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Abstract

Advancements in electronics and MEMS (Micro Electro Mechanical Systems) technology have
enabled the deployment of a large number of sensors and signal transmitters on structures at critical
locations to extract vital data and avoid catastrophic failures. This approach leads to condition-
based maintenance of structures. In this scenario, the critical requirement is an autonomous power
source that can power the system. In most cases, wired connections to a central power unit are not
feasible, resulting in the use of batteries to power the sensors and transmitters. In recent years a
great deal of research has been focused on harvesting from solar, thermal, kinetic, and RF (Radio
Frequency) energy available in the environment. Of all these ambient conditions, kinetic energy
in the form of vibrations is more prevalent in many structures and machinery. This has resulted in
an increased focus on effectively converting vibration energy to electrical energy. Among many
methods adopted, the application of piezoelectric materials has led to promising results. A
piezoelectric energy harvester in a cantilever design can generate high power output, only at its
resonant frequency and much research has been focused on methods of tuning the harvester to

match the ambient frequency of vibrations.

This dissertation details an active tuning methodology and design of a device, which has resulted
in achieving a net power gain. The concept is to utilize a low power actuation mechanism
integrated with the harvester to enable active tuning of the resonant frequency of the device. The
approach was to make use of lonic Polymer Metal Composites (IPMC) for the required actuation.

IPMC is a smart material, whose actuation can be altered by varying the input voltage to the device.

The IPMC used here is perfluorinated Nafion films with noble metal coated on both sides as
electrodes. When subjected to an applied voltage, the free cations in the membrane, tagged to the
water molecules, move to the negative electrode. This phenomenon creates bending of the film.

This is the actuation process associated with IPMC.

The actuator unit of two strips of IPMC, attached at the tips was powered by a very low voltage
ranging from 1 to 4 V. The various levels of actuation generate corresponding block forces and
functions as equivalent to tunable stiffness stoppers. This dissertation provides details of

experiments carried out, theoretical analyses, and the applications of this novel device.
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Chapter 1

Introduction

1.1 Research background and motivation

Remote monitoring of structural health of infrastructure, aircraft, and biological systems
gained importance recently since such a system can detect and avoid potential hazardous failures.
Advancement in Structural Health Monitoring (SHM) in real- time mode has been enabled by the
innovations in electronics and related technologies such as Micro Electro Mechanical Systems
(MEMS). The concept of "Trillion Sensor World" [1], where every critical structure can be
monitored remotely, demands sustainable autonomous power sources for the sensor nodes. This
has led to the focus on research towards realizing methods to convert the ambient energy that is
already present in various forms, to usable electrical power. The concept is to deploy a very large
number of sensors connected to the internet and have them communicate with each other too. This
Internet of Things (10T) has the potential to collect the relevant data and direct it to the decision-
making algorithms. The MEMS sensors utilize very low power, making the above concept
feasible. However, the main issue associated with the scheme is the mode of powering the sensors
and the transmission electronics. Since wired connections to any central power supply are not a
feasible option due to the inaccessibility and hostile conditions of the host structures where the
sensors are deployed, batteries are being used in such cases. This leads to the requirement of
regular recharging of the batteries, which results in increased down time and cost. In the present
goal of "Trillion sensor world", powering the systems in the 10T using conventional batteries is
not feasible. Hence researchers are trying to figure out ways to autonomously power the vast
number of sensors that are connected to the internet as well as connected to each other, without
depending on conventional batteries, by harvesting useful electrical energy from the ambient

sources of energy such as electromagnetic, kinetic, and temperature variations.

The schematic diagram of such a system is shown in Fig. 1.1. In a typical SHM system,
the sensors and the circuits on the structures are dependent on batteries for the power supply. A

microcontroller will be part of a power management unit, to selectively power the sensors as per



requirement, based on the algorithm. The power storage unit can be kept fully charged if a source
of power from the ambient conditions can be enabled. The energy harvester will be on the structure
itself. The output will be conditioned and fed to the sensors through a power management scheme,

such as a Field Programmable Gated Array (FPGA), to minimize power consumption.

~ SENSOR NODES

INTERFACE
CIRCUIT

ENERGY POWER
STORAGE CONDITIONING
UNIT } CIRCUITS

Fig. 1.1 Scheme of a typical energy harvester powering sensor nodes

1.2 Research objective

The main objective of this dissertation is to describe the novel design of PVEH that can be

tuned to variation in the ambient frequency using another smart material as a low-power actuator.
The various steps towards this are as noted below:

e Literature study of PVEH

e Literature study of various existing methods for tuning PVEH.

e Literature study of smart materials that can be used as actuators.

e Pilot study to assess the feasibility of using various materials as a fixed actuator.
e Design of PVEH configuration for the device.

e Determine the feasibility of using IPMC as a low-power actuator.



e Study the performance of IPMC under various step voltage input conditions.

e Arrive at a configuration of IPMC that is best suited for the device.

e Integration of IPMC along with the PVEH.

e Study of a shift in the resonant frequency of the device by various experiments.
e Study of the frequency response of the PVEH when IPMC is used as a stopper.

e Formulation of theoretical analysis of the function of the device.
1.3 Original contributions

o This research has put forward a novel method to tune the resonant frequency of a PVEH
by integrating an IPMC actuator as a stopper above the cantilever beam

e The novel design generates a net positive power output.

e Detailed experiments were carried out, studying the frequency shift, broadening of
frequency bandwidth, etc. It was verified that no similar work has been reported in the
literature so far.

e A US Patent application has been filed vide application no. 20210159816.

1.4 Organization of Dissertation

Chapter 1 provides the background and motivation that led to this research. This chapter also

gives the research objectives and original contributions.

Chapter 2 presents a summary of energy harvesting methodologies and the Context of this
research.

Chapter 3 presents material from a peer-reviewed paper published in the journal, Mechanics of
Advanced Materials and Structures, with permission where appropriate. It covers the relevant
details of literature, the conceptual design of the device, and the steps taken to realize the design.
It also covers various experiments carried out to prove the functioning of the novel device design

and theoretical analysis of the results.

Chapter 4 presents material from a journal paper that is to be submitted. It gives details of
experiments done to study the frequency-broadening characteristics of the device. The theoretical

analysis of the results is also presented.



Chapter 5 presents material from the peer-reviewed paper that has been published in the journal,
Micromachines with permission where appropriate. This paper describes the applications of the
device, detailing the experiments carried out, to power a MEMS accelerometer using the harvested
power from the device. It is also demonstrated that the device could power a strain gauge bridge
to sense the strain in a structure and could power a low-power MEMS accelerometer. Further, it
was also demonstrated that it could power a Bluetooth accelerometer sensor and transmitter
effectively.

Chapter 6 presents material from a peer-reviewed paper published in the Journal of Composite
Science, with permission where appropriate. It gives the details of experiments done as part of the

characterization of the device, which was used for filing the patent application.

Chapter 7 Patent publication details of a US patent pending. Publication number: 20210159816
Chapter 8 summarizes the research and gives the conclusions and future scope of work.
Bibliography

Annexures give details of results obtained at various stages of research, specifications and setups

of equipment and other relevant information.



Chapter 2
Summary of methodologies for energy harvesting

and the context of this research

A brief description of various methodologies for energy harvesting is provided here, to
present the essential background of this research. This section also provides the fundamental
approach leading to the novel methodology implemented in this research.

There are different forms of energy present in the environment that are normally wasted if
not converted to usable electric power. These are solar energy, Radio frequency waves, Thermal
energy and Kinetic Energy such as vibrations. If an appropriate transduction is employed, these
forms of energy can be converted to electrical energy. However, considering different
characteristics of energy forms, the energy conversion systems have to be designed. A brief
account of various energy harvesting methods is presented below:

2.1 Solar Energy (Electromagnetic)

Solar energy converters or photo voltaic cells consist of p and n-type of semiconductors,
forming a p-n junction as shown in Fig. 2.1. When the p-n junction is formed, an electric field will
be generated at the junction, by the movement of electrons to the positive p-side and the holes to

the negative n-side of the junction.

