but fails in predicting the 

resonance and anti-resonance features at higher frequency. 

 

FIG. 2.9 The sensitivity of the PVDF film for normal and grazing angles of incidence. 

It is worth noting that the resonance frequencies predicted by the analytical model are 

slightly different from the numerical results. For example, for the first resonance at 
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approximately 42.6 kHz, there is approximately 200 Hz difference. The corresponding 

parameter / Wf f  for the difference is less than 0.002 while that for the first resonance is 

approximately 0.369. This difference is mainly due to the sound radiation loading at the 

surfaces and two ends of the PVDF film, which are not included in the analytical model. Figure 

2.10 shows the radiated symmetric sound pressure near the first resonance frequency of the in-

plane mode, and the corresponding symmetrical displacement on the top and bottom surfaces 

and two ends of the PVDF film. The peak displacements at the two ends are approximately two 

orders of magnitude larger than those on the top and bottom surfaces. Therefore, the generated 

sound radiation at the two ends is nearly 10 dB larger than the radiation sound on the surface, 

but still approximately 20 dB lower than the incident sound pressure. The slight changes in the 

boundary condition at the ends slightly shifted the resonance frequencies.  

Apart from the radiated sound loading, the internal electric field due to the piezoelectric 

effect also affects the resonance frequencies. The generated piezoelectric force resists the 

deformation of the film, therefore reduces the peak values. 

  

FIG. 2.10 (a) Ratio in decibels of the symmetric scattered sound pressure and the amplitude of the 

incident sound pressure at 42 kHz and 0  . (b) Corresponding symmetric out-of-plane 

displacement of the PVDF film. (Note that the peak displacements at the two ends are approximately 

two orders of magnitude larger than those on the top and bottom surfaces.) 
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It is therefore clear that the applicable range of the decoupled analytical model is related to 

the acoustic impedance, piezoelectric coefficient and size of the film. Due to the pleasant 

properties of the PVDF film, this model is valid for a quite wide range. A comparison of the 

resonance frequencies between the analytical and numerical models is shown in Table 2.2. 

While the difference becomes larger for higher modes, the analytical model generally shows a 

very good agreement.  

TABLE 2.2 Comparison of resonance frequencies between analytical and numerical model. 

Eigen frequency 
Analytical model Numerical model 

f (kHz) f/fW f (kHz) f/fW 

1st mode 42.62 0.369 42.42 0.367 

2nd mode 127.85 1.108 126.8 1.099 

3rd mode 213.09 1.847 210.72 1.826 

4th mode 298.33 2.586 294.21 2.550 

 

2.4. Summary  

In this chapter, the mechanism of the PVDF film for sensing the sound pressure was studied 

using an analytical model. 

The developed model is based on an assumption that the effect of the scattered sound 

pressure on the sensitivity of a PVDF film is negligible. This assumption was examined first 

by showing that the symmetric scattered sound pressure has a negligibly small magnitude 

compared to the incident sound pressure. The anti-symmetric scattered pressure does not 

contribute to the voltage response of the PVDF film since the associated anti-symmetric stress 

is cancelled in the averaging process. 

The sensitivity of the PVDF film was then explained by the averaged symmetric stress 

response in the film to the incident sound pressure. The symmetric stress response consists of 

a component in the thickness direction and an in-plane stress component. The in-plane stress 

component can be further decomposed into two parts. The first part is produced by the Poisson 
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ratio effect of the incident sound pressure and the second part of the in-plane stress component 

is generated by the incident sound pressure at the two ends of the film.  

The analysis of the in-plane stress response allowed understanding of the frequency and 

directionality properties of the sensitivity of the PVDF film. In the low-frequency range, when 

2

oc
f

W
 and 

2

Lc
f

W
, the sensitivity is dependent on neither the frequency nor the 

incident angle, and it can be approximated by the sensitivity of the volume expander. The 

sensitivity becomes frequency-dependent above the low-frequency range and is characterised 

by the resonances of the symmetric in-plane stress modes of the free–free plate. Anti-resonance 

dips are also possible at certain incident angles because of the destructive superposition of the 

in-plane stress components. 

The directivity of the sensitivity at high frequencies is characterised by the three directivity 

mechanisms of the averaged stress. The spatial average of the incident sound pressure provides 

an angle-dependent input described by the aperture function. The sound pressure at the two 

ends of the PVDF film provides another angle-dependent input manifesting as dipolar 

directivity. The averaged in-plane stress generated by the incident sound in the thickness 

direction has directivity for both the aperture and bipolar functions and is affected by an angle-

dependent gain function. The average in-plane stress generated by the sound pressure at the 

two ends of the film only has bipolar directivity, while the averaged stress in the thickness 

direction is described by the aperture function only. 

This illustration of the frequency and directional features of the PVDF film may advance 

understanding of the voltage output of PVDF generated by an incident sound field, and help in 

developing PVDF-film-based sound field sensors. 
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Chapter 3  

PVDF Bimorph Sensor 

3.1. Introduction 

In this chapter, the feasibility of using a polyvinylidene fluoride (PVDF) film to directly 

sense particle velocity and of using it inside a pressure–particle velocity (P-U) intensity probe 

is investigated. It was demonstrated in Chapter 2 that the anti-symmetric sound pressure is 

largely related to the velocity of the incident sound. This anti-symmetric pressure would 

generate bending deformation of the PVDF film. When a cantilevered PVDF bimorph sensor, 

which consists of two oppositely polarised PVDF films clamped at one end, is used, the 

bending deformation would generate opposing stress values in the two PVDF films. Therefore, 

it is possible to extract the voltage component due to the bending stress, which is generated by 

the particle velocity, with the PVDF bimorph sensor. 

This cantilever-type structure was studied by Josserand et al. and Cranch et al., and it was 

demonstrated that the response is proportional to the incident particle velocity normal to the 

surface (Josserand et al., 1985, Cranch et al., 2012). Motivated by their work, this chapter 

attempts to develop an intensity probe with only one PVDF bimorph. Analytical models of the 

open-circuit voltage outputs of an infinite-strip-shaped PVDF bimorph cantilever in an 

underwater sound field are developed. The responses are used for developing the algorithm for 

intensity determination and for analysing the performance and limitations of the intensity 

probe. 

Similar to Chapter 2, the pressure on the top and bottom surfaces of the PVDF bimorph is 

decomposed into symmetrical and anti-symmetrical sound pressures. The former generates 
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stress corresponding to thickness change and in-plane vibration. This response can be modelled 

by a similar model to that proposed in Chapter 2. The latter results in stress corresponding to 

out-of-plane flexural vibration. The driving force model of flexural vibration is developed 

based on a hydrodynamic model (Cranch et al., 2012; Sader, 1998), where the force is modelled 

by the particle velocity of the incident sound pressure and the added mass on the sound-

radiating surfaces. 

These two stress responses yield the sound pressure and particle velocity sensitivities, 

which can be used for determining the complex sound intensity component normal to the 

surface of the bimorph. The accuracy of the developed PVDF bimorph sensor when used to 

determine acoustic intensity in a plane wave field and in a standing wave field is investigated. 

The analytical model is verified by a fully coupled finite-element model developed in 

COMSOL. 

3.2. Modelling of PVDF bimorph 

3.2.1. Problem description 

The cross-section of the PVDF bimorph is shown in Fig. 3.1, where the width of the 

bimorph in the 2x  direction is assumed to be infinite. The size of the film in the 1 3x x  plane is 

36 mm × 0.27 mm. These settings are based on those used by Josserand and Maerfeld for 

comparison (Josserand et al., 1985). The two films are polarised in opposite directions in the 3 

direction, with the electrodes placed on the top and bottom surfaces of the bimorph, and the 

electric ground connected to the middle surface. Other parameters of the PVDF and acoustical 

medium are the same as in Chapter 2. One end of the bimorph is free and the other end (

1 / 2x L  ) is clamped to an acoustically absorptive boundary. Sound reflection from the 

absorptive boundary is ignored.  
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FIG. 3.1 Cross section of an infinite-strip-shaped PVDF bimorph. 

The incident plane sound is described by the sound pressure and particle velocity: 

1 3( sin cos )i k x k x

I op Pe
 

  and                                    (3.1) 

1 3
ˆ ˆsin cosI o ov V x V x   ,            (3.2) 

where 1 3( sin cos )i k x k xo
o

o o

P
V e

c

 




 , and sinoV   and cosoV   are respectively the velocity 

components in the 
1x  and 3x  directions. The acoustic intensity of the incident sound field is 

expressed as: 

2 2
*

1 3

sin cos1
ˆ ˆRe( )

2 2 2

o o
I I

o o o o

P P
I p v x x

c c

 

 
   .         (3.3) 

The total sound pressure on the top and bottom surfaces of the bimorph is again 

decomposed into the symmetric (
SP ) and anti-symmetric (

AP ) sound pressures, where: 

2

t b
S

p p
P


  and                                                                                                                                 (3.4) 

2

t b
A

p p
P


 .                                                          (3.5) 

As illustrated in Chapter 2, the symmetrical pressure can be approximated as the incident sound 

pressure, and the response of the PVDF films can be modelled by the following equations: 
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33 1( ,0)S

Ip x    and                                                                                                                                          (3.6) 

2
2 1 1

1 2 2

1 1
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Iu p xE
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x x




 

 
   

   
.                                                                                                                  (3.7) 

The boundary conditions at the clamped end and free end are defined as:    

1
1

2

0L
x

u


  and                                                                                                                       (3.8) 

1 1
11 1

2 2

( ,0)L LIx x
p x

 
  ,

                                                                                                                   

(3.9)

  

 

respectively. The anti-symmetrical pressure describes the pressure difference between the two 

surfaces of the bimorph, and provides the acoustical force causing the transverse motion. The 

transverse vibration of the bimorph is described by the displacement of the central line, w , 

from its equilibrium position: 

4
2

4

1

w
h w D p

x
 


   


,                      (3.10) 

where 
3

212(1 )

Eh
D





 is the bimorph’s bending stiffness and 2h T  is the thickness. The anti-

symmetric pressure is mainly contributed by the scattered pressure, where the sound scattering 

problem of a rectangular elastic structure is difficult to solve with the analytical method. 

Therefore, the hydrodynamic force model used by Cranch et al. (2012) and Sader (1998), to 

excite a cantilever beam is employed here. The forcing term includes two mechanisms. The 

first mechanism is proportional to the gradient of the incident sound pressure normal to the 

surface, while the second mechanism is the added mass effect due to surface vibration. 

Assuming the wavelength of the sound wave is much larger than the thickness of the bimorph, 

the sound pressure difference across the bimorph is approximated as: 

2

3

'
( ) ' ( )I

o

p
p w

x


   




     


,                  (3.11) 
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where '  is the added mass per unit area (effective mass) and ( )  is the hydrodynamic 

function. The hydrodynamic function, as shown in a series of works by Sader et al. (Sader, 

1998; van Eysden & Sader, 2006a, 2006b, 2007, 2009a, 2009b; Shen et al., 2016), is dependent 

on the viscosity and compressibility of the fluid, and the geometric property of the cantilever 

structure. For planar cantilever beams vibrating in an inviscid and incompressible fluid,

( ) 1  . When the fluid becomes compressible, it is found that both mass loading and energy 

loss from sound radiation may be of importance. While their analysis showed that the sound 

radiation loss of an infinite beam needs to be considered when the frequency reaches the 

coincidence frequency, the sound radiation loss for the PVDF with a finite width W  studied in 

this chapter is actually present at all frequencies and can be described by the real part of 

radiation impedance. 

In this chapter, the fluid is assumed to be inviscid and compressible. The effective mass in 

the low-frequency range is assumed to have the form of ' oh  . The hydrodynamic function 

takes the form of ( ) 1 ri    , where 
r  represents the contribution from radiation loss. The 

value of 
r  and   are determined numerically in section 3.2.3. 

3.2.2. Stress responses  

3.2.2.1. Stress response to symmetric pressure 

The stress response of the PVDF bimorph to symmetric pressure is addressed first. Similar 

to the case in Chapter 2, the solution of Eq. (3.7) is expressed as: 

1 1 1 2 1 1,sin cosL L pu b k x b k x u   ,                   (3.12) 

where L

L

k
c


  and 

2(1 )
L

E
c

 



, with the particular solution derived as: 
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E k k

  







.                 (3.13) 
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The coefficients in the general solution are different because of the clamped boundary 

conditions: 

1 2

1

sin cos
2 2

cos( )

L L

o

L

k L k L

b P
k L

  

  and                  (3.14) 
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where: 
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Thus, the in-plane stress can be obtained as: 

1

2

sin

11 1 1 2 12 2 2

(1 )( sin ) (1 )
{ ( cos sin ) [ ] }

(1 ) [ ( sin ) ]

ik xS

L L L o

L

E ik
k b k x b k x P e

E k k E

    


 

 
   

 
.

