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ABSTRACT

Piezoelectric materials have the ability to transfer energy between the electric and

mechanical domains. Polyvinylidene fluoride (PVDF) exhibits higher piezoelectricity

than other polymer materials such as nylon and polyvinyl chloride. PVDF is a supe-

rior material for sensors because its stress constant, the ability to convert stress into

electrical energy, is more than 20 times higher than that of lead zirconate titanate.

Nonetheless, there is significant interest in improving the effective stress constant of

PVDF devices beyond the intrinsic sensitivity of the material. Significant research

has focused on improvements in material properties, such as increasing β phase ratio

or artificially introducing defects, and processing, such as optimizing stretch ratio

and poling temperature or applying a high electric field. This research is focused on

improving the stress constant, or sensor sensitivity, by means of design.

The acoustic sensor presented in this dissertation exploits the key advantages of

PVDF as a sensor material by means of two key design elements aimed at increasing

the charge and decreasing the effective device capacitance. The first design element

is a stress amplification mechanism through the area ratio between the overall surface

exposed to acoustic waves and the area of an array of PVDF micro-pillars. Because

PVDF responds to stress, this mechanism increases the amount of charge for a given

pressure level. The second design element is top and bottom electrodes selectively
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patterned to form an overlapping active area determined by the micro-pillars. Exclud-

ing the capacitance of the other inactive area, the design with patterned electrodes

reduces the capacitance of the sensor and hence increases the voltage generated by

the sensor.

The small size, high stiffness, and reduced mass of MEMS sensors are of great

interest because such devices can significantly improve both the temporal and spatial

measurement bandwidth. The sensor realization requires micro-fabrication process

and this technology is available at the Biomedical Engineering Center of The Ohio

State University. Previously patterned polydimethylsiloxane (PDMS) stamps molded

from photolithographically fabricated masters are used in the production of individual

and interconnected PVDF micro-pillar arrays. Taking advantage of the thickness or

“33” mode, the developed PVDF micro-pillar sensor has a frequency bandwidth of

at least 20 Hz-100 kHz and maximum response of up to a few MHz (depending on

specific sensor dimensions).

A PVDF micro-pillar sensor with patterned electrodes and gap ratio of 5.82 was

developed and various acoustic tests were performed on this sensor. The sensitivity

calibration test shows that the developed sensor has a sensitivity of 189.3 µV/Pa,

which is 60.39× greater than that of commercial solid PVDF with the same footprint

and thickness. The measured stress constant of the sensor is -19.93 V/m/Pa, which

is 60.39× larger than that of commercial solid PVDF (g33 =-0.33 V/m/Pa). The

measured stress constant amplification ratio is in good agreement with the predicted

amplification ratio of 59.19, thus confirming the performance advantages of the micro-

pillar sensor.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Introduction and Motivation

Ferroelectric materials constitute a class of smart materials that produce coupling

between the mechanical and electrical domains. Piezoelectrics are the most well know

examples of ferroelectric class. The piezoelectric materials exhibit the direct piezo-

electric effect, the generation of an electric potential when stress is applied, as well as

the reverse piezoelectric effect, the generation of stress and/or strain when an electric

field is applied. Polyvinylidene fluoride (PVDF) exhibits higher piezoelectricity than

other polymer materials such as nylon and polyvinyl chloride. PVDF is a superior

material for sensors because the stress constant, the ability to convert stress energy

to electric energy, of PVDF is more than 20 times higher than lead zirconate titanate

(PZT), which has a higher strain constant, the ability to convert electric energy to

stress energy, and thus is a good material for various actuators. In addition to the

high sensitivity of PVDF, a major advantage of PVDF over other smart materials,

such as magnetostrictives, ferromagnetic, and shape memory alloys, is its high fre-

quency bandwidth, which could be up to a few MHz. In general, magnetostrictive

materials can be operated up to about 10 kHz. However, the applications based on
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magnetostrictives require the use of solenoids used to generate magnetic field. The

feasible operating frequency of solenoid is typically less than 2-3 kHz. Further, if

thermoelectric coupling is introduced into the systems, the operating frequency could

be lowered to a few hertz.

Existing commercial microphones are capable of either high sensitivity or broad

frequency bandwidth. Typical specifications for the former category include a sensi-

tivity of about 50 mV/Pa and a frequency range of 10 kHz, whereas transducers in

the latter category exhibit a sensitivity of about 1 mV/Pa and a frequency range of

70 kHz. It is emphasized that the above sensitivities include the gain provided by the

built-in amplifier placed inside of the microphone case. These microphones tend to be

large, with typical geometries having a diameter of 12 mm. While these devices work

well in many applications, there is a need for acoustic sensors capable of exhibiting

high sensitivity and broad frequency bandwidth, while simultaneously having a much

smaller size than the existing designs.

Such microphones would enable new techniques for the measurement of noise-

source characteristics, for example by means of extremely dense microphone arrays

capable of measuring with great accuracy both pressure amplitude and direction.

Such techniques will be crucial for guiding and validating the development of accurate

noise prediction tools and effective suppression techniques [3, 32].

Ever since the microphone was invented in the late nineteenth century, it is widely

used on audio applications that typically require a maximum sound pressure level

(SPL) of 110-130 dB (re 20 µPa) and bandwidths of 10-20 kHz. However, aeroacoustic

applications, which are facing ever-tightening regulatory constraints due to increasing
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community airport noise standards, require a maximum SPL in excess of 160 dB and

bandwidths of on the order of 100 kHz.

One realization of microphones is electronic stethoscopes, which are commonly

used for clinical auscultation and real-time monitoring of the human respiratory sys-

tem. A significant volume of research has been devoted to the analysis of lung sounds

based on empirical information of normal and abnormal lung sounds [9, 55]. Elec-

tronic stethoscope arrays for measurement of breathing sounds are of great interest

due to their non-invasive nature, yet the utilization of these arrays for real-time moni-

toring of lung sounds is confined to large sound fields in adults. The existing electronic

stethoscopes are too bulky, typically 25 mm in diameter, for utilization in infants and

small children.

St t hStretch

PVDF film

Enclosure

L

!

W
R

Figure 1.1: The principle of curved microphone structure [49].
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Accordingly, several drawbacks of the existing microphones include:

• Limited in either bandwidth or sensitivity, which is not suitable for advanced

diagnosis

• Limited dynamic range

• An array of multiple stethoscopes comprising bulky and cumbersome compo-

nents

Two possible approaches, cylindrical curvature microphone based on commer-

cial PVDF film and acoustic sensor with micro-pillars and patterned electrodes, are

proposed and discussed in this dissertation. Developing a microphone based on com-

mercially available PVDF is a good start point for this research because it can avoid

some complicated issues of fabricating an active PVDF film such as polarization and

electrodes metallization. However, the main focus of this research is to develop an

ultrasonic acoustic sensor based on PVDF micro-pillars and patterned electrodes,

which is the main contribution of the author. One potential application of the pro-

posed micro-acoustic sensor would be vehicle positioning. Like animal echolocation,

the vehicle would emit ultrasonic waves and an array of microsensors placed on the

vehicle skin would measure in real time the echo of the emission (both magnitude and

direction). The time difference between the emitted and reflected waves would provide

localization of objects around the vehicle and would create safer driving conditions.

Spatial location requires pointpoint accuracy, hence involving sensor dimensions much

smaller than possible to fabricate with conventional designs.

Figure 1.1 shows the principle of curved microphone structure, which is also widely

used in a commercial speaker [49]. In this design, the film is curved in one direction
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PVDF film

Opening

Figure 1.2: Cylindrical curvature
microphone based on commercial
PVDF film.

Figure 1.3: Mode 3-1.

and clamped rigidly onto each end of the enclosure, as shown in Figure 1.2. The

acoustic pressure applied normal to the cylindrical surface of the PVDF film generates

the internal large stress in the plane, which is converted into a charge on the electrodes.

The charge produces an open circuit voltage since PVDF is a dielectric material [71].

The amplification effect is similar to the force amplification in a rope held at two ends

(i.e., a rope can generate very larger tensile forces when subjected to a perpendicular

center force). Typically, a commercial PVDF film is polarized in the x3 direction.

This kind of microphone works in 3-1 mode, as shown in Figure 1.3, because the

induced stress is in the x1 direction (i.e., the length direction).

The small size, high stiffness, and reduced mass of microelectromechanical sys-

tems (MEMS) sensors are of great interest because such devices can significantly

improve both the temporal and spatial measurement bandwidth. MEMS technology
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Figure 1.4: Schematic diagram of fabrication of
PVDF microstructures: (A) Stamped discrete,
(B) Stamped continuous on a rigid substrate, (C)
Stamped continuous on a flexible substrate, (D)
Embossed. (Figure courtesy D. Hansford)

33 

33 

Figure 1.5: Mode 3-3.

has traditionally been focused on silicon based fabrication techniques. With the devel-

opment of sacrificial layer micromolding (SLaM) and patterned substrate micromold-

ing (PSM), the microfabrication of polymer microstructures is becoming increasingly

promising [44, 19]. The sensor realization requires micro-fabrication process and this

technology is available from Dr. Hansford’s group at the Biomedical Engineering

Center (BEC) of OSU. Previously patterned polydimethylsiloxane (PDMS) stamps

molded from photolithographically fabricated masters are used in the production of

individual and interconnected PVDF micropillar arrays as shown in Figure 1.4. Note

that such sensor works under 3-3 mode, compared to 3-1 mode of the first approach.

The improved sensitivity takes advantage of a large piezo stress constant g33 rather

than g31. The static sensitivity of PVDF film is defined as the ratio of the output

voltage over the pressure acting on the PVDF material (i.e., K = Vo/P ). For a given

external pressure, the only feasible way to improve the sensitivity of PVDF film is to
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increase the voltage output of the film. The voltage produced by a capacitive sensor

is given by the ratio between charge and capacitance (i.e., Vo = Q/C, where Q is

the induced charge and C is the capacitance). So basically there are two ways to

improve the voltage output of the PVDF film: one is to increase the charge generated

by the PVDF film and the other is to reduce the capacitance of the device. Our

developed micro-pillar sensor achieves the both ways and hence significantly improve

the sensitivity of the sensor.

1.2 Overview of Smart Materials

Smart materials have the ability to convert one form of energy into another, and

are widely used in sensing and actuation applications such as microphones, accelerom-

eters, sonar transducers, structure morphing, energy harvesting, motion/force sens-

ing, vibration control, etc. Smart materials have one or more properties that can

change in response to external stimuli such as heat, electric or magnetic field, stress,

light and pH. Smart materials can be commonly categorized into several classes

based on the type of driving input and its corresponding response: piezoelectric,

electrostrictive, electroactive, magnetostrictive, electrorheological and magnetorhe-

ological, shape memory, ferromagnetic shape memory, pH sensitive, temperature-

responsive and chromogenic. In general, all of these smart materials are essentially

transducers and thus the applications based on smart materials can be classified into

two fundamental behaviors: sensing and actuation.

1.2.1 Magnetostrictives

Magnetostrictive materials produce energy transduction between the magnetic

and mechanical domains. They not only deform in response to magnetic field, but

7



also magnetize in response to stress. Giant magnetostrictive materials, especially rare

earth-iron discovered by A.E. Clark, can generate magnetostrains which are two orders

of magnitude larger than Nickel. Giant magnetostrictive materials like Terfenol-D and

Galfenol exhibit strong spin-orbit coupling. Therefore, when an applied magnetic field

rotates the spins, the orbital moments rotate so that considerable distortion of the

crystal lattice occurs, which leads to large macroscopic strains [12]. In order to orient

the magnetic moments perpendicular to its longitudinal axis, a bias compress load

is usually applied to the magnetostrictive material. The magnetic moments tend to

align along the direction of the external longitude magnetic field and this leads to

orientation of the domains in longitude direction, which produce the strain generation.

Butterfly curves are commonly obtained because two strain cycles are induced per

magnetization and field cycle. Terfenol-D presents the best compromise between

a large magnetostrain and a low magnetic field at room temperature. Terfenol-D

achieves maximum strains of about 0.12% and has a frequency bandwidth up to

10 kHz including a ∆E effect [13, 29, 40]. The strong magnetoelastic coupling in

magnetostrictive materials leads to large variation in elastic modulus is referred as

the ∆E effect. Some of the drawbacks of Terfenol-D are that it is relatively expensive

to produce and is very brittle. While Galfenol (Fe-Ga) is gaining in popularity because

it is a new and robust magnetostrictive material that brings the possibility for a new

class of transducers with 3-D multi-functionality and the capability to withstand

harsh environments. Galfenol can produce 0.03% strain [41] and is machinable with

common techniques [10]. The unique combination of mechanical robustness and high

magnetostriction of Galfenol makes it ideal for applications as sensors and actuators

that can take tension, bending, torsion, and shock loads in harsh environments.
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1.2.2 Shape Memory Alloys

Shape memory alloys (SMAs) provide transduction between thermal and mechan-

ical energy. A SMA is an alloy that remembers its original, cold, forged shape, and

which returns to that shape after being deformed by applying heat. The most com-

mon SMA is NiTiNol, which has been investigated since 1962 [7]. In general, at high

temperatures, SMA exhibits a body centered cubic austenite phase. At low temper-

atures, it exhibits martensite phase, which has a monoclinic crystal structure. When

a SMA is cooled from its high temperature austenite phase, a twinned martensite

structure is produced. This twinned structure comprises alternating rows of atoms

tilted in opposite directions. The twins reoriented so that they all lie in the same

direction after the material is subjected to a stress, which is known as detwinning.

When the material is heated, the deformed martensite regains its cubic austenite

form, and thus the original shape is recovered. So, this behavior is called as “shape

memory effect” [64]. Two common effects are one-way and two-way shape memory

(the material remembers two different shapes: one at low temperatures, and one

at the high temperature shape). SMAs have numerous applications in many areas

including areospace, medicine, orthodontics, safety devices, robotics, etc [17, 24, 47].

1.2.3 Ferromagnetic Shape Memory Alloys

Ferromagnetic shape memory alloys (FSMAs) were first identified by Ullakko at

MIT in 1996 [74]. FSMAs in the Ni-Mn-Ga system are a recent class of smart ma-

terials that are of great interest because of their ability to produce large strains of

up to 10% in the presence of magnetic fields. This strain magnitude is around 100
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times larger than those of other smart materials such as piezoelectrics and magne-

tostrictives. One unique advantage of FSMAs over SMAs is that they exhibit faster

response than the thermally activated SMAS because FSMAs are activated by mag-

netic field [18]. Therefore, the combination of large strains and fast response opens

up opportunities for various possible applications such as sonar transducers, struc-

tural morphing, energy harvesting, motion/force sensing and active vibration control.

Characterization and modeling of the FSMA Ni-Mn-Ga for sensing and actuation,

which include continuum thermodynamics based energy model, non-linear and hys-

teretic constitutive relationships, dynamic sensing, tunable stiffness, frequency depen-

dent strain-filed hysteresis, etc., have been fully explored by Sarawate at OSU [64].

1.2.4 Magneto and Electro-rheological Fluids

Magneto/electro-rheological fluids are oil or water based liquids that change their

viscosity, yield stress, and other rheological properties when subjected to an external

magnetic/electric field. In general, there are two types of particles (micrometer and

nanometer size), which are suspended in the base fluid and align themselves along

the lines of magnetic/electric flux when a magnetic/electric field is applied. For

applications, it is crucial to ensure that the lines of flux are perpendicular to the

direction of the motion to be restricted. These fluids have found applications [38,

57, 1, 56]in smart dampers, high frequency valves, force feedback devices, optics, and

automotive clutches.

1.2.5 Ferroelectrics

Ferroelectric materials contain a class of smart materials that produce electrome-

chanical coupling. Electrostrictive materials such as lead magnesium niobate (PMN),
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relaxor ferroelectric PMN-PT and relaxor KNaNbO-SrTiO ceramic exhibit a quadratic

behavior (i.e., the induced stress/strain is a quadratic function of the applied electric

field). These electrostrictive ceramics generally show lower hysteresis (less than 1%),

have greater stiffness , lower strains (of about 0.1%) and good reproducibility [59].

They have found applications in electroacoustic transducers [52], active noise con-

trol [30], active vibration control [21], and electrostrictive deformable mirrors [31].

Piezoelectric materials are the most commonly known examples of ferroelectric class.

The piezoelectric materials usually exhibit a linear behavior in which the induced

stress or strain is a linear function of the applied electric field. PVDF based micro-

phone is the focus of this dissertation and hence a more thorough examination of this

piezoelectric material is provided in the following sections.

1.3 Polyvinylidene Fluoride

1.3.1 Properties and Crystal Structure of PVDF

Piezoelectricity is the ability of some materials to induce an electric field or electric

potential in response to applied mechanical stress. The word is derived from the Greek

“piezo” or “piezein”, which means to squeeze or press. Piezoelectricity was first

discovered by the Curie brothers more than 100 years ago. They found that quartz

deformed when subjected to an electrical field, and conversely, produced electrical

charge when subjected to a mechanical stress. Before World War II, researchers

discovered that certain ceramic materials could be made piezoelectric when highly

polarized. PZT, composed of the chemical elements lead and zirconium and the

chemical compound titanate, is a well-known ceramic material that shows a marked

piezoelectric effect.
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Table 1.1: Properties comparison between PVDF and PZT.
Property Units PVDF film PZT
Density (103)kg/m3 1.78 7.5

Relative Permittivity ǫ/ǫ0 12 1,200
Strain Constant d31 (10−12)C/N 23 110
Stress Constant g31 (10−3)V/m/Pa 216 10

Constant k31 % at 1 kHz 12 30
Acoustic Impedance (106)kg/m2 − sec 2.7 30

The piezoelectric polymer Polyvinylidene Fluoride (PVDF), first discovered by

Kawai [39], has been widely used for sensor development in a wide range of mili-

tary, industrial and biomedical applications. Sensors based on PVDF piezo-electric

polymers have many advantages, such as wide frequency range (0.001-109 Hz), vast

dynamic range (10−8-106 psi), high elastic compliance, high mechanical strength and

impact resistance. Their acoustic impedance is low and closely matches water, human

tissue, and adhesive systems. PVDF can generate voltages 10-25 times higher than

piezoceramics for the same pressure input. PVDF is a superior material for sensor

because the stress constant of PVDF is more than 20 times bigger than that of PZT

as shown in Table 1.1, whereas PZT exhibits a higher strain constant and thus is a

good material for actuators. PVDF polymers are quite stable because they can resist

moisture, most chemicals, oxidants and intense ultraviolet and nuclear radiation.

PVDF is synthesized by addition polymerization of the CH2=CF2 monomer (Fig-

ure 1.7(a)), and exhibits α, β, γ, and δ phases. The γ and δ phases are not common

and will not be addressed here. Figure 1.6 shows space-filling model of a segment of

a PVDF molecule with omitting hydrogen. The α phase is the lowest energy con-

formation and non-polar form. The crystal structure of α phase (Figure 1.6(a)) is
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(a) (b)

Figure 1.6: Space-filling model of a segment of a PVDF molecule in the (a) α phase
(transgauche conformation), and in the (b) β phase (all-trans conformation) [36].

based on a distorted trans-gauche-trans-gauche’ (TGTG’) conformation. As one can

see in Figure 1.6(a), α phase is more homogenous, which enables it to be stable in

nature and is non-polarized because of mixed positive and negative charges. How-

ever, the polar β phase exhibits a distorted, planar zigzag, all-trans conformation

(Figure 1.6(b)), which has a net dipole moment pointing from the electronegative

fluorine to the electropositive hydrogen, produces a net dipole moment nearly normal

to the polymer chain [63].

Defect groups of head to head (by definition the CF2 groups are referred to as

the “head” and the CH2 groups as the “tail” ) and tail to tail (Figure 1.7(b)) are

believed to be responsible for the formation of β phase and hence for the piezoelec-

tric properties [14]. Under general polymerization conditions the amount of defect

groups accounts for about 3.5-6% of the total synthesizations, although higher ratios

of defect groups have been achieved via a special synthesis route [8]. A very popular
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(a) (b)

Figure 1.7: PVDF polymerizations in (a) CH2=CF2 monomer and (b) defect groups
(head-to-head and tail-to-tail) [14].

method to artificially introducing defects into PVDF is by use of a comonomer such

as trifluoroethylene (TrFE). TrFE is similar to vinylidene fluoride, but with one of the

hydrogens replaced by an extra fluorine atom. In essence TrFE is a source of defect

groups so that the copolymer with TrFE spontaneously forms the β phase regardless

of the processing method. One disadvantage of copolymer is that it has a smaller

Curie temperature compared to that of PVDF homopolymer (about 195oC), which

could limit its use in some special applications.

