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Abstract: Piezoelectric materials have been an area of focus for developing sensors and actuators for almost a
century. Polyvinylidene Fluoride (PVDF) is a ferroelectric fluoro-polymer with excellent piezoelectric as well
as pyroelectric properties. It has been in use for various applications demanding flexibility and good chemical
resistance. These properties make it extremely well suited for the aerospace and automotive industry, in
areas of Non-destructive testing, vibration contro], sensing material in strain rosettes, to name a few. Apart
from these PVDF is widely accepted in medical applications and in distance ranging applications. But, there
are certain areas where PVDF has unique advantage over other materials. This paper is an attempt to
compile such unique properties of PVDE from literature, at one place while discussing the typical
applications of PVDE.
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1. Introduction

Polyvinylidene Fluoride (PVDF) is an Electro-active fluoro-polymer exhibiting wide variety of
characteristic mechanical and electric properties, such as piezoelectricity (the largest among the synthetic
polymers), pyroelectricity, nonlinear optical property etc. It has excellent chemical resistance and solvent
resistance, high abrasion resistance, high dirt shedding, low flame and smoke characteristics, low
permeation to most gases and fluids (extremely important for mil-grade Micro Electro Mechanical Systems
(MEMS) applications), high dielectric strength & volume resistivity, high thermal stability, resistant to
gamma and e-beam radiation, high mechanical strength at elevated temperatures. It is readily processable,
formable and weldable, superior melt processing characteristics. Their melt processibility along with other
exceptional properties enables the polymer to stand apart from its counterparts.

These properties make PVDF highly adaptable for applications in a wide range of industries, spanning
aerospace, automotive, civil engineering, bio-medical and healthcare. They are extensively used in
structural health monitoring systems, vibration and noise control, distance ranging and navigation, security
systems. In all these systems, PVDF predominantly plays role of sensor and/or actuator. Apart from these,
PVDF also plays role as the electrolyte in polymer fuel cells, insulation of the electrical harness,
micromanipulators and high-energy storage devices. The five most frequently described areas of
application of PVDF are- as actuators, for vibration control, in medical ultrasound, as single-element
pyroelectric infrared sensors, and in strain and acceleration measurement devices. Fig. 1 indicates the
approximate distribution of papers published on various applications.
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15. TACTILE DEVICES

16, PLANETARY SCIENCE

17. ENERGY CONVERSION

18. SHOCK SENSORS

19, PROPERTYMEASUREMENT
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Fig. 1. The approximate distribution of papers published on various applications, Adapted from Lang [1]

This paper is an attempt to discuss certain typical applications of PVDF, appropriately highlighting the
unique advantage of using PVDF in these cases, as a preferred material for the application.

2. Typical Properties of PVDF

PVDF is a typical member of the family of alkenes exhibiting high piezoelectric properties. The high
piezoelectric properties are due to the presence of highly electronegative fluorine atoms. The high
piezoelectric properties of PVDF were first reported in the year 1969 by Kawai [2]. Unlike the commonly
available piezoelectric materials like barium titanate and PZT (Lead zirconate titanate) which are brittle,
PVDF was found to be flexible, non-toxic and readily formable at a low cost.

A typical advantage of its flexibility can be witnessed in structural health monitoring applications. The
previously available methods such as LVDT (Linear Variable Differential Transformers) etc. are not flexible
[3]. Many of the parts had to be removed from the installed system for crack evaluation. But PVDF on the
other hand, being flexible and conformable to any shape and size, can be used for real time health
monitoring. Also unlike PZT which detects only A0 mode waves PVDF film can detect both SO (in-plane
plate deformations) as well as A0 (flexural waves) lamb waves [4].

In case of endoscopic applications, previously PZT probes were used [5-8]. But they are not only brittle
but are also toxic in nature due to the presence of heavy metals like lead. There PVDF can replacing as the
newer choice of material [9, 10]. The added advantage of PVDF over other flexible piezoelectric material is
that it is non-toxic. It has been in use in the food industry for determination of food spoilage [11]. Thus, the
material is accepted and tested for non-toxicity on contact with humans.

PVDF can be prepared into films (thick or thin), needles, tubes, fibers, paints, probes, coating on
substrates and coating on a Carbon Nano Tube (CNT) (for optical applications) or formed into a sensor
package itself. Thus, based on the application and space available, PVDF can be fabricated into various
shapes and sizes. Also, despite the advancement in technology for ceramic fabrication such as bulk micro-
machining, laser machining, lost mold techniques and freeform fabrication, the process continues to be
extremely costly. Par contra, PVDF can be fabricated at a low cost. Thus, in applications demanding a
disposable sensor, PVDF is predominantly used. Additionally, PVDF can be used for sensing over a localized
as well as a large area.

PVDF transmitters exhibit Omni-directional horizontal beam directivity and broad band characteristics.
These characteristics lend unique solutions in many applications such as two-dimensional positioning,
digitizer, object detection, and distance measurement. The rising time and the signal decay time are much
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faster than the conventional ceramic transmitters. This characteristic makes it suitable for high speed data
acquisition or high speed digitizer applications.

PZT has high acoustic impedance and necessitates a use of matching layer. On the contrary, PVDF has low
acoustic impedance with value matching the human tissue and water. This makes it suitable for
applications involving humans and underwater applications.

Visible light and near IR radiation are not absorbed and therefore cannot give rise to any sort of
disturbances. The film is additionally protected from moisture, which could otherwise reduce the high
impedance output signal. PVDF has a high creep strength, low moisture absorption (<0.02%), abrasive
resistance and resistance to harsh environments. PVDF is totally resistance to sunlight degradation. PVDF is
unaffected by ultra violet (UV) radiation and, consequently, can be used outdoors without need to specially
pigment or otherwise protect the material (In use by National Aeronautics and Space Administration (NASA)
for cosmic dust particle detection and allied studies). PVDF being an excellent insulator with strong
inertness to environment is extensively used for insulation of the electrical harness.

The impedance spectra of PVDF indicate no spurious modes over a wide range of frequency. Thus, it can
be also used in fiber form for various data and signal transfer with very little loss. These probes can also be
developed as sensors for energy measurements of optical radiation.

PVDF doped with PANI (Polyaniline) can provide flexible conducting polymers with application in high-
energy storage density devices. These conducting polymers can as well be used for wide range of roles in
actuators dedicated to manipulation applications, especially for micro fluidic applications and ‘lab on chip’
devices.

Thus, we have a flexible material with excellent chemical resistance and solvent resistance, high abrasion
resistance, high dirt shedding, low flame and smoke characteristics, low permeation to most gases and
fluids (extremely relevant for mil-grade MEMS applications) along with having dielectric strength & volume
resistivity, high thermal stability, resistant to gamma and e-beam radiation, high mechanical strength at
elevated temperatures, readily processable, formable and weldable, superior melt processing
characteristics, which can be used for developing sensors of the following types- impedance type sensors,
semiconductor device based type sensors, resonant sensors, calorimetric sensors, fibre optic sensors
(optrode-style, core-based, coating-based or interferometric) apart from applications in electrochemical
cells, fuel cells. Many of these applications enlisted above are feasible by only PVDF (as a piezoelectric
material) due to their inherent flexibility apart from other properties.