Sun’s rays

NN N N NN X

y

n-type
material

p-type
material

p-n junction

Fig. 2.1 Solar energy conversion by photovoltaic effect (Adapted from [2])

When the sun's rays which are electromagnetic radiations, fall on this, the energy associated
with photons will get transferred to the electron of the semiconductor [2]. Due to this transfer of

energy, the electrons jump to the conduction band, which is a higher energy state. Due to this
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higher energy state, these electrons are free to move in the semi-conducting material, and this
movement creates the electric current. This phenomenon is called the photovoltaic effect. The

higher weight of the solar panels and dependence on solar energy are the limitations of this method.
2.2 Radio Frequency (RF) energy

The radio frequency energy converter can convert electromagnetic energy in the ambiance
into a usable DC voltage [3]. The main components of the RF energy harvester are the antenna

and rectifier circuits. Fig.2.2 depicts the schematic diagram of an RF energy harvester.

RF Waves \».:///

Antenna

ircuit for
Stﬂrage | | Load

L

hing

Fig. 2.2 RF energy converter (Adapted from [3])

The power that can be generated is prone to reduction due to atmospheric conditions or obstacles.

2.3 Thermal gradient

Electric voltage develops across the junction of two dissimilar conducting materials when
there is a difference in temperature between the two points [4]. The conductors which are in series
electrically, are connected thermally in parallel. This phenomenon is known as Seebeck Effect.
The heat from machinery or chemical reactors can be converted to electricity. Fig. 2.3 shows a

typical connection of conductors for thermal energy harvesting.



Hot junction Conductor A Cold junction
¢ i

Conductor B

Fig. 2.3 Connection details of a thermoelectric generator (Adapted from [4])

A thermal gradient is not present in most of the structures and hence this method has got
limitations.
2.4 Vibrations

Compared to the above-mentioned methods of energy harvesting, vibrations are more
ubiquitous and hence the effort toward achieving a more efficient vibration energy harvester is a
field of great importance.

Vibrations in ambient conditions can be converted to electrical energy using electrostatic,
electromagnetic, magnetostrictive, and piezoelectric transduction. Such a transduction should meet
the requirements regarding the power output, output impedance and the ease of fabrication and
integration to a sensor system, to be effective in an SHM system.

2.4.1 Electrostatic vibration energy harvesting

The electrostatic energy harvester is based on the principle of varying capacitance leading
to energy conversion. The voltage across a variable capacitor increases when the capacitance
decreases since the electrical charge in the capacitor gets constrained. When the capacitance
decreases, a net current flows through the circuit if the voltage on the capacitor is fixed [5]. An
electrostatic energy harvester consists of two conductors separated by a dielectric material, as
given in Fig. 2.4. The relative motion between the conductors due to the vibration, generates a
variation in the capacitance. The configuration can be easily miniaturized. The requirement of an

external power source is the disadvantage of this device.



Electrode

Electrode

Direction of
Vibration

Fig. 2.4 Structure of an electrostatic vibration energy harvester (Adapted from [5])

2.4.2 Electromagnetic vibration energy harvesting

Electromagnetic vibration energy harvesting is based on Faraday’s law of electromagnetic
induction. If a magnet moves inside a coil, the relative movement induces a change in magnetic
field and hence generates current in the coil [6]. An electromagnetic energy harvester consists of
a coil, a permanent magnet, and an oscillating spring or cantilever beam. The coil or the magnet
will be attached to the vibrating unit. The electromagnetic energy harvester can generate high
current output at low voltage, typically less than one volt. Fig. 2.5 depicts the structure of an

electromagnetic energy harvester.

Spring — _ -
- - Movable
1j magnet
. ]
Coil
- ] Voltage
— " output

Fig. 2.5 Structure of an Electromagnetic vibration energy harvester (Adapted from [6])



2.4.3 Magnetostrictive vibration energy harvesting
Magnetostrictive materials (MsM) are compounds that deform when exposed to a magnetic
field. When subjected to deformation, the magnetic field associated with it changes. This reverse
effect is known as the Villari effect.
Magnetostrictive
matEIriaI

f
TTT 1111 i Metal

| | ‘ | | | ‘ / _..----"""ffsubstrate
Fixed end- — ‘ [ la]

J
Base 7

Pick';.lp coil

Fig. 2.6 Structure of a magnetostrictive vibration energy harvester (Adapted from [7])

Unlike piezoelectric materials, MsM need not be poled since magnetostriction is an inherent
material property [7]. Fig. 2.6 shows the structure of a magnetostrictive vibration energy harvester.
When the device is subjected to vibrations, the magnetostriction induces a change in the magnetic

field, resulting in a change in the current in the coil around the beam.

2.4.4 Piezoelectric Vibration Energy Harvesting
2.4.4.1 Fundamentals

The piezoelectric effect is the result of the orientation of dipoles in piezoceramic materials.
Usually, the dipoles are randomly oriented as shown in Fig. 2.7(a). When an electric field of the
order of 1kV/mm is applied, at a temperature just below the Curie point, the randomly oriented
dipoles in the piezoceramics will be aligned as shown in Fig. 2.7(b). When the electric field is
removed, the dipoles maintain the alignment to a great extent as given in Fig. 2.7(c) and shows
strong piezoelectric coupling. The material can be de-poled by subjecting it to a high electric field
in the opposite direction to the existing poling direction. Exposure to a temperature higher than the

Curie temperature of the material can also result in depolarization [8].
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Fig. 2.7 Dipole alignment in a piezo ceramic material and the co-ordinate system
Piezoelectric coefficients are given below:

1. Piezoelectric Charge (Strain) Coefficient

The piezoelectric charge coefficient (d) relates the electric charge generated per unit area with an
applied mechanical force and the unit is Coulomb/Newton (C/N) [7, 22].

Two important d constants are: ds; and ds3

If X, y, and z axes are represented by 1, 2, 3, and shear about these axes are represented by 4, 5, 6,
(Fig. 2.7 (d)) then,

d33- Induced polarization in the direction of z axis for unit stress applied along z axis.

d31- Induced polarization in the direction of z axis for unit stress applied along x axis.

d15- Induced polarization in the direction of x axis for unit shear stress applied about y axis.

2. Piezoelectric Voltage Coefficient

The piezoelectric voltage coefficient () is the ratio of the electric field produced to the mechanical
stress applied and the unit is voltage-meter/Newton (Vm/N).

Depending on the type of relative directions, the g constant can be represented as ¢ss, 031, Or gis,
corresponding to dss, ds1, or dis, respectively.

3. Piezoelectric Coupling Coefficient

The piezoelectric coupling coefficient or the electromechanical coupling coefficient is defined as
the ratio of the mechanical energy accumulated in response to an electrical input or vice versa. It
also corresponds to the fraction of electrical energy that can be converted into mechanical energy
and vice versa.

4. Mechanical Quality Factor
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The mechanical Quality factor Qm is the ratio of the reactance to the resistance in the series
equivalent circuit representing the piezoelectric resonator. It indicates the sharpness of the

resonance frequency. The mechanical Qm can be calculated as below:

_
Om = fomfa (2.1)

where fr is the resonance frequency, f1 and f; are frequencies at —3 dB of the maximum admittance.

2.4.4.2 Cymbal type

The cymbal transducer structure consists of piezoelectric material bonded on a metal
substrate and hollow steel end caps attached to it [9]. The hollow metal end caps redirect the
applied axial compressive load into radial tension on the PZT disc. The PZT disc has end caps on
both sides as shown in Fig. 2.8. This configuration generates a higher stress on the PZT, compared

to the case when it is directly impacted.