1.3.2 Poling Process

Generally speaking, in order to obtain β-PVDF film it is necessary to stretch the

inactive α-PVDF film up to four times of its original length, then expose the sample

to a very high electric field at elevated temperature, and finally the temperature is

then lowered in the presence of the electric field so that the domains are locked in

the polarized state. The second step is called “poling process”. After the poling pro-

cess, the random dipolar moments tend to align along the direction of the external
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longitude electric field. The stretching process alone does not induce a complete α to

β transformation. While the theoretical results of molecular dynamics (MD) carried

out by Ramos et al. suggest that this transformation can also be achieved without

mechanical stretching, when a sufficiently strong electric field (e.g., 100 MV/m) is

applied [63]. Perlman et al. also found that the piezoelectric and pyroelectric con-

stant of PVDF films and copolymers can be increased by nearly 200% when they are

simultaneously subjected to stretching and poling process [60]. Non-porous PVDF

films with very high ratios of β phase was obtained via a very high pressure applied

to porous PVDF films [43]. Poling processes in PVDF are still quite empirical be-

cause a thorough understanding of the physical processes involved in poling has not

been fully established. There are typically two common techniques for polarization

induction of PVDF films: electrode and corona poling.

Heating systemg y

Insulating fluid

Electrode

V l

Electrode

PVDF film Voltage

source

Figure 1.8: Schematic of the electrode poling system.

Figure 1.8 shows the schematic diagram of the electrode poling system [14]. The

conducting electrodes (top and bottom), which are either evaporated, sputtered, or
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painted on the PVDF film surfaces, are required for poling process. An electric field

is produced across the sample when the voltage potential is applied to the electrodes.

The poling can be done in air without arcing provided that the electrodes do not

reach the edge of the film. Otherwise the PVDF film might need to be placed in a

vacuum or submerged in an insulating fluid such as Fluorinert, which can prevent

arcing that will damage the material. Either static or sinusoidal electric fields at low

frequency (mHz) can be applied to the sample during electrode poling. A constant

electric field is held on the sample from 10-30 minutes up to 2 hours. A variable field

could reduce the probability of dielectric breakdown caused by high voltages for a

prolonged period of time [14, 81, 45, 58].

The schematic diagram of corona poling is shown in Figure 1.9. The bottom

surface with electrode is placed on a heating plate and connected to the ground. A

corona tip is suspended above the sample and is applied to high (8-10 kV) voltages.

The grid is usually placed at the distance of 3-4 mm from the sample to control the

magnitude of the applied electric field. When the corona discharge is triggered, the

ionized particles are accelerated towards the ground and deposited on top surface

of the sample, which forms the poling electric field between the top surface and the

ground. Corona poling is useful for large area poling and essentially it generates

electrodes during the poling. The downside is that it is more difficult to setup and

optimize compared to the direct electrode poling [14, 33].

The magnitude of the electric field and sample temperature are the key for the

poling process. Generally speaking, the higher the applied electric field, the higher

the induced polarization provided that the poling field is larger than the coercive field

of PVDF. The coercive field for PVDF and its copolymers is generally between 50
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Figure 1.9: Schematic of the corona poling system.

and 120 MV/m [14, 15]. An elevated temperature in the range of 85-130 oC improves

dipole mobility and hence increases the material polarizability.

1.4 Literature Review on PVDF and Microphone

Sensors based on PVDF film are attractive due to their high sensitivity and low

cost. For example, an in-sleep cardiorespiratory monitoring system uses a PVDF

film under sheet to detect pressure fluctuation of human subjects who are in-sleep

and separate heart beat signals from the respirations. [77]. PVDF film airflow sen-

sors are investigated as an alternative to the nasal cannula for measuring respiratory

events [26]. Uncooled infrared (IR) sensors using PVDF thin film are used to de-

tect temperature changes from low levels of incident IR radiation [22]. Bhatti et al.

(2002) proposed an optical antenna using D-fibre for radio-over-fibre applications [4].

The optical D-fibre carrying a transversely poled PVDF polymer coating was mod-

eled by using three-dimensional stress analysis. The response of the D-fibre antenna
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was determined over a wide frequency range from 1 to 700 MHz. Wang et al. [80]

developed a PVDF sensor array for measurement of the impulsive pressure gener-

ated by cavitation induced by bubble collapse. A laser micro-machining technique

was used to fabricate the PVDF sensor array and each sensor has a sensing area of

4.8×4.8 mm2 and a height of 25 µm. The capacitance is determined by overlapping

isolated electrodes from both sides, which forms the sensing area. It was shown that

this sensor can measure the fast-rising gas dynamic shock as fast as 31 ns, while

measurements of impact signals from a dropping ball show an insignificant crosstalk

level of less than 2%. Toda (2001) proposed a phased-matched ultrasonic transducer

based on corrugated PVDF film [70]. In order to obtain the resonant effect of the

transducer, the transducer height was chosen as a half of the acoustic wavelength. In

this design, PVDF was formed into alternating concave and convex multiple curved

sections that eliminates clamps. A strong acoustic beam is formed when corrugation

height is approximately one-half of the wavelength. In 2006, Toda et al. developed

a novel contact vibration sensor made by bonding a piezoelectric PVDF film to a

curved frame structure and a rubber piece with a front contact face [72]. Pressure

perpendicular to the PVDF film surface, transmitted from the rubber face, is con-

verted to the internal circumferential stress that induces an electric charge due to

piezoelectric effect. An accelerometer mounted between the rubber face and a rigid

vibration exciter plate was used to investigate the frequency response of the device,

which shows the sensitivity has a flat range from 16 Hz to 3 kHz and a resonance

peak at 6 kHz.
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Cochlea-inspired transducers investigated by Grosh et al. [28, 82] could achieve

levels of miniaturization not possible with existing devices. A flexible tensioned mem-

brane with an exponentially tapered width is employed to obtain a varying acoustic

impedance, which can achieve cochlear-like frequency-position mapping. A rigid-

walled duct filled with silicone oil is implemented to mimic the environment of the

passive mammalian cochlea. Arnold et al. [3] designed a piezoresistive silicon micro-

phone for aeroacoustic measurements that feature small size, high dynamic range,

large frequency bandwidth, and low power consumption. The microphone consists

of four dielectrically-isolated, single crystal silicon piezoresistors mounted on the top

surface of a circular, tensile silicon nitride diaphragm. Several devices were inves-

tigated to characterize linearity, frequency response, drift, noise, and power. The

sensors show a linear response up to Sound Pressure Level (SPL)160 dB and a 52 dB

(SPL) noise floor and consume 15 mW of power when operated at 3 V. Horowitz

at al. [32] developed a micromachined piezoelectric microphone for aeroacoustic mea-

surement applications. The microphone was fabricated by combining a lead zirconate-

titanate (PZT) deposition process on a silicon-on-insulator wafer with deep reactive

ion-etching. An experimental setup in a plane-wave tube was used to characterize

the microphone. The device exhibits a sensitivity of 0.75 µV/Pa, a dynamic range

of 47.8-169 dB and a resonance frequency of 50.8 kHz. Wang et al. [86] built a

PZT-based microacoustic sensor that employs interdigitated electrodes and in-plane

polarization instead of commonly used parallel plate-electrodes and through-thickness

polarization. The sensitivity is greatly improved because of the small capacitance of

the interdigitated capacitor and the large and adjustable electrode spacing, as well as

the advantage of the relatively larger piezoelectric stress constant g33. Aoyagi et al.
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(2008) developed a capacitive ultrasonic sensor having parylene diaphragm and char-

acterization of receiving performance of arrayed device [2]. An arrayed sensor device

comprising 5X5 developed sensors is fabricated and characterized. The developed

sensor can receive an impulsive ultrasonic pulse transmitted by a spark discharge and

can also be approximated to be non-directional.

1.5 Research Objectives

The goal of this research is to develop an acoustic sensor with superior sensitivity,

broad frequency bandwidth, and small footprint. More specifically, the objectives of

the research are broadly classified as:

• Packaged in a millimeter-sized enclosure

• Sound Pressure Level of 35 dB - 180 dB (existing 35 - 140 dB)

• Frequency bandwidth of at least 20 Hz to 100 kHz (for micro-pillar based acous-

tic sensor, it could be up to 1-2 MHz, i.e., ultrasonic range.)

Firstly, regarding the cylindrical curvature microphone based on commercial PVDF

film, the author takes advantage of the mature product so that some important/difficult

issues such as material polarization and electrode metallization can be avoided. Mean-

while, the author can focus on the investigation and characterization of microphones

based on PVDF film and therefore the basic understanding about PVDF microphone

is learned/established. Secondly, by developing a microphone based on cross-hair pat-

tern, the author is able to investigate our proposed principle of microphone based on

stress amplification as well as patterned electrodes. Finally, the most challenging part

20



of this research is to develop a microphone based on micro-pillar and patterned elec-

trodes. The small size, high stiffness, and reduced mass of MEMS sensors are of great

interest because such devices can significantly improve both the temporal and spatial

measurement bandwidth. One superior advantage of MEMS sensors is that it can

achieve a relative higher area ratio compared to the traditional fabrication processes

such as CNC-milling. Lots of significant research issues including micro-fabrication,

electrode metallization, poling process, design, signal conditioning, characterization,

etc. are fully explored.

1.6 Outline of Dissertation

This dissertation is divided into seven chapters. Chapter 2 focuses on the PVDF

rod lumped model, the discrete damped rod model with electromechanical coupling

based on piezoelectric constitutive equations and Hamilton’s principle, and the curved

microphone development and acoustic tests. Chapter 3-5 focus on the acoustic sensors

based on stress amplification and patterned electrodes through with design principle,

proof-of-concept and validation. As a part of this research, Chapter 6 focuses on

micro-tensile machine design and development, and PVDF microfiber characteriza-

tion.

Chapter 2 presents a PVDF rod lumped model, a discrete damped rod model

with electromechanical coupling based on piezoelectric constitutive equations and

Hamilton’s principle, and design and characterization of a cylindrical curvature mi-

crophone based on commercial PVDF film. The lumped model is very important to

understand the frequency response of the microphone based on PVDF film and it

also define the frequency bandwidth of the system. The simulation results of discrete
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damped rod model with electromechanical coupling show that the piezoelectric elec-

tromechanical coupling increases the overall stiffness of the system if the electrodes

are left open and therefore the natural frequencies are smaller if the electromechanical

coupling is neglected, which is consistent with the existing literature. The simula-

tion trends demonstrate our models are convergent with the increasing number of

elements. Around the natural frequency, the linear piezoelectric constitutive model

does not work because it does not include the resonance. The resonance phenomena

are observed if we use the dynamic governing equations whether we include the elec-

tromechanical coupling or not. A cylindrical curvature microphone is designed and

developed to study the sensitivity, frequency bandwidth and other behaviors of the

PVDF film based microphone. The acoustic testing results on the curved microphone

show that the sensitivity of the microphone is slightly higher than that of the sound

level meter in low and high frequency ranges. Further, the involvement of a tube en-

closure does not significantly increase the sensitivity. A small resistance value (high

cutoff frequency) suppresses the electrical 60 Hz noise, which is always observed and

typically significant compared to the signals, but also attenuates the sensor signal.

Chapter 3 is focused on the development of an acoustic pressure sensor with ex-

tremely high sensitivity and small footprint. We propose a sensor design consisting of

micron-sized PVDF pillars which generate a charge when subjected to normal stresses

associated with acoustic waves. The electrode covering the micro-pillars is patterned

to decrease the capacitance, and hence increase the sensitivity of the sensor. The key

sensor parameters (diameter and height of the micro-pillars, gap between pillar edges,

and number of pillars) are determined through a constrained optimization algorithm

in which the penalty function is the sensor footprint. The algorithm incorporates the
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effects of mechanical and electrical properties of the sensor and conditioning amplifier.

Details of the fabrication process are described. Nanoindentation tests demonstrate

that the PVDF micro-pillar sensor exhibits piezoelectric responses under an applied

voltage or strain, thus demonstrating the sensor concept.

Chapter 4 presents the development of an acoustic pressure sensor with extremely

high frequency range, wide dynamic range, good sensitivity as well as proof-of-concept

of stress amplification through an area ratio and patterned electrodes. This chapter

presents the design, sensitivity analysis, finite element analysis, fabrication and testing

of a new type of acoustic sensor using PVDF film and crosshair patterned electrodes.

Finite element simulations including static structure analysis, modal analysis and

harmonic response are performed in ANSYS WORKBENCH to finalize and evaluate

the microphone assembly with the design requirements of a frequency range of 100 kHz

and a dynamic range of 180 dB. Peak coalescence caused by the first three adjacent

natural frequencies and the structure damping ratio is observed and analyzed. The

static and dynamic stress distributions make sure of the design within the safety

constraint. Experimental setup is developed to characterize the microphone using

a commercial available PCB microphone as reference. The theory and design of a

circular plane wave tube is presented and the signal conditioning circuit including

the preamplifier circuit and the notch filter is also developed. Acoustic tests show

that the microphone exhibits a good linearity up to 140 dB (SPL), a relatively flat

frequency response up to 10 kHz and a sensitivity of 27.8 mV/Pa. The sensitivity

of the sensor itself (without the amplifier) is found to be 27.8 µ/Pa, i.e. 3.01 times

the sensitivity of the commercial available PVDF film working in 3-3 mode, which is

approximate to the area ratio of 3.2.

23



Charter 5 presents the fabrication, validation and characterization of a new type

of millimeter-size acoustic sensor that uses PVDF micro-pillars and patterned elec-

trodes. The sensor takes advantage of two key design principles: 1) stress amplifica-

tion mechanism through the area ratio between the overall surface exposed to acoustic

waves and the area of the individual micro-pillars; 2) patterned electrodes created to

reduce the capacitance of the sensor by excluding the capacitance of the air between

micro-pillars. In combination, these design principles enable a sensor which in prac-

tice could achieve 100× the sensitivity of flat PVDF film. An analytical sensitivity

analysis is presented and sensor fabrication details are described. An experimental

setup is developed to characterize the sensor against a commercially available PCB

microphone. The theory and design of a circular plane wave tube is presented and

the signal conditioning circuit including the preamplifier circuit and notch filter is

discussed. Sensitivity calibration tests show that the developed sensor with a gap ra-

tio of 5.8182 exhibits a stress constant of -19.93 V/m/Pa in 33 mode, which is 60.39×

bigger than that of commercial available PVDF film. Experimental results also show

that the sensitivity of the sensor is in close agreement with theory, thus confirming

the performance advantages of the micro-pillar sensor.

In Chapter 6, three main methodologies (i.e., three-point bend test, nanoinden-

tation, and micro-tensile test) for characterization of nanofibers are compared. The

advantages and disadvantages of each method is analyzed and discussed. A micro-

tensile machine was developed to characterize micro- or nanofibers by incorporating

a precision linear actuator (Ultra Motion, Inc.), a mini-load cell (Cooper Instruments

and Systems), and a XYZ basis (Sherine, Inc.). Due to the difficulty in manipulating

and gripping single nanofibers, a special holder for gripping fibers was designed and

24



developed, which is found to be more convenient than the holder used in commercial

micro-tensile machines. Displacement and force resolutions of the developed system

are further analyzed. The highest displacement of the system can be 12.7 nm and

while the best force resolution is found to be ∼6 µN (p-p) by using the amplifier gain

of 1000, 10 Hz low pass filter, and 10 V of the excitation voltage. The force time

trace, force-displacement curve, and stress-strain curve for a PVDF single microfiber

are obtained through the tensile test. Material creep phenomenon is clearly observed.

It is also found that the fiber exhibits a significant large strain (more than 200%),

which is not commonly seen in the normal elastic materials. The electrospun PVDF

fiber is found to exhibit a Young’s Modulus of ∼300 MPa, which is about 1/10 of that

of commercially available PVDF film. The reasons for the difference are discussed.

Chapter 7 provides the main contributions to the field. Further, the summary

results and finding of this work are presented as well. Some possible future research

opportunities are also discussed.
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CHAPTER 2

MODELING AND CURVED MICROPHONE

This chapter presents a PVDF rod lumped model, a discrete damped rod model

with electromechanical coupling based on piezoelectric constitutive equations and

Hamilton’s principle, and design and characterization of a cylindrical curvature mi-

crophone based on commercial PVDF film. The lumped model is very important to

understand the frequency response of the microphone based on PVDF film and it also

define the frequency bandwidth of the system.

For materials that are non piezoelectric, the mechanical behavior and the electri-

cal behavior are independent from each other. Whereas for piezoelectric materials,

their electrical and mechanical behaviors are known to be coupled where the me-

chanical variables of stress and strain are correlated to each other as well as the

electrical variables of electric field and electric displacement. The full thermody-

namic derivation should link mechanical, electrical, and thermal effects, where the

thermo-electric coupling produces the pyroelectric effect. The ambient temperature

change is relatively slow (the change frequency is typically less than 20 Hz) , while

PVDF sensor is basically a high pass filter and therefore the signal generated from

the slow temperature change can not be detected from the output of the amplifier,

which is highly suppressed before the amplifier. Note that our sensor is used for
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detecting dynamic acoustic pressure including the frequency components from 20 Hz

to 100 kHz (or more). Therefore, the thermal influence can be safely neglected. The

linear piezoelectric constitutive model include the resonance and the model needs to

be combined with the dynamic governing equations of the system so as to see the

resonance phenomena.

Taking advantage of commercially available PVDF film so as to avoid some im-

portant/difficult issues such as material polarization and electrode metallization, a

cylindrical curvature microphone is designed and developed to study the sensitivity,

frequency bandwidth, and other behaviors of the PVDF film based microphone. The

experimental results provides a basic understanding of PVDF microphone and thus

establishes a solid foundation for the development of an ultrasonic acoustic sensor

based on PVDF micro-pillars and patterned electrodes, which is our ultimate goal of

this research.

2.1 PVDF Lumped Model

A PVDF rod can be modeled as a system consisting of a second-order mechanical

system (Figure 2.1(a)) and a first-order electrical system (Figure 2.1(b)). The charge

generated by the deformed PVDF rod is

q = KqXi, (2.1)

where Kq is constant (C/m) and Xi is the induced displacement by the external

pressure (or force). Then,

i = q̇ = KqẊi = KqXi(s)s. (2.2)
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Figure 2.1: PVDF rod model and equivalent circuit.

While,

eo = i
1

Cts + 1/R
= KqXi(s)s. (2.3)

Therefore, the transfer function of the first-order electrical system is

eo(s)

Xi(s)
=

G1τs

τs + 1
, (2.4)

where G1 = Kq/Ct and τ is the time constant of the first-order system. While the

transfer function of the second-order mechanical system is

Xi(s)

Fi(s)
=

1

Ms2 + bs + k
= G2/

(

1

ω2
n

s2 +
2ξ

ωn

s + 1

)

, (2.5)
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in which ωn is the natural frequency of the second order system, ξ is damping ratio,

and G2 = 1/k is the gain of the second order system. Therefore, combination of Eq.

(2.5) and (2.4) gives the system transfer function:

Eo(s)

Fi(s)
=

G1τs

τs + 1

[

G2/

(

1

ω2
n

s2 +
2ξ

ωn

s + 1

)]

. (2.6)

It is noted that this lumped model can be extended to various PVDF based sensors.

If the analytical solution of the second order mechanical system (such as an assembly

with complicated structures) is not possible, the natural frequency can be obtained

using finite element analysis. This lumped model is very important to understand

the fundamental dynamic response of all kinds of PVDF film based applications.