2.1. PVDF Actuator Configured for Sound Radiation Control-Smart Foam

Porous sound absorbing materials find use in buildings, machinery enclosures, aircrafts etc. to reduce the
structural sound radiation. It is impractical to rely completely on passive damping, especially at low
frequencies. Gentry et al. [12] developed the smart foam (Fig. 2(a)), which is a compact arrangement
consisting of cylindrically curved sections of PVDF film embedded in partially reticulated polyurethane
acoustic foam. The PVDF actuator is configured to behave in a linear sense and to couple in-plane strain
associated with piezoelectric effect with out-of-plane motion needed to radiate sound from the foam
surface. Thus, the PVDF acts as an active element (effective at low frequencies) while the foam acts as a
passive element (effective at high frequencies) to reduce the sound by simultaneous absorption. It is
significantly different from common ASAC (Active Structural Acoustic Control) and even the ANC (Active
Noise Control) techniques that use secondary acoustic sources (loud speakers) in arrays around the
primary noise source because the smart foam is actually located on the surface of the vibrating structure.

Partially reticulated polyurethane foam is an acoustical grade, open cell, flexible ester based urethane
foam designed to give maximum sound absorption per given thickness [13]. The curvature of the half-
cylinder configuration was determined by a simple analytical model and was intended to couple the
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predominantly in-plane strain associated with the piezoelectric effect and the out-of-plane motion, which is
required to accelerate fluid particles and hence radiate sound away from the surface of the foam.
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Fig. 2. (a) Smart foam; PVDF actuator configurations (b) Parallel; (c) Series-parallel

The silver electrode on the film is chemically etched to remove or erase thin portions of electrode at
points where the physical polarity (curvature) of the actuator changes [14], to overcome the undesirable
nonlinear dynamic behaviour appearing in the form of higher-order harmonic distortion in the acoustic
frequency response spectrum. In the parallel actuator arrangement, the top and bottom electrodes are
connected in parallel with phase reversal, as shown in Fig. 2(b). Therefore, the PVDF film is activated such
that neighbouring cells are driven by the same voltage amplitude with a 180° phase difference leading each
cell to move in the same out-of-plane direction yielding net volumetric source strength. In the series
parallel actuator configuration, shown in Fig. 2(c), only the bottom electrode is divided into independent
transducers, which are then wired 180° out of phase. This arrangement also results in a more efficient
radiator as compared to the configuration of flat PVDF film as the entire film is moving in the out-of-plane
direction. The PVDF actuator was configured to behave in a linear sense as well as to increase its sound
radiation efficiency. PVDF in all these three circuit configurations was tested in an anechoic chamber for
successful attenuation of low- and high-frequency sound, passive effect of foam and active-passive
broadband control, harmonic distortion and linearization by varying the resonant frequency as well as the
input voltage to the signal generator.

PVDF due to its high sensitivity, flexibility, wide band operation and resistance to environment was
adaptable for this application. The application is extremely relevant for protecting the various electronics
systems from interfering, apart from the noise absorption and control.

2.2. PVDF Sensor for Structural Health Monitoring

Structural health monitoring is an important field in the engineering community for structural engineers
from civil, aviation as well as automotive sector. Some of the commonly used crack detection techniques
like optical inspection, use of liquid penetrant, use of magnetic particles, ultrasonic inspection, and eddy
currents are time-consuming, expensive and many times require disassembly of the parts. Thus, they are
not effective for real time health monitoring. Especially, for structural health monitoring in areas involving
variable contours the commonly used LVDT cannot be employed, as the metal casing of the LVDT is not
flexible. The another disadvantage of conventionally used sensors, such as strain gauges, LVDT and clip
gauge, is that, they require external power source for excitation, in turn increasing the cost of the
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equipment. Compared with the ceramic-based piezoelectric material such as PZT, which has a brittle nature,
PVDF sensors are reusable and can be removed from the monitored structures without damaging them [15].
Additionally, PVDF’s high sensitivity renders PVDF sensor elements suitable, to be integrated into low-
power wireless systems, which reduces noise signals, lowers the overall cost, and enables full-scale real-
time monitoring. The PVDF wireless sensor systems have been developed and have undergone field tests
on Kishwaukee Bridge [16]. The wireless systems are found as reliable and as accurate as a tethered
monitoring system [17].

Damages such as matrix cracking, delamination, transverse cracking, and fibre breakage release energy
and causes transient elastic waves. For plate-like structures, the propagation characteristics of waves
depend on properties such as plate thickness, boundary conditions, elastic properties, and material density.
The analysis of wave propagation provides critically useful information about composite laminate materials
[15, 17, 18] such as location of source.

Lamb waves can travel for long distances and have been investigated for a number of years to determine
the propagation of cracks and other defects in a structure. Lamb waves [19] refer to elastic perturbations
propagating in a solid plate with free boundaries, for which displacements occur both in the direction of
wave propagation and perpendicularly to the plane of the plate. Starting from the Lamb wave equation, one
can find two solutions: one symmetric solution and another anti-symmetric solution. The corresponding
modes of the Lamb waves are symmetric-plate waves (S mode), often called extensional waves because the
in-plane plate deformations are symmetric about the mid-plane of the plate; anti-symmetric plate waves (A
mode) or flexural waves, because the out-of-plane deformations are asymmetric about the mid-plane of the
plate. For structural health monitoring, the A mode and S mode waves are used to understand the
characteristic of wave propagation and location of crack. As the SO and A0 mode waves propagate at
distinctly different velocities, they can be distinguished by analyzing signals measured at a single sensor.
The low dielectric constant (er) and low electromechanical coupling constant (kt) of PVDF make
piezoelectric ceramics better suited for low-frequency. But for applications in aviation, automotive and
astronautics where in the flexibility is required; in civil engineering applications where large area is
required, PVDF is the preferred choice.