                     

(3.18)

 

The spatial average of the in-plane stress and the stress in the thickness direction along the 

width of the film (replacing W  in Eq. (2.29) with L ) can therefore be calculated as:
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(3.19) 

and: 

33

sin
sin( )

2
sin

2

S

I o

kL

p P
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    .                                          (3.20) 

It is obvious that these stress values can be expressed as a function of incident sound 
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pressure oP : 

33 33

S S

oP   and                                                                                                                                  (3.21) 

11 11

S S

oP  ,                                                                                                                                 (3.22) 
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and: 

33

sin
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2
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kL
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  .                          (3.24) 

Therefore, it is again demonstrated that the symmetric stress components of the PVDF bimorph 

and the corresponding voltage component are generated by the incident sound pressure on the 

PVDF films.  

3.2.2.2. Stress response to anti-symmetric pressure 

With the hydrodynamic force model in Eq. (3.11), Eq. (3.10), which describes the 

transverse vibration of the bimorph, becomes: 

4
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,                (3.25)   
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x







 and is related to the particle velocity component normal to the 

surface by 
3

3

I
x

o

pi
V

x 





. This equation can be solved in the following form: 

1 1 2 1 3 1 4 1sin cos sinh coshp p p p pw a k x a k x a k x a k x w     ,                          (3.26)   
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where 
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By using the boundary conditions of a cantilever plate: 
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The coefficients of the transverse displacement in Eq. (3.26) are obtained as: 
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The anti-symmetrical stress is related to the transverse displacement by: 
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Then it could be calculated as: 
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which results in the average stress expressed in Eq. (3.40): 
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The relationship between the averaged stress and the particle velocity is: 
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3.2.3. Voltage responses 

With the averaged stresses, the two open-circuit voltage responses of PVDF 1 and PVDF 

2 are calculated by integrating the average electrical field strength over the thickness, 

respectively: 

1 33 33 31 11 11 3 32 22 3

0

[ ( ( )) ]

T

S S A

PVDFV g g x g dx        and                                                                (3.43)

2 33 33 31 11 11 3 32 22 3
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[ ( ( )) ]

T

S S A

PVDFV g g x g dx   


    ,                                       (3.44) 

where the stress component in the 
2x  direction is determined by: 

22 11 11 33( )S A S       ,                      (3.45) 

owing to the plain strain assumption. Thus, the sum and difference of the voltages from the two 

surfaces yield voltages corresponding to the stresses owing to the anti-symmetrical and 

symmetrical pressures, respectively: 

1 2 33 32 33 31 32 112 [( ) ( ) ]S S

PVDF PVDFV V V T g g g g           and             (3.46) 

1 2 31 32 11 3 3

0

2 ( ) ( )

T

A

PVDF PVDFV V V g g x dx      .                (3.47) 

From the expressions of the stress, it is clear that these two voltages can be explicitly 

expressed in terms of the sound pressure and normal particle velocity on the surface of the 

bimorph: 
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P IV H P   and                          (3.48) 

3V IxV H V  ,                     (3.49) 

where 
IP  and 

3IxV  are the incident pressure and particle velocity on the bimorph surface, 

respectively, and: 

33 32 33 31 32 112 [( ) ( ) ]S S

PH T g g g g        and                 (3.50) 

2

31 32 11( ) A

VH T g g                     (3.51) 

are respectively the pressure and velocity gains of the bimorph and are functions of frequency 

and incident angle. These show that, in the lower frequency range when the acoustical 

wavelengths in the water and PVDF are much longer than the characteristic size of the bimorph, 

the pressure and velocity gains are approximately independent of the incident angle. 

The pressure and velocity sensitivities of the bimorph can be used to illustrate the frequency 

and angular properties of the pressure- and velocity-generated voltages (PGV and VGV). These 

sensitivities are defined respectively as: 

10( , ) 20log 120P

o

V
M

P
     and                               (3.52) 

10( , ) 20log 120V

o

V
M

P
    .                 (3.53) 

The added mass coefficient is obtained by fitting the first three resonance frequencies predicted 

by the analytical and COMSOL fully coupled models: 

8 3 4 2 7.7626 10 ( ) 1.2933 10 ( ) 0.0769( ) 31.1980
2 2 2

  


  

        .            (3.54) 

A small structural loss factor is introduced in both models by using the complex Young’s 

modulus (1 )sE i  and 0.01s  . The effect of radiation loss, as previously discussed in 

Section 3.2.1, is also included in the analytical model by letting 0.03r  . 
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Figure 3.2 shows the sensitivities as functions of frequency for incident sound at 0° and 

85°. The results from fully coupled COMSOL modelling are included for comparison. A close 

agreement between the COMSOL and analytical model results is observed below 800 Hz, 

indicating that the decoupled analytical models, based on approximations of the symmetrical 

sound pressure by the incident sound pressure, and the anti-symmetrical sound pressure by the 

hydrodynamic force model, are sufficient to describe the sensitivities of the bimorph in the 

frequency range of interest. Those models reveal the mechanisms involved in the stress 

response of the bimorph to the pressure and particle velocity of the incident sound and provide 

a basis for analysing the properties of the acoustic intensity probe. The velocity sensitivity of 

the cantilevered bimorph is much higher than the pressure sensitivity for most angles of 

incidence away from 90° and 270° because of the small bending stiffness and large bending 

response of the bimorph cantilever. 

Compared with the free PVDF film in Chapter 2, it is clear that when the small, light-

weight, and flexible film is rigidly clamped at one end, then a large flexural motion with respect 

to the fixed end can be generated by the external sound field. And when the boundary condition 

of the film is free and excited by a sound field, then it tends to move with the field velocity and 

only has a small response to the small relative velocity over the surface, as Fig. 2.3(b) and Fig. 

2.4(b) indicate. In other words, the cantilevered bimorph is excited by the velocity of the field 

with respect to the fixed inertia while the free–free film is excited by the variation of the 

velocity of the field itself. As a result, the cantilevered bimorph shown in this chapter has a 

much larger response than the free–free film.  



51 
 

 

FIG. 3.2 Pressure and velocity sensitivities of an infinite-strip-shaped PVDF bimorph for  

(a) θ = 0° and (b) θ = 85°. 

Figure 3.3 shows the directivities of the pressure and velocity sensitivities at 123 Hz (the 

second resonance frequency) and 356 Hz (between the second and third resonance 

frequencies). The pressure sensitivity is omni-directional, while the velocity sensitivity is 

characterised by cos . 

 

FIG. 3.3 Directivities of the pressure and velocity sensitivities at (a) 123 Hz  and (b) 356 Hz . 
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3.3. Acoustic intensity 

3.3.1. Algorithm for determining acoustic intensity 

Clearly, the acoustic intensity in the 3x  direction can be determined by V
, V

, and the 

gains. Since 
PH  and VH  are approximately independent of the incident angle, the gains at θ 

= 0° are selected, denoted as ( ,0)PH   and ( ,0)VH  . They can be pre-determined via 

calibration. Then the acoustic intensity determined by the PVDF bimorph is: 

3 3

*
*

*

1

2 2 ( ,0) ( ,0)
x I Ix

P V

V V
I PV

H H 
   .                 (3.55) 

The approximate equality in the equation is due to the selection of *( ,0) ( ,0)P VH H   as the 

gain of the acoustic intensity probe. This approximation is based on the assumption that the 

gain ratio of the intensity probe: 

*

*

( , ) ( , )

( ,0) ( ,0)

P V
H

P V

H H
R

H H

   

 
                     (3.56) 

is approximately unity in the low-frequency range, which will be justified and discussed in the 

following section. 

3.3.2. Case study: incident plane sound field 

Given a plane sound wave approaching the PVDF bimorph at various incident angles, V , 

V
, and the probe gains are determined using the analytical and COMSOL models. The 

acoustic intensity components (normalised by 
2

2

o
o

o o

P
I

c
 ) are shown in Fig. 3.4 and compared 

with the exact intensity component 
3

2 cos

2

o
x

o o

P
I

c




 . This case study indicates that the PVDF 

bimorph intensity probe works well for a plane incident wave. 
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FIG. 3.4 Normalised acoustic intensity determined by Eq. (3.55) and compared with the actual (exact) 

intensity component using (a) the analytical model and (b) the COMSOL model. 

3.3.3. Case study: effect of reactive intensity 

A P-U intensity probe may be sensitive to a strong reactive intensity field and produces 

measurement error (Jacobsen & de Bree, 2005). This case study examines whether the PVDF 

bimorph intensity probe can accurately determine both active (real) and reactive (imaginary) 

parts of the sound intensity component. A boundary with a pressure reflection coefficient 

i

p pr r e   is introduced at 
3x H . In this case, the complex sound intensity in the 

3x  

direction is: 

3

2
2

3

cos
{1 2 sin[2 cos ( ) ]}

2

o
x p p

o o

P
I r i r k x H

c


 


     .              (3.57)  

The boundary reflection reduces the active sound intensity in the 3x  direction as the incident 

and reflected sounds are in opposite directions. The imaginary part of the intensity component 

represents the reactive intensity, which has a standing-wave pattern with an amplitude 

proportional to 2 pr .  
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Figure 3.5 shows the normalised active and reactive parts of the sound intensity as a 

function of 
pr , as determined by the algorithm expressed in Eq. (3.55) for three incident angles 

and at 123 Hz and 356 Hz. The sound pressure and particle velocity of the incident and reflected 

sound fields are used to produce V   and V   via the analytical model. 

 

 
FIG. 3.5 Normalised acoustic intensities determined by Eq. (3.55) when sound reflection by a 

boundary at 
3 1 mx H   is considered: (a) and (b) 123 Hzf   and (c) and (d) 356 Hzf  . 

The resultant active and reactive parts of the intensity compare well with the exact values 

from Eq. (3.57), except for a small discrepancy in 
3

Re( ) /x oI I  for incident sound at 45° and the 

reflection coefficient above 0.4. A very small discrepancy in 
3

Im( ) /x oI I  is also found for the 

same incident angle and 0.4pr  . Those discrepancies are caused by the small variation of the 

PGV and VGV gains of the bimorph for the waves of the sound field where the intensity is 

determined from ( ,0)PH   and ( ,0)VH  , which are used for the probe gain of the algorithm. 
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To explain these discrepancies, the gain ratio defined in Eq. (3.56) is examined. The real and 

imaginary parts of the gain ratio are illustrated in Fig. 3.6 as a function of incident angle for 

123 Hzf   and 356 Hzf  . The real part of the gain ratio is approximately unity, while the 

imaginary parts vary slightly with  , with the maximum variations at approximately 45° and 

215°. The variation of the imaginary parts is anti-symmetric with respect to    and can be 

approximated as sinHR  , where HR  is the imaginary part of the gain ratio of the probe. 

 

FIG. 3.6 Angular variation of the pressure and velocity gains ( ( , )PH    and ( , )VH   ) with respect 

to ( ,0)PH   and ( ,0)VH   at (a) 123 Hzf   and (b) 356 Hzf  . 

Figure 3.7 shows the gain ratio as a function of frequency for at θ = 10°, 20°, 30° and 45° 

indicating that the real part of the gain ratio is well approximated as unity in the frequency 

range of interest, while the imaginary part, although less than 15% of the real part, increases 

with frequency. 
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FIG. 3.7 Gain ratio as a function of frequency for at θ = 10°, 20°, 30° and 45°  :   

(a) real part and (b) imaginary part. 

The above result suggests that the gain ratio can be approximately expressed as: 

1H HR i R   .                 (3.58) 

When the particle velocity of the plane wave has a phase difference from its corresponding 

plane wave sound pressure, the resulting sound intensity has both real and imaginary parts. 