2.2 Discrete Rod Model with Electromechanical Coupling

2.2.1 Piezoelectric Constitutive Equations and Hamilton’s

Principle

The general constitutive equations commonly used to describe the linear behavior

of piezoelectric materials are derived in a straight forward manner from basic thermo-

dynamic principals [34, 69]. Since the independent variables of temperature θ, stress

T , and electric field E are chosen for the constitutive equation, then we will use Gibbs

free energy as a function. Gibbs free energy is defined by the form

G(θ, T, E) = U − θη − TS − ED, (2.7)

in which U is the internal energy, differentiation of Eq. (2.7) yields

dG(θ, T, E) = −ηdθ − SdT − DdE, (2.8)
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which leads to

η =
−∂G

∂θ
|T,E (2.9)

Sij =
−∂G

∂Tij

|θ,E (2.10)

Dn =
−∂G

∂En

|θ,T . (2.11)

The dielectric, piezoelectric, thermoelastic, elastic, and pyroelectric material prop-

erties are defined by the second derivatives of the Gibbs free energy with respect to

the appropriate variables. Then according to Eqs.(2.9-2.11), one can get

Sijkl =
−∂2G

∂Tij∂Tkl

|θ,E =
∂Sij

∂Tkl

|θ,E (2.12)

ǫmn =
−∂2G

∂Em∂En

|θ,T =
∂Dn

∂Em

|θ,T (2.13)

dijk =
−∂2G

∂Tij∂Ek

|θ =
∂Dn

∂Tij

|θ,E =
∂Sij

∂En

|θ,T (2.14)

pn =
−∂2G

∂θ∂En

|T =
∂Dn

∂θ
|T,E =

∂η

∂En

|θ,T (2.15)

αij =
−∂2G

∂θ∂Tij

|E =
∂Sij

∂θ
|T,E =

∂η

∂Tij

|θ,E. (2.16)

Therefore, the general piezoelectric constitutive equations are expressed by

{S} = [sE,θ]{T} + [dθ]T{E} + {αE}Θ (2.17)

{D} = [dθ]{T} + [ǫE,θ]{E} + {pT}Θ (2.18)

{∆η} = [αE]{T} + [pT ]{E} +
CT,E

θ0

Θ. (2.19)

Note that these constitutive relations may also be derived if E, S, and Θ are chosen

to be independent variables.

If the mechanical strain and the electric field are independent of each other (as-

suming the constant temperature), the piezoelectric constitutive equations can be
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written in the form [61]:

{T} = [cE]{S} − [e]T{E} (2.20)

{D} = [e]{S} − [εS]{E} (2.21)

where {T} represents the stress vector, {S}, the strain vector, {E}, the electric field,

{D}, the electric displacement, [cE], the elastic coefficients at constant {E}, [εS], the

dielectric coefficients at constant {S}, and [e], the piezoelectric coupling coefficients.

The dynamic equations of a piezoelectric continuum can be derived from the

Hamilton’s principle [48],

δ

∫ t2

t1

(L + W )dt = 0, (2.22)

where t1 and t2 define the time interval, L is the Lagrangian and W is the virtual

work of external mechanical and electrical forces. The Lagrangian L is defined by

the volume integration of the difference of kinetic energy J and electrical enthalpy

H. The kinetic energy J can be written in the form,

J =
1

2
ρ{u̇}T{u̇}, (2.23)

where {u̇} is the velocity field. The electrical enthalpy density H of a piezoelectric

continuum is defined by

H =
1

2
[{S}T{T} − {E}T{D}]. (2.24)

Therefore, the Lagrangian L can be expressed by

L =

∫

V

(J − H)dV =

∫

V

[
1

2
ρ{u̇}T{u̇} − 1

2
[{S}T{T} − {E}T{D}]]dV (2.25)

The virtual work done by the external mechanical forces and the applied electric

charges can be written in the form,

δW =

∫

V

{δu}T{FV }dV +

∫

Ω1

{δu}T{FΩ}dΩ+{δu}T{FP}−
∫

Ω2

δφ̺dΩ−δφQ (2.26)
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where {δu} and {δφ} are respectively the arbitrary variations of the displacement field

and the electrical potential, {FV }, the body applied forces, {FΩ} on Ω1, the surface

applied forces, FP , the point loads, φ,the electric potential, ̺, the surface charge

brought on Ω2, Q, the point electric charges, and ρ, the mass density. Integrating by

parts of kinetic energy over the time interval, one gets,

∫ t2

t1

ρ{δu̇}T{u̇}dt = [ρ{δu}T{u̇}]t2t1 −
∫ t2

t1

ρ{δu}T{ü}dt. (2.27)

Combining Eqs. (2.25), (2.26) and (2.27) with the piezoelectric constitutive equations

and substituting them into Hamilton’s principle gives
∫

V

[ρ{δu}T{ü} − {δS}T [cE]{S} + {δS}T [e]T{E} + {δE}T [e]{S} + {δE}T [εS]{E}]dV

=

∫

V

{δu}T{FV }dV +

∫

Ω1

{δu}T{FΩ}dΩ + {δu}T{FP} −
∫

Ω2

δφ̺dΩ − δφQ

(2.28)

2.2.2 Finite Element Modeling of a Piezoelectric Rod

In the finite element formulation, the displacement field {u} and the electric po-

tential φ over an element are correlated to the corresponding node values {ui} and

φi by the mean of the shape functions Nu and Nφ:

{u} = [Nu]{ui} (2.29)

φ = [Nφ]{φi} (2.30)

Also, the strain field {S} and the electric field E are correlated to the nodal displace-

ments and potential by the shape functions derivatives {Bu} and Bφ:

{S} = [Bu]{ui} (2.31)

{E} = [Bφ]{φi} (2.32)
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Substituting Eqs. (2.29-2.31) into Eq. (2.28), one can get the discrete governing

equations for an element:

[M ] {üi} + [Kuu]{ui} + [Kuφ]{φi} = {fi} (2.33)

[Kφu] {ui} + [Kφφ]{φi} = {gi} (2.34)

with

[M ] =

∫

V

ρ[Nu]
T [Nu]dV (2.35)

[Kuu] =

∫

V

[Bu]
T [cE][Bu]dV (2.36)

[Kuφ] =

∫

V

[Bu]
T [e]T [Bφ]dV (2.37)

[Kφφ] = −
∫

V

[Bφ]
T [ε][Bφ]dV (2.38)

[Kuφ] = [Kφu]
T (2.39)

{fi} =

∫

V

[Nu]
T{FV }dV +

∫

Ω1

[Nu]
T{FΩ}dΩ + [Nu]

T{FP} (2.40)

{gi} = −
∫

Ω2

[Nφ]
T ̺dΩ − [Nφ]

T Q (2.41)

An equivalent discrete model of a piezoelectric rod can be obtained by dividing the

rod into equal segments, as shown in Figure 2.2. The new model consists of n equal

masses connected by the springs and dampers. The boundary condition is fixed-free.

The excitation is the dynamic pressure or force applied to the rod end. The global

governing equation can be assembled by the equations for each element, which can

be written in the form:

[M ] {Üi} + [C]{U̇i} + [KUU ]{Ui} + [KUΦ]{Φi} = {F} (2.42)

[KΦU ] {U} + [KΦΦ]{Φ} = {G} (2.43)

where [M ] is mass matrix, [KUU ], stiffness matrix, [KUΦ] and [KΦU ], piezoelectric

coupling matrix, [KΦΦ], capacitance matrix, {U}, mechanical variables, {Φ}, electric
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Figure 2.2: Discrete damped rod model with electromechanical coupling.

potentials, {F}, external forces and {G}, electric charge brought to the electrodes.

These matrices are constructed as follows:

M = diag[m1,m2, . . . ,mn−1,mn−2] = ρSh · diag[m1,m2, . . . ,mn−1,mn−2] (2.44)

C =















c0,1 + c1,2 −c1,2

−c1,2 c1,2 + c2,3 −c2,3

. . . . . . . . .

−cn−2,n−1 cn−2,n−1 + cn−1,n −cn−1,n

−cn−1,n cn−1,n + cn,n+1















(2.45)

KUU =







kuu0,1 + kuu1,2 −kuu1,2

. . . . . . . . .

−kuun−1,n kuun−1,n + kuun,n+1







(2.46)

where kuui,i+1 =
∫

V
[Bu]

T [cE][Bu]dV =
∫

V
1
hi

Y 1
hi

dV = Y S
hi

, for i = 1, 2, . . . , n − 1

(when i = 0, hi = hi

2
; i = n, kuui,i+1 = 0). Here, Y and S are Young’s modulus and

transverse cross-section area respectively. Matrix KUΦ,KΦU and KΦΦ have the similar

form to that of KUU and the only difference is the corresponding entry (i.e., kuφi,i+1 =
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∫

V
[Bu]

T [e]T [Bφ]dV = Y d33S
hi

, kφui,i+1 = kuφi,i+1 and kφφi,i+1 = −
∫

V
[Bφ]

T [ε][Bφ]dV =

− εS
hi

).
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Figure 2.3: Voltage vs. number of ele-
ments (Excited by SPL 90 dB at 1 kHz,
with electromechanical coupling).
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Figure 2.4: Voltage vs. number of ele-
ments (Excited by SPL 90 dB at 1 kHz,
without electromechanical coupling).

2.2.3 Numerical Solutions

In this section, the numerical solutions of a PVDF rod under the conditions de-

scribed in Section 2.2.2 are presented. For the rod geometry, the diameter of the rod

is 5 µm and the height is 10 µm. For the material properties, permittivity of PVDF is

taken as 110e-12 F/m, Young’s modulus is 2e9 N/m2, mass density is 1.78e3 kg/m3,

piezo stress constant g33 is -339e-3 v/m/N/m2 and piezo strain constant d33 is -33e-

12 m/m/V/m. To complete the numerical simulation, the damping ratio of PVDF,

ξ=1.7%, is also used [73]. Either Rayleigh damping or proportional damping is in-

corporated into the model. It is assumed that the electric boundary condition is

open-electrodes, which means {G} = {0}.

35



0 20 40 60 80 100
0

1

2

3

4

5

6

7

8

9
x 10

−5

# of Elements

V
ol

ta
ge

 (
V

) Physical damping model
Proportional damping model
Static Model

Figure 2.5: Voltage vs. number of ele-
ments (Excited by SPL 90 dB at the first
natural frequency, with electromechani-
cal coupling).

0 20 40 60 80 100
0

1

2

3

4

5

6

7

8

9
x 10

−5

# of Elements

V
ol

ta
ge

 (
V

)

Rayleigh damping
Proportional damping
Static Model
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Tables 2.1 and 2.2 show the first eight eigenfrequencies of a PVDF rod generated

with the model with and without electromechanical coupling, respectively. It is shown

that the piezoelectric electromechanical coupling increases the overall stiffness of the

system if the electrodes are left open (the term KΦΦ being negative) and therefore the

natural frequencies are smaller if the electromechanical coupling is neglected, which

is consistent with the existing literature. Figures 2.3 and 2.4 show the voltages of a

PVDF rod versus number of element with and without electromechanical coupling

respectively, when it is exposed to a SPL 90 dB at 1 kHz. In contrast, Figures 2.5

and 2.6 show the comparison results when the rod is excited by the same pressure

at the first natural frequency of the rod. The trends demonstrate our models are

convergent with the increasing number of elements. There is approximately 15%

error between the models with and without electromechanical coupling. Around the

natural frequency, the linear piezoelectric constitutive model does not work because
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Table 2.1: First eight eigenfrequencies (in Hz) of a PVDF rod with eletromechanical
coupling.

n r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8
1 2.409e7
2 2.607e7 6.295e7
3 2.645e7 7.228e7 9.873e7
4 2.658e7 7.572e7 1.133e8 1.336e8
5 2.665e7 7.734e7 1.204e8 1.518e8 1.682e8
6 2.668e7 7.823e7 1.244e8 1.621e8 1.888e8 2.026e8
7 2.670e7 7.877e7 1.269e8 1.686e8 2.019e8 2.251e8 2.370e8
8 2.671e7 7.912e7 1.285e8 1.729e8 2.107e8 2.404e8 2.608e8 2.712e8

100 2.676e7 8.027e7 1.337e8 1.872e8 2.406e8 2.940e8 3.472e8 4.004e8

it does not include the resonance. The resonance phenomena are observed if we use

the dynamic governing equations whether we include the electromechanical coupling

or not.

2.3 Cylindrical Curvature Microphone

The PVDF film sensors were modeled in beams (Figure 2.7), hemispherical (Fig-

ure 2.8)and cylindrical curvature shapes, and the parameters were selected to capture

the entire acoustic frequency range. According to the manual of MSI, cylindrical cur-

vature is better than hemispherical curvature because such kind of structure keeps the

film smooth and wrinkle free, which reduces distortion and provide a flat frequency

response. Through comparison of the models, the cylindrical curvature model in Fig-

ure 1.1 shows better properties in terms of size and sensitivity as well as convenience

of fabrication.
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Table 2.2: First eight eigenfrequencies (in Hz) of a PVDF rod without eletromechan-
ical coupling.

n r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8
1 2.385e7
2 2.582e7 6.234e7
3 2.619e7 7.157e7 9.777e7
4 2.633e7 7.498e7 1.122e8 1.323e8
5 2.639e7 7.659e7 1.192e8 1.503e8 1.666e8
6 2.642e7 7.747e7 1.232e8 1.606e8 1.870e8 2.007e8
7 2.644e7 7.800e7 1.256e8 1.670e8 1.999e8 2.229e8 2.347e8
8 2.645e7 7.835e7 1.272e8 1.712e8 2.086e8 2.380e8 2.583e8 2.686e8

100 2.650e7 7.949e7 1.324e8 1.854e8 2.383e8 2.911e8 3.439e8 3.965e8

2.3.1 Resonance Frequency

The resonance frequency is estimated by

fr ≃
21

R(cm)
kHz, (2.47)

in which R is radius of curvature and fr is the low frequency corner. Suppose the

frequency bandwidth of the microphone is 20-20 kHz, then we can obtain R ≤ 10.5

cm. It is noted that a typical radius of curvature for piezo film microphones, which

optimizes sensitivity and electroacoustic efficiency, is R = 25 mm. Therefore, the

resonance frequency requires radius of curvature, R ≤ 25 mm.

2.3.2 Cutoff Frequency

According to Figure 3.6 and the bandwidth requirement, the cutoff frequency

constraint is

3/τ ≤ 20 × (2π). (2.48)
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Figure 2.8: PVDF hemispherical model.

From Figure 2.1(b), the time constant is τ = RampCt. For the case of the cylindrical

curvature microphone, the total capacitance of the system is the capacitance of the

solid PVDF film (note that the capacitance of the cable and the amplifier is relatively

small compared to the capacitance of the PVDF film. The input resistance of Vishay

amplifier, 10 MΩ is used for calculation), so that Ct = CPV DF . Combining CPV DF =

ǫA
t

and (2.48), one gets that the cutoff frequency constraint is

A

t
≥ 21.7. (2.49)

Substitution of A = 2Rθ · W into the equation above, one can get

2Rθ · W
t

≥ 21.7, (2.50)

where θ = arcsin( L
2R

) and W is the width of the film.
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2.3.3 Yield Strength

In-plane stress induced in the solid PVDF film can be expressed by

σθθ =
(R + t)2 + t2

(R − t)2 − R2
· P. (2.51)

Considering R >> t, one can get

σθθ ≃
R

t
P. (2.52)

Yield strength constraint requires

R

t
Pmax ≤ σY , (2.53)

in which Pmax is the maximum allowable acoustic pressure (SPL=180 dB) and σY is

the yield strength of PVDF. Plugging numbers into the equation, one can obtain

t ≥ 0.00045506R. (2.54)

2.3.4 Sensitivity

The open circuit voltage developed across the film thickness is

Vo = −g31 · σθθ · t = −g31 ·
R

t
· P · t = −g31 · R · P, (2.55)

where g31 is the piezoelectric stress constant in the x1-direction. The static sensitivity

is defined as the ratio of the output voltage over the pressure acting on the PVDF

material,

K = Vo/P. (2.56)

Substition of Eq. (2.55) into Eq. (2.57) gives

K = −g31 · R. (2.57)
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It is noted that the sensitivity of the microphone is proportional to the radius of cur-

vature, while it is independent of the thickness of the PVDF film. Further, increasing

the radius of curvature can lead to the high sensitivity of the microphone, but it will

also reduce the frequency bandwidth since the resonance frequency of the microphone

is inversely proportional to the radius of curvature as shown in Eq. (2.47). Therefore,

a trade-off must be made sometimes in order to meet all the requirements.

2.3.5 Acoustic Tests on the Curved Microphone

We consequently built a microphone based on this cylindrical curvature model

with size of 10 mm×6mm×10mm (R × L × W ) and set up an experiment (see Fig-

ure 2.9) to detect acoustic signals.

White Noise

PVDF Microphone

Sound

Level

Meter

Vishay

Amplifier

SignalCalc

+Quattro or 

Mobilyzer

Speakers

Figure 2.9: Experimental setup.

In order to investigate the frequency responses of the cylindrical curvature micro-

phone under different high-pass filters and different enclosures, the microphone was
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Figure 2.10: Time trace of the micro-
phone under band-limited white noise ex-
citation (fc=80 Hz).
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Figure 2.11: Time trace of the micro-
phone under band-limited white noise ex-
citation (fc=3400 Hz).

tested in 4 cases as follows: 1) cut-off frequency fc=80 Hz, 2) cut-off frequency fc=204

Hz, 3) cut-off frequency fc=3400 Hz, and 4) cut-off frequency fc=27 kHz. For each

case, the microphone was also tested in air, in a small enclosure of tube (R=13mm)

and in a big enclosure of tube (R=125mm). All the tests are under band-limited

white noise excitation, which includes the frequency components from 0 to 10 kHz.

The sound level meter (SLM), acting as a reference, responds mainly to the frequency

range of 32 -10 kHz. Figures 2.10 and 2.11 shows the time trace of the microphone

with a high pass filter fc=80 Hz and fc=3400 Hz, respectively. The 60 Hz electrical

noise is suppressed in the latter case.
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Figure 2.12: Comparison of the sensitivity of a curved PVDF film based microphone
with a commercial sound level meter (fc=80 Hz, amplifier gain=400).

Frequency response experiments were conducted under band-limited white noise

excitation and the results were compared with the output of a commercial sound level

meter. Figure 2.12 shows the relative sensitivity compared to the results from the

sound level meter, and the sensitivity of the microphone itself. The sensitivity of the

cylindrical curvature microphone is slightly higher than that of the sound level meter

in low and high frequency ranges under the experimental setup shown in Figure 2.9.

In addition, the involvement of a tube enclosure does not significantly increase the

sensitivity. Figures 2.13 and 2.14 compare the sensitivity frequency response with

different filters, in air and a small enclosure of tube, respectively. A small resistance

value (high cutoff frequency) suppresses the electrical 60 Hz noise but also attenuates

the sensor signal. In practice, a band-rejection filter could be a feasible way to resolve

this problem.
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Figure 2.14: Comparison of the sensitiv-
ity frequency response with different fil-
ters (enclosed a small tube).

2.4 Concluding Remarks

The PVDF rod lumped model shows that a PVDF rod can be divided into a

second-order mechanical system and a first-order electrical system. This lumped

model is not limited to PVDF rod and can be extended to the other type microphones

based on PVDF film. The frequency bandwidth of the microphone is determined by

the frequency response of this model. The simulation results of discrete damped rod

model with electromechanical coupling show that the piezoelectric electromechanical

coupling increases the overall stiffness of the system if the electrodes are left open

and therefore the natural frequencies are smaller if the electromechanical coupling

is neglected, which is consistent with the existing literature. The simulation trends

demonstrate our models are convergent with the increasing number of elements. There

is approximately 15% error between the models with and without electromechanical

coupling. Around the natural frequency, the linear piezoelectric constitutive model
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does not work because it does not include the resonance. The resonance phenomena

are observed if we use the dynamic governing equations whether we include the elec-

tromechanical coupling or not. The acoustic testing results on the curved microphone

show that the sensitivity of the microphone is slightly higher than that of the sound

level meter in low and high frequency ranges. Further, the involvement of a tube en-

closure does not significantly increase the sensitivity. A small resistance value (high

cutoff frequency) suppresses the electrical 60 Hz noise (which is always observed and

typically significant compared to the signals) but also attenuates the sensor signal.

In practice, a band-rejection filter could be a feasible way to resolve this problem.
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CHAPTER 3

MICROPHONE BASED ON PVDF MICRO-PILLARS

AND PATTERNED ELECTRODES

This chapter is focused on the development of an acoustic pressure sensor with ex-

tremely high sensitivity and small footprint. We propose a sensor design consisting of

micron-sized PVDF pillars which generate a charge when subjected to normal stresses

associated with acoustic waves. The electrode covering the micro-pillars is patterned

to decrease the capacitance, and hence increase the sensitivity of the sensor. The key

sensor parameters (diameter and height of the micro-pillars, gap between pillar edges,

and number of pillars) are determined through a constrained optimization algorithm

in which the penalty function is the sensor footprint. The algorithm incorporates the

effects of mechanical and electrical properties of the sensor and conditioning amplifier.