Load

PZT

Steel

Hollow End cap-
Steel

Load

Fig. 2.8 Structure of a cymbal-type piezoelectric energy harvester (Adapted from [9])

2.4.4.3 Stack type

Piezoelectric material in bulk form can be stacked in series or parallel to form a Stack type
harvester [9]. Fig. 2.9 shows a series stack type energy harvester. The axis of the stack will be the
axis of linear motion. Fabrication involves the preparation of a homogeneous slurry of ceramic
powder, dispersant, binder, plasticizers, and solvent. Then Tape casting technique is applied to

form ceramic films. These ceramic film layers are stacked and sintered. The electrodes are screen-
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printed to the layers before stacking. The piezoelectric stacks in series can generate higher open

circuit voltage, whereas stacks in parallel generate higher electric current.

Piezoelectric

Electrode element

Fig. 2.9 Structure of a stack-type piezoelectric energy harvester (Adapted from [9])

Features of different types of vibration-based energy harvesters [5, 6, 7, and 9] are given in the
Table 2.1.
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Table 2.1 Features of different types of vibration-based energy harvesters

Vibration Advantages Disadvantages

energy

harvester

Electrostatic Comepatible with MEMS output voltage of 2-10 V | external voltage source required
Capacitive

Electromagnetic | No external voltage source is required Bulky due to magnets and pick-up
coils

Miniaturization is difficult

Magnetostrictive | High coupling coefficient >0.9 Nonlinear characteristics

Polarization is not required, hence no | A pick-up coil is required
depolarization problem
Bias magnets are required in some

High flexibility cases
Can be used for high-frequency vibration Difficult to integrate with MEMS
Piezoelectric No external voltage source required High output impedance

High output voltages in the range of 2-10 V on | Depolarization happens  with

load cycling
Compatible with MEMS Brittleness in PZT
High coupling effect in single crystals Poor coupling in PVDF

2.4.4.4 Cantilever type PVEH

A cantilever type PVEH is widely used since it has various advantages such as simple
design, high output at resonant frequency, and amenable to miniaturization. The device consists of
a cantilever beam on which the piezoelectric material is bonded. A proof mass is normally used to
get a desired resonant frequency range and also to optimize the power output.

There are many methods explained in the literature for tuning the resonant frequency of a
cantilever type PVEH, to match the frequency of ambient vibration. However, there is no reported
work on using IPMC for tuning a PVEH. Since the novel device described in this research uses

IPMC as a low-power actuator, the basic details of IPMC are added below:

2.5 lonic Polymer Metal Composites (IPMC) - Salient features as low-power actuators

The salient features of IPMC used for the design of the device in this study are given here.
IPMC is made of polymers, such as Nafion, and filled with ionic conductive liquid. The proton
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connected to the chemical unit at the end of a polymer chain is replaced with a metal ionic cat-ion
(N+, Li+). These cat-ions get dissociated in water, generating a negative charge and free cat-ions
in the material. Metal coating is given to a sheet of this material. This is the general fabrication
process of IPMC [10]. Platinum or gold is used for the metal coating. Water molecules get tagged
onto the free metal cations. When an electric field is applied, cations move to one side pulling the
attached water molecules along. This causes an osmotic pressure difference, which will cause the
actuation of IPMC. When the polarity of the electric field changes, the direction of actuation also
changes.

Paquette et.al. have discussed [15] an electrical equivalent circuit of IPMC as shown in Fig. 2.10.

—
1€l
S— R1
+
R2
_|c2
ma— R3

JE— E—

Fig. 2.10 Electrical equivalent circuit of IPMC (Adapted from [15])

It has two resistors (R1 and R3) and two capacitors (C1 and C2), which correspond to the two
electrodes. The resistor R2 represents the material between the electrodes. The electric field E is

given by the following relation.

E=V/h (2.2)

where V is the voltage applied across the IPMC and h is the thickness of the IPMC.
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The particle electrodes on the IPMC surface, are capacitive and resistive due to particle separation

and density, which leads to a nonlinear response.

It is reported [10] that a square wave modulated with asymmetric impulses can be applied
to the IPMC for better performance and to reduce energy consumption. The frequency of the
modulating impulses should be much lower than the response time of the IPMC, to get the best
response. Another feature is that the modulating impulses have a sharp rising edge and a sloping
falling edge. The mechanism of IPMC actuation is dependent on the ionic diffusion when a voltage

gradient is applied.

The characteristics of the ionic solution influence the physical properties of the IPMC. By
using a parylene coating and an ionic solution with a high electrolysis voltage, the lifetime of the

IPMC in dry air can be significantly improved [11].

It is also reported [12] that the driving voltage can be reduced by using silver electrodes,
which have low resistance and large ductility, avoiding possible electrolysis. The blocking force
of the actuator is dependent on its thickness. Hence a great deal of research has been done to
improve the blocking force by introducing thickness-controlled ion exchange membranes.
Performance is also enhanced by going for nano-dispersed metal electrodes instead of coated metal
electrodes. Thicker membranes are realized by stacking pre-extruded Nafion films. Thickening of
the electrode layer by metal deposition will not be a good option for improving the actuation
performance of IPMCs, since it makes the IPMCs stiff, leading to lowering strain. Since the
characteristics of the IPMC vary with its thickness, the availability of IPMC of different
thicknesses is important for many applications. Hence casting method has been developed to

fabricate Nafion films of the required thickness.

IPMC films show remarkable displacement under relatively low voltage, using very low
power [13]. It has recently been established that by modifying the chemical composition of IPMC,

the force capability is greatly improved.

IPMC materials are different from other electroactive polymers [14]. The most unique
aspect of IPMC:s is that their actuation is based on the active motion of ions and solvent molecules

within the membrane under applied voltage or force. It means, the mechanism in IPMC is
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anisotropic or directional, whereas other materials exhibit passive and isotropic responses to
stimuli. The performance of IPMCs as actuators depends on their surface morphology. The best
electrodes for IPMC actuators will be those that involve the largest available surface area and
maximum conductivity. Configurations with multilayers are also advantageous to achieve better

actuation characteristics [15].

The displacement and force generation of IPMC are dependent on the humidity [16]. The
reason for this effect is a decrease in the stiffness as a result of the humidity. The actuators have a
reverse motion and a negative force, which can be decreased by decreasing humidity. Increase in
water-uptake will lead to an enhanced velocity of the displacement. Humidity near 50-60% gives
a better actuator bending performance.

Experimental investigations are reported to study the effects of humidity and actuation time
on the electromechanical properties of lonic Polymer-Metal Composites (IPMC) in both the open
atmosphere (uncontrolled environment at room temperature) and inside a controlled environmental
chamber under different input voltages of different wave shape, value, and frequency [17]. It is
demonstrated that the IPMC’s electromechanical properties, namely the deformation capacity and
electrical resistance, highly depend on the water content (in the IPMC strip and environment) and
the duration of actuation. IPMC deformation capacity decreases with an increase in material
electrical resistance. The IPMC material shows a relaxation behavior for a step voltage input, due
to the back immigration of the hydrated cations from the anode to the cathode due to higher

pressure at the anode side of the IPMC strip.

The electrochemical properties of IPMC indicate that it is possible to use them as compact
fractional-order elements (FOEs) [18].

The electromechanical performance of IPMC depends on the electrical stimulus,
environment humidity, counterions, and the number of actuation cycles, blocking force, and
electric charge storage [19]. The hydration level and the counter ion type have a great impact on

IPMC electromechanical properties.