Therefore, the sound intensity determined by the PVDF bimorph is related to the actual sound 

intensity 
3xI  by: 

3 3 3
(1 )[Re( ) Im( )]x H x x II i R I i I    .               (3.59) 

It is clear that the discrepancy in the active part of sound intensity determined by the 

bimorph is due to the product of the imaginary part of the gain ratio (
HR ) and the actual 

reactive part of the intensity (
3

Im( )x II ). There would be no discrepancy if the reactive part of 

the intensity is zero, which is the case for detecting the sound intensity of a plane sound pressure 

field in a free field, as shown in Fig. 3.4 and in Fig. 3.5 where pr  is small. The discrepancy is 

also negligible when the imaginary part of the gain ratio is small for angles far away from 45° 

and 215°, even though the reactive part of the intensity is large (see Fig. 3.5 where θ = 0° and 

85° and even when pr  is large). The observable discrepancy in the active part of intensity at 
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45° and 0.4pr   is due to the large values in both the reactive part of the intensity and the 

imaginary part of the gain ratio. Similar analysis can be conducted to explain the discrepancy 

in the reactive part of the intensity determined by the bimorph as the error is described by the 

product of the imaginary part of the gain ratio and the active part of the actual intensity. 

The above analysis can be readily extended to explain the discrepancy in the complex 

intensity of a standing wave field, as such intensity can always be described by the 

superposition of intensities of two waves traveling in opposite directions. Each has a phase 

difference between its pressure and particle velocity.  

3.3.4. Case study: effect of reflection from clamping boundary 

In the previous sections, an infinite-shaped cantilever sheet with a fully acoustically 

transparent clamping boundary is assumed. The work by Shen et al. on an infinite-shaped 

cantilevered sheet immersed in incompressible fluid indicated that the reflection from the 

clamping boundary may significantly affect the radiation loading and thus the natural 

frequencies of the PVDF bimorph (Shen et al., 2016). While an analytical method was 

presented in their paper, the calculation requires a mode expansion of the cantilever and a 

double integral of the pressure loading, which would greatly complicate the model. Besides, 

the clamping conditions that could be modelled were limited. Therefore, COMSOL model is 

used in this section. 

Following Shen’s work, the effect of the reflection from the clamping boundary is studied 

by considering different clamping configurations. Figure 3.8 shows the configuration of the 

bimorph with three clamping conditions investigated in this section, including a line clamping, 

a horizontal plate clamping, and a vertical wall clamping condition. The bolded lines are set as 

fixed boundaries that provide total reflections to the incident sound waves. And figure 3.9 

shows the corresponding VGV response of the PVDF bimorph for an incident sound at 0°. The 
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clamps are assumed to be perfectly rigid. Indeed, the reflection from the clamping boundary 

causes changes in the natural frequencies of the voltage responses. Such changes are due to the 

non-local behaviour of the generated flow (Atkinson & Manrique De Lara, 2007; Shen et al., 

2016). In other words, the pressure at any position on the infinite-strip-shaped cantilever 

depends on the overall mode shape rather than the deflection at that point. Similar to their 

findings, the vertical wall clamp shows the most obvious changes. It is also noticed from the 

figure that such changes decrease very quickly when the distance between the bimorph and the 

wall. D , increases. For these two cases when 0D  , the bimorph is line clamped and placed 

very close to the vertical wall. 

 

FIG. 3.8 Diagrams of the cantilevered with three different clamping configurations: (a) line clamping 

(b) horizontal plate clamping (c) vertical wall clamping 

 

FIG. 3.9 Velocity sensitivity of the PVDF bimorph with different clamping conditions. 
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Unlike the effect of the boundary at 
3 1 mx H  , the reflection from the clamping vertical 

wall does not generate reactive sound intensity in the 3x  direction. While the particle velocity 

in the 2x  direction is affected, this velocity component does not contribute to the intensity in 

the 3x  direction. However the PGV of the bimorph changes as a result of the increased sound 

pressure near the wall. Therefore, to take the effect of the vertical wall on the voltage responses 

into account, the probe gain for the space where the effect of the vertical wall is present should 

be used in the algorithm.  

Shown in Fig. 3.10 are the sound intensities due to the incident sound at θ = 0°, 45°, and 

85° determined by the PVDF bimorph with a line clamp and a rigid vertical wall at (a) 

36 mmD   ( / 1D W  ) and (b) 0 mmD  . The averaged exact sound intensities through the 

width of the bimorph and in the 3x  direction are also included in the figure for comparison 

purposes. The good agreement demonstrates that the algorithm is capable of determining the 

averaged sound intensity since the probe gain already includes the effect of the vertical wall.  

 

FIG. 3.10 Normalised acoustic intensities compared with the exact intensity component when the 

bimorph is placed near the vertical wall: (a) 36 mmD   and (b) 0 mmD  . 

It is also worth mentioning that, the size assumption used for the 2x  direction would not 

affect the major performance, such as the velocity sensing ability, of the sensor. However, if a 
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slender beam is assumed, the non-local behaviour of the generated flow and the effect of 

reflection from the clamping boundary would become much less significant.   

3.4. Summary 

In this chapter, the feasibility of using a cantilevered PVDF bimorph as an underwater 

acoustic intensity probe was examined and the limitations were discussed. The open-circuit 

voltages from the bimorph can be decomposed into PGV and VGV. The PGV is modelled by 

the average stress associated with thickness change and in-plane vibration, while the VGV is 

contributed by the average stress corresponding to the flexural vibration of the bimorph. The 

transverse vibration is generated by the anti-symmetric pressure on the surfaces of the bimorph, 

which is related to the velocity of the incident sound. The approximation of the antisymmetric 

pressure by a hydrodynamic forcing model leads to a decoupled model and an analytical 

expression of the VGV. 

The analytical models of the PGV and VGV allowed a clear understanding of the frequency 

and angular responses of the bimorph to the sound field. The analysis of the low-frequency 

pressure and velocity sensitivities of the PVDF bimorph resulted in an algorithm for 

determining sound intensity normal to the surface of the bimorph using PGV, VGV, and a pre-

determined probe gain. The analytical and simulation results showed that the algorithm and 

bimorph are capable of correctly determining the sound intensity of plane waves, where the 

reactive part of the intensity is zero. In a field with a strong reactive part, such as when strong 

boundary reflection exists, a small error may occur in the determined active and reactive parts 

of the intensity. This error is caused by the non-uniform phase directivity of the gain ratio of 

the probe itself and slightly increases with increasing frequency. 
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Chapter 4  

Coated PVDF Sensor  

4.1. Introduction 

In practice, placing plain polyvinylidene fluoride (PVDF) films directly into water would 

experience many problems. As a soft thin film, it could be easily bent or corrupted due to a 

small disturbance of the fluid. Besides, it would hard to get any response from the plain film 

due to the conductivity issue. Therefore, elastic coatings are often adopted for PVDF protection 

and water proofing. In this chapter, the transmitted stress of the incident sound field into the 

coated PVDF structure is investigated. For this case, the transmission involves coupling 

between the sound field and the stress field in the coated PVDF, and coupling between the 

stress fields in the PVDF film and the elastic coating. Consequently, these couplings affect the 

PVDF voltage output and sensitivity. 

As shown in previous studies, when the PVDF film is clamped by very thin metal plates, 

which are used as electrodes, the hydrostatic coefficient can be increased significantly above 

the coefficients of free samples (Tancrell et al., 1985; Moffett & Ricketts, 1986; Wang et al., 

1993). This chapter supplements these works by investigating additional clamping conditions, 

including when (1) the elastic stiffness of the coating material is much lower than that of the 

PVDF material and (2) the thickness of the coating layer is much larger than that of the PVDF 

film and the electrodes. Thus, the distribution of the stress field in the thickness direction of 

the coating must be considered.  

Due to the full coupling between the PVDF film, elastic coating, and sound field, the 

approach of numerical modelling turned out to be more appropriate. In this chapter, a numerical 
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model is developed to study the effect of coating material on the spectral and directional 

sensitivities of the coated PVDF. The effects of the mechanical properties of the coating 

material and the coating–PVDF thickness ratio on the sensitivity are examined and explained 

in terms of the underlying physical mechanisms. The potential in designing a PVDF-based 

hydrophone with a desired response by applying different coating materials is explored. 

4.2. Modelling of a coated PVDF sensor 

4.2.1. Numerical model 

A 2D numerical model of a coated PVDF film in an underwater sound field (Fig. 4.1) is 

developed and analysed using COMSOL. The settings of the PVDF film and the excitation 

sound are the same as in Chapter 2. The PVDF film is assumed to lie perfectly flat in the middle 

of the coating material, and is perfectly bonded to it. 

 

FIG. 4.1 Cross section of the coated PVDF film in a sound field. 

In the COMSOL model, the sound pressure and particle velocity are used for the 

construction of a function for Hamilton's principle, and are related by: 

v
p

t



 


.                      (4.1) 

The relationship between the stress and strain in the coating material is described by the 

constitutive equation: 

C  ,                      (4.2) 
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where   is the stress vector,   is the strain vector, and C  is a matrix for elasticity. Inside the 

PVDF film, the electric and mechanical variables are related by the following constitutive 

equations:  

r eC eE   ,                                              (4.3) 

e r eD e E   .                                                                                                                                  (4.4) 

And the electric potential   is related to the electric field by: 

eE   .                      (4.5) 

The interaction between different physical fields is described by the continuity conditions 

and force equilibrium conditions on the coupling boundaries. The sound and structure 

interaction is described by the force equilibrium and continuity of normal velocity on the 

boundary: 

np    and                      (4.6) 

, ,f n s nv v ,                                              (4.7) 

where ,f nv  is the normal velocity of the fluid particles and n  and ,s nv  are respectively the 

normal stress component and normal velocity in the structure domain. Meanwhile, at the 

interface between the coating and the PVDF film, the continuity of displacement and strain and 

the equilibrium of stress both apply. 

In the COMSOL environment, the equations of motion for the coupled system are obtained 

by applying Hamilton’s principle to the fluid and structure domains. After discretising the 

variables and substituting element matrices into global matrices, the finite-element formulation 

of the fully coupled system can be written as:  

0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0

U U U U U

T

U

T

a a a a

M U C U K K Q U F

K K F

Q M p C p K p F



  

             
            
                 
                        

,             (4.8) 
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where UM  and aM , UC  and aC , and UK  and aK  are the mass, damping, and stiffness 

matrices for the mechanical and acoustic fields, respectively; K  is the dielectric stiffness 

matrix; UK  is the piezoelectric coupling matrix; and Q  is the vibro-acoustic coupling matrix. 

The displacement vector U , electric potential  , and sound pressure p  are the system 

variables to be determined. UF , F , and aF  are the external forcing terms in the structural, 

electrical, and acoustical elements, respectively. 

By setting the bottom surface of the PVDF as ground, the open-circuit voltage output for 

the PVDF film equals the electric potential on the top surface. The sensitivity of the film, 

defined by the ratio of the voltage output and the amplitude of the incident plane sound pressure 

(Eq. (2.36)), is then calculated.  

It is noted that COMSOL uses the stress–charge form of the piezoelectric constitutive 

equation, which is different from the form used in the analytical models developed in previous 

chapters. For the convenience of analysing the mechanisms involved in the conversion of the 

pressure into the PVDF voltage output, and the coupling effect between the stress fields in the 

PVDF film and the elastic coating, the equations for calculating the voltage output based on 

the average stress values, as defined in Chapter 2, are also used in this chapter. The 

relationships of the voltage output to the average stress value inside the PVDF film and of the 

two voltage components due to normal and in-plane stress are as follows: 

1 2 3 2 331 32 33 31 32 31 33( ) ( ) ( )PVDF x x x PVDF x PVDF x PVDFV g g g T g g T g g T             ,

                      

(4.9) 

2 232 31 32 32( ) x PVDF x PVDFV g g T g T      and

                                                                                

(4.10) 

3 333 31 33 33( ) .x PVDF x PVDFV g g T g T    

                                                                                      

(4.11) 

The parameters investigated in this study include the material and geometric properties of 

the coating. It is necessary to examine how soft materials, such as rubber and polyurethane, 

and stiff materials, such as plastic and aluminium, may affect the transmission of sound 
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pressure into the stress components in a PVDF film. It is also necessary to examine the effect 

of the coating and PVDF film thickness ratio on the sensitivity. The material properties for the 

coating are shown in Table 4.1. The size of the PVDF film is 0.056 mm thick and 13 mm wide, 

while the total thickness (including coating) is normally set as 2 mm. 

TABLE 4.1 Parameters for elastic materials used in the COMSOL simulation. 