Details of the fabrication process are described. Nanoindentation tests demonstrate

that the PVDF micro-pillar sensor exhibits piezoelectric responses under an applied

voltage or strain, thus demonstrating the sensor concept.

3.1 Design of the Proposed Microphone Based on Micro-

pillars and Patterned Electrodes

The voltage produced by a capacitive sensor is given by the ratio between charge

and capacitance. The proposed microphone exploits the key advantages of PVDF as

46



a sensor material by means of two key design elements aimed at increasing the charge

and decreasing the effective device capacitance (Figure 3.1). The first design element

is a stress amplification mechanism through the area ratio between the overall surface

exposed to acoustic waves and the area of the individual micro-pillars. Because PVDF

responds to stress, this mechanism increases the amount of charge for a given pressure

level. A rigid membrane placed between the micro-pillars and the acoustic medium

ensures high mechanical coupling. The second design element is a top electrode

patterned to cover only the surface of the micro-pillars. Excluding the capacitance of

the air between pillars, the design with patterned electrodes reduces the capacitance of

the sensor. The individual round electrodes above each micro-pillar are interconnected

by means of thin conducting tabs. A continuous, flat electrode is placed underneath

the array.

The sensitivity of the proposed microphone is analyzed in Section 5.1 and com-

pared against the sensitivity of two sensors: (i) flat continuous PVDF film and (ii)

micro-pillars with full flat electrodes. The optimization algorithm for minimization

of the microphone’s footprint is presented in Section 3.3. Details on the fabrica-

tion of the micro-pillars and characterization experiments aimed at understanding

the coupled electromechanical response of the PVDF micro-pillars are presented in

Section 3.4.

3.2 Sensitivity Analysis

The static sensitivity is defined as the ratio of the output voltage over the pressure

acting on the PVDF material,

K = Vo/P. (3.1)
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Figure 3.1: Schematic diagram of the proposed acoustic pressure sensor based on
PVDF micro-pillars and patterned electrodes. A rigid membrane placed above the
micro-pillar array acts as a pressure amplifier. The patterned electrode reduces the
device capacitance, thus increasing its sensitivity. h: height of pillars; g1 and g2: gap
between pillars in the x and y direction; d: diameter of pillars; M and N : pillar
numbers in the x and y directions.

The sensitivities of three PVDF sensor designs are compared: flat continuous film,

micro-pillars with full electrodes, and micro-pillars with patterned electrodes.

3.2.1 Flat Continuous PVDF Film

Figure 3.2 shows the open circuit of a flat PVDF film sensor. The open circuit

voltage developed across the film thickness is

Vo = −g33 · P · h, (3.2)

where g33 is the piezoelectric stress constant in the x3-direction, P is the applied

pressure, and h is the thickness of the PVDF film. In this case, the stress induced in

the material is equal to the pressure. Substitution of Eq. (4.2) into (4.1) gives the
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sensitivity as

K1 = −g33 · h. (3.3)
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Figure 3.2: PVDF film open circuit.

3.2.2 PVDF Micro-pillars with Full Electrodes
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Figure 3.3: Schematic diagram of PVDF micro-pillar sensor based on full electrodes.
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Figure 3.3 illustrates the case when an array of micro-pillars is placed between

two continuous, flat electrodes. The charge output by the sensor corresponds to the

charge generated by the micro-pillars,

Q = Qp ≡ Cp · Vp, (3.4)

where Q is the total charge collected at the electrodes, Qp is the charge generated

by the micro-pillars, Cp is the total capacitance of the micro-pillars, and Vp is the

potential across the micro-pillars. The total capacitance is, by definition,

Cp ≡ ε · A

h
= ε · M · N · π/4 · d2

h
, (3.5)

where ε is permittivity of PVDF, M is number of pillars in the x-direction, N is

number of pillars in the y-direction, A is the total cross-sectional area of the micro-

pillars, and d is the diameter of each micro-pillar. According to the linear constitutive

piezoelectric equations, the voltage across the micro-pillars is proportional to the

stress,

Vp = −g33 · h · σ. (3.6)

The stress on each pillar due to the application of normal pressure on the sensor

surface is

σ =
(d + g1) · (d + g2)

πd2/4
· P, (3.7)

where g1 is gap between pillars in the x-direction and g2 is the gap between pillars in

the y-direction. Substitution of (4.7) into (4.6) gives

Vp = −g33 · h · (d + g1) · (d + g2)

πd2/4
· P. (3.8)

The total capacitance is the sum of the capacitance of the micro-pillars and the

capacitance of the air gap,

Ct = Cp + Co, (3.9)
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in which the air capacitance is

Co = εo ·
M · N · [(d + g1)(d + g2) − πd2/4]

h
. (3.10)

Since the two capacitances are connected in parallel, the voltage drop is the same

across the micro-pillars and air gap,

Vo =
Q

Ct

. (3.11)

Combination of Eqs. (4.4), (4.5) and (4.8)-(4.10) gives the sensitivity of PVDF micro-

pillars with full electrodes as

K2 =
εr(d + g1)(d + g2)

πd2/4 · (εr − 1) + (d + g1)(d + g2)
· (−g33 · h), (3.12)

where εr is the relative permittivity of PVDF. Assuming without losing generality

that g1 = g2 = g, the sensitivity of the micro-pillar array based on full electrodes

relative to the sensitivity of solid PVDF film is

Kr2 ≡
K2

K1

=
εr(1 + g/d)2

π/4 · (εr − 1) + (1 + g/d)2
. (3.13)

The relative sensitivity of the micro-pillar sensor is limited by the relative permittivity

of PVDF film, and the upper bound is Kr2 = εr as g/d goes to infinity.

3.2.3 PVDF Micro-pillars with Patterned Electrodes

In this case both the capacitance and the charge are due solely to the micro-pillars,

hence the sensitivity has the form

K3 =
(d + g1) · (d + g2)

πd2/4
· (−g33 · h). (3.14)

Assuming as before g1 = g2 = g, the sensitivity of the pillar sensors based on patterned

electrodes relative to the sensitivity of PVDF film is

Kr3 ≡
K3

K1

=
(1 + g/d)2

π/4
, (3.15)
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which increases monotonically with the ratio of the gap between pillars and the pillar

diameter, g/d. The effect of the air gap between pillars is to increase the stress on the

sensing material and therefore to increase the sensor’s output voltage and sensitivity.
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Figure 3.4: Relative sensitivity of the proposed PVDF micro-pillar sensor with pat-
terned electrodes compared to PVDF film and fully electroded micro-pillars. The
gaps are assumed equal (g = g1 = g2).

A comparison of the sensitivities of the two micro-pillar designs relative to that

of solid PVDF film is shown in Figure 3.4. The micro-pillar sensor with patterned

electrodes theoretically has an unlimited sensitivity with increasing geometry ratio

g/d (assuming g = g1 = g2).

To simplify the design of the micro-pillars with patterned electrodes, we assume

that the width of the connecting tabs is negligible compared with the diameter of the

micro-pillars. The smallest tab width allowed by our current fabrication techniques
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(Section 3.4) is about 2 µm. If the diameter of micro-pillars is not high enough, this

factor needs to be included in the calculation of sensitivity.

3.3 Optimization

Nonlinear programming (NLP) techniques are used to find a minimum or max-

imum of an objective function in Nd dimensions which satisfies arbitrary complex

constraints [25]. Many algorithms have been developed for solving such problems,

such as Large-Scale Optimization and Medium-Scale Optimization. The large-scale

algorithm is a subspace trust region method and is based on the interior-reflective

Newton method described in [11]. Each iteration involves the approximate solution of

a large linear system using the method of preconditioned conjugate gradients (PCG).

The optimization problem can be expressed in the form














minimize f(x)
hi(x) ≤ 0 i = 1, . . . ,m
gi(x) = 0 i = 1, . . . , k
li ≤ xj ≤ uj j = 1, . . . , n

(3.16)

Here, x is an Nd-dimensional list of design variables; f(x) is the objective function;

hi(x) are inequality constraints; gi(x) are equality constraints; and li ≤ xj ≤ uj are

constraints for all design variables.

The functions f(x), hi(x) and gi(x) can be any linear or nonlinear combination

of the design variables. In this case, a constrained NLP optimization algorithm was

developed to obtain the sensor’s geometric parameters (M , N , d, g1, g2 and h) needed

to achieve 100× the sensitivity of existing commercial sensors, dynamic range up to

181 dB, and frequency bandwidth of 100 kHz. The objective function to be minimized

is the total sensor area,

f(x) = M · N · (d + g1) · (d + g2). (3.17)
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The NLP optimization algorithm was integrated into Matlab.

The design variables that were optimized are M , N , d, g1, g2, h and R (total input

resistance of the amplifier). The design variables can be treated as independent of

each other, while the dependent variables are related by the equality constraints. The

total input resistance of the amplifier cannot be chosen arbitrarily as it depends on

the actual specifications of available operational amplifiers, although it usually is very

high. The height of the pillars is dictated by manufacturing constraints and usually

takes values such as 10 µm or 20 µm.

Bounds on the design variables are affected by the ability of the manufacturing

process and amplifier input resistance. For this case, they are defined by






































1 ≤ M ≤ 200
1 ≤ N ≤ 200
1 µm ≤ d ≤ 1000 µm
1 µm ≤ g1 ≤ 1000 µm
1 µm ≤ g2 ≤ 1000 µm
1 µm ≤ h ≤ 500 µm
100 MΩ ≤ R ≤ 1 TΩ.

(3.18)

The proposed theory has no mechanisms to account for edge effects, though in

practice the edges of the electrodes may induce field leakage. In the limit when there

is only one pillar (M = N = 1), the sensor can still be conceived so long as g1 and

g2 are defined. In this case, the gaps between pillars do not exist as such but they

can be defined at the edge of the sensor. In practice, the number of pillars in each

direction must be much bigger than one to minimize edge effects. The determination

of geometric parameters that satisfy the various design constraints is presented next.

3.3.1 Resonance Frequency

The basic sensing element, i.e., a PVDF micro-pillar, can be modeled as a continu-

ous rod fixed at one end and free at the other end, as shown in Figure 3.5. Assuming
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Figure 3.5: Schematic of a continuum rod model.

a slender rod and ignoring inertias and electromechanical coupling, the governing

equation for the longitudinal vibrations of a rod is a partial differential equation [35]

∂2u

∂x2
− 1

c2

∂2u

∂t2
= 0, (3.19)

where u denotes the axial displacement at position x and time t, and c = E/ρ0, where

E and ρ0 are the Young’s modulus and mass density of the material, respectively.

Considering fixed-free boundary conditions, the natural frequencies of Eq. (3.19) have

the form [5]

ωr =
(2r − 1)π

2h

√

E

ρ0

, r = 1, 2, 3, . . . (3.20)

A PVDF rod can be modeled as a system comprising a second-order mechanical

system (Figure 2.1(a)) and a first-order electrical system (Figure 2.1(b)). The system

transfer function is expressed by

Eo(s)

Fi(s)
=

G1τs

τs + 1

[

G2/

(

1

ω2
n

s2 +
2ξ

ωn

s + 1

)]

, (3.21)
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in which τ is the time constant of the first order system, ωn is the natural frequency

of the second order system, ξ is damping ratio, and G1 and G2 are the gains of the

first order system and second order system, respectively.

The frequency response associated with Eq. (3.21) is shown in Figure 3.6. If the

sensor is operated in the flat magnitude range of the frequency response function and

the passband error is ±5%, the bandwidth of the system will be from 3/τ to ωn/5.

The desired frequency bandwidth of the acoustic sensor is 20 Hz to 100 kHz, which

implies

ωn/5 ≥ 100 × 103 × (2π). (3.22)

From Eq. (3.20), the first natural frequency of the PVDF rod (let r = 1) is

ωn =
π

2h

√

E

ρ0

. (3.23)

Substitution of Eq. (3.23) into Eq. (3.22) and solution for h gives,

h ≤ 530 µm, (3.24)

which represents the natural frequency constraint.

3.3.2 Cutoff Frequency

According to Figure 3.6 and the bandwidth requirement, the cutoff frequency

constraint is

3/τ ≤ 20 × (2π). (3.25)

From Figure 2.1(b), the time constant is τ = RCt. For the case of micro-pillars

with patterned electrodes, the total capacitance of the system is the capacitance of

the pillars. Combining Eqs. (4.5) and (3.25), one gets that the cutoff frequency

56



60

80

100

120

140

160

M
a
g

n
it
u
d

e
 (

d
B

)

10
0

10
2

10
4

10
6

10
8

-180

-135

-90

-45

0

45

90

P
h
a

s
e

 (
d

e
g

)

Bode Diagram

Frequency   (rad/sec)

Usable range

 /3 5/n!

Figure 3.6: Bode plot associated with the electromechanical system shown in Fig-
ure 2.1.

constraint is

3h

R · M · N · ε · πd2/4
− 40π ≤ 0. (3.26)

3.3.3 Dimensional Limits in the x and y Directions

The acoustic sensor is designed to be packaged in a 9 mm2 enclosure, which

requires that the dimensions in the x and y directions cannot be greater than 3 mm.

The dimensional constraints in the x and y directions thus are:

M · (d + g1) − 3 × 10−3 ≤ 0, (3.27)

N · (d + g2) − 3 × 10−3 ≤ 0. (3.28)
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3.3.4 Sensitivity

Based on the specifications of existing commercial products, the acoustic sensor

must have a sensitivity of no less than 0.3 V/psi, i.e., 4.35 × 10−5 V/Pa, before

amplification. A gain of 1000 would increase the sensitivity to about the same level as

the most sensitive commercial microphones. According to Eq. (4.12), the sensitivity

constraint has the form

4.35 × 10−5 − (−g33) ·
(d + g1)(d + g2)

πd2/4
· h ≤ 0. (3.29)

3.3.5 Yield Strength

If the sensor is assumed to have a pressure limit equivalent to a sound pressure

level (SPL) of 181 dB, the maximum allowable acoustic pressure (Pmax) is given by

20 log

(

Pmax

20 · 10−6

)

= 181 dB. (3.30)

The constraint to avoid surpassing the yield strength of PVDF is

Pmax ·
(d + g1)(d + g2)

πd2/4
≤ σY (3.31)

where σY is the yield strength.

3.3.6 Buckling Load

The Euler formula for columns is

Fmax =
π2EI

(rh)2
, (3.32)

where Fmax is the maximum or critical force (vertical load on a column), E is modulus

of elasticity, I is area moment of inertia, h is unsupported length of column, and r

is column effective length factor. For both ends pinned, r = 1.0; for both ends fixed,
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r = 0.50; for one end fixed and the other end pinned, r = 0.70; for one end fixed and

the other end free to move laterally, r = 2.0. For the micro-pillar sensor, the buckling

load condition is

Pmax(d + g1)(d + g2) ≤ Fmax. (3.33)

Substitution of Eq. (3.32) into Eq. (3.33) and considering the area moment of inertia

of a round pillar,

Pmax(d + g1)(d + g2) −
π2 · E · πd2/4

(r · h)2
≤ 0. (3.34)
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Figure 3.7: Optimal pillar diameter vs.
pillar height as a function of amplifier
input resistance.
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Figure 3.8: Optimal g/d ratio vs. pillar
height as a function of amplifier input
resistance.

Figures 3.7-3.10 show design curves calculated with the optimization procedure

described above. Specifically, the figures show calculations of pillar diameter, pillar

gap, g/d ratio and aspect ratio vs. pillar height based on various practical amplifier

input resistances ranging from 1 GΩ to 1000 GΩ. These plots provide information on

the selection of the amplifier input resistances and the pillar height. Figure 3.7 shows
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Figure 3.10: Optimal aspect ratio vs.
pillar height as a function of amplifier
input resistance.

that for R ≤ 10 GΩ the calculated optimal pillar diameter monotonically increases

with pillar height. For higher input resistance values the optimal pillar diameter is

approximately constant (2 - 4 µm), i.e., it is approximately independent of pillar

height. Figure 3.8 shows that the optimal g/d ratio monotonically decreases with

pillar height. Figure 3.9 shows that if the amplifier input resistance is R ≥ 100 GΩ, an

overall sensor footprint of less than 1 mm2 can be achieved. According to Figure 3.10,

if aspect ratios of g/d = 4 could be manufactured as is expected to be the case in the

near future, any amplifier input resistance from 1 GΩ to 10 GΩ would be suitable. The

pillar height should be less than 15 µm if the amplifier input resistance was greater

than 100 GΩ. A limit on the pillar ratio of 2 implies either R = 1 GΩ combined

with arbitrary pillar heights or increasingly higher input resistances combined with

increasingly lower pillar heights.
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PDMS stamp

Spin coated PVDF

Array of PVDF micropillars

(a)
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Figure 3.11: (a) Fabrication schematic of PVDF micro-pillars. (b) SEM micrograph
of ∼5×5 µm pillars (top) and ∼10×20 µm pillars (bottom).

3.4 Fabrication and Characterization of PVDF Micro-structures

Polyvinylidene fluoride (PVDF) micro-structures were fabricated using a proce-

dure which is described in detail elsewhere [23]. Previously patterned polydimethyl-

siloxane (PDMS) stamps molded from photolithographically fabricated masters were

used to obtain arrays of PVDF micro-pillars with designed dimensions (Figure 3.11(a)).

A 10% PVDF solution in dimethylacetamide/acetone was spin coated on the PDMS

stamps at 1000-2000 rpm for 1 minute. The stamps were placed on a hot plate at

100oC for 5 minutes in order to drive off residual solvent and anneal the PVDF. The

spin coated PVDF film was then transferred onto the adhesive side of copper tape

using slight pressure. Figure 3.11(b) shows scanning electron micrographs of PVDF

pillars with two different micro-pillar dimensions.
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GND

Figure 3.12: Schematic of the indentation test conducted with a nanomechanical test
instrument.

Preliminary experiments were conducted with the goal to characterize the piezo-

electric response of the PVDF micro-pillars. These proof-of-concept experiments

were conducted on a non-optimal micro-pillar array (d= µm, g= 5 µm, h= 6 µm,

N=M=1000). A gold-coated glass slide was placed on top of the micro-pillars (top

electrode), and an electric field of ∼120 MV/m was applied across the electrodes (top

positive and bottom negative) at 160oC for 3 hours, and then at room temperature

for an additional hour to pole the PVDF micro-structures. The direct and inverse

piezoelectric responses were characterized using a Hysitron TriboIndenter nanome-

chanical test instrument equipped with the nanoECR package (Figure 3.12) [75]. A

boron-doped diamond 14.5 µm flat punch indenter probe was used in the experiments.

The inverse piezoelectric effect was tested by measuring the displacement of a

micro-pillar when it is subjected to simultaneous force and voltage inputs. Running

the instrument in load-control mode to ensure that a constant preload force of 3 µN

was preserved throughout the test, a 40 V pulse was applied across the electrodes.
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Figure 3.13: Load-controlled nanoindentation inputs of (a) 3 µN force and (b) 40 V
square wave.

The preload was gradually applied on a pillar from t= 0-5 seconds and maintained

for 60 additional seconds as shown in Figure 3.13(a). The 40 V pulse was applied

for 5 second intervals at t= 35, 45, and 55 seconds, as shown in Figure 3.13(b).

The sample was subjected to a preload to ensure a good flat contact between the

tip of the instrument and the top of the pillar before starting each test. As shown

in Figure 3.11(b), the top surface of the PVDF pillars is not completely flat, due

in part to the crystalline nature of the polymer. Figure 3.14 shows displacement

versus time results. The five lines correspond to five different tests conducted on

the same sample. There are two distinct sets of lines, which correspond to two

separate sets of tests (conducted 4 days apart). We note that the static displacement

differs by about 10 nm for the five measurements. This difference is insignificant

considering the dimensions of the pillars (5000 nm). What is important is that the

relative change in displacement caused by the 40 V input was very consistent for
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all five tests. The curves show an average displacement change of approximately

4.4±0.56 nm (strain of ∼0.001) with the applied 40 V pulse. The direct piezoelectric

effect was tested by measuring the voltage generated by a micro-pillar in displacement-

controlled nanoindentation tests. Figure 3.15 shows force and voltage versus time

results. A voltage of roughly 0.18±0.026 V was generated during each test. A total of

5 measurements (represented by 5 different lines) were taken in both characterizations.