The electrical-chemical-mechanical response of IPMC is dependent on the cations used,

the solvent, the amount of solvent uptake, and the morphology of the electrodes [20]. If water is
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used as the solvent, the applied electric potential must be less than 1.3 V at room temperature, to
avoid electrolysis. Moreover, water evaporation in open air leads to dehydration of the sample.
These factors limit the application of IPMCs with water as the solvent. Glycerol has a viscosity of
about 1000 times that of water at room temperature and has a greater molecular weight. Like water,
it consists of polar molecules and thus can serve as a solvent for IPMCs. IPMCs with glycerol as
their solvent have greater solvent uptake and can be subjected to relatively high voltages without
leading to electrolysis. They can be actuated in the open air for long periods. They are suited for
low-frequency applications.

The displacement of a Nafion-based IPMC is proportional to the total charge imposed [21].
This property is the basis of self-sensing controllers for Nafion-based IPMC bending behavior.
Self-sensing controllers are proposed using feedforward, feedback, and two-degree-of-freedom
techniques. All three controllers can effectively control the actuation of the Nafion-based IPMC

actuator.

It is found that IPMC exhibits hysteresis between its bending curvature and the applied
quasi-static voltage [22]. The response of IPMC under a quasi-static voltage is explored to model
the IPMC under DC actuation and to develop an open-loop control strategy based on the derived
model. Open loop control is preferred in microsystems since additional circuitry is not required.

Water is the most used solvent in IPMC. So during the air operational life of IPMC, it will
eventually dry. To produce an air-operable IPMC actuator, a new encapsulation process using a
dielectric gel is proposed [23]. The results show that the encapsulated IPMC remained hydrated

and its performance did not deteriorate.

IPMC can be used as actuators to carry out delicate surgeries [24]. It is to be noted that it
is very similar to biological systems. The design of a single degree of freedom robotic surgical
instrument actuated by IPMC is designed with a strain gauge element as a feedback sensor. A

controller based on Proportional Integral (PI) was integrated into the system.

Many different methods to improve the IPMC response are being discussed [25]. By
applying a large amplitude and short duration pulses, a fast response can be induced, since ion re-

distribution will be speeded up. Similarly, isopropanol-assisted technique is useful in developing
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better-performing electrodes. It is also reported that sulfur and nitrogen co-doped graphene

electrodes improve the conductivity and capacitance of the device.

Research is carried out on IPMC as energy harvesters investigating its main features such
as mechano-electric transduction capability, stiffness, impedance etc. [26]. Studies are made based
on an electromechanical transducer model. It has been demonstrated that IPMC can be used for

energy harvesting at frequencies less than 50 Hz. Experimental results are also reported.

A model for IPMC is proposed where the electromechanical component of the model
includes formulation to include the effect of electrolysis current [27]. The mechano-electrical
component of the model is analyzed to determine the cause for the delay between induced voltage
and applied deflection. It is demonstrated that the volumetric effect of the anion charge plays an

important role in mechano-electrical transduction calculations.

Nafion membranes operate as electromechanical actuators and sensors [28]. It is reported,
that the use of 1-ethyl-3-methylimidazolium trifluoromethane sulfonate ionic liquid is explored as
a solvent for Nafion™ polymer actuators and sensors. Nafion™ transducers with this ionic liquid
have improved stability when operated in air as compared to the same materials with water (Figure
10). However, a drawback observed is that ionic liquids lead to a reduction in the speed of

response.

IPMCs can be used as soft actuators in various practical areas like robotics, biomedicine
and micromanipulation systems [29]. IPMC actuators have many advantages over other actuators
such as lightweight, low operating voltage, possibility of miniaturization. However, their
properties of back-relaxation, hysteresis, high sensitivity to ambient conditions, etc. lead to
difficulty in precise and reliable control. Here various control methods for IPMC actuators are
explained.

IPMC has an electromechanical response that is dependent on the driving voltage and
method. Here an equivalent electrical circuit model for the IPMC actuator is developed using
experimental data [30]. The effect of the waveforms and frequencies of driving inputs on the
characteristic features of the IPMC actuator are studied. Various signal forms such as square,

triangular, and harmonic waves are applied and studied. It is observed that large consumption of
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current during actuation is caused by the high-frequency components of the driving waveforms.

This is due to the fact that the IPMC actuator has the characteristics of a damped high pass filter.

Enhanced force by IPMC as an actuator, can be realized by increasing the thickness of the
film [31]. To cater to various applications, mechanical characteristics such as stiffness,
displacement, and force were measured for the fabricated specimens using cast ion-exchange-
polymer films and analyzed.

Improving the force developed by IPMC along with the deflection is a challenge. Normally
anon-corrosive material is used as an electrode. In the study reported here, silver, a corrosive metal
is used as an IPMC electrode [32]. The reversible redox reaction of the silver electrode results in
the material characteristics change of the IPMC, and it results in higher curvature and blocking

force. This is an extremely interesting result and it calls for further research.

A Nafion-based IPMC with high-quality metal electrodes study shows large deformation

and fast response can be achieved. [33].

Tatbatabaie has proposed many novel designs of IPMC [34]. The various configurations
are realized by stacking the IPMC strips in different patterns such as helical, tubular, spherical,
strips in series, etc. By attaching strips of IPMC, it can be actuated to get a movement mimicking

a snake. The whole structure is an active element.

Another configuration reported is a rolled IPMC [34]. This configuration can be used to
effect a rotating motion to a part. The part should be attached to the pre-rolled IPMC. When an
input voltage is applied to the IPMC, the part will rotate, as the IPMC unwinds or winds up.

The literature above indicates various research that is going on, to address the basic issues
associated with IPMC actuators such as improving the blocking force, reducing the electrolysis
and dehydration when water is used as a solvent, lowering the power consumption, and improving
the stability. The use of different electrode materials is a promising approach to enhance the
actuation characteristics. Another important finding as reported above is the possibility of realizing
different actuation modes by different patterns of IPMC that will be useful in new device designs.

It is interesting to note that since it is a Nanocomposite, many of its characteristics can be tailored.
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Chapter 3
A Novel tunable PVEH

Note: This chapter is adapted from a peer-reviewed paper that has been published in Mechanics
of Advanced Materials and Structures with permission where appropriate. This chapter highlights
the relevant literature survey, the conceptualization of the device, fabrication, and experiments
conducted to characterize the device. The theoretical analysis of the results is also covered here.

The article citation is:
Raghavan, S., Sharma, A., & Gupta, R. (2023). Resonant frequency tuning of a novel piezoelectric

vibration energy harvester (PVEH). Mechanics of Advanced Materials and Structures, 1-16.

Article link: https://www.tandfonline.com/doi/abs/10.1080/15376494.2023.2209078

Abstract

It is imperative to provide autonomous power supplies for the sensor nodes in Structural Health
Monitoring. Piezoelectric Vibration Energy Harvesters (PVEH) can generate power to meet this.
Here, studies on a novel PVEH design integrating lonic Polymer Metal Composites (IPMC), for
electrical tuning of resonant frequency of the harvester have been discussed. The device for which
a patent is pending has two sections. Macro Fiber Composite (MFC) is bonded on the root section
and the extension beam is impacted by IPMC. Net power output was achieved with varying
conditions. This paper also discusses the theoretical analysis of results and next-generation

devices.
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3.1 Introduction

Health monitoring of structures has become a key factor in developing an effective strategy
for maintenance and retrofitting. This has benefited from the fast-paced development of different
types of sensors with low power requirements. However, there have been issues associated with
powering the deployed sensors that are generally inaccessible such as the ones used in nuclear
power reactors, remote bridge structures, aircraft, human bodies, etc. [36, 37]. In the last decade,
the focus on automated Structural Health Monitoring (SHM) to reduce human intervention and
related costs has led researchers to look for alternative sources of power [38, 39]. Harvesting
energy from the ambient sources of vibration (Fig. 3.1) including the thermal gradients,
mechanical vibrations, solar, fluid flow, human-driven sources, etc. is a potential alternative source
of energy [40-45]. This can potentially replace the traditional power sources with limited life and
storage capacity such as batteries, thereby significantly reducing the required maintenance and

subsequent costs [36, 46].