Material Polyurethane Butyl rubber
 

Acrylic plastic Aluminium 

2(N/ m )E  74 10  
64 10  

93.2 10  
106.9 10  

  0.495 0.45 0.35 0.33 

3(kg/m )  1,000 1,000 1,190 2,700 

Isotropic 

loss factor 
0.2 0.2 0.1 0 

Chemical 

structure 
 

Mixture of 

isobutylene and 

isoprene  

 

 

4.2.2. Sensitivity of the coated film 

4.2.2.1. Frequency dependence of sensitivity  

The sensitivity of the PVDF film to a normal incident sound is significantly changed by the 

elastic coating layer, as Fig. 4.2 shows. Except for the aluminium-coated film, all the samples 

display anti-resonance, due to the destructive superposition of voltages in the thickness and in-

plane direction, followed by a higher-frequency in-plane resonance as the frequency increases. 

As the coating becomes softer, a more complex structure is observed in the frequency curve. 

The soft elastic coating causes a shift of the resonance peak to the lower frequency and a 

significant change in sensitivity level below the anti-resonance frequency. The stiff coating, on 
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the other hand, increases the resonance frequency and maintains a similar sensitivity as the 

uncoated PVDF film. The changes in the natural frequency of the coated PVDF can be 

intuitively understood as a result of the variation of the extensional speed of sound in the coated 

PVDF when the Young’s modulus of the coating material is significantly different to that of 

the PVDF film.  

 

FIG. 4.2 Sensitivity of coated and uncoated PVDF films to normal incident sound. 

For frequencies below the anti-resonance frequencies, the sensitivity of polyurethane-

coated PVDF is reduced compared to that of the uncoated PVDF film, whilst the sensitivities 

of rubber-coated PVDF film and aluminium-coated film are increased. To understand the 

mechanisms involved in these changes, the transmitted shear stress at the PVDF–coating 

interface, and the effect of the shear stress on the stress field in the PVDF film are examined.  

Results in Chapter 2 showed that the voltage output of the PVDF film is generated by the 

symmetric in-plane stress, and a stress component in the thickness direction. The effects of the 

coating on these two stress components are investigated individually. The in-plane stress 

component is affected by the pressure at the two ends of the film, the stress in the thickness 

direction via the Poisson effect, and the transmitted shear stress at the interfaces. At low 
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frequencies, the pressure and the normal stress have very little difference between the coated 

and uncoated film, while the shear stress has a dominating effect. 

When exposed to a sound pressure, a soft elastic coating experiences a larger in-plane 

deformation than the PVDF film, while a stiff coating displays less of a displacement response. 

The shear stress develops at the PVDF–coating interface as a result of the relative motion of 

the two materials. Along the interfaces, a soft coating generates a shear stress with the same 

sign as the in-plane displacement of the PVDF film to further stretch it, while for a stiff coating 

the sign is opposite and therefore the displacement of the PVDF film reduces. As a result, the 

in-plane strain and stress values are amplified by a soft coating and reduced by a stiff coating. 

As Fig. 4.3(a) shows, the average in-plane stress value 
2x  exhibited an approximately tenfold 

decrease when the Young’s modulus of the coating changed from 610  to 1010  Pa. The 

amplification factor, defined as the ratio between the in-plane voltage components of the coated 

and uncoated PVDFs, 
32, 32,/F coated rawA V V , is shown in Fig. 4.3(b). The soft coating has a large 

factor, indicating that 32V  is amplified, while a stiff coating has a factor less than 1, showing 

that 32V  is attenuated. 

 

FIG. 4.3 Effect of coating stiffness on (a) stress value of the PVDF and (b) amplification factor  

at 1 kHz when 0.45  . 
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The normal stress value and the resulting 33V  has little dependence on the coating stiffness, 

except for a small increase at very low stiffness. This small increase of the stress is related to 

the increase of scattered pressure produced by the coated PVDF film, and its effect on the 

symmetric sound pressure on the coating surfaces. The stress in the thickness direction is 

directly related to the symmetric sound pressure due to the force equilibrium condition. 

The sound pressure on the top and bottom surfaces of the coating can again be decomposed 

into symmetric and anti-symmetric components, based on Eqs. (2.9) and (2.10). The total 

symmetric pressure consists of two parts: the symmetric incident pressure and the symmetric 

scattered pressure. Since the thickness of the coated PVDF structure is much smaller than the 

wavelength for frequencies below the resonance, the symmetric incident pressure is 

approximately ip . The amplitude of the symmetric scattered pressure is therefore important 

for determining the total symmetric pressure level. The averaged symmetric pressure on the 

coating surface is shown in Fig. 4.4. The total symmetric pressure remains approximately 1 for 

a stiff coating, owing to the very slight symmetric scattered pressure produced by the coated 

PVDF film. The soft coatings, on the other hand, significantly change the total symmetric 

pressure level, yielding changes in the normal stress in the PVDF film. 
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FIG. 4.4 Effect of coating material on symmetric scattered pressure and symmetric total pressure on 

the coating surface. 

The vibration modes of the coated PVDF films and the corresponding scattered sound fields 

are shown in Fig. 4.5. The soft coating undergoes a considerable symmetric out-of-plane 

deformation when excited by the incident sound pressure, and generates a strong symmetric 

scattered pressure field. It is evident in Fig. 4.5(a) that the velocity of the film is largely in the 

same direction as the velocity of the surrounding fluid. Therefore, the radiated sound generated 

by the soft coating is in phase with the incident sound pressure, and causes an increase in the 

total symmetric pressure.  

On the other hand, the scattered field of the stiff-material-coated PVDF is very similar to 

that of the rigid-body scattering model, as shown in Fig. 2.4(b). The motion of the stiff coating 

is close to a translational motion along the direction of incident sound, and generates very little 

scattered sound pressure. Compared with Fig. 4.5(a), the amplitude of the scattered pressure in 

Fig. 4.5(b) is more than ten times less. Moreover, the pressure scattered by the stiff coating is 

dominated by the reflected and diffracted waves, and its anti-symmetric property can be seen 

clearly. Therefore, 33V  is almost unaffected by the coatings on the PVDF film, except when 

very soft coatings are applied. 
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FIG. 4.5 Scattered pressure (heat map) and particle velocity of the fluid (red vectors) around the 

PVDF film, and velocity of the film (black vectors) at 5 kHz:  

(a) soft coating (  5 MPaE  ) and (b) stiff coating (  50 GPaE  ).  

It was found in Chapter 2 that the voltage component 32V  has an opposite phase compared 

to the other voltage component 33V . While 33V  remains quite unchanged and 32V  gradually 

drops as a result of increased Young’s modulus of the coating material, the sensitivity of the 

coated PVDF film, calculated from the superposition of the two voltage components, shows a 

“V”-shaped response in Fig. 4.6. The minima appear at approximately 83 10  Pa, at 

approximately one-sixth of the Young’s modulus of PVDF, where 32V  is just slightly amplified 

by the coating so as to have a comparable magnitude to 33V  for destructive superposition. 

Generally, when a coating produces an FA  value similar to the ratio between the two 

effective piezoelectric constants ( 33 32| | / | |g g  ), the sensitivity at frequencies below the first 

anti-resonance would be reduced. As Eqs. (4.9) – (4.11) show, these two effective piezoelectric 

constants are used to calculate the two voltage components. For this frequency range, the 

uncoated PVDF film shows a simple hydrostatic response, where the average stress value is 

approximately 1. As Eq. (2.41) indicates, the voltage response for the uncoated PVDF film can 

be estimated as:  
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33 32(| | | |)PVDF PVDFV g g T   ,                       (4.12)                        

where 33| |g   and 32| |g   are the absolute values of the piezoelectric constants. As Fig. 4.3 shows, 

a coating would significantly change 32V , but has very little effect on 33V . Therefore, the 

equation becomes: 

33 32(| | | | )PVDF F PVDFV g g A T   .                    (4.13)                        

It is clear that when FA  is equal to the ratio between the effective piezoelectric constants, 

the sensitivity would become almost zero. Moreover, for coatings where 1FA   or 2.276  

(where 32 33| | | |Fg A g   equals 33 32| | | |g g  ), the sensitivity would be increased compared to 

that of the uncoated PVDF film. It should be noted that these two equations are used to explain 

the clamping effect of the coating rather than calculating the voltage output, and may not be 

suitable for very soft coatings as the average normal stress is not approximately equal to 1, as 

shown in Fig. 4.3.  

 

FIG. 4.6 Effect of coating stiffness on the PVDF response at (a) 1 kHz and (b) 5 kHz when 0.45  . 

FA  and its role in calculating the sensitivity can also be used to explain the effects of other 

material properties such as the Poisson’s ratio. Generally, for frequencies below anti-

resonance, increasing the Poisson’s ratio of a soft coating would reduce the sensitivity of the 

PVDF, while increasing that of a stiff coating would enhance the sensitivity, as Fig. 4.7 shows. 
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These changes are both caused by the reduction of FA  when increasing the Poisson’s ratio. The 

in-plane displacement of the coating generated by pressure loading on the surface via the 

Poisson’s ratio has an opposite sign compared to the displacement caused by the pressure at 

the two ends. Therefore, increasing the Poisson’s ratio of the coating would generally reduce 

its in-plane displacement, and affect the generated shear stress at the PVDF–coating interface. 

As a result, FA  is reduced. It is again noticed that the soft coating is more sensitive to the 

change of Poisson’s ratio. 

  

FIG. 4.7 Effect of the Poisson’s ratio of the coating on the PVDF response at (a) 1 kHz and (b) 5 kHz. 

The geometric properties of the coating can be very different to those of the PVDF film, 

especially in the thickness direction. Another important factor studied in this chapter is the ratio 

between coating thickness (
coatingT ) and PVDF thickness ( PVDFT ), calculated as 

/r coating PVDFT T T . As Fig. 4.8 shows, while the general features of the response curves remain 

the same, the sensitivity below anti-resonance is once again affected. The response from an 

uncoated PVDF film is shown for comparison. The sensitivity of the polyurethane-coated film 

is reduced, and decreases as rT  increases, whilst that of the rubber-coated film shows a “V” 

shape, with a more than 10 dB increase compared to the uncoated film when rT  is larger than 

30. This can again be explained by considering the effect of FA  and its dependence on rT . In 

both cases, FA  increases as rT  becomes larger. For the rubber-coated film, FA  increases from 
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approximately 1.2 to 6, while for polyurethane-coated film, FA  is always less than 2. Therefore, 

from Eq. (4.13), it is expected that the sensitivities of the two coated films should have different 

trends. It should also be noted that FA  does not vary linearly with rT . 

 

FIG. 4.8 Effect of coating and PVDF thickness ratio on the sensitivity of (a) polyurethane-coated 

PVDF and (b) rubber-coated PVDF, as a function of (1) frequency and (2) rT . 

4.2.2.2. Directivity dependence of sensitivity  

It was found that, at low frequency when the width of the film is small compared with the 

wavelength, the uncoated PVDF film shows a hydrostatic response, which is independent of 

the incident angle. For a coated film, as shown in Fig. 4.9, the normalised directivity response 

0
| D |M

 (calculated by | ( ) / max( ( )) |PVDF PVDFV V  ), for a PVDF film can also be significantly 

changed by the coating. The polyurethane-coated film produces a complex directivity pattern 
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even at low frequency, while rubber and plastic greatly changes 
0

| D |M
 at high frequency. The 

aluminium-coated film produces the best omni-directionality among these films.  

 

FIG. 4.9 Normalised directivity pattern of coated and uncoated PVDF films at  

(a) 10 kHz and (b) 60 kHz. 

The directional response can be decomposed into the directivity of the in-plane voltage 

component 32D , and that of the normal voltage component 33D . The response 33D  is mainly 

due to the spatial average of the sound pressure on the surface. At low frequencies where the 

width of the film is much smaller than the wavelength, the omni-directionality of the 

normalised directivity 33| |D , defined as 33 33| ( ) / max( ( )) |V V  , is naturally achieved. 

Although the pressure would be changed by the symmetric scattered sound for a soft coating, 

the amount of scattered pressure exhibits little variation with the incident angle. As a result, 

the directivity response 33| |D  changes to an oval shape at high frequencies when the width of 

the film and wavelength are comparable. Therefore, it is not possible to control 33| |D  by 

applying stiff coating materials, as shown in Fig. 4.10.  
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FIG. 4.10 Normalised directivity pattern 33| |D  for different coating stiffnesses and corresponding 

symmetric sound pressures on the surface at (a) 10 kHz and (b) 60 kHz when 0.45  . 