The results confirm a piezoelectric response of the PVDF micro-pillars under an

applied voltage or mechanical input.
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Figure 3.14: Plot of displacement versus time from the 40 V square wave tests.

The piezoelectric constants d33 and g33 estimated from the data are −110 pC/N

and −1092 mV/m/N, respectively [79]. These two values are nearly 3 times greater

than those typically reported for flat PVDF films, approximately −33 pC/N and

−330 mVm/N, respectively [50]. The high values of these coefficients are consistent

with results obtained from microfabricated PVDF from AFM results reported in the
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Figure 3.15: Plots of force and voltage versus time for the 4 µm displacement-
controlled indents.

literature [6, 42]. The large coefficients could be attributed to several factors including

potential effects of micro-structure and electrode geometry and expected differences

in mechanical compliance between the micro-pillars and flat PVDF. The micro-pillars

are subjected to lower mechanical loading as they are not constrained by surrounding

material, hence they are expected to deform more than solid film for a given electric

field input [16].
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3.5 Discussion

Micro-electromechanical MEMS technology has traditionally been focused on sil-

icon based fabrication techniques. With the development of sacrificial layer micro-

molding (SLaM) and patterned substrate micro-molding (PSM), the micro-fabrication

of polymer micro-structures is becoming increasingly promising [44, 19]. An acoustic

sensor with small size, high sensitivity, wide dynamic range and high frequency band-

width is of great need due to the special requirements of aeroacoustic and clinical

applications. The small size, high stiffness, and reduced mass of MEMS sensors are

of great interest because such devices can significantly improve both the temporal

and spatial measurement bandwidth. This chapter presents the design, theoretical

analysis, micro-fabrication and proof-of-concept characterization of a new type of

millimeter-size acoustic sensor using PVDF micro-pillars and patterned electrodes,

with the potential to achieve 100× the sensitivity of existing commercial sensors in

combination with a dynamic range of 181 dB and a frequency bandwidth of at least

100 kHz. A constrained optimization algorithm has been developed as a function

of geometric parameters and electrical parameters of the sensor and conditioning

amplifier. A micro-fabrication process of the acoustic sensor based on PVDF micro-

pillars and patterned electrodes is described. In order to determine the piezoelectric

properties, a PVDF sample that consists of a uniform pattern of 5 µm pillars was

manufactured and tested on a Hysitron TriboIndenter nanomechanical test instru-

ment. The nanoindentation testing results show that the PVDF micro-pillar sample

exhibits obvious piezoelectric responses under an applied voltage or strain.

One potential application of the proposed micro-acoustic sensor would be vehicle

positioning. Like animal echolocation, the vehicle would emit ultrasonic waves and an
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array of micro-sensors placed on the vehicle skin would measure in real time the echo of

the emission (both magnitude and direction). The time difference between the emitted

and reflected waves would provide localization of objects around the vehicle and would

create safer driving conditions. Spatial location requires pointpoint accuracy, hence

sensor dimensions much smaller than possible to fabricate with conventional designs.

This chapter presents the theoretical design and analysis of an acoustic sensor

based on PVDF micro-structures. Proof-of-concept of the fabrication of electroactive

PVDF micro-structures was presented. Optimal sensor manufacturing and testing is

out of the scope of this paper and will be addressed in future work. Future work

will be focused on the customized micro-pillar sensor fabrication, amplifier circuit

design for the device and acoustic tests. Specialized amplifier circuit design is crucial

for acoustic tests of the micro-acoustic sensor. There are three amplifier options for

this application: DC coupled amplifier, AC coupled amplifier and DC servo loop

amplifier. The advantages and disadvantages of the three amplifier designs will be

analyzed. Frequency response analysis, sensitivity calibration, linearity measurement

and power spectrum analysis will also be used for the future acoustic tests on the

sensor.
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CHAPTER 4

DEVELOPMENT OF A PVDF MICROPHONE BASED

ON A CROSSHAIR PATTERN WITH AN AREA RATIO

AMPLIFICATION

This chapter presents the development of an acoustic pressure sensor with ex-

tremely high frequency range, wide dynamic range, good sensitivity as well as proof-

of-concept of stress amplification through an area ratio and patterned electrodes. This

chapter presents the design, sensitivity analysis, finite element analysis, fabrication

and testing of a new type of acoustic sensor using PVDF film and crosshair patterned

electrodes. Finite element simulations including static structure analysis, modal anal-

ysis and harmonic response are performed in ANSYS WORKBENCH to finalize and

evaluate the microphone assembly with the design requirements of a frequency range

of 100 kHz and a dynamic range of 180 dB. Peak coalescence caused by the first three

adjacent natural frequencies and the structure damping ratio is observed and ana-

lyzed. The static and dynamic stress distributions make sure of the design within the

safety constraint. Experimental setup is developed to characterize the microphone

using a commercial available PCB microphone as reference. The theory and design of

a circular plane wave tube is presented and the signal conditioning circuit including

the preamplifier circuit and the notch filter is also developed. Acoustic tests show
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that the microphone exhibits a good linearity up to 140 dB (SPL), a relatively flat

frequency response up to 10 kHz and a sensitivity of 27.8 mV/Pa. The sensitivity

of the sensor itself (without the amplifier) is found to be 27.8 µ/Pa, i.e. 3.01 times

the sensitivity of the commercial available PVDF film working in 3-3 mode, which is

approximate to the area ratio of 3.2.

4.1 Design and Fabrication of the Crosshair Pattern PVDF

Microphone

Figure 4.1 shows the fabrication process flow for the patterned PVDF microphone.

A pattern is placed firmly on the top of a 28 µm thick silver ink metalized polarized

PVDF film (1-1004346-0, Measurement Specialties, Inc., USA) by applying M-Bond

200 adhesive (Vishay Micro-Measurements, USA) to the bonding surface of them

(Figure 4.1(a)). The next step is to utilize acetone etch the electrodes of the inactive

area as shown in Figure 4.1(b). The sensitive area of the microphone is formed

by overlapping isolated electrodes from both sides. Third, also using M-Bond 200

adhesive, a rigid membrane is bonded together with the pattern to be subject to

external pressure. The two conductive-adhesive coated copper foil tapes (3M 1181)

with the wires previously soldered on the surface are adhered to the top and bottom

electrodes of the PVDF film (Figure 4.1(c)).

It is noted that the pattern could be created by various techniques such as milling,

laser cutting, photolithography etc., which makes this process pliable and less depen-

dent to the manufacturing ability. The user can choose their favorable fabrication

method depending on their interests and the fabrication availability. In general, laser

cutting and photolithography can achieve a larger area ratio compared with CNC-

milling. To fabricate the crosshair pattern, three steps are implemented: 1) a CAD
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(a)

(b) 

(c) 

Figure 4.1: Schematic of the fabrication process of the patterned PVDF microphone.

model of the crosshair pattern was developed in Solid Edge. 2) The CAD model was

imported into FeatureCAM and FeatureCAM generates CNC G-codes based on user

settings. 3) The G-codes was loaded into a Sherline vertical mill (Model 2000) com-

bined with FLASHCUT CNC controller and implemented to fabricate the crosshair

aluminum alloy pattern, with an area of about 17.733 mm2 and a thickness of 0.254

mm (Figure 4.2(a)). A circular aluminum alloy top plate with a diameter of 8.5 mm

(i.e., an area of 56.745 mm2) and a thickness of 0.254 mm was also machined by the

CNC-miller in the same way and therefore the area ratio between the pattern and

the plate is 3.2. After the crosshair pattern is obtained, the microphone based on

this pattern is fabricated by the process as described in Figure 4.1. In addition, if

the NiCu alloy metalized PVDF film is used, other etchants such as ferric fluoride

solvent might be employed to dissolve the electrodes.
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(a) (b) (c)

Figure 4.2: (a) The aluminum crosshair pattern. (b) Photograph of the assembled
microphone. (c) Exploded view of the assembly.

4.2 Sensitivity Analysis

The static sensitivity is defined as the ratio of the output voltage over the pressure

acting on the PVDF material,

K = Vo/P. (4.1)

The sensitivities of three PVDF sensor designs are compared: flat continuous film,

crosshair PVDF microphone with full electrodes, and crosshair PVDF microphone

with patterned electrodes.

4.2.1 Flat Continuous PVDF Film

Figure 3.2 shows the open circuit of a flat PVDF film sensor. The open circuit

voltage generated across the film thickness is

Vo = −g33 · σ · h, (4.2)

where g33 is the piezoelectric stress constant in the x3-direction, σ is the stress induced

in the material (in this case, σ = P ), and h is the thickness of the PVDF film.
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Substitution of Eq. (4.2) into (4.1) gives the sensitivity as

K1 = −g33 · h. (4.3)

4.2.2 Crosshair PVDF Microphone with Full Electrodes

Here, the crosshair PVDF microphone with full electrodes is analyzed. In this case,

the crosshair pattern still acts as stress amplification. Without creating patterned

electrodes as described in Section 4.1, the charge induced in the material is distributed

over the full electrodes. The charge output by the sensor corresponds to the charge

generated by the active area (i.e., the area of the crosshair pattern),

Q = Qch ≡ Cch · Vch, (4.4)

where Q is the total charge collected at the electrodes, Qch is the charge generated

by the crosshair pattern, Cch is the capacitance of the crosshair pattern, and Vch is

the potential across the crosshair pattern. The capacitance is, by definition,

Cch = ε · Ach

h
, (4.5)

where ε is permittivity of PVDF, and Ach is the total cross-sectional area of the

crosshair pattern. According to the linear constitutive piezoelectric equations, the

voltage across the crosshair pattern is proportional to the stress,

Vch = −g33 · h · σ. (4.6)

The stress on the active area due to the application of normal pressure on the sensor

surface is

σ = α · P, (4.7)
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where α is the area ratio between the circular top-plate and the crosshair pattern.

Substitution of (4.7) into (4.6) gives

Vp = −g33 · h · α · P. (4.8)

The total capacitance is the sum of the capacitance of the active area and the

capacitance of the inactive area

Ct ≡ Cch + Cin = α · ε · Ach

h
, (4.9)

where Cin is the capacitance of the inactive area. Since the two capacitances are

connected in parallel, the voltage drop is the same across the active area and the

inactive area,

Vo =
Q

Ct

. (4.10)

Combination of Eqs. (4.4), (4.5) and (4.8)-(4.10) gives the sensitivity of PVDF micro-

pillars with full electrodes as

K2 = −g33 · h. (4.11)

It is interesting that the sensitivity of the crosshair PVDF microphone with full

electrodes is same as the flat continuous PVDF film. Although the stress is amplified

by the effect of the area ratio, the microphone also introduce the inactive area that

leads to an additional capacitance and the charge induced by the active area has

to be distributed over the two capacitances, which causes the overall voltage drop.

Both effects are cancelled out. This issue is well taken care of in the crosshair PVDF

microphone with patterned electrodes that takes advantage of the stress amplification

as well as the exclusion of the capacitance of the inactive area.
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4.2.3 Crosshair PVDF Microphone with Patterned Electrodes

In this case, both the capacitance and the charge are due solely to the crosshair

pattern, hence the sensitivity has the form

K3 = α · (−g33 · h), (4.12)

which increases monotonically with the area ratio. The crosshair PVDF microphone

with patterned electrodes theoretically has an unlimited sensitivity with increasing

geometry ratio α.

In Chapter 3, we proposed two designs: PVDF micro-pillars with patterned elec-

trodes (Figure 3.1) and with full electrodes. The sensitivity of PVDF micro-pillars

with patterned electrodes is expressed by

Km3 =
(d + g1) · (d + g2)

πd2/4
· (−g33 · h). (4.13)

While the sensitivity of PVDF micro-pillars with patterned electrodes has the form

Km2 =
εr(d + g1)(d + g2)

πd2/4 · (εr − 1) + (d + g1)(d + g2)
· (−g33 · h). (4.14)

Therefore, compared to the flat continuous PVDF film, the sensitivity amplification

ratios of PVDF micro-pillars with patterned electrodes and with full electrodes are

(d + g1) · (d + g2)/(πd2/4) and εr(d + g1)(d + g2)/[πd2/4 · (εr − 1) + (d + g1)(d +

g2)], respectively. A comparison of the sensitivities of the two micro-pillar designs

relative to that of solid PVDF film is shown in Figure 3.4. The micro-pillar sensor

with patterned electrodes theoretically has an unlimited sensitivity with increasing

geometry ratio g/d (assuming g = g1 = g2).

It is noted that if the area ratios of crosshair PVDF microphone with patterned

electrodes and PVDF micro-pillars with patterned electrodes are equal and the trans-

verse stress from the surrounding materials of the former case is neglected (relative
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smaller compared to the normal stress), both cases have the same sensitivity. How-

ever, the relative sensitivity of PVDF micro-pillars with full electrodes is limited by

the relative permittivity of PVDF film, εr =∼ 12, as g/d goes to infinity, which is

different with 1, the relative sensitivity of crosshair PVDF microphone with full elec-

trodes. This is due to the air introduced in crosshair PVDF microphone with full

electrodes, which has a different permittivity with the PVDF film. The designs with

patterned electrodes exclude this capacitance whether it is from the air or the PVDF

film.

4.3 Finite Element Analysis

Considering the requirements for the frequency bandwidth up to 100 kHz and dy-

namic range up to SPL 180 dB, finite element simulations including static structure

analysis, modal analysis and harmonic response are performed in ANSYS WORK-

BENCH to finalize and evaluate the crosshair pattern PVDF microphone assembly.

As shown in Figure 4.2(c), the microphone assembly consists of three components

(top circular plate, crosshair pattern and PVDF film), which are imported to AN-

SYS. Boundary condition between the surfaces of the top plate and the crosshair

pattern is bonded, which is applied to the interface between the crosshair pattern

and the PVDF film as well. The bottom surface of the PVDF film is fixed.

Figure 4.3 shows the mode shapes of the first four resonant modes of the micro-

phone assembly as predicted by the finite element (ANSYS WORKBENCH) design

model. Typically, the fundamental mode is of interest because it determines the

frequency bandwidth of the design system. However, in this design, the first four

natural frequencies are very close (Figure 4.3) and therefore it is necessary to study
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(a) Mode 1    1.952x105 Hz (b) Mode 2     2.021x105 Hz

(c) Mode 3     2.027x105 Hz (d) Mode 4     2.100x105 Hz

Figure 4.3: The mode shapes of the first four resonant modes of the microphone
assembly as predicted by the finite element (ANSYS WORKBENCH) design model.

and analyze all the first four modes. The first mode, having two pairs of holes move

out-of-phase, has a predicted resonant frequency of 195.2 kHz while the fourth mode,

consisting of in-phase of motion of the four holes, has a predicted resonant frequency

of 210.0 kHz. Due to the symmetry of the design, the mode shapes of the second

mode and the third mode are 90 degree symmetric. The predicted natural frequencies

are 202.1 kHz and 202.7 kHz, respectively. The small difference could be from CAD

model conversion, mesh and calculated errors.
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Figure 4.4: Harmonic response of the system (Damping ratio = 2%).

To perform harmonic response analysis, a sound pressure level (SPL = 180 dB)

is applied normal to the top plate and the same boundary conditions as described

before are used. According to the existing literature [73], commercial PVDF film has

a damping ratio of around 1.7% while the damping ratio of aluminum structures is

approximately 2%. A damping ratio of 2% is chosen for this simulation. As shown

in Figure 4.4, this microphone has a nearly flat response up to 100 kHz, with a

phase change less than 3 degree in the frequency range less than 100 kHz. The peak

coalescence is clearly observed due to three close natural frequencies. Typically, there

are two main factors to lead to peak coalescence: one is calculation resolution of

simulation (for instrumentation, frequency resolution of measurement system) and

the other is a system with a very big damping leading to the adjacent resonant peaks
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Figure 4.5: Harmonic response of the system (Assuming damping ratio = 0.02%).

coupled together. In order to investigate the reason for this case, a supposed damping

ratio of 0.02% is applied to the same structure to run the simulation again. As one can

see in Figure 4.5, the other two peaks appear, which verifies that the peak coalescence

of this structure is caused by the latter factor.

Stress is also a concern for the microphone assembly design. The microphone is

designed to bear a high acoustic pressure (SPL up to 180 dB). An finite element sim-

ulation of static structure analysis is also conducted to analyze the stress distribution

over the microphone assembly. Figure 4.6(a) shows the static stress distribution over

the microphone assembly under SPL 180 dB applied perpendicular to the surface of

the top aluminum plate. The maximum equivalent (von-Mises) stress is found to

67.457 kPa, which is much smaller than the yield strength of the PVDF film (45-55

MPa) or that of the aluminum alloy (∼280 MPa). Since the microphone is subject
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(a) Static stress distribution (b) Stress distribution (117.4 kHz)

Figure 4.6: (a) Static stress distribution over the microphone assembly. The max-
imum stress is 67.457 kPa. (b) Harmonic stress distribution over the microphone
assembly (at 117.4 kHz). The maximum stress is 95.13 kPa.

to dynamic pressure (SPL up to 180 dB, frequency bandwidth up to 100 kHz), the

harmonic stress distribution of SPL 180 dB at 117.4 kHz, as shown in Figure 4.6(b),

is extracted from the harmonic response simulation. The maximum dynamic stress

of 95.13 kPa is obtained. This maximum dynamic stress is bigger than that of static

pressure, but it is also much smaller than the yield strengths of two materials.

4.4 Experimental Setup and Results

The experimental setup shown in Figure 4.7 is developed to conduct various acous-

tic tests including relative sensitivity response, sensitivity calibration and sensor lin-

earity. To calibrate the dynamic response of the microphone, a speaker, driven by

the sinusoidal wave or band-limit white signal generated from USB data acquisition

system Quattro, is attached to one end of a circular plane wave tube (PWT). A

commercial available microphone, PCB 130C10, is used as reference. The crosshair
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Figure 4.7: Schematic of experimental setup.

microphone is placed at the opposite end of the PWT next to the commercial micro-

phone. A PWT is used to only propagate the fundamental mode (0,0) plane wave

and make sure that the higher order modes are evanescent for various acoustic tests.

The signals induced from the crosshair microphone is processed by the signal condi-

tioning circuit and fed into the data acquisition system (Quattro+SignalCalc) while

the signals from the commercial microphone are also recorded and analyzed by the
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data acquisition system with the interface of ICP coupling. How to design circular

PWT and the signal conditioning circuit is discussed next.

4.4.1 Circular Plane Wave Tube Design

a
r
 

z

Figure 4.8: Infinite circular tube with a radius of a.