Gu et al. [3] developed a wireless PVDF sensor system for structural health monitoring. It involves a
wireless system, powered by portable power supplies (batteries), decentralizing the computational
responsibility from central data servers in turn reducing the overall energy consumption [17]. The wireless
sensor system employs a mother board and a child board. The major components of the mother board are
an embedded micro-converter, data acquisition and pre-processing unit, and a wireless transceiver.
ADUC832 from Analog Devices was employed as the micro-converter. A half duplex transceiver from Linx
technologies was used for the wireless transmission. The block diagram of the wireless sensor is shown in
Fig. 3.
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The temperature compensation for the PVDF was provided by using a dummy gauge method. A dummy
gauge method involves use of another piece of PVDF of same size and its length is perpendicular to the
stretch direction, as a dummy gauge. The positive electrode of the active gauge is connected to the negative
electrode of the dummy gauge and the negative electrode of the active gauge is connected to the positive
electrode of the dummy gauge, as shown in Fig. 4. The equal charges produced because of the pyroelectric
effect cancel each other since these two gauges have the same size and are oppositely connected. In
addition, the electrode area parallel to the stretch direction develops a signal about 10 times stronger than
the electrode perpendicular to the stretch direction. Thus, subtracting the signals yields a pure piezo
response. Each unit was found to be capable of an operational range of 60 m.

Active Gage Dummy Gage

Stretch
direction

Stretch
direction

v

Fig. 4. Dummy gauge method for temperature compensation, developed by Gu et al. [3]

2.3. PVDF Array Sensor for Ultrasonic Imaging

Ultrasonic imaging techniques have been developed in medical and non destructive testing (NDT) fields.
The major goal in these applications is high lateral resolution apart from transducer efficiency and
bandwidth. The conventional techniques for such application achieve a good lateral resolution only when a
large transducer is used. Additionally, for robotic applications, such as in robot end-effectors, the area
under investigation is very small and limited. For such applications, the ultrasonic imaging system needs to
be small size, light and exhibit good transducer efficiency to cover a range up to 40 cm.

The frequencies of operation can range from 0.3 MHz to 50 MHz [20]. The difficulties in machining PZT
ceramics [21-23] have led to maximum range of operations of <20 MHz for pure PZT; Patterned zinc oxide
(ZnO) [24] has been used to as high as 100 MHz; however, ZnO do not possess the very high piezoelectric
and/or favorable acoustic properties of PVDF/PZT composites. Thus, in order to increase the maximum

range of operations and obtain larger lateral resolution, linear and phased array transducers are used.
1

Acoustic absorber

Front end electronics

Fig. 5. (a) Exploded view of the double frequency array. (b) Averaged lobes of 10 elements. Continuous line
60 kHz, dashed line 86 kHz [25]
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PVDF sensors can be built to operate over a large bandwidth which otherwise is obtainable with more
sophisticated and expensive fabrication technologies. L. Capineri et al. [25] made an interlaced array of
transducers with different resonant frequencies in order to further enhance the bandwidth. They were able
to achieve a spatial resolution of 3mm in both lateral as well as axial directions. This was achieved by
developing PVDF into hemicylindrical resonator (as shown in Fig. 5 (a)).

PVDF has a Q factor of seven and a wide main front lobe as shown in Fig. 5(b). This is seen as a drawback
while using PVDF in pulse-echo mode. However, when the transducer is used in a multi-element
configuration according to SAFT reconstruction (synthetic aperture focussing technique), it becomes the
primary quality [26]. The low Q factor means that the rising time and the signal decay time are much faster
than the conventional ceramic transmitters. This characteristic is suitable for high speed data acquisition or
high speed digitizer applications. Thus, the transducer element permits a high sampling rate.

2.4. PVDF Array Sensors for Human Body Detection (Pyroelectric)

PVDF sensor has excellent pyroelectric properties. The PVDF based pyroelectric sensors depend on both
thermal and pyroelectric phenomena; yet are different from thermal detectors as it behaves essentially
with pure capacitance due to its high resistivity. Also these sensors can respond only to time dependent
radiation and do not respond to continuous radiation. The use of single sensor, two sensors or array
sensors depends on, whether, we want to determine only the presence of a human being or also want
determine the direction of motion and velocity.

The salient sensor array parameters to be taken into account when selecting a suitable sensor material
for infrared (IR) detectors are- pyroelectric signal voltage, response speed and lateral thermal resolution.
The human body emits about 60W of infrared radiations onto its surroundings [27]. The pyroelectric
coefficient (Pu) provides a measure of the signal voltage which in turn determines the range of operation of
the sensor. An IR detector with more thickness will have a better operational range. The high lateral
thermal conductivity of PVDF leads to a very high lateral resolution. These principle sensor properties was
compared for some common sensors based on the literature values [28-30] by Freitag and Meixner [27]
with lithium tantalite taken as standard (the pyroelectric material most commonly used up to now) and is
shown in the Fig. 6.

10 —  Signal voltage Response speed Lateral
resolution

PZT TGS PVOF

]
003
Fig. 6. Principal sensor properties normalized to the values of LiTa03 of identical thickness [27]

The PVDF provides the highest lateral resolution and response time despite giving just 80% of the signal
voltage obtained. None of the known pyroelectric materials are as well suited as PVDF.
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2.5. PVDF Doped with Pani for High Energy Density Capacitor Material

High capacity charge and electric energy storage materials find wide application in capacitors, gate
dielectrics, memories and power-storage devices [31-34]. Energy storage capacitors have been the focus of
increasing attention due to their advantages such as high efficiency and environmental friendliness [31-36].
As the energy density of the linear dielectric material is proportional to the product of permittivity and the
square of applied electric field, it is essential to develop materials with high dielectric permittivity and high
electric breakdown field (Eb). Ceramic materials are easily fractured under stress and have poor flexibility,
high production cost and large density. Therefore, they are not suitable to fabricate large area thin film.
Conventional high er materials such as Barium titanate (er = 2500) can be processed into thin films by
chemical solution deposition. But the high sintering temperature is incompatible with most of the materials.
Par contra, polymer dielectrics have good processibility with high electric breakdown field, which is
suitable for high energy density capacitors. But the low permittivity of PVDF is a drawback for these
applications unless the application relies more on the high electric breakdown field. To overcome this
drawback, conducting materials can be incorporated into the polymers. The percolative composite exhibits
a marked improvement in the dielectric permittivity at the percolation threshold, and without any adverse
effect on the mechanical flexibility of polymer due to the relatively low filler loading [36-38]. PVDF is a
well-known material because of its relatively high room temperature relative dielectric permittivity (7-13
at 1 kHz) and superior ferroelectric performances, which endows PVDF with potential applications in
power-storage devices. PANI is chosen as the conductive filler due to its tuneable conductivity and low
elastic modulus, and more importantly, good compatibility with polymer matrix even at high filler loading
and thus reducing the dielectric loss and maintaining the high electric breakdown field of polymer matrix.

The increment in dielectric permittivity in PANI/PVDF composite as it reaches percolation threshold is
governed by the micro-capacitor model and not the insulating-conducting transition like other percolative
composites [36-41]. The micro-capacitor structure gives an advantage that the high energy density can be
tailored in a wide PANI content range.