The normalised directivity responses 32| |D , defined as 32 32| ( ) / max( ( )) |V V  , and the 

corresponding symmetric pressures at the two ends of the coated film at 10 kHz and 60 kHz 

are shown in Fig. 4.11 and Fig. 4.12, respectively. As previously discussed, while the in-plane 

stress component is affected by three factors, it is dominated by the transmitted shear stress at 

the interfaces at low frequency. For 10 kHz, the pressure at the two ends only reduces slightly 

as a function of incident angle. This change is negligible for stiff coatings, but can have 

significant effects for soft coatings. The relative motion between the soft coating and the PVDF 

film decreases because of the reduced deformation of the soft coating. As a result, the generated 

shear stress is reduced, causing a smaller amplification factor. Therefore, at low frequency, 

32| |D  generally has an oval shape for PVDF with a soft coating, and attains omni-directionality 

for the PVDF with a stiff coating. 
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FIG. 4.11 Directivity properties of (a) 32| |D , (b) symmetric sound pressure at the two ends, and (c) 

normalised amplification factor for different coating stiffnesses at 10 kHz.  

  

FIG. 4.12 Directivity properties of (a) 32| |D , (b) symmetric sound pressure at the two ends, and (c) 

normalised amplification factor for different coating stiffnesses at 60 kHz. 

At high frequency, when the width of the film is comparable to the wavelength, the 

directivity response is more complicated. The influence of stress in the thickness direction on 

the in-plane stress component via the Poisson effect needs to be considered, and the symmetric 

pressure at the ends changes from monopole to multipole directivity. The different responses 

of the coating and the PVDF film to the change in pressure at the ends would again be reflected 

in the generated shear stress and amplification factor FA , and therefore have an impact on 

32| |D . 

The directivity response of the coated film is determined by the combined contribution of 

the 32D  and 33D  responses. The magnitude and phase of these two responses, as well as the 

directivity pattern, are important for the superposition. The complex directivity pattern of 
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polyurethane-coated film at low frequency, as shown in Fig. 4.9, appears as a result of the 

comparable magnitudes, but opposite phase values, of 32V  and 33V . It is clear that the small 

amplification factor applied on 32V  by a polyurethane coating is the main cause of the nulls at 

low frequency. 

As shown in the frequency response, the amplification factor FA  depends not only on the 

elastic property of the coating material, but also the thickness ratio rT . In most underwater 

applications, polyurethane is commonly used to coat the sensor. Consequently, further 

investigating the properties of the polyurethane layer is of interest. The normalised directivity 

responses at 10 kHz for different rT  values of the polyurethane coating are shown in Fig. 4.13. 

It is noticed that the directivity response 
0

| D |M  is nearly an inverse of the normalised FA . 

Moreover, while at this frequency 33| |D  has a nearly circular pattern, the shape of 32| |D
 
is

 

dominated by the effect of FA . For rT  equal to 10 and 30, the directivity response has an 

opposite pattern compared with FA , owing to the opposite-phase value and smaller magnitude 

of 32V . When rT  equals 90, the magnitude of 32V  is comparable to that of 33V  when the incident 

angle is approximately 65°. While FA  keeps increasing when the incident angle approaches 

90°, 32V  exceeds 33V  and the difference between them becomes larger. A small side lobe is 

therefore generated. 
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FIG. 4.13 Directivity properties of polyurethane-coated film with different rT
 
at 10 kHz:  

(a) 
0

| D |M
 and (b) normalised FA . 

It is therefore clear that, for soft coatings, nulls and side lobes may appear at low frequency 

when the amplification factor is approximately 1.6. This effect will occur for thin rubber 

coatings and thick polyurethane coatings. Stiff coatings would not exhibit such directivity 

responses as their amplification factors are less than 1. 

At high frequency, the directional response for coated films becomes quite complex, except 

for very stiff coatings where the directivity is controlled by 33D  and becomes oval-shaped. 

Present laboratory conditions are conducive to high-frequency measurements where the effect 

of boundary reflections on the direct sound is minimum. Thus, a comparison between the 

simulated and experimental results is limited in the frequency range from 30 kHz to 100 kHz. 

4.2.2.3. Control of the sensitivity 

From the results above, it can be seen that it is possible to shape the frequency and 

directional sensitivity of the film in a certain frequency range by applying coatings with 

different thicknesses and elastic properties. 

Both soft coatings and stiff coatings show potential in increasing the sensitivity of the 

PVDF film at frequencies below the first anti-resonance frequency. Compared to the uncoated 

film, soft and thick coatings are able to increase the sensitivity by more than 10 dB in a limited 
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frequency range since the resonance is shifted to a lower frequency, while a stiff coating can 

increase the sensitivity by approximately 3 dB in a wider frequency range as the resonance is 

raised to higher frequency. The thickness of the coating should be carefully chosen to avoid 

reducing the voltage output of the film or introducing resonances in the frequency range of 

interest.  

A flat frequency response and omni-directionality are required if the pressure sensor is to 

be used for intensity measurement. A thin, stiff coating such as aluminium shows the most 

promising response, while a polyurethane-coated film shows a reasonable flat frequency 

response but a complex directivity pattern. As was observed, the directivity is caused by the 

amplification of the coating on the in-plane voltage component. Therefore, these patterns may 

be eliminated by applying stiff substrates directly on the PVDF film, with an external 

polyurethane coating for reducing the disturbance on the underwater sound field. A similar 

configuration will be investigated in the next chapter, for being used as a P-P intensity probe. 

4.2.3. Comparison between 2D and 3D models 

While the 2D model is used mainly for reducing the computational complexity, a simple 

3D model is also built for comparison and verification of the plane strain assumption used for 

the 2D models. The length of the coating and the PVDF film in the 1x  direction, which is 

regarded as infinite in the 2D model, is set as 31 mm. 
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FIG. 4.14 Definition for a 3D sound field.
 

In the 3D model, as Fig. 4.14 shows, the incident plane sound is defined as: 

1 2 3(kcos sin sin sin cos )
.

i x k x k x

I op Pe
     

                                                                                                     (4.14) 

For comparison purposes, the angle   is set as zero and   is the same as used in the 2D model. 

The voltage output of the PVDF film is calculated by (same as Eq. (2.7)): 

1 2 331 32 33( )PVDF x x x PVDFV g g g h     .                                                                                               (4.15) 

While this equation can be applied to both the 2D and 3D models, it is worth mentioning that 

1x
  is generated by the Poisson effect in the 2D model and excited directly by the sound 

pressure in the 3D model. 

The frequency responses of the coated films are shown and compared in Fig. 4.15. Good 

agreement is obtained. The anti-resonance and in-plane resonance features in the sensitivity 

response are well reproduced, while the number of resonances in the 3D model are larger than 

in the 2D model for all coated films. These additional resonances, which appear at lower 

frequencies than the resonances in the 2D models, are due to the in-plane modes in the 1x

direction. The reduced frequency can be easily understood as the length of the film is longer 

than its width. 
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FIG. 4.15 Sensitivity of coated films calculated from 2D and 3D models. 

Another important finding for the sensitivity is also verified, as again it is observed that the 

rubber-coated film exhibits a largely increased sensitivity while the polyurethane-coated film 

has a reduced sensitivity. It is clear that the sensitivity of the rubber-coated film becomes larger 

when simulated in 3D, compared with 2D results. The amplification effect of the rubber coating 

on the in-plane voltage component of the film is further enhanced, when the film is stretched 

by the shear stress in both the 1x  and 2x  directions. 
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FIG. 4.16 Directivity response of coated films calculated from the 2D and 3D models.  

Good agreement with the directivity response is obtained for all coated films except the 

rubber-coated film at high frequency, as Fig. 4.16 shows. This is due to angular dependence of 

the pressure loads in the 1x  direction, affected by the strong symmetric scattered pressure from 

the rubber coating. While the pressure loads in the 1x  direction are not included in the 2D 

model, the changes of the loads are significant only for very soft coatings, and become less 

sensible for stiffer coatings.   

The close agreement between the 2D and 3D models shows that it is possible to use the 2D 

model for simulating the response of a coated PVDF film in an underwater plane sound field, 

with low computational cost.  

4.3. Experimental verification 

Three planar PVDF sensors were constructed and tested to verify the numerical model. 

SDT1 films obtained from Measurement Specialties Inc. were used as the active sensing 

element inside the hydrophone. They are 28 µm thick PVDF films that are doubled over to 

provide shielding from electrical noise. Consequently, their effective thickness is 56 µm. The 

length and width of the PVDF film are 30 mm and 12 mm, respectively. One film was directly 

encapsulated at the centre of a rectangle of polyurethane with dimensions   37 mmL  , 

  21 mmW  , and   6.5 mmT  . Another two were laminated between two 3D printed 
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substrates. One pair of substrates were printed with onyx plastic, while another set were of onyx 

with carbon fibre in the 2x  direction. The dimensions of a single substrate are   34 mmL  , 

  18 mmW  , and   1.1 mmT  . The measured Young’s modulus for the onyx substrate is 

0.5 GPa and that for the onyx–carbon-fibre substrate is 3 GPa. Then the laminated PVDF 

structure was encapsulated at the centre of a rectangle of polyurethane with the same 

dimensions as the polyurethane sensor except   7.1 mmT  .  

A water tank and a calibrated Reson 4014-5 hydrophone were used for characterising the 

sensor. The water depth was 1,000 mm and the tank diameter was 1,800 mm. An ITC 1042 

hydrophone was set as a transmitter located at the centre of the tank. The Reson hydrophone 

and test sensors were located either side of the 1042 hydrophone at a distance of 450 mm. A 

burst of ten cycles of a constant-frequency sine wave was transmitted every second. The 

frequency range for testing was restricted to 30 kHz to 100 kHz to fit with the tank size and the 

useable frequency range of the transmitting hydrophone. For frequencies below 30 kHz, it was 

difficult to separate the direct path from the reflected signal. However, low-frequency 

measurement in deep water is in progress.  

The directional responses of the sensors were measured by rotating the sensors in 

increments of 10° and measuring their voltage output. The RMS values of the measured voltage 

signals were used to calculate the sensitivity. The constructed polyurethane sensor and the 

experimental set up are shown in Fig. 4.17 and Fig. 4.18. 



84 
 

 

FIG. 4.17 Developed polyurethane-encapsulated PVDF sensor. 

 

FIG. 4.18  Experimental set up for testing the directivity sensitivity of the constructed sensor. 

The finite-element model discussed above was used to simulate the voltage response of the 

polyurethane-encapsulated PVDF sensors. The cross section of the sensors was modelled, 

while the length of the sensor was regarded as infinite. The material properties used in the 

simulation were the same as the values shown in Table 4.1, except the Poisson’s ratio of the 

polyurethane in the laminated substrate–PVDF sensors is set as 0.47. This small difference is 

likely due to the different production batch of the polyurethanes used for constructing these 

sensors. Linear frequency-dependent damping values were used for the coating materials. The 

isotropic loss factor of the polyurethane coating equals 0.1 for 40 kHz and 0.3 for 100 kHz, 

while the loss factor for the substrate increases from 0.05 to 0.1.  

Comparisons of the experimental results and the COMSOL results for the constructed 

sensors are shown in Figs. 4.19–4.21. As can be seen, there is a reasonable agreement for all 
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sensors except the onyx–carbon-fibre sensor at 40 kHz. Some small differences are observed 

for several frequencies and incident angles. For example, 2 dB differences occur for the 

polyurethane sensor at 60 kHz when the incident angle equals 0° and 90°. These discrepancies 

may be traced to the asymmetry of the experimental samples and the uncertainty in the 

boundary conditions of the samples. The asymmetry of the experimental results is most likely 

due to the misalignment of the PVDF film and the laminated PVDF structure during fabrication. 

When pouring the polyurethane, the film might become slightly twisted or bent inside the 

polyurethane. The fabrication process for the onyx and onyx–carbon-fibre sensor ensures good 

alignment of the PVDF inside the polyurethane. However, it still cannot be guaranteed that the 

PVDF film is perfectly in the centre and it is hard to detect after the sensors are constructed. 