Assuming an infinite tube with rigid wall shown in Figure 4.8, the linearized wave

equation for the propagation of acoustical waves in cylindrical co-ordinates can be

expressed in the form [67, 54]

▽2φ(r, θ, z, t) =
1

c2
0

∂2φ(r, θ, z, t)

∂t2
, (4.15)

where ▽2 is Laplacian operator, φ is velocity potential and c0 is speed of sound. Let

φ(x, y, z, t) = φ′(x, y, z)ejωt, then one gets the Helmholtz’s equation as

▽2φ′(r, θ, z) = k2φ′(r, θ, z), (4.16)

i.e.,

∂2φ′

∂r2
+

1

r

∂φ′

∂r
+

1

r2

∂2φ′

∂θ2
+

∂2φ′

∂z2
+ k2φ′ = 0, (4.17)
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where k is wave number (ω/c0) and ω is angular frequency. Considering separation of

variables (let φ′(r, θ, z) = R(r)Θ(θ)Z(z)) gives three ordinary differential equations

(ODE) as






1
R2

d2R
dr2 + 1

rR
dR

dr
+ 1

r2Θ
d2Θ
dθ2 = −k2

r
1
Θ

d2Θ
dθ2 = −m2

1
Z

d2Z
dz2 = −k2

z ,

(4.18)

where k2
z = k2 − k2

r . The solutions of the second and third ODEs are Θ(θ) =

Aθe
−jmθ + Bθe

jmθ and Z(z) = AZe−jkzz + BZe−kzz, respectively. The first ODE

can be transformed to

r2d2R

dr2
+

1

r

dR

dr
+ (k2

rr
2 − m2)R = 0, (4.19)

which is known as m order Bessel’s equation and the solution is given by R(r) =

ArJm(Krr) + BrNm(Krr), where Jm and Nm are Bessel and Neumann function of

order m respectively. Therefore, the overall solution is

φ(r, θ, z, t) =[ArJm(Krr) + BrNm(Krr)][Aθe
−jmθ + Bθe

jmθ]

[AZe−jkzz + BZejkzz]ejωt.
(4.20)

The periodicity of θ requires Θ(θ = 0) = Θ(θ = 2π), then Θ(θ) = Aθe
−jmθ +

Bθe
jmθ = Cθ{

cos(mθ)
sin(mθ)

}. It is noted that m must be integer, otherwise cos(mθ) and

sinθ will not be single-valued. Since Nm(krr → 0) → −∞ and φ has to be finite at

r = 0, then Br = 0. Therefore, R(r) = ArJm(Krr). At r = a, rigid wall demands

ur = ∂φ
∂r
|r=a = 0, i.e., dR

dr
|r=a = 0. So,

d

r
(Jm(krr))|r=a = krJ

′
m(kra) = 0. (4.21)

The solution of Eq. (4.21) is

krmna = αmn, (4.22)
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where m and n represent the diametral and radial mode numbers. αmn can be available

by looking up Table 4.1. Therefore, the total solution can be written in the form [67,

66]

φ(r, θ, z, t) =
∞

∑

m=0

∞
∑

n=0

{ cos(mθ)
sin(mθ)

}Jm(αmn
r

a
)

(Azmne−jkzmnz + Bzmnejkzmnz)ejωt,

(4.23)

where k2
zmn = k2− (αmn

a
)2. kzmn must be real-valued for wave propagation, otherwise,

if kzmn is imaginary, (m,n) mode waves are damped exponentially along the tube

length. Therefore, only propagation of plane wave requires

k <
α10

a
. (4.24)

Please note α10 = 1.841 is the smallest value for all higher modes. Assuming c0 = 343

m/s, substitution of k = 2πfc

c0
into Eq. 4.24 gives

a <
100.5

fc

, (4.25)

where fc is the cut-off frequency of the circular tube, which is the highest permitting

characterization frequency. For instance, 1) for our relative frequency response test,

the frequency range spans up to fc = 10 kHz, then a < 0.0101 m, i.e, a < 10.1 mm;

2) our calibration tests at the frequencies less than 2 kHz requires a < 50.3 mm. In

addition, far field wave excitation demands kl >> 1, where l is the tube length. If

the microphone is calibrated at 1 kHz, plugging the numbers gives l >> 0.0546 m.

For simplicity, tube length of 1 m is used for all acoustic tests.

4.4.2 Signal Conditioning Circuit

Figure 4.9 shows the schematic diagram of signal conditioning circuit of the PVDF

crosshair microphone. It consists of a buffer circuit with two operational amplifiers
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Table 4.1: The roots, αmn, of the Bessel function J ′
m(αmn)=0 [67]

m n=0 n=1 n=2 n=3 n=4
0 0 3.832 7.016 10.174 13.324
1 1.841 5.331 8.536 11.706 14.864
2 3.054 6.706 9.970 13.170 16.348
3 4.201 8.015 11.346 14.586 17.789
4 5.318 9.282 12.682 15.964 19.196
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Figure 4.9: Schematic diagram of signal conditioning circuit.

in series, two high-pass RC filters and a 60 Hz noise notch filter. The preamplifier

circuit is very important for the signal conditioning of the PVDF crosshair micro-

phone. There are two types of integrated circuits generally used in piezoelectric
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sensors: charge and voltage amplifiers. For the charge amplifiers, the output voltage

is equal to Qo/Cf (where Cf is the capacitance of the feedback capacitor), which

means that the output voltage is independent of the sensor capacitance. Using a

small Cf can lead to a very large voltage output. However, it is impractical to use

charge amplified systems above 50 kHz since the feedback capacitor exhibits filtering

characteristics above this range. Therefore, the voltage amplifier is employed in our

circuit design. A PVDF microphone behaves as a capacitor, hence it generates output

voltages with a high impedance level. The source impedance combined with the load

resistance provided by the amplifier generates a voltage divider. As the ratio of the

load resistance to the source impedance decreases, the output voltage also decreases,

which is known as the loading effect. This issue can be addressed by a buffer circuit

using an operational amplifier such as the Analog Devices AD743. This amplifier

has very high input resistance (300 GΩ) and small output resistance (around 10 Ω).

The buffer circuit converts the high output impedance of the microphone into a low

impedance signal which eliminates the loading effect and thus minimizes the signal

loss. A first order high-pass filter after the output of each operational amplifier is also

utilized to decouple DC voltage and low frequency components generated by thermal

effects, which is useful to avoid the potential for signal drift and the saturation of the

amplifier. Therefore, the first amplifier gain (RF1/R1) should be relatively smaller

compared to that of the second amplifier (RF2/R2). The total gain of 1000 is used

for the acoustic tests.

60 Hz powerline frequency noise is one of the most influential components of inter-

ference that contaminates acoustic signals induced in PVDF film based microphone.

One effective solution to this problem is a 60 Hz notch filter. A notch filter can
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Figure 4.10: 60 Hz notch filter frequency response.

eliminate the 60 Hz noise while not deleteriously affect the integrity of the rest of the

signal. The notch filter having the notch frequency of 60 Hz and Q factor of 10 is

realized with the UAF42 chip and six external resistors (Figure 4.9). RC1 = RC2 of

2.65 MΩ is given by 1/(2πfoC), where fo is the notch frequency of 60 Hz and C is

the internal capacitance of 1 nF. RQ of 2.78 kΩ is calculated by 25/(Q − 1). The Q

factor should be adjusted by setting Q = RZ3/RZ1 = RZ3/RZ2, which guarantees the

unit of the pass-band gain. Figure 4.10 shows the measured frequency response of

the transfer function of the 60 Hz notch filter. Approximately 55 dB reduction at 60

Hz is obtained for the designed notch filter.
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Figure 4.11: Relative sensitivity frequency response.

4.4.3 Experimental Results

The relative sensitivity frequency response (Figure 4.11, the crosshair PVDF mi-

crophone versus PCB 130C10) was measured using band-limited random noise of 94

dBA with a frequency range spanning up to 20 kHz. A tube with a diameter of

3/4” and a length of 1 meter was used. The data were obtained by averaging single-

sided auto-power spectral density (PSD), Gxx and cross PSD, Gxy, estimates from 20

records of the measured signals. The spectrum, with a frequency resolution of 12.5

Hz, was computed using the Fast Fourier Transform (FFT) algorithm and Hanning

window applied to the discrete time domain data. The response is nearly flat and has

a fluctuation of about ±3 dB over the frequency range up to 20 kHz, except for the
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notch frequency of 60 Hz (actually 62.5 Hz shown in Figure 4.11 due to the frequency

resolution).
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Figure 4.12: Measured microphone linearity at 1 kHz.

The measured linearity of the microphone at 1 kHz is shown in Figure 4.12. A

tube with a diameter of 4” and a length of 1 meter was used. 1 kHz sinusoidal

wave was generated by Quattro to drive the speaker to excite the crosshair PVDF

microphone and the reference microphone. The linearity plot shows that the crosshair

PVDF microphone exhibits an almost linear response (constant sensitivity) to sound

pressure up to 140 dB. The maximum testable level is limited here by the output

capacity of the speaker.
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Figure 4.13: Comparison of voltage spectra of the two microphones at 1 kHz and
SPL = 124 dB. (a) Voltage spectrum of the crosshair PVDF microphone. (b) Voltage
spectrum of the reference microphone.

The sensitivity calibration tests of the microphone were conducted under 1 kHz

sine wave at SPL of 124 dB. A tube with a diameter of 4” and a length of 1 meter

was used to generate 1 kHz plane wave. The linear spectrum is obtained by using

FFT and a uniform window. Figure 4.13 shows the spectra comparison between

the two microphones for one test. Please note that for a sinusoidal wave with an

amplitude of A, the double-sided linear spectrum will show a spike with magnitude

of A, but the root mean square (RMS) value of the sinusoidal wave is A/
√

2. For the

reference microphone having a sensitivity of 19.9 mV/Pa, in order to maintain SPL =

124 dB (i.e., RMS pressure of 31.6979 Pa), the RMS output voltage of the reference

microphone is 0.6308 V and it should be shown at 0.8921 V (i.e.,
√

2 × 0.6308 V)
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in the linear spectrum. Table 5.1 shows the recorded peak values of 1 kHz from the

double-side spectra of ten test runs on the two microphones. According to this table,

the sensitivity of the crosshair PVDF microphone is found to be 27.8±0.235 mV/Pa,

or equivalently -15.563±0.0367 dB (re 1 V/Pa).

The sensitivity of a flat continuous PVDF film working under 3-3 mode is ex-

pressed by K = −g33 · h, where g33 the piezoelectric stress constant in the x3 direc-

tion (for the used MSI PVDF film, it is -330 mVm/N) and h is the thickness, with

a value of 28 micron. Then the theoretical sensitivity of the MSI PVDF film is 9.24

µV/Pa. For the crosshair PVDF microphone, since the amplifier gain of 1000 is used,

the sensitivity of the sensor itself (without including the amplifier) is 27.8 µV/Pa

and therefore the sensitivity amplification ratio of 3.01 (27.8/9.24) is obtained. The

obtained ratio of 3.01 is close to the area amplification ratio of 3.2, which verifies the

principle of this design. The small difference might come from fabrication errors and

signal loss due to the cable capacitance and the input capacitance of the amplifier.

Table 4.2: The peak values obtained from the linear spectra of the developed micro-
phone and the reference microphone for ten test runs

n 1 2 3 4 5 6 7 8 9 10
VC (V) 1.212 1.226 1.209 1.273 1.253 1.248 1.262 1.236 1.271 1.262
VP (V) 0.872 0.866 0.875 0.902 0.893 0.894 0.901 0.892 0.912 0.914

The directivity of the microphone is measured using the experimental setup as

shown in Figure 4.14. A speaker is placed in front of the microphone and the distance

between the speaker and the microphone is also set to 1 m. The directivity result
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(Figure 4.15) is obtained by changing the angle of the microphone using a rotary table

(from -90 degree, i.e. 270 degree, to 90 degree). 1 kHz sinusoidal wave is also utilized

as the excitation wave and the induced voltage at 0 degree is used as the reference.

The result illustrates that a decay of about -10.5 dB at 90 degree or -90 degree is

measured.

o0 !

o09 !

o027 !

Crosshair PVDF microphone

Rotary

table

Figure 4.14: Experimental setup for characterizing the directivity.

4.5 Discussion

New acoustic sensors with high sensitivity, wide dynamic range and high fre-

quency bandwidth are needed for addressing emerging requirements of many acoustic,

aeroacoustic, and clinical applications. This chapter presents the design, sensitivity
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Figure 4.15: Directivity of the developed microphone.

analysis, finite element analysis, fabrication and characterization of a new type of

millimeter-size PVDF acoustic sensor based on a crosshair pattern with an area ratio

amplification principle, which can theoretically achieve 3.2× the sensitivity of existing

commercial available PVDF film in combination with a dynamic range of 180 dB and

a frequency bandwidth of approximately 100 kHz. Increased sensitivity is achieved

through pressure amplification (created by the area ratio between the rigid surface

exposed to acoustic waves and the crosshair pattern) in combination with reduced

capacitance (created by a patterned top electrode.)

Various techniques such as CAD/CAM and FEM are employed for the develop-

ment of design and fabrication of the microphone. Finite element simulations includ-

ing static structure analysis, modal analysis and harmonic response are performed
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in ANSYS WORKBENCH to finalize and evaluate the microphone assembly with a

requirement of a dynamic range up to 180 dB and a frequency bandwidth of 100 kHz.

Three adjacent resonant frequencies including the fundamental natural frequency are

found through modal analysis results. Peak coalescence is observed from the har-

monic response of the device. The static and dynamic stress distributions make sure

of the design within the safety constraint. Experimental setup is developed to char-

acterize the microphone using a commercial available PCB microphone as reference.

The theory and design of a circular plane wave tube is presented and signal condition-

ing circuits including the preamplifier circuit and the notch filter are also developed.

Acoustic tests show that the microphone exhibits a good linearity up to 140 dB (SPL)

and a relatively flat frequency response up to 10 kHz (The maximum testable level

is limited by the output capacity of the speaker and the data acquisition system).

The microphone has a sensitivity of 27.8 mV/Pa. Most importantly, the sensitivity

of the sensor itself (without the amplifier) is found to be 27.8 µ/Pa that is 3.01 times

the sensitivity of the commercial available PVDF film working in 3-3 mode, which is

approximate to the area amplification ratio of 3.2.

One goal of this chapter is to develop a proof-of-concept PVDF sensor based

on stress amplification and patterned electrodes. The small size, high stiffness, and

reduced mass of MEMS sensors are of great interest because such devices can sig-

nificantly improve both the temporal and spatial measurement bandwidth [51]. One

superior advantage of MEMS sensors can achieve a relative higher area ratio (100× is

possible) compared to the traditional fabrication processes. Optimal MEMS sensors

based on PVDF micro-pillars and patterned electrodes with various area amplification

ratios (up to∼ 60) will be discussed in Chapter 5.
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CHAPTER 5

VALIDATION AND CHARACTERIZATION OF AN

ACOUSTIC SENSOR BASED ON PVDF

MICRO-PILLARS AND PATTERNED ELECTRODES

This chapter presents the fabrication, validation, and characterization of a new

type of millimeter-size acoustic sensor that uses Polyvinylidene Fluoride (PVDF)

micro-pillars and patterned electrodes. The sensor takes advantage of two key design

principles: 1) stress amplification mechanism through the area ratio between the over-

all surface exposed to acoustic waves and the area of the individual micro-pillars; 2)

patterned electrodes created to reduce the capacitance of the sensor by excluding the

capacitance of the air between micro-pillars. In combination, these design principles

enable a sensor which in practice could achieve 100x the sensitivity of flat PVDF film.

An analytical sensitivity analysis is presented and sensor fabrication details are

described. An experimental setup is developed to characterize the sensor against a

commercially available PCB microphone. The theory and design of a circular plane

wave tube is presented and the signal conditioning circuit including the preamplifier

circuit and notch filter is discussed. Sensitivity calibration tests show that the devel-

oped sensor with a gap ratio of 5.8182 exhibits a stress constant of -19.93 V/m/Pa

in 33 mode, which is 60.39× bigger than that of commercial available PVDF film.
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Experimental results also show that the sensitivity of the sensor is in close agreement

with theory, thus confirming the performance advantages of the micro-pillar sensor.

5.1 Sensitivity Analysis

In chapter 3, we proposed two designs: PVDF micro-pillars with patterned elec-

trodes (Figure 3.1) and with full electrodes. The sensitivities of three PVDF sensor

designs are compared: flat continuous film, PVDF micro-pillars with full electrodes,

and PVDF micro-pillars with patterned electrodes.

Compared to the flat continuous PVDF film, the sensitivity amplification ratios

of PVDF micro-pillars with patterned electrodes and with full electrodes are (d+g1) ·

(d + g2)/(πd2/4) and εr(d+g1)(d+g2)/[πd2/4·(εr−1)+(d+g1)(d+g2)], respectively. In

other words, PVDF micro-pillars with patterned electrodes has a new stress constant

of (d + g1) · (d + g2)/(πd2/4) · g33 and with full electrodes desgin it has a new stress

constant of εr(d+g1)(d+g2)/[πd2/4·(εr−1)+(d+g1)(d+g2)]·g33. A comparison of the

sensitivities of the two micro-pillar designs relative to that of solid PVDF film is shown

in Figure 3.4. The micro-pillar sensor with patterned electrodes theoretically has an

unlimited sensitivity with increasing geometry ratio g/d (assuming g = g1 = g2). It is

possible that an PVDF sensor based on micro-pillars and patterned electrodes with

a gap ratio of ∼ 8 could achieve 100× the sensitivity of flat PVDF film. For the

developed PVDF micro-pillar sensor with patterned electrodes (details described in

Section 5.2), the gap ratio (g/d) of the sensor is 5.8182. Therefore, the stress constant

of the fabricated sensor is theoretically 59.19× larger than that of flat continuous

PVDF film (Figure 3.4).
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5.2 Sensor Fabrication

5.2.1 Patterned Electrode Fabrication

Figure 5.1: Photomask designed in ADS.

Figure 5.1 shows the photomask used for the patterned electrode fabrication. The

mask contains six designs, and one (left and bottom) was, with the biggest gap

ratio, chosen for the fabricated sensor. The negative of the electrode pattern, which

consisted of 11 µm diameter circles (∼64 µm spacing) interconnected by 2 µm wide

lines, was first defined on a glass slide via photolithography using a positive photoresist

(Shipley 1813). A ∼50 nm Au/Pd layer was then sputter-coated on the patterned

surface, followed by acetone-assisted dissolution of the photoresist in a sonicator. The

fabrication process and optical micrographs of the electrode are depicted in Figure 5.2.
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Figure 5.2: Patterned electrode fabrication. (a) Photoresist is deposited over the glass
slide. (b) Photoresist patterning via photolithography. (c) Au/Pd layer is deposited
over the patterned surface. (d) Photoresist is selectively removed with acetone. (e)
and (f) Optical micrographs of the patterned photoresist and patterned electrode,
respectively.

5.2.2 PVDF Microfabrication

PVDF micropatterning and poling was conducted via previously established tech-

niques, described in more detail elsewhere. Standard photolithography was used to

define the footprint pattern of the sensor (11 µm diameter circles spaced by 64 µm)

on a silicon master. A polydimethylsiloxane (PDMS) stamp bearing the negative
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replica of the pattern was created by pouring silastic T-2 PDMS (Dow Corning)

mixed with its curing agent over the master, vacuum degassing and curing at room

temperature for 48 hours before removal. Patterned PDMS stamps were then used for

the fabrication of PVDF micropillars. Briefly, a 10 wt % PVDF (Aldrich) solution in

dimethylacetamide (Sigma-Aldrich) and acetone was spin coated on the PDMS stamp

at 1000 rpm for 45 seconds. The stamp was then heated up to ∼150oC for 2-3 min-

utes to evaporate the solvent and anneal the PVDF. The micropatterned PVDF film

was optically aligned with the patterned electrode, and bonded together via thermal

pressing at ∼150oC and 35 kPa for 5 minutes. Figure 5.3 illustrates the fabrication

process of PVDF micropillars. Scanning electron microscopy (SEM) images of the

patterned PVDF films are shown in Figure 5.3 (e) and (f). Cross sectional analysis

via SEM confirmed that the patterned film had a thickness of 9.5 ±0.67 µm (average

±standard deviation). Finally, the PVDF pillars were overlaid with adhesive copper

tape (3M), and poled by applying an electric field of ∼120 MV/m.

5.3 Experimental Validation and Characterization

5.3.1 Experimental Setup

The experimental setup shown in Figure 4.7 is developed to conduct various

acoustic tests including sensitivity calibration and validation, sensitivity frequency

response, and sensor linearity. To calibrate the dynamic response of the sensor,

a speaker, driven by the sinusoidal wave or band-limit white signal generated from

Quattro, is attached to one end of a circular plane wave tube (PWT). A commercially

available microphone, PCB 130C10, is used to characterize the developed sensor. The
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Figure 5.3: PVDF patterning and sensor assembly. (a) Patterned PDMS mold. (b)
PVDF solution is spin coated over the PDMS. (c) Patterned PVDF film is aligned
and transferred onto the patterned electrode. (d) Copper tape is overlaid on top of
the pillars. (e) and (f) show lower and higher magnification SEM micrographs of the
PVDF pillars, respectively.

micro-pillars microphone is placed at the opposite end of the PWT next to the com-

mercial microphone. A PWT is also designed as discussed before, and used to only

propagate the fundamental mode (0,0) plane wave and make sure that the higher

order modes are evanescent for various acoustic tests. The signals induced from the

micro-pillar sensor is processed by the signal conditioning circuit and fed into the

data acquisition system (Quattro+SignalCalc) while the signals from the commercial
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microphone are also recorded and analyzed by the data acquisition system with the

interface of ICP coupling.