2.6. PVDF as a Touch or Tactile Sensor

Touch or tactile sensing has been gaining increasing awareness due to the necessity of development of
artificial skin for future robots and for measurement of forces between the plantar surface of the foot and
the shoe for the diagnosis and treatment of various foot disorders. Relatively little progress has been made
in the direction of pressure recognition compared with area of sight and voice recognition, mainly because
good artificial “electronic skin” with a large area and mechanical flexibility is not yet available. The
fabrication of a sensitive skin consisting of thousands of pressure sensors would require a flexible
switching matrix that cannot be realized with present silicon-based electronics.

The light weight, formability into really thin sheets, good mechanical properties and easy metallization of
electrodes are the salient properties that have led to the use of PVDF as a tactile sensor. Organic field-effect
transistors [42-52] can substitute for the conventional electronics as they are inherently flexible and
potentially ultralow in cost even for a large area [48, 49]. The integration of organic transistors and rubber
pressure sensors can provide an ideal solution to realize a practical artificial skin.

Successful attempts to attain the same have been made in the past by Someya et al. But the authors
reported that the minimum bending diameter reported so far is only 30mm [50] as the use of inorganic
materials still continues in many previous transistors for some components such as gate insulators (Si02,
Al203) and base films (glass, silicon). Also, the highest mobility reported so far for plastic transistors has
been around 0.1 cm2/Vs [44], much lower than the best values around 2-5 ¢cm2/Vs obtained with hard
substrates [52]. These are the major hurdles to the application of organic transistors to large-area flexible
electronics.
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Razian and Pepper [53] developed a tri-axial pressure transducer (Fig. 7(a)) with 10x10 mm and 500-pm
thick elements of PVDF-TrFE (Trifluoroethylene) sandwiched between three 0.7-mm thick double-sided
PCB transducer boards and ultralow-noise tricoax-cable imbedded in a central groove in the lower PCBs.
The linearity was better than1%, and the hysteresis was less than 2% in all cases. The designations
indicated in the Fig. 7(b) are V = vertical, M-L = medio-lateral, and A-P=anterior-posterior forces at the
monitored sites between the sole of the foot and the shoe.

In-shoe tri-axial pressure measurements
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Fig. 7. (a) Insole with four embedded triaxial force measurement transducers; (b) Typical force-time
diagram showing measurements for three steps, adapted from [53]

Tactile sensors for monitoring human skin were developed by several groups in Japan. Jiang et al [54]
made a soft tribo-sensor made up of aluminium pipe covered with concentric layers of sponge rubber, a 28-
pum thick film of PVDF and a protective layer of cellophane tape to simulate a human finger. Three data
analysis techniques were devised and a wavelet transform method was found to be the most satisfactory.

Tanaka et al. [55, 56] developed a “haptic finger” consisting of a copper plate with a layer of vulcanized
rubber on top of which was an electroded PVDF film with a protective surface layer. A strain gauge was
used to measure force applied on the haptic finger and the signals from PVDF film was recorded by a digital
oscilloscope. The index of surface roughness and dispersion of the power spectrum density in the frequency
domain were used to characterize the hardness of various fabrics and human skins with various disorders.
Good agreement was obtained between the results measured on the skin and obtained after clinical
analysis.

Tanaka et al. also developed an active palpation sensor for the detection of prostate cancer and
hypertrophy [57] comprising of a PVDF film placed on the surface of a sponge rubber layer that was
mounted on a linear translation bar.

[t is important for a surgeon to be able to feel the tissue during endoscopic manipulation. Dargahi [58, 59]
developed an endoscopic grasper where in the magnitude of the applied force could be found from the
magnitude of the output of the PVDF. The position of application of the load was found from the slope of the
output. It comprises of a tooth-like structure formed of silicon with 25 pm PVDF film with four electrodes
sandwiched between the silicon and a Plexiglass substrate. Kim et al. presented the design, fabrication, and
calibration of a piezoelectric polymer sensor based micro-gripper [60] that can provide force feedback to
the operator assist in damage free assembly of parts.

2.7. PVDF as an Energy Harvesting EEL

Taylor et al. [61] developed a structure using piezoelectric polymers for converting the mechanical flow
energy available in oceans and rivers, to electrical power. It used the trail of travelling vortices behind a
bluff body to strain the piezoelectric elements. The undulation of the polymer resembled that of a natural
eel swimming and hence named as ‘Energy harvesting eel’. Based on the results shown in Fig. 8, the tail
generates less power and with more harmonics, possibly due to a whipping action at the free boundary. It
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was found that the maximum power transfer occurred when the flapping frequency matched the vortex

shedding frequency.
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Fig. 8. Upper: Eel movement behind bluff body. Lower: Open-circuit Eel measurements as functions of time,
adapted from [61]

2.8. PVDF for Comet Dust Flux Monitor
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Fig. 9. Upper: Dust flux monitor instrument (from [62]). Lower: Total number of counts measured during
encounter with comet, adapted from [67]
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The Dust flux monitor instrument [62, 63] comprises of two PVDF sensors, one with a sensitive area of
200 cm?2 and a thickness of 28um and the other with an area of 20 cm2 and a thickness of 6um. The
instrument provides real-time data on variations in the particle flux and mass distribution in the coma of
the comet as well as measurements of dust in interplanetary space. The PVDF detectors were designed to
detect particles of masses between 10-11 and 10-4 g and at counting rates up to 104 per second. An
impacting dust particle on the PVDF detectors produced a rapid local destruction of the dipoles (either a
crater or a penetration hole) and created a sharp output pulse which was detected by the electronics. The
technology used in the design of the DMFI (Dust Flux Monitor Instrument) (Fig. 9) had been previously
used in the study of the dust in the coma of Halley’s Comet in 1986 [64-66].

2.9. Porous PVDF Membranes as Transport Electrolyte

PVDF-based gel electrolytes is widely used in Li-ion polymer batteries with many companies from Japan
and the United States already marketing PVDF-based devices for applications in computers and portable
phones and for near future applications in electric vehicles [68]. These electrolyte compounds are multi-
component systems, in which PVDF uptakes large amounts of non-aqueous liquid electrolyte, thus reaching
liquid like conductivities at room temperature, as well as exhibiting good mechanical properties.

Phase separation can be used to prepare PVDF films with ability to retain large amounts of liquid
electrolyte [69-71]. When this technique is performed via immersion precipitation, it is possible to prepare
PVDF membranes with different porosities and morphologies, ranging from “sponge” like to “finger” like,
simply by modulating experimental parameters such as the nature and the ratio of the solvents and non-
solvents, the concentration, and the crystallinity of the polymer [72]. Solid polymer electrolytes are
generally based on polyvinylidene fluoride (PVDF), silver triflate (AgCF3S03), and x wt% of aluminium
oxide (Al203) nanopowders, (where x=1, 3, 5, and 10, respectively) [73].