As Fig. 4.22 shows, this offset from the centre has a larger impact on frequencies below 60 

kHz, which explains the discrepancy for the onyx–carbon-fibre sensor at 40 kHz but the good 

agreements at other frequencies. It is also noticed that the major issue for practical sensor 

development is to ensure the perfect placement of the film. 

 

FIG. 4.19 Comparison of experimental and numerical responses for the polyurethane sensor. 
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FIG. 4.20 Comparison of measured and simulated responses for the onyx sensor. 

 

FIG. 4.21 Comparison of measured and simulated responses for the onyx–carbon-fibre sensor. 
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FIG. 4.22 Effect of deviations from the centre of the polyurethane on the PVDF response: (a) onyx 

sensor and (b) onyx–carbon-fibre sensor. 

The fibres in the onyx-carbon-fibre substrate are usually seen as anisotropic materials. This 

property could be taken into account in the 3D model developed in the last section. The Young's 

modulus of the substrate in the fibre direction is kept as 3 GPa, while the stiffness in the 

orthogonal directions is set as 0.5 GPa, equals the measured value of onyx. As Fig. 4.23 shows, 

the directivity responses of the PVDF would have notable differences when the orthotropic 

material model is used. The substrate could effectively suppress the directivity of the film when 

the fibre runs in 1x  direction, while it behaves more like a soft coating when the fibre direction 

changes. This is due to the anisotropic property of PVDF, where the piezoelectric coefficient 

in 1x  direction is about five times larger than the coefficient in 2x  direction. Therefore 

controlling the directivity response in 1x  direction shows a clearer effect on suppressing the 

directivity of the overall voltage response. However, it is also worth mentioning that a soft 

coating in the 2x  direction results in more in-plane resonances and therefore peaks in the 

frequency response function. Besides, this figure also shows that the anisotropic property is not 

the main cause for the discrepancy between the model and the experimental result at 40 kHz. 
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FIG. 4.23 Effect of anisotropic property of onyx–carbon-fibre substrate on PVDF response 

 

4.4. Summary 

This chapter examined the effect of coating material on the spectral and directional 

sensitivities of a PVDF film based on a 2D finite-element model. It was found that the 

sensitivity of the film could be significantly changed by changing the elastic stiffness and 

thickness of the applied coating layer. 

The natural frequencies were shifted by the elastic material, and can be intuitively 

understood as being due to the variation of the extensional speed of sound in the coated PVDF, 

as the Young’s modulus of the coating material is quite different to that of the PVDF film. The 

variations in the sensitivity at low frequency can be explained by the development of shear 

stress at the interface between the coating and the PVDF, and its amplification effect on the in-

plane stress of the PVDF film.  

While the shear stress was generated in opposition to the relative in-plane motion, the in-

plane deformation and the corresponding stress value of the PVDF film were amplified by a 

soft coating and reduced by a stiff coating. The amplification factor, which is defined as the 

ratio between the in-plane voltage response of the coated and uncoated films, generally 

increased with the decreased elastic stiffness of the coating material, as well as the increased 
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coating thickness. The low-frequency sensitivity of the PVDF displayed a “V”-shaped response 

as the amplification factor changed. This is a result of the destructive superposition of the in-

plane and normal stress components. 

The directivity sensitivity of the film at low frequency, where the width of the film is small 

compared with the wavelength, was also explained. While 
33V  was omni-directional, the 

directivity response of 
32V  changed as a result of the angular dependence of the amplification 

factor. Generally, the directivity of a PVDF film with a coating material that has an 

amplification factor much greater or smaller than 1 exhibits a simple pattern at low frequency, 

while a coating with an amplification factor slightly above 1 would generate complex beam 

patterns in the directivity response of the PVDF film. 

The 2D numerical model was verified through both a 3D model and laboratory experiments. 

The plane strain assumption seems appropriate for simulating the sensitivity of the coated film, 

as well as the directivity response in the 2 3x x  plane. In addition, polyurethane-encapsulated 

PVDF hydrophones with and without substrates were constructed and tested in laboratory 

settings. The general trend of the measured and numerical results displayed good agreement. 

The variations were most likely due to the misalignment of PVDF films, as they may have been 

slightly deformed inside the polyurethane capsule or deviated from the centre during 

fabrication.  
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Chapter 5  

PVDF P-P Intensity Sensor 

5.1. Introduction 

Based on the understanding of the effect of the coating material on the response of 

polyvinylidene fluoride (PVDF) films developed in Chapter 4, it is now possible to shape the 

response by applying coatings with different materials and geometric properties. Therefore, the 

requirements of the pressure–pressure (P-P) intensity probe for use as a pressure sensor, such 

as flat frequency response and omni-directionality in the working frequency range, are able to 

be satisfied.  

In this chapter, a P-P intensity probe using PVDF films is designed and its feasibility is 

explored. Two parallel PVDF films are used as the pressure-sensing element. The PVDF films 

are laminated between two stiff substrates used for controlling its directivity, and encapsulated 

in polyurethane for waterproofing and matching the impedance to water. The finite-element 

modelling is used to simulate the voltage response from the two PVDF films. The frequency 

and directional responses are calculated to confirm if all the requirements are met. 

Based on the traditional P-P method, the acoustic intensity is estimated. The performance 

of the probe is evaluated in three cases: the first is the single-plane-wave field while the other 

two contain multiple plane waves. The single-plane-wave condition is for verifying the ability 

of the developed intensity probe and determining the usable frequency range, while the 

multiple-plane-wave condition is used for investigating the performance of the probe under 

complex measurement conditions, and also for investigating the ability to determine the 
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reactive intensity. A comparison of the PVDF bimorph and P-P probe is conducted to show the 

advantages and drawbacks of these two PVDF-based intensity probes. 

5.2. Modelling of a P-P intensity probe 

5.2.1. Numerical model  

The 2D numerical model developed in Chapter 4 is modified and used for modelling the P-

P intensity probe, where the cross section of the probe is shown in Fig. 5.1. The plane sound 

wave is used as an initial excitation for calculating the sensitivity of the PVDF films. The films 

are placed between the aluminium backing plates, and encapsulated in a polyurethane block. 

The dimensions of the PVDF, aluminium backing, and polyurethane are set as 

13 mm × 0.056 mm, 20 mm × 2 mm, and 30 mm × 17 mm, respectively. The same elastic and 

piezoelectric parameters as in previous chapters are used in the model.  

 

FIG. 5.1 Cross section of a 2D sound intensity probe using PVDF films. 

The two parallel PVDF films are separated by a distance d. This distance is important for 

P-P sensors, as it controls the response to the pressure gradient. Here, the distance d  is set as 

12 mm, which is a commonly used value for a P-P intensity probe in air. The open-circuit 

voltage output of the PVDF film at 3 / 2x d  is defined as 1V  and the voltage response at 

3 / 2x d   as 2V . The corresponding sensitivities are 
1VM  and 

2VM , respectively. For this 

configuration, the sound intensity in the 3x  direction is measured.  
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5.2.2. Response of PVDF films 

In order to use a sensing element inside a P-P intensity probe, it is required to have a 

response independent of frequency and incident angle. In addition, the phase difference 

between the responses from the two elements should increase linearly with frequency and have 

a dipole directional pattern. These requirements need to be satisfied before the intensity 

measurement can be achieved.  

The sensitivities of the two PVDF films as a function of frequency and incident angle are 

shown in Fig. 5.2. A small peak at approximately 3.5 kHz can be seen in both sensitivities and 

is due to the in-plane resonance of the polyurethane block. As shown in Chapter 4, the 

polyurethane-coated film would have a high peak response for the first in-plane resonance, 

where the in-plane voltage component is amplified through shear stress along with the coating 

and film interface. However, the aluminium substrate used in the designed configuration 

exhibits an ability to isolate the PVDF film from the stress inside the polyurethane, and hence 

flatten the peak response. 

It is noticed that small discrepancies occur between the two sensitivities for frequencies 

higher than 5 kHz, but this gradually decreases when the incident angle approaches 90  and 

270 . This difference is mainly due to the bending deformation of the intensity probe, which 

generates opposite stress values in the two PVDF films. The difference between the pressures 

on the top and bottom surfaces due to the scattered pressure also causes the deviation between 

the voltage responses. The scattering effect is minor at low frequencies since the characteristic 

impedance of polyurethane is similar to that of water. However, it gradually becomes 

significant when the size of the probe, especially the size of the metal plates used inside the 

probe, increases. Inserting a hard spacer inside the polyurethane block is therefore not 

recommended. 
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FIG. 5.2 Sensitivities of the two PVDF films when laminated between the backing plates:  

(a) frequency dependence and (b) directional dependence.  

It is worth mentioning that the configuration of laminating a PVDF film between backing 

plates is superior to other designs such as attaching the film to the surface of the backing plate. 

The in-plane deformation of the polyurethane is generally larger than that of the PVDF film, 

and shear stress occurs at the PVDF–polyurethane interface as a result of the relative motion. 

For the in-plane resonance, the magnitude of the peak in both responses is amplified by the 

shear stress. Meanwhile, for the bending resonance, the in-plane displacement of the 

polyurethane around the two PVDF films is opposite in phase. Therefore, the generated shear 

stress has an opposite effect on the two films: one response would be amplified while the other 

would be reduced. As a result, additional peaks and troughs appear around the bending 

resonance in the two response curves of the PVDF films, as shown in Fig. 5.3. The directivity 

response for the frequency at 4 kHz (close to the first bending resonance) is plotted and shows 

the effect of the bending deformation. Comparing Fig. 5.3 and Fig. 5.2, it is clear that the sensor 

with a lamination configuration has a flatter response around the resonances, since the stiff 

substrates are able to isolate the PVDF film from the stress inside the polyurethane, and hence 

suppress the peak response. As a result, the lamination configuration is adopted in the proposed 

design. It should also be noted that while aluminium is used as the stiff plates in this study, 

materials with similar stiffness such as thin carbon-fibre substrates would provide similar 
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results. Ideally, stiff materials with an acoustic impedance closer to that of water would 

improve the performance of the designed probe. 

 

FIG. 5.3 Sensitivities of the two PVDF films when attached to backing plates:  

(a) frequency dependence and (b) directional dependence at 4 kHz. 

The phase difference between the two voltage responses is shown in Fig. 5.4(a). Ideally, 

this phase difference should vary linearly with the frequency, as with the phase difference of 

incident sound between 3 / 2x d  . However, it is affected by the scattered pressure and the 

stress transmission inside the probe. The phase difference between 3 / 2x d   of the incident 

sound pressure ( ip ), the total sound pressure at the left end of the probe ( p ), and the stress 

value 
3x  at the centre of the PVDF film are shown in the figure for comparison. The 

contribution of the scattered pressure and the stress transmission to the phase difference 

between the two voltage responses can be seen clearly from the discrepancy between the 

curves. The impact of the scattered pressure increases with the frequency, while the effect of 

the stress transmission becomes important around the resonances. At high frequency, the 

discrepancy is obvious since the effect of both factors becomes significant. However, at 

frequencies below 15 kHz, the discrepancy is acceptable. As Fig. 5.4(b) shows, the dipole 

directivity pattern meets the requirement for a functional sound intensity probe, while the 

maximum deviation between the voltage response and the incident sound is at 0   . 
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FIG. 5.4 Phase difference of voltage, sound pressure, and normal stress components:  

(a) frequency dependence for θ = 0° and (b) directional dependence at 10 kHz.  

It has therefore been demonstrated that the basic requirement for a P-P sound intensity 

probe at low frequencies is satisfied by the proposed design, since the variations for frequency 

below 15 kHz are minor and the sensor is omni-directional. The maximum phase difference 

between the voltage response and the incident sound is 11  and the maximum difference in the 

sensitivity response is 1 dB for frequencies below 15 kHz. It has also been shown that the 

variations are angularly dependent. For example, as shown in Fig. 5.2, the difference between 

the two responses caused by the bending effect is maximum at 0  and fully eliminated at 90 . 

As discussed in Chapter 2, these angular variations would cause errors in the estimated intensity 

when the probe gain is selected at a single incident angle, which will be discussed in the 

following section.  