A lifi SpeakerAmplifier Speaker

SignalCalc

+Quattro PWT

Signal

conditioning

Micro-pillar

circuit

PCB

130C10

Micro pillar

sensor

130C10

Figure 5.4: Schematic of experimental setup.

5.3.2 Signal Conditioning Circuit

Figure 5.5 shows the schematic diagram of signal conditioning circuit of the PVDF

crosshair microphone. It consists of a buffer circuit with two operational amplifiers in

series, two high-pass RC filters and a 60 Hz noise notch filter. The preamplifier circuit

is very important for the signal conditioning of the micro-pillar sensor. A PVDF
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Figure 5.5: Schematic diagram of signal conditioning circuit.

microphone behaves as a capacitor, hence it generates output voltages with a high

impedance level. The source impedance combined with the load resistance provided

by the amplifier generates a voltage divider. As the ratio of the load resistance to the

source impedance decreases, the output voltage also decreases, which is known as the

loading effect. This issue can be addressed by a buffer circuit using an operational

amplifier such as the Analog Devices AD712. This amplifier has very high input

resistance (300 GΩ), small capacitance (5.5 PF) , and small output resistance (around

10 Ω). The buffer circuit converts the high output impedance of the microphone into

a low impedance signal which eliminates the loading effect and thus minimizes the

signal loss. A first order high-pass filter after the output of each operational amplifier

is also utilized to decouple DC voltage and low frequency components generated
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by thermal effects, which is useful to avoid the potential for signal drift and the

saturation of the amplifier. Therefore, the first amplifier gain (RF1/R1) should be

relatively smaller compared to that of the second amplifier (RF2/R2). The total gain

of 1000 is used for the acoustic tests. A notch filter can eliminate the 60 Hz noise

while not deleteriously affect the integrity of the rest of the signal. The notch filter

having the notch frequency of 60 Hz and Q factor of 10 is realized with the UAF42

chip and six external resistors, which has been discussed in chapter 4. Approximately

55 dB reduction at 60 Hz is measured for the designed notch filter.

For many PVDF film based applications, the capacitance of the PVDF film (typ-

ically around a few nanofarads) is much larger than the input capacitance of the

amplifiers (typically about a few picofarads), which is therefore negligible. However,

in terms of the acoustic sensor based on micro-pillars and patterned electrodes, its

capacitance (CPV DF , 9.5 pF) has the same order of magnitude compared to the input

capacitance of the operational amplifier (CA, 5.5 pF) and thus it must be taken into

account in the sensitivity calibrations of the sensor. Similarly, the same treatment

will be taken for the capacitance (CR, 3.4 pF) of the parallel resistance, RM . An ad-

ditional parallel capacitance, CD, is critical to the stability of the signal conditioning

circuit. If this capacitance is too small, the output of the signal conditioning circuit

will be bounded by the dual power supply (±10 V). A capacitor with capacitance of

104.4 pF is utilized for the circuit.

5.3.3 Sensitivity Calibration and Validation

PVDF micro-pillar sensor with the signal conditioning circuit can be modeled as a

system comprising a second-order mechanical system, a first-order electrical system,
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two operational amplifiers in series, two high-pass RC filters, and a 60 Hz noise notch

filter. The system transfer function (the sensitivity of the microphone with the signal

conditioning circuit) is expressed by

Kmic =
Vout(s)

P (s)
=

Vout(s)

Eo(s)

Eo(s)

P (s)
. (5.1)

The system transfer function between Vout(s) and Eo(s) is expressed by

Vout(s)

Eo(s)
=

RF1

R1

RH1CH1s

RH1CH1s + 1

RF2

R2

RH2CH2s

RH2CH2s + 1
Hnth(s), (5.2)

in which Hnth(s) is the transfer function of the notch filter. The system transfer

function between Eo(s) and P (s) is expressed by [83]

Eo(s)

P (s)
=

G1τs

τs + 1

[

G2S/

(

1

ω2
n

s2 +
2ξ

ωn

s + 1

)]

, (5.3)

in which τ is the time constant of the first order system, ωn is the natural frequency

of the second order system, ξ is damping ratio, S is the area of the footprint of

the sensor, and G1 and G2 are the gains of the first-order system and second-order

system, respectively. Here, G1 = Kq/Ct, where Kq is constant (C/m) and Ct =

CPV DF +CD +CR +CA is the total capacitance. G2 = 1/k, where k is the equivalent

stiffness of the mechanical system. Therefore,

Eo(s)

P (s)
=

Kq

Ct

τs

τs + 1

[

(S/k)/

(

1

ω2
n

s2 +
2ξ

ωn

s + 1

)]

=
CPV DF

Ct

KqS

CPV DF k

τs

τs + 1

[

1/

(

1

ω2
n

s2 +
2ξ

ωn

s + 1

)]

,

(5.4)

in which KqS

CPV DF k
is defined as the static sensitivity of the sensor based on PVDF micro-

pillars and patterned electrodes. In order to avoid the confusion of this sensitivity

with the sensitivity of Eq. (4.13), we called it as the measured sensitivity

Kmpm =
KqS

CPV DF k
. (5.5)
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Because the cut-off frequency of the first order system and the high pass fil-

ters is chosen at 20 Hz and the natural frequency of the sensor is much greater

than 100 kHz, at 1 kHz the magnitudes of RH1CH1s
RH1CH1s+1

, RH2CH2s
RH2CH2s+1

, Hnth(s),
τs

τs+1
, and

1/
(

1
ω2

n
s2 + 2ξ

ωn
s + 1

)

are nearly 1. Further, RF1

R1

RF2

R2

is adjusted to be 1000. Substitu-

tion of these values and Eq. (5.5) into Eqs. (5.2), (5.4), and (5.1) gives

Kmic = 1000
CPV DF

Ct

Kmpm. (5.6)

Or, the measured sensitivity of the sensor itself is

Kmpm = Kmic
Ct

CPV DF

1

1000

= Kmic
CPV DF + CD + CR + CA

CPV DF

1

1000
.

(5.7)

It is noted that for most PVDF film based applications the capacitance of PVDF film

is typically much greater than the other capacitances such as the input capacitance of

amplifier and also there is no need to employ a parallel capacitance to maintain the

stability of the signal conditioning circuit. Under this circumstance, the total capac-

itance is almost equal to the capacitance of the PVDF film and thus the sensitivity

of the sensor itself can be simply obtained by only considering the total gain of the

signal conditioning circuit. Due to the small capacitance of PVDF micro-pillars with

patterned electrodes comparable to the other capacitances, the measured sensitivity

of the sensor should be calculated by the Eq. (5.7) including the capacitance ratio.

The sensitivity calibration tests of the microphone were conducted under 1 kHz

sine wave at SPL of ∼120 dB. A PVC pipe with a diameter of 3” and a length of 1

meter was used to generate 1 kHz plane wave. The linear spectrum is obtained by

using FFT and a Hanning window. Figure 5.6 shows the spectra comparison between
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Figure 5.6: Comparison of voltage spectra of the two microphones at 1 kHz and SPL
= 124 dB. (a) Voltage spectrum of the micro-pillar microphone. (b) Voltage spectrum
of the reference microphone.

the two microphones for one test. Figure 5.7 shows the spectrum waterfall of ten

test runs on the two microphones. Table 5.1 shows the recorded peak values of 1

kHz from the double-side spectra of ten test runs . Please note that for a sinusoidal

wave with an amplitude of A, the double-sided linear spectrum will show a spike with

magnitude of A, but the root mean square (RMS) value of the sinusoidal wave is

A/
√

2. For the reference microphone having a sensitivity of 19.9 mV/Pa, the mean

value of the pressure spikes of ten test runs is 26.49 Pa and thus the RMS pressure

is 26.49/
√

2 = 18.73 Pa, i.e., 119.4 dB. According to this table, the sensitivity of the

micro-pillar microphone (Kmic) is found to be 14.647±0.138 mV/Pa, or equivalently

-18.343±0.041 dB (re 1 V/Pa). The measured sensitivity of the developed sensor
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Figure 5.7: Spectrum waterfall of the two microphones at 1 kHz and SPL = ∼120
dB. (a) Spectrum waterfall of the PVDF microphone. (b) Spectrum waterfall of the
reference microphone.

(Kmpm) is 189.3±1.8 µV/Pa, calculated by Kmic
9.5+104.4+3.4+5.5

9.5
1

1000
, or equivalently

-37.228±0.041 dB (re 1 V/Pa).
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Table 5.1: The peak values obtained from the spectrum waterfall of the developed
microphone and the reference microphone

n 1 2 3 4 5 6 7 8 9 10

VOUT (mV) 374.4 375.1 384.6 375.3 386.3 392.6 393.4 398.1 400.6 400.0
PPCB (Pa) 25.77 25.92 26.34 25.96 26.43 26.71 26.79 27.03 26.99 26.95

Substitution of Kmpm and the thickness of PVDF micro-pillars, 9.5 µm, into

Eq. (4.3) gives the measured piezoelectric stress constant in the x3 direction is -19.93

V/m/Pa. While the stress constant of commercially available PVDF film (Measure-

ment Specialties, Inc., USA), g33, is -0.33 V/m/Pa. Therefore, the obtained stress

constant amplification ratio is 60.39 (19.93/0.33). The obtained amplification ratio of

60.39 is close to the theoretical prediction of 59.19, thus confirming the performance

advantages of the micro-pillar sensor. The small difference might come from the mask

design, the fabrication errors, the measurements, and the poling process.

5.3.4 Sensitivity Frequency Response

In order to measure the sensitivity frequency response of the micro-pillar sen-

sor, first the relative sensitivity frequency response Hx,y(s) between the developed

microphone and the reference microphone, PCB 130C10, is measured. So,

|Hx,y(s)| = 20log(
|VOUT (s)|
|VPCB(s)|)

= 20log(
|VOUT (s)/P (s)|
|VPCB(s)/P (s)|)

= 20log(
|Kmic(s)|
|KPCB(s)|)

= 20log(1000
CPV DF

Ct

|Kmpm(s)|
|KPCB(s)|),

(5.8)
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where, |KPCB(s)| is the sensitivity of the PCB microphone. Therefore,

|Kmpm(s)| = |Kmic(s)|
Ct

1000CPV DF

10|Hx,y(s)|. (5.9)
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Figure 5.8: Relative sensitivity frequency response.

The relative sensitivity frequency response (Figure 5.8, the micro-pillar micro-

phone versus PCB 130C10) was measured using band-limited random noise with a

frequency range spanning up to 40 kHz. A tube with a diameter of 3/4” and a

length of 1 meter was used. The data were obtained by averaging single-sided auto-

power spectral density (PSD), Gxx and cross PSD, Gxy, estimates from 50 records

of the measured signals. The spectrum, with a frequency resolution of 12.5 Hz, was

computed using the Fast Fourier Transform (FFT) algorithm and Hanning window

applied to the discrete time domain data. The sensitivity frequency response of the

108



10
2

10
3

10
4

−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (Hz)

M
ag

ni
tu

de
 (

dB
),

 r
e 

1 
V

/P
a

Figure 5.9: Sensitivity frequency response of the developed micropillar sensor.

developed micropillar sensor (Figure 5.9) is obtained using Eq. (5.9). The response

is nearly flat and has a fluctuation of about ±2 dB over the frequency range up to 15

kHz. While the frequency response of 15-40 kHz can not be fully determined because

the PCB 130C10 (PCB Piezotronics, Inc.) has a frequency bandwidth of 10-15000

Hz and the frequency response beyond 15 kHz in the calibrated sheet is truncated.

Most likely, the commercial microphone has a low pass filter with a cut-off frequency

of ∼15 kHz and our micro-pillar sensor still has a relatively flat frequency response

beyond 15 kHz, the pseudo increasing trend in the frequency response after 15 kHz

could be due to the decreasing trend in the frequency response of the commercial

microphone, PCB 130C10.
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Figure 5.10: Measured sensor linearity at 1 kHz.

5.3.5 Sensor Linearity

The linearity of a sensor is an expression of the extent to which the actual mea-

surements of the sensor departs from the ideal curve. The measured linearity of the

sensor at 1 kHz is shown in Figure 5.10. A 1 kHz sinusoidal wave was generated by

Quattro to drive the speaker to excite the micro-pillar microphone and the reference

microphone. A PVC pipe with a diameter of 3” and a length of 1 meter was used. The

linearity plot shows that the micro-pillar sensor exhibits an almost linear response

(constant sensitivity) to sound pressure up to 120 dB. The maximum testable level

is limited here by the output capacity of the speaker.
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5.4 Concluding Remarks

New acoustic sensors with high sensitivity and high frequency bandwidth are

needed for addressing emerging requirements of many acoustic, aeroacoustic, and

clinical applications. This chapter presents the design, fabrication, sensitivity analy-

sis, validation, and characterization of a new type of millimeter-size PVDF acoustic

sensor based on micro-pillar array and patterned electrodes, which can theoretically

achieve 59.19x the sensitivity of existing commercially available PVDF film. Increased

sensitivity is achieved through pressure amplification (created by the area ratio be-

tween the rigid surface exposed to acoustic waves and the micro-pillars array) in

combination with reduced capacitance (created by a patterned top electrode.)

Detailed fabrications of patterned electrode and sensor assembly are described. An

experimental setup is developed to characterize the microphone using a commercially

available PCB microphone as reference. Signal conditioning circuits including the

preamplifier circuit and the notch filter are also developed. Acoustic tests show that

the microphone exhibits a good linearity up to 120 dB (SPL) and a relatively flat fre-

quency response up to 15 kHz. The testing was limited by the PCB microphone used

for characterization. The sensor should be theoretically capable of a frequency range

greater than 100 kHz considering that the sensor works in the thickness mode ??. The

sensitivity calibration test shows that the developed sensor has a sensitivity of 189.3

µV/Pa, which is 60.39× greater than that of the commercial solid PVDF with the

same footprint area and the thickness. More specifically, the measured stress constant

of the sensor is -19.93 V/m/Pa, which is 60.39× bigger than that of commercial solid

PVDF ( g33 =-0.33 V/m/Pa). Meanwhile the measured stress constant amplification

ratio is in good agreement with the predicted amplification ratio.
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CHAPTER 6

DEVELOPMENT OF MICRO-TENSILE TESTER AND

CHARACTERIZATION OF NANOFIBERS

6.1 Preamble

Nanofibers with their large surface-to-volume ratio have found numerous appli-

cations in many different areas including energy storage, healthcare, biotechnology,

environmental engineering, and defense and security [62]. With the increased pop-

ularity in academic research, potential applications of electrospun fibers have also

been identified such as high-performance air filters, protective textiles, solar cells and

full cells, polymer batteries, sensors, advanced composites, photovoltaic cells, and

scaffolds in tissue engineering [27, 65, 78, 20, 85].

Studies show that the stiffness of the scaffold plays an important role in various

cellular functions at the micro level such as cell growth, differentiation and motil-

ity [68]. For next generation of flexible sensors, it is indispensable to characterize the

morphological, mechanical, electrical, and electromechanical properties of electrospun

flexible structures using micron to macroscale techniques. Therefore, there is a great

need to study the nanomechanical properties of individual nanofibers. Tensile testing
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of specimens with a size of a few millimetres or larger can be conducted using con-

ventional universal testing machines. However, for micro- and nanoscale fibers, this

kind of equipment is not suitable and some alternative means need to be explored

and studied. In order to characterize nanofibers, it requires a tensile tester capable

of detecting micro-Newtons range force or even smaller depending on the method

chosen by the user. Further, due to the small size of nanofibers, the manipulation

of the fibers is quite a challenge compared to the conventional holder used in the

commercially available MTS machines.

Viscoelasticity is the property of materials that exhibit both viscous and elastic

characteristics when subjected to deformation. Viscous materials, like honey, resist

shear flow and strain linearly with time when a stress is applied. While elastic ma-

terials, such as steel, produce strain instantaneously when stretched and can return

to their original state immediately after the stress is removed. Generally speaking,

polymers are viscoelastic materials and they exhibit elasticity in glassy state whereas

they exhibit viscoelasticity in rubbery state.

6.2 Electrospinning Process

Electrospinning was first patented in the US in 1902 by Morton [53]. The process

was, however, gaining in increasing popularity in the 1990s. With interest in the field

of nanoscience and nanotechnology, more and more researchers began new study and

investigations of nanofiber production using electrospinning process. Startups such as

eSpin Technologies, NanoTechnics, and KATO Tech are just some of the companies
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Figure 6.1: Schematic of elctrospinning process.

looking for the unique advantages offered by electrospinning process, while compa-

nies such as Donaldson Company and Freudenberg have been successfully employing

electrospun fibers in their air filtration products for the last two decades [62].

Figure 6.1 shows the basic principle of elctrospinning process. Electrospinning

is a process that produces polymer fibers with diameter ranging from nanometers

to micrometers from melt or polymer solution when subjected to a large electric

field. When an electric potential is applied to polymer solution, the charged polymer

solution forms a cone-shaped droplet at the tip of the nozzle[84]. If the electrostatic

force is sufficient enough to overcome the surface tension of the solution droplet,
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the droplet is ejected towards a grounded metal plate. This charged jet undergoes

whipping mode, referred to as an instability region where it splits into multiple fine

fibers and travels to the collector. The solvent evaporates afterwards and thus the

dry ultrafine fibers are formed on the collection plate.

6.3 Methodologies

There are generally three main methodologies used to characterize nanofibers:

three-point bend test, nanoindentation, and micro-tensile test. Atomic Force Mi-

croscope (AFM) is widely used for probing mechanical properties of soft polymeric

nanofibers. However, there are a number of issues that have to be considered. Com-

mercially available material testing machines have been successfully used to conduct

tensile testing of specimens with a size of a few millimeters or larger for a few decades.

This technique needs to be adapted for characterization of the material properties

of nanofibers due to the small force during the test. Further, due to the difficult of

nanofiber manipulation, a special holder should be designed to meet this requirement.

These three methodologies will be compared and analyzed next, and the design and

development of micro-tensile tester will be presented.

6.3.1 Three-point Bend Test

The elastic modulus of a single nanofiber can be obtained by performing a nanoscale

three-point bend test on the nanofiber suspended over the etched groove in a silicon

wafer using AFM as shown in Figure 6.2. An AFM cantilever tip is utilized to apply

a small force leading to deflection at the center of the nanofiber using the force mode.

During the process, it is assumed that the nanofiber is an elastic beam with both
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Figure 6.2: Schematic diagram of three-point bend test of a single nanofiber using
AFM tip.

ends fixed, and undergoing pure bending (i.e., it means that shear deformation is ne-

glected) as the force is applied. According to beam bending theory for a three-point

bending of a beam with two ends fixed, the elastic modulus is expressed by

E =
FL3

192V I
, (6.1)

in which F is the maximum applied force, L is the suspended length, V is the deflection

of the beam at the center, and I is the second moment of area of the beam (where

I = πd4/64 and d is beam diameter).

The advantage of this method is that a small force (low as a few nano-Newtons) can

be applied so that thin nanofibers can be investigated and characterized. Meanwhile,

there are several concerns about this technique: 1) In order for the elastic beam

theory to be valid, the deflection slope of the nanofiber should be less than 5o, which

needs to be checked and is not always true. 2) In order not to produce indentation on

the surface of the nanofiber, a AFM tip with big radius is used, which could change

the load condition (not a point force any more). 3) The ends fixed assumption could

not hold if sliding happens between the nanofiber surface and the etched groove.
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Figure 6.3: Schematic diagram of nanoindentation of a single nanofiber using AFM
tip.

6.3.2 Nanoindentation

Nanoindentation might be the most popular method used for characterization of

various nanofibers or other flat soft polymers. It has gained increased interest of

researchers because of the simplicity of sample preparation as well as implementation

of the test. Figure 6.3 shows nanoindentation process using AFM tip insertion into a

nanofiber, which is sufficiently adhered on the hard substrate.

Young’s modulus is calculated from force spectroscopy data using the Hertz model [37],

which defines a relationship between contact radius, nanoindentation load, and nanoin-

dentation depth:

E =
3F (1 − µ2)

4
√

Reδ3/2
, (6.2)

where F is the applied force, µ is the Poisson’s ratio of the nanofiber, δ is the inden-

tation depth, and Re is the equivalent radius (Re =
R2

aRf

Ra+Rf
, where Ra is the AFM tip

radius and Rf is the radius of the fiber). Note that a sphere shape of the AFM tip

is assumed for the equation before. In the case of indentation using a rigid conical

indenter, a different equation needs to be chosen accordingly.