Methods of Energy Harvesting
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Fig. 3.1 Methods of Energy Harvesting

Thermal energy harvesters utilize the Seebeck effect that correlates the conversion of heat into
electricity but their power output dependence on the temperature gradient significantly limits their
scope [47]. More effective new methods are developed, by using thermal energy to switch
thermomagnetic materials between magnetic and nonmagnetic states, which enable the conversion
of thermal energy to electrical energy [41]. Solar energy harvesters are used to achieve the highest

power output but are limited by outdoor applications and the availability of a source of power [48].

21



Another way of energy harvesting is by tapping the mechanical ambient energy that can be found
through vibrations, fluid flows, pressure fluctuations, etc. [49]. Vibrations being most immanently
available in the environment, provide a more robust source for harvesting energy for applications
which are shown in Table 3.1.

Table 3.1 Ambient sources of vibration

Source of Vibration Frequency of vibration (Hz)
Car hood 12
Bridge 2.1-2.3
Aircraft 26
Helicopter 5 -gives peak power
Ship 5-20
Satellite Launchpad 5-200

Offshore wind turbine systems 0.5-1.5

Vibration-based energy harvesting has numerous applications such as in the case of
dynamic structures including automobiles, helicopters, fixed-wing aircraft, and many land-based
structures such as buildings, bridges, and satellite launch pads [50-52]. Energy harvesting from
such sources of vibration is based on the transduction principles of kinetic energy and is usually
classified as 1) Electrostatic; 2) Electromagnetic; 3) Magnetostrictive; and 4) Piezoelectric [53—
57]. Depending upon the source and the transduction mechanism, the generated output power can
vary widely. While energy harvesting is possible even at a larger scale, with other amounts of
power, in micro and mini systems, power will be from pW to mW [56]. Energy harvesting using
electrostatic transduction involves the conversion of vibration energy into electrical charges based
on the principles of a variable capacitor as the change in capacitance will induce an increase in
voltage in the harvesting system [37, 39, 58]. Several factors such as the requirement of an external
power source, the presence of low capacitance, the high impact of parasitic capacitance, etc. limit
their applicability. Electromagnetic transduction involves the movement of the armature inside a
coil with reference to a vibrating source [59]. In a typical device, the armature will be connected
to a source of vibration hence enabling a movement along with the ambient vibratory movement.
This movement will generate a voltage in the coil surrounding it due to electromagnetic induction

[37]. The applicability of such devices is limited by factors such as the size of the device, generated
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low level of voltage, extremely low efficiency in low frequencies, and small sizes.
Magnetostrictive material can produce electric energy from the mechanical vibrations in a two-
step process. When the magnetostrictive material is subjected to mechanical vibrations, a
corresponding magnetic field is produced in it. When this magnetostrictive material is introduced
as a core of a coil, this resulting change in the magnetic field induces an electric field in the coil.
Since the device is quite bulky and of low output, these devices are not considered very efficient
[60].

Many researchers have experimented using IPMC for energy harvesting. Farinholt et al. [61] have
compared two types of vibration energy harvesters, one using piezoelectric polymer
polyvinylidene fluoride and another using IPMC. The harvesters operated at resonance frequencies
of 138Hz. and 70 Hz. The generated power in the case of the harvester using IPMC was two orders
of magnitude less. Jamshidi et al. [62] have worked on energy harvesting using large strain
characteristics of IPMC from the oscillation of rectangular cantilever plates having a low aspect
ratio. About 1.75 mW of power could be generated with a flow velocity of 60 meters per second.
Martin [63] has worked on energy harvesting from vibrations using IPMC. Further, he has
demonstrated that they have an inherent capacity to store electrical energy akin to a capacitor when
mechanically deformed. Soh et al. [64] have discussed the research by many researchers on IPMC.
IPMCs are capable of converting mechanical energy to electrical energy and vice versa. Hence
they are ideally suited to function as sensors and as actuators. They need an aqueous environment
to function and this makes them very suitable for converting aqueous flows to electrical energy.
Due to their similarity in function with human muscles, they have applications in robotics and

biomedical fields. They can be miniaturized in any shape and dimension and fabricated as MEMS.

3.1.1 Piezoelectric vibration energy harvesting

The advancements in sensor technology have led to the realization of sensors that can function
with very low power consumption. Hence, the low output power generated by the energy
harvesters can be utilized in providing autonomous power sources for these MEMS-based sensors
[65-67]. Here energy harvesting using piezoelectric transduction overcomes most of the limitations
associated with other methods [37]. This method is based on the piezoelectric effect of certain

materials that involves the generation of voltage when subjected to mechanical stress [55].
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Piezoelectric materials such as PZT (Lead zirconate titanate), barium titanate, lithium niobate, etc.
undergo a reorientation of the electric dipoles, resulting in the formation of electric charges that
can be harvested [54].
The constitutive equations for piezoelectric material (IEEE Std. 176 (1978)) are the basis to derive
the governing equations of electromechanical modeling for PVEH systems and owing to the higher
Young’s modulus of piezo ceramics, larger strains have been reported to be obtained by using
different configurations of PVEH including 1) Stack; 2) Cymbal- type; 3) Cantilever type. Larger
strains are advantageous since they lead to higher voltage output from the harvester.
These cymbal-type devices don’t generate fairly good output at low frequencies which are
normally present in ambient conditions. The stack-type is considered effective only for higher load
applications and does not give a reasonable output in the normal ambient vibration conditions.
Cantilever PVEH configuration is a simple yet effective design to generate higher strain
under moderate values of excitation from a vibration source and has been tried by many researchers
[49, 51]. A cantilever PVEH can be designed as a unimorph (with one active piezoelectric layer
on a substrate) or a bimorph (with two active piezoelectric layers). Researchers have been trying
different configurations in order to increase the power output of cantilever- type PVEH. Aladwani
et al. [104] have reported a method to increase the power output of PVEH by enhancing the strain
with a spring and mass system between the fixed end of the harvester and the vibrating structure.
This spring and mass system can improve the bandwidth of the harvester also. Raju et al. [105]
have worked on structural design-based methods for increasing the harvester output. They have
proposed a rectangular section ending with a tapered section and a tapered section ending with a
rectangular section. They have also studied the effect of introducing a cavity in the cantilever.
Askari et al. [106] worked on another structural approach, where the advantage of a multi-beam
harvester is made use of. The device was designed for frequencies less than 100Hz. Panda et al.
[107] have analyzed a laminated composite beam energy harvester for optimum performance.
Specifically, a multilayer carbon epoxy composite beam was used for the studies. Meng et al.
[108also studied a composite material used in the harvester. They have analyzed a 3D braided
composite material as the cantilever beam. The material properties of the 3D braided composite
beam could be tailored during the design phase. Chand et al. [109] worked on an energy harvester
with a cantilever beam having a parabolic tapering width structure. The harvester could generate

a higher output and had a low natural frequency.
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While a cantilever configuration can generate much higher output at lower ambient vibration
levels, it has an inherent disadvantage of generating peak output voltage only at its resonant
frequency. As the ambient frequencies can vary around the resonant frequency of PVEH, this
results in the loss of a substantial amount of output power. Hence, many researchers have looked

into methods to overcome this characteristic of a cantilever-type PVEH [60, 68].