Quartarone et al. [74] reported some preliminary results about the conductivity of PVDF membranes
with different morphologies and porosities ranging from 55 and 85%, activated by the solution
EC/DEC/LiPF6 (Lithium Hexafluorophosphate in ethylene carbonate and diethyl carbonate)1.0 M, pure and
with the addition of TEGDME (Tetraethylene glycol dimethyl ether) as a third component. They showed
that nearly all of the pore structure is accessible to the liquid and that it is possible to separate the swelling
contribution from the total electrolyte uptake. High porosity and low porosity membrane preparation had
been outlined [72, 75] with the liquid uptake.

The bulk of the electrolyte solution is absorbed by filling of the pores, whereas a fraction ranging from 5
to 15 vol%, depending on the residual amorphous polymer phase, results from swelling. The conduction
mechanism may be rationalized as a percolation process through a Bethe lattice.

2.10. Surface Pressure Mapping Using PVDF as Pressure Sensors

Aircraft performance is generally limited by the inability of the wings to produce lift at high angles of
attack due to flow separation. Boundary layer separation leads to aircraft stall thereby inflicting severe
aerodynamic performance penalties. Hence, there is a need for a technique that detects and controls flow
separation even before it occurs. The concept of using smart sensors for benefits of aircraft performance
enhancement like flow separation control, lift enhancement, drag reduction and other related applications
is gaining considerable interest. The unsteady pressures from the wind tunnel measurements are a
prerequisite for the prediction of dynamic loads and vibrations during the development and design of new
fighter aircraft structures. “Smart” control of flow separation involves array of sensors which gives the
crucial information on the state of the boundary layer (attached/separated), used as a signature of flow
separation. This signature can be used in a closed loop control system to activate the flow control device to
achieve the “smart” separation control.
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(a) Airfoil

(b) Part of the airfoil where
sensors are mounted

Fig. 10. (a) Airfoil; (b) Inset part of the airfoil where sensors are mounted

The application of the PVDF foil Smart Sensor & Signal Processing Technology as a promising technique
for the measurement of unsteady pressures has been proposed by a few authors [76-79]. The experiments
on this application can be found in the form of an experimental investigation carried out by the EADS-MAS
(European Aeronautic Defence and Space Company-Military Air System) on military aircraft wind tunnel
models [79]. The EADS-MAS team, in their attempt to combine a Trainer and a Light Combat Aircraft (LCA)
together had to meet the requirements of a pure fighter aircraft i.e. the structure should be designed to
withstand all the buffet excitation and as a LCA should fly a very long time with more flight hours, have

proposed a similar system [79].
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Fig. 11. Schematic of the data acquisition system [81]
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This exploratory experiment is also being initiated at National Aerospace Laboratories (NAL), Bangalore
after successful feasibility tests for the wind velocity range of 5 to 15 m/s. Surface pressure mapping using
pressure orifice has been carried out already at NAL [80]

The PVDF sensors have been checked for surface pressure by bonding it on an airfoil (Fig. 10(a)). The
NACA (National Advisory Committee for Aeronautics) 4415 airfoil with sensors was subjected to tests
inside wind tunnel at various speeds and angle of attacks. The basic application of sensor is to detect the
change in the flow patterns (from laminar to turbulent state), and aid the studies on unsteady
aerodynamics. The part of the airfoil where the sensor has to be bonded is shown in Fig. 10 (b).

When the air/fluid flows over the PVDF film, it exerts a pressure or force on the film. The piezoelectric
material undergoes deformation and generates a corresponding electric signal. PVDF based sensors can be
digitized to desired shape and size permitting pressure detection at an extremely localized point. This
would help in improving the resolution of study and would eliminate the error in spatial data due to the
pressure measurement averaged over a wide area. This signal can be calibrated for determining the surface
pressure at a localized point. The PVDF film can detect a change in force as minute as few micro-Newtons. A
predominantly capacitive mode of response renders PVDF extremely suitable for high speed data
acquisition. A typical circuit involving pressure orifice for surface pressure mapping would be similar to the
circuit shown in Fig. 11 [81].

2.11. PVDF as a of Piezo-Actuator for Flapping Wing Micro Air Vehicles

DARPA (Defense Advanced Research Project Agency) [82] defines Micro Aerial Vehicles (MAVs) as “six-
degree-of-freedom aerial robots, whose mobility can deploy a useful micro payload to a remote or
otherwise hazardous location where it may perform any of a variety of missions, including reconnaissance
and surveillance, targeting, tagging and bio-chemical sensing”. DARPA denotes a size-limitation and
performance requirements of air vehicles to be termed as an MAV [83]. The total wingspan of a MAV is
expected to be less than 15 cm, the highest velocity is about 48 km/h, the range of the flight mission is
about 10 km, and the flight endurance is about 20-120 min. An up-to-date historic overview of flapping
MAVs can be found in [84].

S

Smart flapping wing JA\

4
1 Transmission

¢

Fig. 12. Configuration of ﬂapping system and test stan The inset is the front view of the transmission
[85]

339 Volume 3, Number 4, December 2015



International Journal of Materials Science and Engineering

The use of PVDF as an actuator for flapping wing MAV is a proposed exploratory application tested at the
National Aerospace Laboratories (NAL), Bangalore. PVDF films obtained after qualitative and quantitative
measurements were mounted on the Mylar wings as patches. The thickness of PVDF and Mylar wing are
coupled variables which are critical to achieve the desired flapping action of the wings. Hence, these ought
to be optimized to match resonant frequency between PVDF and Mylar. PVDF as well as its variants
(copolymer, composites) are being evaluated for actuation, without tampering with the inherent properties
of the polymer. Hence developed actuator, will subsequently undergo rigorous trials on test rigs and MAV.
The PVDF can also be employed in dual mode (as an actuator and sensor as well) to facilitate adaptive
control of wing aerodynamics as well as flapping action. Subsequently, the feasibility study will be carried
out, to achieve textured wings actuated by PVDF and its composites. The test stand consisting of a driving
part, a test mount, and a measurement Opart would look similar to the Fig. 12 [85].

3. Remarks

PVDF is a promising new age material with applications across varied sectors. The applications of PVDF
is only limited in areas where very high piezoelectric constants or applications where pulse echo mode is
employed. A lot of work remains to be done on exploring alternate dopants with PVDF for specific
applications.

The applications enlisted above do not form an exhaustive list but enlists only certain typical applications
of PVDF. Apart from the above applications, PVDF is used as a pressure sensor, acoustic sensor, strain
measurement sensor, low cost accelerometer, vibration damping system, hydrophones, shock sensor,
medical ultrasound, microphones and loudspeakers, to name a few.

Work on development of PVDF films had been already going on in NAL since 2009 [4, 86-90]. Film
synthesis and development facilities cannot be found easily in India. In addition, the tailor made PVDF films
for a specific application, are expensive and not easy to procure from within the country or abroad. The film
development facility is available with NAL. The film’s process parameters have been optimized in the past
for certain applications [88, 89].