5.2.3.  PGV and VGV 

Based on the gradient method, the pressure-generated voltage (PGV) and velocity-

generated voltage (VGV) for the PVDF sound intensity probe are defined as: 

1 2 ,
2

P

V V
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                                                           (5.2) 
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The pressure and velocity sensitivities of the intensity probe are used to illustrate the 

frequency and angular properties of these voltage responses. These sensitivities are defined as: 
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The PGV is the average of the two voltage responses, as an estimation of the sound pressure 

at the centre of the probe. The voltage generated by the bending stress is cancelled by adding 

the two voltage outputs from PVDF films. Therefore, the PGV is related to the total symmetric 

sound pressure on the sensor surfaces, similar to the PVDF film and coated PVDF hydrophone 

discussed in Chapter 2 and Chapter 4, respectively. The VGV is the voltage response generated 

by the pressure gradient of the incident wave, calculated by the voltage difference between two 

films. It is well known that the pressure gradient can be related to the particle velocity with the 

linearised Euler equation. 

Figure 5.5 shows the sensitivity of the calculated PGV and VGV, based on Eqs (5.3) and 

(5.4). The sensitivity of the PGV is quite stable, except for a gentle decrease at high frequency 

mainly caused by the finite-difference approximation. The reduction of the total symmetric 

sound pressure on the surfaces, as a result of the sound scattering, also slightly reduces the 

sensitivity of PGV when the frequency increases. The sensitivity of the VGV, on the other 

hand, increases with the frequency, and is due to the increased phase difference between the 

films. For a normal incident sound, the sensitivity of the VGV is lower than that of the PGV at 

very low frequency, but becomes at least 20 dB larger above 3 kHz. It is clear that, for this 

gradient-type intensity probe, the performance would be better in the high-frequency range, 

around several kilohertz, where the sensitivity of VGV is sufficiently large. 
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FIG. 5.5 Calculated PGV and VGV as a function of frequency and incident angle. 

The directivities of the pressure and velocity sensitivities at 3.5 kHz and 10 kHz are also 

shown in the figure. The PGV displays an omni-directional pattern, while the VGV is 

characterized by cos . These two voltage responses are suitable for sound intensity 

estimation. 

5.2.4. Acoustic intensity 

The equations for PGV and VGV lead to the following expression for estimated complex 

sound intensity: 
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where 
PH  and 

vH  are the pressure and velocity gains and can be pre-determined via 

calibration. The pressure and velocity sensitivities of the developed probe are approximately 

independent of the frequency and incident angle. Therefore, the calibration can be carried out 

in a plane wave field at a given frequency and incident angle, e.g., 1000 Hzreff   and 

0ref   . The gains are obtained by: 
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As discussed in Chapter 3, the frequency and angular variations of the gains might cause some 

error in the estimated intensity under certain conditions. Therefore, the gain ratios, similar to 

what was defined in Chapter 3: 
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are examined for error analysis in the following section. 

5.2.4.1. Case study 1: Single-plane-wave sound field 

A single-plane sound wave impinging on the designed PVDF intensity probe at various 

incident angles is first considered. With the pre-determined probe gains, the active intensity 

component (normalised by 
2

0 / 2o o oI P c ) is calculated using Eq. (5.5), where the real part of 

the estimated result is compared with the exact intensity component 
3

2

0( cos ) / 2x o oI P c  . 

The results are shown in Fig. 5.6. 

 

FIG. 5.6 Normalised acoustic intensity determined by Eq. (5.5) and compared with the actual (exact) 

intensity component (solid line: estimated result, dotted line: exact value). 

The estimated results and the exact intensity components compare well at low frequency, 

while at high frequency the estimated intensity is lower than the real value. This 

underestimation problem is mainly due to the finite-difference approximation. For the plane 

wave case, the theoretical error for the axial incidence can be written as: 
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Equation (5.9) shows that this finite-difference error is dependent on frequency and the distance 

between the two films. When the sound is not incident at the axial angle, the effective distance 

of the sound propagation decreases by a factor of cos . As a result, the normal incident angle 

yields the largest deviation between the estimated and true intensity values, while the deviation 

is reduced as the incident angle approaches 90 . 

An upper frequency limit is usually imposed to address this problem, below which the error 

of estimation is less than 1 dB. The theoretical limit based on Eq. (5.9) and the speed of sound 

in polyurethane is approximately 17 kHz. The simulated results give an upper frequency limit 

of approximately 16.5 kHz. This slightly lower limit is mainly due to the reduction of the total 

symmetric sound pressure on the surfaces, which expedites the decrease of the PGV. 

This case study indicates that the designed PVDF-based P-P intensity probe works well 

when excited by a plane incident wave at frequencies less than 16.5 kHz. 

5.2.4.2. Case study 2: Multiple plane waves (pressure-intensity index) 

Considering a case where more than one plane wave approaches the PVDF intensity probe 

simultaneously, the pressure at the probe location may increase without changing the intensity 

in the 3x  direction, or reactive intensity may be generated at the probe location. The first 

condition is studied in this section. 

As this is a typical issue for the P-P intensity method, previous work has shown that the P-

P intensity probe with a small phase mismatch   is sensitive to large values of the pressure–

intensity (P-I) index, which is defined as the ratio of the mean square pressure to the sound 

intensity in logarithmic form. This gives rise to a bias error in the estimated sound intensity 

(Jacobsen & de Bree, 2005): 
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This clearly shows that the error is inversely proportional to kd  and proportional to the P-I 

index. It is therefore important to investigate the performance of the P-P intensity probe when 

the index is larger than 1, indicating that a significant sound intensity component exists in the 

perpendicular direction of the component to be measured. This will occur if there exist strong 

background noises from other sources, especially when the measurement takes place in 

reverberant surroundings. 

To do this, one plane wave is assigned an amplitude 
iP  and incident angle  , while the 

other has an amplitude iaP  and an incident angle of 90 . The P-I index therefore becomes 

3

2( ) /i ia xP P c I , where the exact intensity component is calculated by 

3
( ( )cos ) / 2x i i ia o oI P P P c   . The estimated intensity components (normalised by 

( ) / 2o i i ia o oI P P P c  )  for this case are shown in Fig. 5.7 and compared with the exact values. 

 

FIG. 5.7 Error in estimated intensity for two plane waves incident on the intensity probe: (a) different 

incident angles for the P-I index = 6, (b) different P-I indexes for 0   . Dotted lines correspond to 

the exact solutions while the solid lines are for the estimated results. 

Clearly, the errors appear around the resonance frequencies, such as the first in-plane 

resonance at approximately 3.5 kHz, and become larger when the P-I index
 
increases. These 
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discrepancies can be explained again by the frequency and angular variations of the PGV and 

VGV gains. The absolute values and arguments of the gain ratio are illustrated as a function of 

incident angle for 3.5 kHzf   and 10 kHzf   in Fig. 5.8. Both values vary slightly with  . 

The absolute value of the gain ratio shows a variation that is less than 5% for both frequencies, 

while 3.5 kHz (the first in-plane resonance) produces a larger variation of the argument than 

for 10 kHz. Clearly, a larger argument variation occurs near the resonance frequencies, due to 

the changes in the phase response of a single PVDF film. 

 

FIG. 5.8 Angular variation of the gain ratio at 3.5 kHzf   and 10 kHzf  :  

(a) absolute value and (b) argument. 

Figure 5.9 shows the gain ratio as a function of frequency for 10 ,20 ,30 ,45o o o o  . The 

argument is approximately independent of frequency in the frequency range of interest except 

around the resonance frequencies, while the absolute value decreases with increasing frequency.  
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FIG. 5.9 Gain ratio as a function of frequency, for 10 ,20 ,30 ,45o o o o  :  

 (a) absolute value and (b) argument.  

While the gain ratio is approximated as 1 in the case studies, it is clear from Fig. 5.9 that 

the actual gain ratio should be expressed by: 

| | ,Ri

H RR e
                                                                                                                     (5.11) 

where | |R  represents the variation in the absolute value and 
R  is related to the variations in 

the arguments. For the intensity probe, R  is of more importance as it could be interpreted as 

a phase mismatch. Unlike the other P-P intensity probes, this phase mismatch is inherent for 

the PVDF-based P-P intensity probe, owing to the coupling between the PVDF film and the 

coating. It is obvious that this phase mismatch around the resonances is worthy of attention but 

is negligible for other frequency ranges. Therefore, the discrepancies caused by phase error in 

other frequency ranges can be small even though the P-I index is large. Although the reduction 

of the absolute value of the gain ratios with frequency is notable, it has no interaction with the 

P-I index. This reduction is mainly due to the finite-difference approximation, and is already 

accounted for in the upper frequency limit. As shown in Fig. 5.7(b), the estimated intensity 

curve for a larger P-I index has a slower drop at high frequency. The plane wave with the 

incident angle of 90  generates the same amount of sound pressure on the top and bottom 

surfaces, and therefore reduces the relative pressure difference between surfaces and increases 
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the total symmetric sound pressure. This would compensate for the decrease of the PGV at 

high frequency, and slightly improves the performance of the intensity probe.
 

This case study indicates that this PVDF-based intensity probe should work well at 

frequencies away from resonances and when the P-I index is not significantly large. 

5.2.4.3. Case study 3: Multiple plane waves (reactive intensity) 

Reactive intensity can be generated when multiple plane waves are incident on the probe, 

and a phase difference between the plane waves exists. The ability of the developed P-P 

intensity probe to determine both the active and reactive sound intensities is investigated in this 

case study. 

To do this, one plane wave is assigned an amplitude 
iP  and incident angle  , while another 

has an amplitude 2 iP  and an incident angle of 180 . The active intensity component is 

calculated by 
3

Re( ) (( 2 1)cos 4 2) / 2x i o oI P c     , while the reactive intensity is 

calculated by 
3

Im( ) ( 2(cos 1)) / 2x i o oI P c   . The normalised estimated intensity 

components (normalised by active and reactive components, respectively) for this case are 

shown in Fig. 5.10. The normalised exact value is equal to 1. 

 

FIG. 5.10 Estimated (a) active and (b) reactive intensities based on Eq. (5.5). 

It can be seen that the P-P intensity probe is able to determine both the active and reactive 

components of the acoustic intensity. The estimated active intensity decreases at high 
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frequency and is almost independent of the incident angle, while the reactive intensity shows a 

larger discrepancy for the incident angle at 45 . Based on the expression for the gain ratio 

(Equation (5.8)), the complex sound intensity determined by the PVDF P-P intensity probe is 

related to the actual sound intensity 
3xI  by: 

3 3 3
(| | cos | | sin )[Re( ) Im( )]x R R R R x x II i I i I      .                                                                                   (5.9) 

It is clear that the active and reactive parts of sound intensity are related to each other, as a 

result of the variation of the gain ratio. While they should have the same impact factor ( sin R

), the amplitude of the active part increases and that of the reactive part decreases when   

approaches 90 . As a result, the error in the estimated reactive intensity increases. 

This case study shows the ability of this PVDF-based intensity probe to determine both 

active and reactive intensities under complex measurement conditions. While error is 

introduced by the variation of the gain ratio, it is observed that for frequencies below 5 kHz, 

where the variation of the gain ratio is small, the P-P intensity probe is working well. 

5.3. Preliminary experimental results 

A sensor with four PVDF elements was constructed for verifying the developed numerical 

model. SDT-D28 films obtained from Measurement Specialties Inc. were used as the active 

piezoelectric material for the sensor. The films were fixed to 2 mm thick carbon-fibre layers 

supplied by Easy Composites UK, which have a similar effect as the aluminium backing in the 

design proposed in this study. The PVDF/carbon-fibre combinations were then fitted to a 

plastic end piece for ensuring accurate alignment and positioning of the films into a rectangular 

prism array. Polyurethane was then used to cover the four sensing elements. The dimensions 

of the sensor are 100 mm × 31 mm × 30.4 mm and the dimensions of the PVDF/carbon-fibre 

combinations are shown in Fig. 5.11. 
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FIG. 5.11 Design and dimensions of the constructed PVDF sensor (units in millimetres). 

The same experimental setup as described in Chapter 4 was used for testing the sensor, 

including the large water tank, the ITC 1042 transmitter placed in the centre of the tank as the 

sound source, and the calibrated Reson 4014-5 hydrophone used as the reference sensor. 

Similarly, the frequency range for testing was restricted to 30 kHz to 100 kHz in order to fit 

with the tank size and prevent multipath interference. The angular dependence of the sensors 

was measured by rotating the sensor in increments of 10  and measuring its voltage output. 