3.1.1.1 Passive methods for tuning the resonant frequency of PVEH

In general, passive and active methods have been explored by researchers to tune the
resonant frequency of PVEH following variations in the frequency of the ambient vibrations.
Passive methods require human intervention since it does not have an autonomous system to
change the frequency. The passive methods include i) changing stiffness by axial preload[69-71],
il) spring-loaded cantilevers [68, 73, 74], iii) magnetic stoppers [75, 76], iv) multiple elements of
piezoelectric materials[77], v) multiple interlinked cantilever beams [45, 77] vi) changing the
shape and cross-section of cantilever beam [78], vii) moving tip mass [79, 80]. Leland et.al. [69]
have worked on tuning the harvester by applying axial pre-load. Another passive method of
utilizing multiple cantilever beam structures has been widely explored for optimal energy
harvesting [77]. Fan et al. [110] worked on a Nano energy harvester, where porous piezoelectric
material was used. It was demonstrated that the solid-fluid coupling dielectric coefficient modifies
the peak power output and the resonant frequency during the fabrication phase.
3.1.1.2 Discussion on Active Methods for Tuning the Resonant Frequency of PVEH

Active methods involve elements that constantly work on changing the resonant frequency
of the PVEH following the change in the ambient vibration frequency [56]. In general, the active
method involves some form of actuation which will lead to the requirement of actuators that can
be integrated with the device. The actuator has to be "on" always. However, realizing an actuator
that consumes very low power compared to the harvested power is a challenge. In this regard,
Roundy et.al. [38] have reported the feasibility of active tuning using actuators, and the potential
of tuning stiffness, mass, and damping was evaluated theoretically and experimentally. It was
reported that the power required for tuning always exceeded the resulting increase in power. In
another research reported by Roundy et.al. [82], a PVEH that has wideband tunability utilizing a
stiffness-altering adjustment is discussed. The same report gives the details of an active tuning

method based on the stiffness change of the piezoelectric material. They have used piezoelectric
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benders as cantilever beams of the generators. Two electrodes are integrated on the surface of the
beam, one of them is used for harvesting the energy and the other for tuning. This is based on the
fact that the stiffness of a piezoelectric material depends on its elastic constant as well as the
electric field across the material. Hence the method used is to control the electric field applied to
the tuning electrodes, which will change the natural frequency of the PVEH. However, it was
reported that it did not result in an effective tuning since the power required for tuning was high
and could not achieve net positive power output from the PVEH. It was indicated that a low-power
actuator should be explored to control the stiffness of a PVEH.

From the literature review, it can be seen that while passive techniques provide different
methods for obtaining the tunability of PVEH, their dependence on human intervention limits their
scope in several real-time applications. On the other hand, active techniques do indicate a potential
to overcome the above-mentioned limitation by realizing an autonomous system configuration that
makes use of self-actuation. However, there is limited literature available exploring possible active
techniques for achieving efficient tunability of PVEH.

3.2 Research significance

The various literature shows, that there have been many issues in designing a cantilever-
based PVEH for functioning at different ambient frequencies without much reduction in its power
output. Many researchers have been working on resolving these issues. However, finding a
mechanism to tune the PVEH that uses less power so that net power output doesn’t suffer, is still
a challenge. Our research is to arrive at a method of design of PVEH, which can be tuned while
maintaining the net power output to a great extent. This task involves identifying a suitable concept
for changing the stiffness, identifying a suitable device to realize that, studying the effectiveness
experimentally, and correlating it with a theoretical analysis.

The proposed design of the device uses IPMC as a stopper to shift the resonant frequency
of the PVEH. An earlier paper by us on the subject [83] indicates limited tests on a device using
different materials for PVEH to demonstrate this approach is possible. Here aluminum was used
for the root section and the extension beam. The harvester was studied varying the gap between
the IPMC tip and the surface of the cantilever beam. The results of this present research bring out
in greater detail, with additional experiments on a device using different materials, the feasibility

of using a very low power actuation that can be introduced in the design, to tune the resonant
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frequency of the PVEH. This is of importance since there had been no other literature on this novel
approach of utilizing a very low-power actuation as a stopper in the design.

The salient features that highlight the significance of this research are as given below:

The concept of integrating IPMC into the PVEH design is not reported by any other authors.

The power required for the IPMC to shift the resonant frequency of the PVEH is low enough to be
provided by the harvested energy, still gaining net power output.

The IPMC is a nanocomposite, which can be easily miniaturized into MEMS form [84] in the
PVEH MEMS design.

The range of frequency through which the PVEH can be tuned depends on the blocking force that
can be developed by the IPMC, with the low-power input. The IPMC fabrication technology is
constantly evolving to generate higher blocking forces for the same low power input [85, 32].
Hence the frequency range through which resonance can be tuned, will significantly be improved
by using the higher force IPMCs.

The IPMC actuator in the design can be kept active and the necessary steps of DC voltage can be
given to shift the resonance. This method significantly reduces the power consumed by the IPMC
to a still lower value [10].

The above-mentioned features of this novel design will be further explained in this paper at

different stages. Based on this concept, a full US patent has also been filed [86].

3.3 Materials and Methods
3.3.1 Initial Study

In order to develop the final design of the device, a series of preliminary experiments were
conducted on PVEH, applying various methods such as shifting mass along a cantilever beam and
different fixity conditions. All these methods require manual intervention to achieve a change in
the resonant frequency.
3.3.2 Frequency tuning of PVEH

The limitations of passive tuning techniques can be overcome by using active tuning
methods that rely on varying the mechanical stiffness of PVEH using piezoelectric actuators [87].
However, piezoelectric actuators do not work on the very low input voltage (1-10 V) and

power. Hence these tuning methods still consume a considerable amount of power. This proposed
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design of the device using IPMC as the actuator overcomes all the above-stated limitations and
provides a low-power solution for electrical tuning.

We will now discuss the proposed novel design. The device consists of the cantilever beam, MFC
patch bonded on it and IPMC actuator. The experimental setup includes an exciter, amplifier,
signal conditioner, rectifier circuit, oscilloscope, etc. The details are covered under the relevant

headings.

3.3.2.1 Piezoelectric Cantilever Set-up

Based on the initial study by the authors, the conventional PVEH cantilever beam design
was modified by including an extension beam with the focus of developing a tunable PVEH device.
Table 3 entails the details of the different types of PVEH cantilever beams that were used for the
experiments. Fig. 3.2 represents the schematic diagram of the finally proposed PVEH cantilever
design (also shown in “Fig. a” in Table 3.3).
Initially, the selection of the substrate was done using pre-existing literature of PVEH [37, 55, 56]
wherein the device included only one section (as root section). During the initial design process,
it was found that the range of force associated with IPMC actuation was not large enough to
effectively change the resonant frequency of the root section. Therefore, it was hypothesized that
a thinner beam might better respond to the impact of IPMC actuation. However, it was
subsequently found that thinner sections of the substrates (as root section) are unable to transfer
sufficient stress to generate a substantial output from the MFC. Hence, a PVEH cantilever design
that includes a root section (RS) and an extension beam (EB) of thickness 1.25 mm and 0.3 mm
respectively was taken up for experiments. These values of thickness were considered as a typical
case that satisfies the above mentioned criteria of realizing an effective transfer of load from the
IPMC. Lightweight glass fiber (FR4) was used for the RS of the beam. A thin section of aluminum
was chosen for the EB portion of the beam to effectively transfer the load from IPMC to the RS of
the cantilever. Table 3.2 details the material properties of RS and EB. The EB was bonded to RS
using 3M465 film tape. Furthermore, a tip mass weighing 6.06 gm was mounted on the tip of the
RS. This was done to obtain the desired range of resonant frequency for the basic PVEH cantilever

beam.