Acknowledgment

Authors thank Mr. Shyam Chetty, Director CSIR - National Aerospace Laboratories and, Head, Materials
Science Division or their support and encouragement. We also thank NPMASS for providing financial
support.

References

[1] Lang, S. B, & Muensit, S. (2006). Review of some lesser-known applications of piezoelectric and
pyroelectric polymers. Appl Phys. A 85, 125-134

[2] Kawai, H. (1969). The piezoelectricity of polyvinyldene fluoride. Japanese Journal of Applied Physics, 8(6),
975.

[3] Hua, G, Yang, Z., & Ming, L. W. (2005). A wireless smart PVDF sensor for structural health monitoring,
structural control and health monitoring struct. Control health monit., 12, 329-343.

[4] Rathod, V. T, Mahapatra, D. R, Anjana J., & Gayathri A. (2010). Characterization of a large area PVDF thin
film for electro-mechanical and ultrasonic sensing applications, Sensors and Actuators A, 163(1), 164-
171.

[5] Wiersema, M. ]., Redly, C. R,, Sanghvi, N. T,, Hawea, R., Wier-sema, L., & Aust, C. (1989). Twenty-tive MHz
gastrointestinal ultrasonogra-phy. Proceedings of IEEE Llrrmon. Sxmp. Cat. No. 89CH2791-3IEEE, (pp.
845-848). New York.

340 Volume 3, Number 4, December 2015



International Journal of Materials Science and Engineering

[6] Silverstein, F. E.,, Martin, R. W,, Kirnmey, M. B,, Jiranek, G. C., Franklin, D. W,, & Proctor A. (1989).
Experimental evaluation of an endo- scopic ultrasound probe: In ~.irro and in w'lv canine studies. GUT-
trornrrrolog!, 96, 1058-1062.

[7] Pandian, N. G. (1989). Intravascular and intracardiac ultrasound imaging: An old concept. now on the
road to reality. Circulu/iorz.,, 88, 1091-1094.

[8] Yock, P. G, Linker; D. T, & Angelsen, B. A. (1989). Two dimensional in-travascular ultrasound: Technical
development and initial clinical ex- perience. J. Am. Soc. Ec,/z0, 2, 296-304.

[9] Dargahi, ]. (2000). A piezoelectric tactile sensor with three sensing elements for robotic, endoscopic and
prosthetic applications. Sensors and Actuators, 80, 23-30.

[10] Takeshi O., Mikiko S., Yoshikatsu T, Seiji C., & Mami T. (January 9, 2008). Development of an endoscopic
tactile sensor using PVDF films. Proceedings of SPIE ICMIT 2007: vol 6794 Mechatronics, MEMS, and
Smart Materials.

[11] Thomas R. H., & Joseph L. R. (October 2003). Fouling detection in the food industry using ultrasonic
guided waves. Food Control 14(7), 481-488.

[12] Gentry, C. A., Guigou, C., & Fuller, C. R. (April 1997). Smart foam for applications in passive-active noise
radiation control J. Acoust. Soc. Am., 101 (4).

[13] Polymer Technology Inc. Technical Data Sheet: Acoustical Products—An Overview, Newark, Delaware:
Polymer Technology Inc.

[14] Tibbets, G. C. (November 1977). Transducers having piezoelectric film arranged with alternating
curvatures, U. S. Patent No. 4,056,742,

[15] Hua G. (2004). Design of Polyvinylidene Fluoride Transducers For Wireless Structure Monitoring, Master’s
Thesis,

[16] Ming L. W,, Hua, G, & George, M. L. (2003). A multi-channel wireless PVDF displacement sensor for
structure monitoring. In V. S. Parameswaran (Eds.), Proceedings of the ICFRC International Conference:
Vol 2. Fiber Composites, High Performance Concretes and Smart Materials (pp. 1003-1010). ALLIED
India Publishers: Private Limited.

[17] Lynch, ]J. P, Sundararajan, A., Law, K. H, Sohn, H. & Farrar, C. R. (November 10-12, 2003). New
opportunities for structural monitoring: wireless active sensing. Proceedings of the International
Workshop on Advanced Sensors, Structural Health Monitoring, and Smart Structures. Keio University,
Tokyo, Japan.

[18] Fu-Kuo C. (2003). Structural Health Monitoring, DEStech Publications.

[19] Viktorov, 1. A. (1967). Rayleigh and Lamb Waves: Physical Theory and Applications. New York: Plenum
Press.

[20] Schlaberg, H. 1., & Dufty, ]. S. (1994). Piezoelectric polymer composite arrays for ultrasonic imaging
applications. Sensors and Actuators A, 44, 111-117.

[21] Lethiecq, M., Feuillard, G, Ratsimandresy, L., Nguyen-Dinh, A., Pardo, L., Ricote, ., Andersen, B., & Millar, C.
(October 1994). Miniature high frequency array transducers based on new fine grain ceramics.
Proceedings of the IEEE Ultrasonics Symposium: Vol 2 (pp. 1009-1013).

[22] Nguyen-Dinh, A. et al (1996). High frequency piezo-composite transducer array designed for
ultrasound scanning applications. Proceedings of the IEEE Ultrasonics Symposium (pp. 943-947).

[23] O’'Donnel, M., & Thomas, L. ]. (May 1992). Efficient synthetic aperture imaging from a circular aperture
with possible applications to catheter based imaging. Proceedings of the IEEE Transactions on UFFC: Vol
39 (pp. 366-380).

[24] Ito, Y., et al, (March 1995). A 100 MHz ultrasonic transducer array using ZnO thin films. [EEE
Transactions on UFFC, 2(2), 316-324.

341 Volume 3, Number 4, December 2015



International Journal of Materials Science and Engineering

[25] Capineri, L., Fiorillo, A. S., Masotti, L., & Rocchi, S. (1994). Array of PVDF sensors for ultrasonic imaging
in air. Proceedings of the Ultrasonics Symposium (pp. 487-490).

[26] Capineri, L., Fiorillo, A. S., & Rocchi, S. (March 1994). Ferroelectric polymers array sensors for us
imaging in air. Acoustical Imaging, 21, In ]. Jones (Eds.), CA: Laguna Beach.

[27] Reinhard F,, & Hans M., CH2593-2188/ 0000-0374.

[28] Heywang, W. (1984). (Eds), Sensorik. 135-164, Berlin: Springer Verlag.

[29] Meher, H., Mader, G, P, & Siemens F. U. (1986). Entwickl-Ber. 15, Nr. 3, 105-114.

[30] Das, Polyvinylidenfuorid von Solvay BR 1292 d-B-1.5-0685 (1985).

[31] Chy, B. ., Zhou, X., & Zhang, Q. M. (2006). A dielectric polymer with high electric energy density and fast
discharge speed. Science, 313, 334-336.