117



Although there are numerous advantages of nanoindentation, there are several

issues that must be considered: 1) The actual values of tip radius and cantilever

spring constant usually deviate from the nominal values that, however, have often

been used for the calculation of Young’s modulus for convenience, which could lead

to some errors. 2) Nanofiber surface roughness will cause a reduced contact pressure

for a given load compared to the smooth surface. 3) The curved surface of the fiber

has to be taken into account of when using Hertz theory whereas most indentations

are performed on the flat surface. 4) Non-perpendicular loading could lead to slip

and friction between the AFM tip and the sample surface during indentation [46].

6.3.3 Micro-tensile Test

micro- and nanoscale fibers tensile test requires low load and displacement res-

olutions not associated with traditional servohydraulic testing systems, which are

typically widely used in larger conventional universal testing machines. Figure 6.4

shows the schematic diagram of micro-tensile test of a single nanofiber. The principle

of this micro-tensile tester is almost same as larger conventional universal testing ma-

chines. During the tensile test, the micro- or nanofiber is driven by a linear actuator

and the induced force generated by the elongation of the tensile test is detected by the

load cell. The data acquisition system records the corresponding displacement and

force for obtaining force-displacement curve, stress-strain curve, etc. The load cell

can be replaced with a force sensor using servo electromagnetic actuation combined

with a precise capacitive gauge, which is utilized in commercially available system,

Agilent T150 UTM (Figure 6.5).
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Figure 6.4: Schematic diagram of micro-tensile test of a single nanofiber.

Due to the difficulty in manipulating and gripping single nanofibers, an appropri-

ate holder for gripping fibers is very important for the mciro-tensile testing. Figure 6.5

(a) shows the fiber holder used in Agilent T150 UTM. The end of the microfiber

dipped in glue is attached to the tip of a base plate using tweezers. A needle is used

to transfer the glue onto the hook-shape tip so as to minimize any disturbance to

the sensitive force sensor underneath. By the same way, the other end of the fiber is

adhered to the hook-shape tip mounted to the linear actuator using tweezers and the

needle. The needle is also utilized to adjust the position of the microfiber such that
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Figure 6.5: Micro-tensile machines. (a) Agilent T150 UTM. (b) Our developed micro-
tensile machine.

the fiber is properly aligned in the axial direction of the tensile test. The glue is left

to dry for a few hours prior to the test. We developed a similar holder to manipulate

nanofibers and found out that it is a doable way, but an inconvenient way to grip

nanofibers. The nanofibers sometimes tend to adhere to the tweezers and the whole

process is very time consuming.

Due to the drawbacks of the holder of the commercial tensile machine, another

kind of novel holder (as shown in Figure 6.6) was designed and developed for nanofibers’

manipulation. In general, it includes three steps of preparing a single naofiber for ten-

sile tests: 1) a copper tape with a prepunched hole of some special diameters such

as 3/32 inch is used to sandwich and hold the nanofiber along the diameter axis of
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Figure 6.6: Photograph of our developed holder for nanofibers.

the hole. The hole is penetrated by some special punch tool and a thin aluminum

sheet is used as a back-up substrate so as not to create wrinkle and warp during

the punch process; 2) both ends of the copper tape are clamped by the lead screw

driven holder; 3) the center partitions of the copper tape is cut perpendicular to

the nanofiber, carefully to not touch the fiber. Figure 6.5 (b) shows that the devel-

oped micro-tensile machine incorporating a precision linear actuator (Ultra Motion,

Inc.), a mini-load cell (Cooper Instruments and Systems), and a XYZ basis (Sherine,

Inc.). After the nanofiber is mounted in the micro-tensile machine, the sample can
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be stretched to failure at a user defined strain rate and thus the data containing force

vs. time information are measured, and further are converted to stress-strain curve.

6.4 Displacement and Force Resolutions

Displacement and force resolutions are two critical specs for a micro-tensile ma-

chine because very small force is produced during the fiber elongation. For example,

the Micro Bionix 250 system offers load test capability from 1 mN to 250 N and

displacement resolution of 1 µm. While Agilent T150 UTM provides force amplitude

range of 0.1 µN to 4.5 mN and extension resolution of 35 nm. The displacement

of our developed micro-tensile machine is determined by the lead screw pitch of the

linear actuator and the step size setting of the stepper motor and it is calculated by

rd = p/200 · sstep, (6.3)

where p is the lead screw pitch of the linear actuator (0.025 inch) and sstep is the

step size that sets the amount of rotation per input step. For all 1.8o step motors,

without step size setting it requires 200 input step pulses for one revolution. So if

the step size is 1/250, the displacement resolution of the linear actuator is 12.7 nm

(0.025× 25.4× 10−3/200× 1/250). Since the step size of 1/250 is the smallest micro

step size that can be selected, the highest displacement resolution of the developed

micro-tensile machine is 12.7 nm.

The force resolution of the system is a complicated problem. It depends on the

load cell, table, signal conditioner, amplifier gain, signal filter, and excitation voltage

of the load cell. The force peak-peak noise level was investigated with respect to

these issues. The testing results show that 1) vibration isolation table (air cushion)

does not increase force resolution of the system provided there is no hard hit on the
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table by users; 2) larger amplifier gain of the signal conditioner tends to improve force

resolution; 3) a low pass filter can suppress the high frequency noise in the system

and hence lowers the force peak-peak noise level; 4) using a high voltage excitation for

the load cell can increase force resolution (Roughly speaking, double the excitation

voltage and 1/2 of the force resolution can be achieved). The best force resolution is

found to be ∼6 µN (peak-peak) by using the amplifier gain of 1000, 10 Hz low pass

filter, and 10 V of the excitation voltage.

6.5 Experimental Results and Discussion

The force time trace, force-displacement curve, and stress-strain curve for a PVDF

single microfiber are shown in Figure 6.7. Micro step size of the stepper motor drive is

set to be 1/25 and thus the displacement resolution is 127 nm. A 1 kHz PWM wave,

generated by data acquisition system Quattro, was fed into the stepper motor drive

so as to drive the linear actuator. Material creep phenomenon is clearly observed.

Creep is referred to as the property of viscoelastic materials: if the stress is held

constant, the strain increases with time. It is also found that the fiber exhibits a

significant large strain (more than 200%), which is not commonly seen in the normal

elastic materials. The electrospun PVDF fiber is found to exhibit a Young’s Modulus

of ∼300 MPa, which is about 1/10 of that of commercially available PVDF film.

Regarding the obtained stress-strain curve, there are a couple of issues that need

to be considered: 1) the fiber diameter of 10 µm, which was measured by optical

microscopy as shown in Figure 6.8, is used for calculation. As we can see, the fiber

is not a perfect cylindrical rod and it has different diameter values at different places

along the fiber. Further, the measurement error form the optical microscopy could
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Figure 6.7: (a) Force vs. time curve. (b) Force vs. displacement curve (c) Stress-
strain curve.

affect the result; 2) it is assumed that the fiber has a uniform deformation during

the elongation process. Figure 6.9 shows some imperfections along fibers. Lumps

(Figure 6.9 (a)) along the fiber is often observed. During the elongation in the tensile

test, the lump becomes a strong point where the material is difficult to deform so that

it leads to other places weaker (easy to deform). Also, constriction along the fiber, as

shown in Figure 6.9 (b), is observed and it will reduce the estimated Young’s modulus
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10 µm

Figure 6.8: Optical microscopy for measuring the diameter of the fiber.

as well. In reality, a real fiber could have both imperfections, which could decrease the

estimated Young’s modulus more; 3) the tested fiber might be a composite containing

residual solvent. Further, it could lead to porosity even if the solvent is fully vaporized.

6.6 Concluding Remarks

In this chapter, three main methodologies (i.e., three-point bend test, nanoinden-

tation, and micro-tensile test) for characterization of nanofibers are compared. The

advantages and disadvantages of each method is analyzed and discussed. A micro-

tensile machine was developed to characterize micro- or nanofibers by incorporating

a precision linear actuator (Ultra Motion, Inc.), a mini-load cell (Cooper Instruments

and Systems), and a XYZ basis (Sherine, Inc.). Due to the difficulty in manipulating

and gripping single nanofibers, a special holder for gripping fibers was designed and

developed, which is found to be more convenient than the holder used in commercial
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(a) (b)

Figure 6.9: Imperfections along fibers (a) lump, (b) constriction.

micro-tensile machines. Displacement and force resolutions of the developed system

are further analyzed. The highest displacement of the system can be 12.7 nm and

while the best force resolution is found to be ∼6 µN (p-p) by using the amplifier gain

of 1000, 10 Hz low pass filter, and 10 V of the excitation voltage. The force time

trace, force-displacement curve, and stress-strain curve for a PVDF single microfiber

are obtained through the tensile test. Material creep phenomenon is clearly observed.

It is also found that the fiber exhibits a significant large strain (more than 200%),
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which is not commonly seen in the normal elastic materials. The electrospun PVDF

fiber is found to exhibit a Young’s Modulus of ∼300 MPa, which is about 1/10 of that

of commercially available PVDF film. The reasons for the difference are discussed.
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CHAPTER 7

CONCLUSION

7.1 Main Contributions to the Field

Acoustic sensor with superior sensitivity, broad frequency bandwidth, and high

dynamic range is always of interest. PVDF is a piezoelectric material that has an

ability to convert mechanical energy to electric energy, or vice versa. It is a superior

material for sensors because the stress constant of PVDF film is typically more than

20 times that of PZT (one piezoceramic material). Even with the high sensitivity of

PVDF, many researchers are still dedicated to improving the sensitivity of PVDF film,

or more specifically the stress constant of PVDF. In general, most researchers focus

on material properties, such as increasing β phase ratio and artificially introducing

defects, or processing, such as optimizing stretch ratio and poling temperature, and

applying a high electric field. For example, Perlman et al. found that the piezoelectric

and pyroelectric constant of PVDF films and copolymers can be increased by nearly

200% when they are simultaneously subjected to stretching and poling process [60].

Non-porous PVDF films with very high ratios of β phase were obtained via a very high

pressure applied to porous PVDF films [43]. A compliant dielectric annulus insulates

the polarized region from the edges of the film so that it eliminates the breakdown
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at the edges of the film, and thus allowing increased poling voltage and reducing the

poling time [76]. This research is focused on improving the stress constant by means

of design.

The static sensitivity of PVDF film is defined as the ratio of the output voltage

over the pressure acting on the PVDF material (i.e., K = Vo/P ). For a given external

pressure, the only feasible way to improve the sensitivity of PVDF film is to increase

the voltage output of the film. The voltage produced by a capacitive sensor is given

by the ratio between charge and capacitance (i.e., Vo = Q/C, where Q is the induced

charge and C is the capacitance). Thus there are two methods to improve the voltage

output of the PVDF film: increase the charge generated by the PVDF film and/or

reduce the capacitance of the device. Our developed sensor achieves both methods of

improving output voltage, hence significantly improve the sensitivity of the sensor.

The acoustic sensor, present in this dissertation, exploits the key advantages of

PVDF as a sensor material by means of two key design elements aimed at increasing

the charge and decreasing the effective device capacitance. The first design element

is a stress amplification mechanism through the area ratio between the overall sur-

face exposed to acoustic waves and the area of the micro-pillars array (Figure 3.1).

Because PVDF responds to stress, this mechanism increases the amount of charge for

a given pressure level. The second design element is top and bottom electrodes selec-

tively patterned to form an overlapping active area determined by the micro-pillars.

Excluding the capacitance of the other inactive area, the design with patterned elec-

trodes reduces the capacitance of the sensor and hence increases the voltage generated

by the sensor.
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The small size, high stiffness, and reduced mass of MEMS sensors are of great

interest because such devices can significantly improve both the temporal and spa-

tial measurement bandwidth. The sensor realization requires micro-fabrication pro-

cess and this technology is available from Dr. Hansford’s group at the Biomedical

Engineering Center of OSU. Previously patterned PDMS stamps molded from pho-

tolithographically fabricated masters are used in the production of individual and in-

terconnected PVDF micropillar arrays as shown in Figure 1.4. Please note that such

sensor works under 3-3 mode (or, referred to as thickness mode). Taking advantage

of this thickness mode, the developed PVDF micro-pillar sensor has the frequency

bandwidth of at least 20 Hz- 100 kHz (could be up to a few mega Hz depending on

the real configurations, i.e., ultrasonic range).

A PVDF micro-pillar sensor with patterned electrodes and gap ratio of 5.8182 was

developed and various acoustic tests were performed on this sensor. The sensitivity

calibration test shows that the developed sensor has a sensitivity of 189.3 µV/Pa,

which is 60.39× greater than that of the commercial solid PVDF with the same

footprint area and the thickness. Or more specifically, the measured stress constant

of the sensor is -19.93 V/m/Pa, which is 60.39× bigger than that of commercial solid

PVDF ( g33 =-0.33 V/m/Pa). Meanwhile the measured stress constant amplification

ratio (60.39) is in good agreement with the predicted amplification ratio (59.19), thus

confirming the performance advantages of the micro-pillar sensor.
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7.2 Summary of Results and Findings

The goal of this research is to develop an acoustic sensor with superior sensitivity,

broad frequency bandwidth, and small footprint. It produces numerous important

results and findings as follows:

• A PVDF rod is modeled as a second-order mechanical system and a first-order

electrical system. The model is used to determine the system frequency band-

width. This lumped model can be extended to various PVDF based sensors.

• A discrete damped rod model with electromechanical coupling based on piezo-

electric constitutive equations and Hamilton’s principle is created. The simula-

tion results of discrete damped rod model with electromechanical coupling show

that the piezoelectric electromechanical coupling increases the overall stiffness

of the system if the electrodes are left open and therefore the natural frequencies

are smaller if the electromechanical coupling is neglected, which is consistent

with the existing literature. The simulation trends demonstrate our models are

convergent with the increasing number of elements. There is approximately

15% error between the models with and without electromechanical coupling.

Around the natural frequency, the linear piezoelectric constitutive model does

not work because it does not include the resonance. The resonance phenomena

are observed if we use the dynamic governing equations whether we include the

electromechanical coupling or not.

• A cylindrical curvature microphone is designed and developed to study the

sensitivity, frequency bandwidth and other behaviors of the PVDF film based

microphone. The acoustic testing results on the curved microphone show that

131



the sensitivity of the microphone is slightly higher than that of the sound level

meter in low and high frequency ranges. Further, the involvement of a tube

enclosure does not significantly increase the sensitivity. A small resistance value

(high cutoff frequency) suppresses the electrical 60 Hz noise (which is always

observed and typically significant compared to the signals) but also attenuates

the sensor signal.

• An acoustic sensor design consisting of micron-sized Polyvinylidene Fluoride

(PVDF) pillars and patterned electrodes is proposed. The sensitivity of the

proposed microphone is analyzed and compared against the sensitivity of two

sensors: (i) flat continuous PVDF film and (ii) micro-pillars with full flat elec-

trodes. The proposed sensor has the potential to achieve 100× the sensitivity

of commercial PVDF film.

• A constrained optimization algorithm has been developed as a function of ge-

ometric parameters and electrical parameters of the sensor and conditioning

amplifier.

• A micro-fabrication process of the acoustic sensor based on PVDF micro-pillars

and patterned electrodes is described. In order to determine the piezoelectric

properties, a PVDF sample consisting of a uniform pattern of 5 µm pillars

was manufactured and tested on a Hysitron TriboIndenter nanomechanical test

instrument. The nanoindentation testing results show that the PVDF micro-

pillar sample exhibits obvious piezoelectric responses under an applied voltage

or strain.
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• A macro simple process is described to create a proof-of-concept microphone

based on stress amplification through an area ratio and patterned electrodes.

An crosshair aluminum pattern was micromachined by the CNC-miller and used

for the sensor assembly.

• Finite element simulations including static structure analysis, modal analysis

and harmonic response are performed in ANSYS WORKBENCH to finalize and

evaluate the microphone assembly with the design requirements of a frequency

range of 100 kHz and a dynamic range of 180 dB. Peak coalescence caused by

the first three adjacent natural frequencies and the structure damping ratio was

observed and analyzed. The static and dynamic stress distributions make sure

of the design within the safety constraint.

• Experimental setup is developed to characterize the microphone using a com-

mercial available PCB microphone as reference. The theory and design of a

circular plane wave tube is presented and signal conditioning circuits including

the preamplifier circuit and the notch filter are also developed. The buffer circuit

converts the high output impedance of the microphone into a low impedance

signal which eliminates the loading effect and thus minimizes the signal loss.

Approximately 55 dB reduction at 60 Hz is obtained for the designed notch

filter.

• Acoustic tests show that the crosshair microphone exhibits a good linearity up

to 140 dB (SPL) and a relatively flat frequency response up to 10 kHz. The

microphone has a sensitivity of 27.8 mV/Pa. Most importantly, the sensitivity

of the sensor itself (without the amplifier) is found to be 27.8 µV/Pa that is
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3.01 times the sensitivity of the commercial available PVDF film working in 3-3

mode, which is approximate to the area amplification ratio of 3.2.

• Microfabrication of the acoustic sensor based on micro-pillars array and pat-

terned electrodes is briefly described. The theoretical sensitivity of the devel-

oped sensor with gap ratio of 5.8182 is analyzed.

• Acoustic tests show that the microphone exhibits a good linearity up to 120

dB (SPL) and a relatively flat frequency response up to 15 kHz (This is the

frequency bandwidth of the PCB microphone and our sensor frequency range

should be greater than 100 kHz considering the sensor works in the thickness

mode). The sensitivity calibration test shows that the developed micro-pillar

sensor has a sensitivity of 189.3 µV/Pa, which is 60.39× greater than that

of the commercial solid PVDF with the same footprint area and the thick-

ness. Or more specifically, the measured stress constant of the sensor is -19.93

V/m/Pa, which is 60.39× larger than that of commercial solid PVDF ( g33 =-

0.33 V/m/Pa). Meanwhile, the measured stress constant amplification ratio is

in good agreement with the predicted amplification ratio.

• Three main methodologies (i.e., three-point bend test, nanoindentation, and

micro-tensile test) for characterization of nanofibers are compared. The advan-

tages and disadvantages of each method is analyzed and discussed. A micro-

tensile machine was developed to characterize micro- or nanofibers by incorpo-

rating a precision linear actuator (Ultra Motion, Inc.), a mini-load cell (Cooper
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Instruments and Systems), and a XYZ basis (Sherine, Inc.). Due to the diffi-

culty in manipulating and gripping single nanofibers, a special holder for grip-

ping fibers was designed and developed, which is found to be more convenient

than the holder used in commercial micro-tensile machines. Displacement and

force resolutions of the developed system are further analyzed. The highest

displacement of the system can be 12.7 nm and while the best force resolution

is found to be ∼6 µN (p-p) by using the amplifier gain of 1000, 10 Hz low pass

filter, and 10 V of the excitation voltage.

• The force time trace, force-displacement curve, and stress-strain curve for a

PVDF single microfiber are obtained through the tensile test. Material creep

phenomenon was clearly observed. It is also found that the fiber exhibits a

significant large strain (more than 200%), which is not commonly seen in the

normal elastic materials. The electrospun PVDF fiber is found to exhibit a

Young’s Modulus of ∼300 MPa, which is about 1/10 of that of commercially

available PVDF film. The reasons for the difference were discussed.

7.3 Future Work

While this research has accomplished several key goals and validated an ultrasonic

acoustic sensor based on micro-pillars and patterned electrodes with extreme sensitiv-

ity, there are still some opportunities for future study. The following list enumerates

possibilities for future work:

• For comparison reasons, more micro-pillar sensors with different gap ratios or

pillar heights could be fabricated and investigated. Acoustic tests could lead to
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more interesting results and findings. Questions such as, what is the limitation

of the fabrication gap ratio, could be determined.

• Poling process could be further investigated. How does the poling process affect

the piezoelectric properties of the developed sensor? What is the optimum

elevated temperature? Studies on them could result in more useful outcomes.

• The reliability of micro-pillar sensors’ microfabrication process could be further

studied. Based on the same principle, the package issues could be studied in

the future.

• Regarding the microfiber characterization, more tensile tests could be performed

to observe the variation of the different testing results. Although initial dynamic

test showed that there was no force produced when the fiber was subjected to

a sine wave voltage, it is still possible to detect forces if the voltage is applied

to a PVDF fiber mat.
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