28



22.00

N RN

[~
e /
BT T S R A I AW A L LY AT,
/

6.06 gms

Composite substrate (R S) Al Extension beam (E B)
MFC Patch

Fig. 3.2 Piezoelectric Cantilever set-up (Dimensions in cm)

Table 3.2 Properties of materials used as root section and extension beam of the PVEH

Properties Composite Aluminum
Thickness mm 1.25 0.3
Young’s Modulus, E (in GPa) 21 69

Length cm 22 115
Width cm 3.3 2

Density g/cm?® 1.850 2.7

The Macro Fiber Composites, originally developed by NASA’s Langley Research Center
are PZT (Lead (Pb) Zirconate Titanate) based piezoelectric patches with great flexibility which
can be bonded on structural elements that undergo higher deflections [88]. The interdigitated
electrodes of MFC make the transfer of signals more efficient. Given these features of MFC, it
was decided to use MFC in the proposed device design. Many researchers have reported work on
MFC patches for various applications such as energy harvesting and vibration control [89-92]. Fig.
3.3(a) and 3.3(b) represent the structure of the MFC patch and the typical MFC patch used in the
study. MFC is made of piezoelectric fibers of a square cross-section bonded together with epoxy
to form a sheet. This sheet is sandwiched between polyimide films and electrodes. Piezoelectric
materials can be in two configurations, depending on the direction of force applied with reference
to the poling direction. When the direction of force is in the same direction as the poling direction,
it is called d33 mode and when it is perpendicular to the poling direction, it is called dz: mode (Fig.
3.4).
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Different types of MFCs have been reported in existing research [37—41] for various applications.
However, in this study, P2 type MFCs obtained from Smart Material Corporation, USA [93] have
been used. This is because P2 type MFC responds best for energy harvesting applications due to
its higher capacitance. P2 type MFCs function based on the ds; effect for actuation. Table 3.3 gives
the details of the different types of MFCs used in the study. It should be noted that the novel design
of the device can be realized on any of the P2 type MFCs and therefore, there is no specific reason

behind the choice of MFC for a particular experimental work.
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Table 3.3 Details of the different types of Specimens used for experiments

Specimen with Type & MFC MFC Specifications (by the manufacturer)
MFC substrate Type AL Aw O. Ow Ci Fstrain  Br
dimension mm mm mm mm 20 ppm (N)
% +10 10
% %
Fig.a RS:Composite  M2814-P2 28 14 37 18 43 -630 -76
T — (22cm, 3.3 cm)
EB:Aluminum
(11.5cm, 2cm)
Fig.b RS: composite  M2814-P2 28 14 37 18 43 -630 -76
E (22cm, 3.3 cm)
Fig.c RS:HDPE M5628-P2 56 28 67 31 175 -740 -175
(18cm, 4.5cm)
EB:HDPE
(9cm, 2cm)
Fig.d RS:Aluminum  M8503-P2 85 3 94 7 15. -430 -11
E (17cm,3.5cm) 5
Fig.e RS: Aluminum M8514-P2 85 14 100 18 127 -630 -76
E (17cm,3.5cm)
EB: Aluminum
(10cm, 2cm)
Fig.f RS:Composite  M8528-P2 85 28 103 31 258 -740 -180
E (22cm,3.3cm)
EB:HDPE
(9.5cm,2cm)

Note: A.- Active Length, Aw- Active Width; O_-Overall Length Ow— Overall Width; Cyr—

Capacitance in nano Farad; Fsrain- Free Strain; Br— Blocking force HDPE

HDPE- High-Density Polyethylene
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In Table 3.3, the indicated active length and active width are the dimensions corresponding to the
active fiber sheet of the MFC whereas the overall length and width correspond to the physical
dimensions of the MFC. The capacitance and the free strain are important parameters in the
function of a piezoelectric device. The blocking force is the force that the piezoelectric element
can develop with zero deflection, in the actuation mode.

A limited analysis to get confidence that our samples did not change their characteristics
and the output was stable during our experiments was done as detailed below:
A test was developed and carried out on 4 MFC patches in cantilever configuration for 1 million
cycles of operation at the resonant frequency of each device. The output voltage was monitored at
fixed intervals of 10,000 cycles and the results are plotted in Fig. 5. The output voltages were
stable at the peak value and no change in values was observed, indicating no deterioration. These
experiments were carried out on M2814P2, M8528P2, M8514P2, and M5628P2. Further, test was
carried out at 12 Hz for 3 MFC patches, M5628P2, M8503P2, and M8514P2 for additional 4.5
million cycles to explore if there are any variations in the behavior for an extended period. After
the test, each of the MFCs was tested at its resonant frequency and still no deterioration in the
performance was recorded.
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Fig. 3.5 Response of MFC

The higher value of output voltage seen in the above plot is due to the choice of the cantilever, in

addition to the MFC properties.
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3.3.2.21IPMC

IPMC materials are porous fluorinated polymers that are filled with an ionic liquid, which
is conductive. During fabrication, cations replace the protons attached to the terminal group. These
cations will dissociate in water, and terminal groups will have a negative charge. This process will
lead to an excess of free cations in the material. This material sheet will be given a coating of a
noble metal. This device is an ionic polymer-metal composite (IPMC) where dipoles can orient
themselves when subjected to the electromagnetic field. They get attached to the free metal cat-
ions. When an electric field is applied, this configuration leads to an electric current and cat-ions
move to one side of the material. This process results in the actuation, by bending of the IPMC
strip in a pattern defined by the electrode configuration [22, 94-97].
Blocking force of IPMC is the force it can withstand with zero displacement, and is defined by the
following equation.

F=C x" |gf] (3.1) [95]

F is in gram force (gf), C1 is a constant; w, t, and L are the width, the thickness, and the length of
IPMC in mm respectively.
A long IPMC can create a large displacement, but it cannot produce a high tip force. A thick IPMC
can generate a high tip force. When the applied voltage is increased, tip displacement and tip force
are also increased. Another factor that contributes to a better displacement and force is the low
surface resistance of platinum electrodes in an IPMC.
The generated force shows an almost increasing trend with the voltage. This is due to the
movement of cations along with the water molecules driven by the voltage applied across the sides
of IPMC. The capacitance of IPMC also increases as the thickness increases in a non-linear pattern.
As the applied voltage increases, both bending displacement and the tip force increase. The
bending displacement and tip force exhibit a more linear pattern with an increase in voltage, when
thickness reduces. The uniformity of the electrodes is better when the thickness of the actuator is
reduced.

Governing PDE for charge distribution in an IPMC is as given below in [98],

D
E=p&=-Vo (3.2)
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D, E, ¢, and p denote the electric displacement, the electric field, the electric potential, and the
charge density, respectively. K, is the effective dielectric constant of the polymer.
V.D=p=F({C*—-C") (3.3
F is Faraday’s constant, and C* and C™ are the cation and anion concentrations, respectively.
The response of IPMC [98] is a function of the structure of the backbone ionic polymer, the
conductivity of the metal electrodes, the properties of the cations, and the extent of hydration. The
speed and magnitude of the actuation also depend on the type of solvent. Hence the operation time
is a parameter that depends on the type of solvent. The loss of solvent can be due to evaporation
or electrolysis. If a higher voltage is applied to the IPMC, electrolysis can take place leading to
loss of solvent. However, recent research leads to new encapsulation techniques using a dielectric
gel, which will be important in applications involving long-term operation. Since the IPMC strip
can be cut into units of very small sizes, they can be easily considered for MEMS-based actuation
applications. It can also be operated with an open-loop control system. The advantage of open-
loop control over feedback control is that external sensing devices and circuitry are not needed,
which can be very important in microsystem design.

Commercially available Nafion-based IPMC is considered for this study. For the design,
IPMC of length 30mm, width 5mm, and thickness 2 mm from Environmental robots, USA was
used. This IPMC can function as an actuator if a low voltage in the range of 1 to 4 V is applied.
On application of a voltage, the IPMC actuates, generating a blocking force.