[32] Zhang, Z. C,, Meng, Q. ]., & Chung, T. C. M. (2009). Energy storage study of ferroelectric poly (viny lidene
fluoride-trifluoroethylenechlorotrifluoroethylene) terpolymers. Polymer, 50, 707-715.

[33] Dang, Z. M,, Lin, Y. Q.,, Xu, H. P, Shi, C. Y,, & Bai, J. (2008). Fabrication and dielectric characterization of
advanced BaTi03/polyimide nanocomposite films. Adv. Funct. Mater,, 18, 1509-1517.

[34] Li, ]. ], Seok, S. I, Chu, B., Dogan, F, Zhang, Q. M., & Wang, Q. (2009). Nanocomposites of ferroelectric
polymers with Ti02 nanoparticles exhibiting significantly enhanced electrical energy density. Adv. Mater.,
21,217-221.

[35] Kim, P, Jones, Hotchkiss, S. C., Haddock, P. ], Kippelen, J. N., Marder B. S. R, & Perry, W. (2007).
Phosphonic acid-modified barium titanate polymer nanocomposites with high permittivity and
dielectric strength. Adv. Mater., 19, 1001-1005.

[36] Dang, Z. M., Wang, L., & Yin, Y. (2007). Giant dielectric permittivities in functionalized carbon-
nanotube/electroactive-polymer nanocomposites. Adv. Mater., 19, 852-857.

[37] Huang, C., & Zhang, Q. (2005). Fully functionalized high dielectric constant nanophase polymers with
high electrimechanical response. Adv. Mater., 17, 1153-1158.

[38] Chen, Q. Dy, P. Y, & Jin, L. (2007). Percolative conductor/polymer composite films with significant
dielectric properties. Appl Phys. Lett., 91,022912-022914.

[39] Dang, Z. M., Lin, Y. H., & Nan, C. W. (2003). Novel ferroelectric polymer-matrix composites with a high
dielectric constant at the percolation threshold. Adv. Mater., 15, 1625-1628.

[40] Yuan, ]. K, Dang, Z. M., & Bai, ]J. (2008). Unique dielectric properties in polyaniline/poly (vinylidene
fluoride) composites induced by temperature variation. Phys. Stat. Sol (RRL), 5, 233-235.

[41] Huang, C., & Zhang, Q. M. (2004). Enhanced dielectric and electromechanical response in high dielectric
constant all polymer percolative composites. Adv. Funct. Mater., 14, 502-506.

[42] Tsumura, A., Koezuka, H., & Ando, T. (1986). Appl Phys. Lett. 49, 1210-1212.

[43] Burroughes, J. H., Jones, C. A, & Friend, R. H. (1988). Nature 335, 137-141.

[44] Sirringhaus, H., Tessler, N., & Friend, R. H. (1998). Science 280, 1741-1744.

[45] Dimitrakopoulos, C. D., Purushothaman, S., Kymissis, ]., Callegari, A., & Shaw, ]. M. (1999). Science, 283,
822-824.

[46] Katz, H. E., Lovinger, A. ], Johnson, ]., Kloc, C., Siegrist, T, Li, W,, Lin, Y. Y,, Dodabalapur, A. (2000). Nature,
404,478-481.

[47] Sirringhaus, H., Kawase, T, Friend, R. H., Shimoda, T, Inbasekaran, M., Wu, W,, & Woo, E. P. (2000).
Science, 290, 2123-2126.

[48] Mirkin, C. A., & Rogers, J. A. (2001). MRS Bull, 26, 506-508.

[49] Dimitrakopoulos, C. D., & Malenfant, P. R. L. (2002). Adv. Mater., 14,99-117.

[50] Loo, Y. L., Someya, T, Baldwin, K. W, Bao, Z., Ho, P, Dodabalapur, A., Katz, H. E., & Rogers, ]. A. (2002). Proc.
Natl Acad. Sci. USA, 99,10252-10256.

342 Volume 3, Number 4, December 2015



International Journal of Materials Science and Engineering

[51] Stutzmann, N., Friend, R. H. & Sirringhaus, H., Science, 299, 1881-1884 (2003).

[52] Kelley, T. W.,, Muyres, D. V,, Baude, P. F, Smith, T. P,, & Jones, T. D. (2003). Mater. Res. Soc. Symp. Proc., 771,
169-179.

[53] Razian, M. A. & Pepper, M. G. (2003). I[EEE Trans. Neural Syst. Rehabil Eng. 11, 288.

[54] Jiang, Z., Funai, K., Tanaka, M., & Chonan, S. (1999).J. Intell Mater. Syst. Struct. 10, 481.

[55] Tanaka, M. (2001). J. Mater. Process. Technol 108, 253.

[56] Tanaka, M., Luc, L. ]., Hachiro, T,, Katsuko, K., & Chonan, S. (2003). Skin Res. Technol 9, 131.

[57] Tanaka, M., Furubayashi, M., Tanahashi, Y., & Chonan, S. (2000). Smart Mater. Struct. 9, 878.

[58] Dargahi, J. (2002). J. Mech. Des. 124, 576.

[59] Dargahi, ]., Parameswaran, M., & Payandeh, S. (2000). Microelectromech, J. Syst. 9, 329.

[60] Kim, D. H., Kim, B., & Kang, H. (2004). Microsyst. Technol 10, 275.

[61] Taylor, G. W, Burns, ]. R,, Kammann, S. M., Powers, W. B., & Welsh, T. R. (2001). I[EEE J. Oceanic Eng. 26,
539.

[62] Tuzzolino, A. ., Economou, T. E., McKibben, R. B., Simpson, ]J. A, McDonnel], ]J. A. M., Burchel], M. ],
Vaughan, B. A. M,, Tsou, P, Hanner, M. S,, Clark, B. C., & Brownlee, D. E. (2003). J. Geophys. Res. 108, 8115.

[63] Brownlee, D. E., Tsou, P, Anderson, ]J. D., Hanner, M. S., Newburn, R. L., Sekanina, Z., Clark, B. C,, Horz, F,
Zolensky, M. E., Kissel, ]., Mc-Donnell, ]. A. M., Sandford, S. A., & Tuzzolino, A. ]. (2003). J. Geophys. Res. 108,
8111.

[64] Perkins, M. A., Simpson, J. A., & Tuzzolino, A. (1985). J,, Nucl Instrum. Methods Phys. Res. A 239, 310.

[65] Simpson, ]. A., Sagdeev, R. Z., Tuzzolino, A. ]., Perkins, M. A., Ksanfomality, L. V., Rabinowitz, D., Lentz, G. A,,
Afonin, V. V, Ero, ]., Keppler, E., Kosorokov, ]., Petrova, E., Szabo, L., & Umlauft, G. (1986). Nature 321, 278.

[66] Tuzzolino, A. ]. (1996). Adv. Space Res. 17, 123.