While the tested frequency range is much higher than the usable frequency range for the 

intensity probe, the spectral and directivity properties of the sensitivity from the PVDF 

elements are compared to verify the developed numerical model. Low-frequency 

measurements of the PVDF-based P-P intensity hydrophone in deep water and a fluid-filled 

impedance tube are currently in progress. 
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FIG. 5.12 Comparison of experimental and numerical results. 

The developed 2D finite-element model is used to simulate the voltage response of the 

sensor. The cross section of the sensor is modelled, while the length of the sensor is regarded 

as infinite. The sensitivities of the four PVDF films, named counter-clockwise as F1 to F4, are 

compared and shown as a function of frequency and incident angle in Fig. 5.12. The 

experimental results and the COMSOL results show a reasonable agreement, where the general 

trend fits very well. All films show maximum responses when they face the incident sound 

directly, and minimum responses when they are on the opposite side. 

5.4. Comparison of PVDF bimorph and P-P intensity probe 

Various aspects of the performance of the designed P-P intensity probe are compared with 

the PVDF bimorph sensor described in Chapter 3. These include sensitivity, usable frequency 

range, and calibration requirements, as well as errors and limitations during measurement. 

Both sensors display a flat frequency response for their PGV and have a similar sensitivity 

level. The VGV for the bimorph sensor has a much higher sensitivity for frequencies below 1 

kHz. Therefore, the bimorph sensor is more suitable for measuring the intensity at relatively 

low frequencies, whereas the P-P sensor struggles. However, the frequency response of the 

VGV has many resonance peaks, and requires careful calibration over the entire usable 
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frequency range. In addition, the effect of the clamping condition of the bimorph on the system 

response also needs to be included in the determination of the probe gain. 

The P-P intensity probe, on the other hand, displays an increased velocity sensitivity with 

frequency. In general, the VGV for the P-P sensor has a larger response at higher frequencies 

than that of the PVDF bimorph except at the resonance frequencies of the bimorph. Therefore, 

it performs better in the high frequency range. It is worth mentioning that the developed P-P 

intensity probe is able to measure intensity for frequencies up to 16.5 kHz. Moreover, since the 

responses of the two PVDF films are approximately independent of frequency and incident 

angle, the calibration requirement of this design is relatively simple. As shown in this chapter, 

the calibration is only carried out at one frequency and 0o  . 

In terms of the estimation accuracy for the sound intensity in a plane wave field, the 

bimorph sensor is able to determine the sound intensity very precisely, while the P-P intensity 

probe produces small errors around the resonance areas and underestimates the intensity at high 

frequencies, owing to the gradient approximation method. 

When a more complex condition is considered, the performances of both sensors are 

affected by the angular variations of the sensor gains. For the bimorph sensor, the variations 

are mainly in the imaginary part of the gains, and interaction with the reactive part of the 

intensity generates errors in the intensity estimation. It was shown that the changes in the gains 

and the resulting errors are noticeable when the incident angle is close to 45o  and 215o , but 

are negligible at other angles. For the P-P probe, the magnitude and phase of the gains around 

the resonances vary as a function of incident angle, which introduces errors for all acoustic 

fields in these frequency bands. The error is minor for the single-plane-wave case, but becomes 

larger when under complex measurement conditions. 
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Generally, both sensors work well in their usable frequency ranges. The bimorph sensor 

has a better performance in intensity measurement when calibration is correctly conducted, and 

is favourable at low frequencies. The P-P intensity probe, on the other hand, has a wider 

frequency range, up to 16.5 kHz, and is much easier to calibrate. 

5.5. Summary 

This chapter investigated the feasibility of underwater acoustic intensity measurement 

using a P-P intensity probe based on PVDF. The polyurethane block was used for 

waterproofing and matching impedance to water. Although it was shown in Chapter 4 that the 

sensitivity of the polyurethane-coated PVDF film has a complex frequency and directional 

pattern, these were almost fully flattened by the stiff substrates and the lamination 

configuration. The simulation result showed that the voltage responses of the two PVDF films 

were reasonably flat and almost omni-directional, fulfilling the basic requirement of a sensing 

element for use in a P-P intensity probe. The phase difference between the films exhibited a 

nearly linear variation in the frequency range of interest. 

The sensitivities of the PGV and VGV were calculated for determining the sound intensity. 

The simulation result showed that the probe is capable of measuring the intensity in a plane 

wave field before the upper frequency limit when the P-P method is used with the pre-

determined probe gains at 1000 Hzreff   and 0ref    are used. The upper frequency limit is 

imposed mainly because of the error caused by the finite-difference approximation. The limit 

derived from the simulation results is 16.5 kHz, demonstrating a wide usable frequency range 

for the designed intensity probe.  

Apart from that, the performance of the developed probe under complex measurement 

conditions was investigated. The ability of the probe to estimate both active and reactive sound 
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intensities was confirmed. Error occurred as a result of the frequency and angular variations of 

the probe gains. While this error increased with the high P-I index and was significant around 

the resonances where the variations of the gains were notable, it was, however, negligible for 

other frequencies. 

The performance of the designed P-P intensity probe was compared with that of the PVDF 

bimorph sensor. Generally, both sensors work well in their usable frequency ranges. The 

bimorph sensor is preferred in the low-frequency range, owing to its high velocity sensitivity 

and good accuracy when calibration is correctly conducted. The P-P intensity probe has a wide 

usable frequency range, for frequencies up to 16.5 kHz, and it is much easier to calibrate.  
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Chapter 6   

Conclusions and Future Work 

6.1. Summary  

In this thesis, the sensing mechanism of the polyvinylidene fluoride (PVDF) hydrophone 

to an underwater sound field was investigated. Analytical models were developed to obtain the 

response of the plain PVDF film to the pressure and velocity of the incident sound wave, which 

were discussed in Chapters 2 and 3. Based on these responses, a PVDF bimorph sensor was 

developed and the use of it in estimating acoustic intensity was explored in Chapter 3. Then 

numerical models were developed to investigate the effect of a coating material on the response 

of a PVDF film, which was demonstrated in Chapter 4. Based on those findings, a PVDF 

hydrophone with a desired response was constructed and used in a pressure–pressure (P-P) 

intensity probe. The performance and limitations of the designed P-P intensity probe were 

investigated in Chapter 5. The advantages and drawbacks of two intensity sensors—a PVDF 

bimorph sensor and a PVDF P-P intensity sensor—were also compared in Chapter 5. The 

following paragraphs give the conclusions for each chapter. 

Chapter 2 studied the response of the plain PVDF film when placed in an underwater plane 

sound field. It was demonstrated that the voltage response of the PVDF film is excited by the 

incident sound pressure, where the scattered sound pressure has very little effect. The 

antisymmetric scattered sound does not contribute to the sensitivity of the PVDF film, while 

the magnitude of the symmetric scattered sound was found to be negligibly small. Therefore, 

the scattered sound was ignored in the analytical model. 
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A 2D analytical model was presented with the plane strain assumption, where the third 

dimension was regarded as infinite. The stress in the thickness direction of the PVDF film was 

equal to the incident sound pressure, while the symmetric in-plane stress was obtained by 

solving the in-plane vibration equation of a thin plate. The solution showed that in-plane stress 

of the PVDF film is excited by the sound pressure on the top and bottom surfaces via the 

Poisson ratio effect, and by the sound pressure at the two ends of the film. These stress 

components were used for explaining the frequency and directivity dependence of the 

sensitivity. 

It was found that the spectral property of the sensitivity at high frequency can be 

characterised by the resonances of the symmetrical in-plane stress modes, as well as anti-

resonances caused by the superposition of the stress components. At low frequency, the 

sensitivity exhibits a hydrostatic response. The directional property was described by three 

directivity functions of the averaged stress. 

This chapter formed the basis of this thesis by illustrating the frequency and directional 

features of the PVDF film, which can help in understanding the mechanisms involved in 

generating the voltage output of a PVDF by an incident sound field. 

In Chapter 3, the voltage contributed by the anti-symmetric sound pressure was extracted 

by a PVDF bimorph sensor. This voltage response was found to be useful for detecting the 

particle velocity of the incident sound. Analytical models of the open-circuit voltage outputs 

of an infinite-strip-shaped PVDF bimorph cantilever in an underwater sound field were 

developed. The hydrodynamic expression was utilised for constructing the decoupled forcing 

term. 

Results showed that the voltage outputs from the PVDF bimorph can be decomposed into 

pressure-generated voltage (PGV) and velocity-generated voltage (VGV) components, and is 
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suitable for intensity estimation. An algorithm for determining the complex acoustic intensity 

normal to the surface was proposed, with the pre-determined probe gains. The accuracy and 

limitations of this probe when used in complex measurement conditions were discussed in this 

chapter. The errors in the estimated active sound intensity were explained by the variations of 

the probe gains, and its interaction with the reactive sound intensity. 

Chapter 4 studied the effect of the coating on the sensitivity of a PVDF film based on a 

finite-element model. The interaction between the PVDF film, elastic coating, and sound field 

was modelled. It was found that the frequency and directional responses of the PVDF film are 

significantly changed by the elastic coating. The elastic coating, which usually has a very 

different stiffness compared with the PVDF film, experiences different amounts of symmetric 

in-plane deformation when excited by the sound pressure. Shear stress occurred at the PVDF–

coating interface, as a result of the relative in-plane motion between the coating and PVDF 

film. The in-plane response of the PVDF film was found to be enhanced by a soft coating and 

reduced by a stiff coating. However, the sensitivity of the PVDF film is contributed by normal 

and in-plane stress components, which are out of phase in the low-frequency range. Therefore, 

it was demonstrated in this chapter that the sensitivity of the PVDF film would be increased by 

a soft thick coating or a thin stiff coating. Furthermore, it was also observed that the directional 

response of the PVDF film at low frequency could be controlled by a thin stiff coating. 

The demonstrated results may advance the understanding of the measured results of 

existing PVDF hydrophones, and help in designing PVDF-based hydrophones and acoustic 

intensity probes with desired responses. 

In Chapter 5, a design for a P-P intensity probe using parallel PVDF films was presented. 

This chapter focused on investigating the performance of the designed probe in terms of 
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measured intensity, examining the potential errors and problems, and providing possible 

solutions. Several key points were also addressed for future sensor design. 

Results showed that the probe was able to determine the active intensity in a plane wave 

field below the upper frequency limit introduced by the P-P gradient method. The ability of 

this probe to determine both active and reactive intensities in a multiple-plane-wave field was 

also confirmed. Under the complex measurement condition, errors again occurred as a result 

of the variation of the probe gains, and increased when the pressure-intensity index or the 

reactive intensity were significantly large. 

The performance of this probe was compared with that of the PVDF bimorph sensor 

presented in Chapter 3. The bimorph sensor exhibited much higher sensitivities in the low-

frequency range, and more accurate results when carefully calibrated. The P-P intensity probe 

exhibited a wider usable frequency range, up to 16.5 kHz. Moreover, the calibration for the P-

P sensor was much easier. 

6.2. Future work 

Future modelling work can be divided into two parts. The first is to optimise the 

performance of the PVDF hydrophone by searching for the best combination of the material 

and geometric properties of the coating, and of different designs. It is clear that the elastic 

coating changes the response of PVDF films. Therefore, it might be worth trying to use coatings 

to reduce the number of resonances in the VGV response for the PVDF bimorph sensor, thereby 

reducing the complexity of calibrating the bimorph sensor, as well as enhancing the sensitivity 

of PGV. The second is to focus on the applications of the developed sensor, such as 

investigating its performance in source localisation when installed on an underwater platform. 

The interactions between the platform, installation surface, and the sensor need to be 

considered. 
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In addition, experimental works need to be carried out to verify the analytical and numerical 

results obtained in this thesis. Although some sensors have been developed and tested in a large 

water tank, the frequency range is limited by the size of the water tank. Low-frequency 

measurements for the developed sensors in deep water are in progress. 

The proposed PVDF sensors show great potential for practical applications. However 

before real-world implementations, some practical problems need to be properly investigated, 

such as the effect of the imperfect PVDF film placements related to the manufacturing process. 

Error estimations of the practical issues, and methods for handling the uncertainties are needed 

before putting the actual sensors into practical use. 
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Appendix 

 

FIG. A.1 Computational domain for the plain PVDF film placed in the underwater sound field. 

 

FIG. A.2 Meshed computational domain for the coated PVDF film and the underwater sound field. 

 

FIG. A.3 Convergence property of displacement at (−6.5, 1) mm of the coating surface. 
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