[67] Tuzzolino, A. ]J., Economou, T. E,, Clark, B. C., Tsou, P, Brownlee, D. E., Green, S. E, McDonnell, ]. A. M,,
McBride, N., Colwell, & M. T. S. H. (2004). Science 304, 1776.

[68] Osaka, T. (1999). Electrochem. Soc. Interface, 8, 9.

[69] Boudin, E, Andrieu, X., Jehoulet, C., & Olsen, I. I. (1999). J. Power Sources, 81-82, 804.

[70] Michot, T, Nishimoto, A., & Watanabe, M. (2000). Electrochim. Acta, 45, 1347.

[71] Bodin, E, Lenhof, C., Carillon, G, & Olsen, I. . (May 28-June 2, 2000). Paper No. 276 presented at 10th
International Meeting on Lithium Batteries, “Lithium 2000”. Como, Italy.

[72] Bottino, A., Camera-Rota, G, Capannelli, G, & Munari, S. (1991). The formation of microporous
polyvinylidene difluoride membranes by phase separation. J. Membr. Sci., 57, 1-20.

[73] Suthanthiraraj, S. A., & Pau], B. ]. (December 7-9, 2006). Investigation on structural characteristics of
PVDF-AgCF3S03-A1203 nanocomposite solid polymer electrolyte system. Proceedings of the Third
International Conference on Ionic Devices, Chennai, Tamilnadu, India.

[74] Magistris, A., Mustarelli, P, Parazzoli, F, Quartarone, E., Piaggio, P, & Bottino, A. (July 2001). Structure,
porosity and conductivity of PVAF films for polymer electrolytes. Journal of Power Sources, vol 97-98,
657-660.

[75] Arcella, V, Sanguineti, A, Quartarone, E, & Mustarelli P. (September 1999). Vinylidenefluoride-
hexafluoropropylene copolymers as hybrid electrolyte components for lithium batteries. journal of
Power Sources, vol 81-82,790-794.

[76] Benjamin, T. N., Pressure Mapping using PVDF Film (Final Project Report 2011), University of New South
Wales at the Australian Defence Force Academy.

[77] Lee, 1., & Sung, H. ]. (January 1999). Development of an array of pressure sensors with PVDF film.
Journal Experiments in Fluids, Springer Berlin/Heidelberg, 26(1-2).

[78] Nitsche, W.,, Swoboda, M., & Mirow, P. (1991). Shock Dectection by Means of Piezofoils, Z. Flugwiss.

343 Volume 3, Number 4, December 2015



International Journal of Materials Science and Engineering

Weltraumforsch., 15, 223-226, Springer Verlag.

[79] W. Luber, & ]. Becker, Application of PVDF foils for the measurements of unsteady pressures on wind
tunnel models for the prediction of aircraft vibrations, Proceedings of the IMAC-XXVIII February 1-4,
2010, Jacksonville, Florida USA, (February 1-4, 2010).

[80] Madhavan, K. T., Ramesh, G, Sajeer A., & Minu, C, Development of Smart Material-based Flow Control on
Airfoils for Aerodynamic Benefits: Closing Report, PD EA 0910.

[81] Measurement of Pressure Distribution and Lift for an Airfoil, 57:020 Mechanics of Fluids and Transfer
Processes Laboratory Experiment #3.

[82] McMichael, .M., & Francis, M.S., Micro Air Vehicles-Toward a New Dimension in Flight, DARPA, USA
(1997).

[83] Ashley, S. (1998). Palm-size spy plane, Am. Soc. Mech. Eng. vol 74-78.

[84] www.ornithopter.org

[85] Dae-Kwan, K. Hong-Il, K, Jae-Hung, H., & Ki-Jung, K. (2008). Experimental investigation, on the
aerodynamic characteristics of a bio-mimetic flapping wing with macro-fiber composites. Journal of
Intelligent Material Systems and Structure, 19(423).

[86] Anjana, ]., Jayanth, K. S, Ramesh, K. M, Sri, G A, & Srikanth, S. (2014). PVDF-PZT composite films for
transducer applications. Mechanics of Advanced Materials and Structures, 21, 181-186.

[87] Anjana, J., Rashmi, P. N., Kumar, S. ], J., & Swaroop, C. (2014). Dielectric behaviour of PVDF thin films.
Indian Journal of Advances in Chemical Science, 2(3), 212-216.

[88] Anjana, ]., Jayanth, K. S., Mahapatra, D. R,, & Kumar, H. H. (March 2010). Detailed studies on the
formation of piezoelectric B-phase of PVDF at different hotstretching conditions. Proceeding of SPIE
Smart Structures/NDE" San Diego.

[89] Anjana, ]., Jayanth, K. S, Srikanth, S., Rathod, V. T., & Mahapatra, D. R. (2013). Sensitivity of polyvinylidene
fluoride films to mechanical vibration modes and impact after optimizing stretching conditions. Polym.
Eng. Sci,, 53,707-715.

[90] Anjana, ]., Rao, P. S. S, & Jayanth K. S, (September 06-07, 2013). PVDF-PZT composite films for strain
sensing applications. ISSS National Conference on MEMS, Smart Materials, Structures and Systems, Pune,
India.

Anjana Jain has obtained Ph.D. degree in Materials Science in 2002. Presently, She is a senior scientist in the
Materials Science Division of National Aerospace Laboratories, Bangalore. Her fields of interest include smart
materials especially development of PVDF based sensors for structural health monitoring, strain sensing and
various other aerospace applications. She also has expertise in characterization of materials using X-ray
diffraction technique. She is reviewer in Polymer Engineering & Science, Bulletin of Materials Science, and
Surface & Coatings Technology.

Prashanth K ] received his B.E. degree in mechanical engineering from VTU, Belgaum in 2011 and holds a
M.S. in Mechanical Engineering from University of Michigan, Ann Arbor in 2013. His main areas of research
interest are sensors, active and passive safety, electromechanical and laser based systems with focus on
system design, manufacturing as well as material influences. Mr. Prashanth has actively worked on sensors
and associated material development and characterization in National laboratory as well as industrial
settings and a recipient of the Rackham Centennial Fellow award for his work during his M.S. at the
University of Michigan in 2013.

344 Volume 3, Number 4, December 2015



International Journal of Materials Science and Engineering

Jayanth Kumar S obtained M.Sc. in Physics from University of Mysore, India in the year 2005. He is
currently a Ph.D. student with Mangalore University, Mangalore, India. His research interests are in
development and characterization of smart materials especially for aerospace applications.

Asheesh Kumar Sharma obtained M.Sc. in Electronics from Jamia Millia Islamia, Delhi, along with B.Sc.

degree in Applied Physical Science from University of Delhi. He is currently working as JRF at NAL, Bangalore,
India. His research interests include piezoelectric sensors, dielectric properties, sensor characterization etc.

345 Volume 3, Number 4, December 2015