With different blocking forces, the IPMC in contact with the cantilever beam behaves like
an impact with elements of different reaction forces. These above details of IPMC characteristics
clearly state the reason for using IPMC in this design. Fig. 3.6 (a) depicts the structure of a typical
IPMC. Fig. 3.6 (b) shows the photograph of the IPMC used for the experiments. In Fig. 3.6 (b), b1
depicts a single IPMC and b2 depicts a configuration of two IPMC strips joined together. Since the
Nafion-based IPMC selected for the study utilizes water as the ionic solvent, proper hydration of
the IPMC is critical in ensuring effective actuation. Hence, IPMC strips were immersed in water
for 16 hours. Then the samples were checked for moisture loss by measuring the mass in a
precision balance, until the mass reached a stable value. This is required to make sure that IPMC

is used with its stable saturated water content.
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Fig. 3.6 The structure of IPMC (a) and the IPMC used in the experiment (b)
Fig. 3.7 shows the graph plotted between the time lapsed and the mass of IPMC. It can be seen

that after 1 hour, the IPMC has reached saturated stage, and no mass loss takes place subsequently.

To make sure the actuation is consistent, care was taken to maintain its hydration level during the
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Fig. 3.7 Moisture content study of IPMC

3.3.2.3 Rectifier Circuit

The output of the PVEH will be an alternating voltage corresponding to the varying stress
values resulting from the sinusoidal nature of the input vibrations. Hence a full-wave rectifier was
to be designed and interfaced with the PVEH, to acquire the output in DC form. It is desirable to
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use a passive circuit since no power will be required for that. The rectifier circuit used in the study
consisted of 4 diodes (IN 4001) and a capacitor (220uF). The diodes form a Wheatstone bridge
and the output of the PVEH is connected to the terminals across the bridge as shown in Fig. 3.8.

A) Piezoelectric material
] B) Diode
(8) C) Capacitor
(A) D) Load resistor

Fig. 3.8 Rectifier circuit

The output of the bridge is taken across the other two terminals of the Wheatstone bridge and
connected across a capacitor. A load resistor (1MQ) was connected across the capacitor and the
voltage across the resistor was monitored. Since the piezo element has a high output impedance,
the load resistor had to be selected to match the high impedance, so that usable power can be
acquired. Even though, a passive circuit is used, there will be a small amount of power loss due to
leakage current, which is ignored.
3.3.2.4 Integration of the Design setup of Energy Harvester

The design utilizes the integration of another smart material (IPMC) in the cantilever beam
configuration to induce a stiffness change by virtue of contact mechanics. IPMC works as an
actuator with a low input voltage in the range of (1-4 VV DC). The blocking force (load that IPMC
can withstand with zero deflection) of the IPMC changes with variation of the input voltage. This
property is utilized to provide an impact response in the extension beam of the PVEH. As a result,
a change in the stiffness of PVEH will be induced, changing the resonant frequency. Hence, a shift
of the resonant frequency can be achieved by varying the input voltage to the IPMC. In general,
power output very near to the peak power output of the PVEH corresponding to its resonant
frequency can be achieved even if ambient frequency drifts from the basic natural frequency of the
harvester [86].

From the initial study, it was found that when a single IPMC was used, the results were
inconsistent due to the lack of a stable contact point. This led to the use of stacking of two IPMCs

to improve the efficacy of the design. The two IPMCs were powered at the same point on one end
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and the other end was joined and was touching the beam. This was found to be a stable
configuration. Fig. 3.9 represents the integrated setup used for the experimental analysis of the
novel device and Fig. 3.10 shows the photograph of a typical setup used. Care was taken to make
sure the IPMC setup was consistently stable throughout the experiment. The set-up includes a
signal generator (GW Instek GFG8250 A make), oscilloscope (HP 54603 B make), exciter
(Miniature shaker K2007E01-Modal shop make), multimeter (Agilent make), and wireless
accelerometer unit (Pasco make).

The resonant frequency of a PVEH is a function of the type of constraint that it is subjected
to. A fixed-free cantilever behaves differently from one that is fixed-quasi-free. The proposed
novel design primarily utilizes this concept to enable a tunable PVEH system. If the cantilever
beam is subjected to an impact with an element, the energy associated with it changes and goes to
a higher resonant frequency. If the impact element is of different stiffness, this change in energy
varies and so does the resonant frequency. As mentioned earlier, the IPMC functions as an actuator
where the actuation is a function of input voltage of the range 1-4 V. On actuation, the blocking
force of IPMC changes. Hence, an IPMC under actuation is an impact element to the cantilever
beam, the change in energy of the cantilever beam will be the function of the level of actuation of
the IPMC. In the proposed design, the integration of an IPMC as an impact element located above
the cantilever beam is considered to be the novel aspect of the tunable harvester design. A study
on the electrical characteristics of IPMC shows, it requires very low power to operate, which is
ideal for achieving net power gain from the PVEH. The IPMC was also powered separately during

detailed experimentation to ensure no other extraneous factors added error to the results.
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Fig. 3.9 Schematic Set-up for PVEH test
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3.4 Theoretical analysis of the Tunable PVEH design

The theoretical analysis of the novel design is based on the Euler Bernoulli beam theory
and the basic theoretical formulation of IPMC, the brief of which is given below. Euler-Bernoulli
beam theory is based on the following assumptions: (1) The beam section is infinitely rigid in its
plane. Hence, there will not be any deformation in the plane of the cross-section. (2)The cross-
section of the beam remains plane to the deformed axis of the beam. (3) The cross-section of the
beam remains normal to the deformed axis of the beam. The novel design meets the above
requirements while the device generates power from the ambient energy.
The resonant frequency of a mechanical energy harvester is the function of the stiffness of the
system K and the effective mass of the system m. Hence, controlling or modifying these two
parameters can effectively lead to frequency tuning of a vibration energy harvester [99]. For an
energy harvester, the mode of vibration of interest is the first Eigen frequency. In the case of the
present novel design, the stiffness value can be changed by, the gap between the IPMC tip and the
cantilever, the distance of the IPMC contact point from the free end of the cantilever, and by the
input voltage to the IPMC. In the new design, the resonant frequency is tuned by impacting the
cantilever with the IPMC actuator that functions as a stopper. The literature indicates that impact
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effect is a function of the blocking force of IPMC which in turn is a function of the cation
concentration, the electrode properties, the thickness of IPMC, and the input voltage [100, 101].
The maximum blocking force can be given as below in equation: (3.4)

F = by + b,U + bU? + b3U3 + b U* (3.4)
Where bi (i=0, 1, 2, 3, 4) is a constant and U is the applied voltage [100]
The resonant frequency of the PVEH can be derived as given below [99].

_ w1 [
fr= 21 L2 | Me+Am (3:5)

v/2 represents viVX .
Vnh = 1.875 is the eigenvalue for the fundamental vibration mode, K represents the effect due to the
cantilever, m,= 0.236 mwL is the effective mass of the beam where m is the mass per unit length
of the cantilever beam, X =0.236/3, L is the length of the beam, and Am is the proof mass. In the
present design, we have used an extended beam attached to the root section and IPMC as an
actuator contacting the extension beam. Hence the effective K will be different.
The shift in the resonant frequency is

§fr = f(s,d) (3.6)
where s is the gap between the IPMC tip and the cantilever, and d is the distance of contact point
on the extension beam from the tip of the extension beam.
The parameters that can be controlled for achieving the desired frequency shift are the response
parameter of the stopper, the location of the impact of the stopper on the cantilever, and the gap
between the stopper and the cantilever beam. Larger gaps will reduce the event of an impact (which

means the beam may not get in contact with the stopper), leaving the harvester in the linear region.

3.5 Results and Discussion

The functionality of the proposed design of the device was evaluated for performance under
different conditions. The experiments were carried out in three stages (Stages A, B & C).
Stage A: To study the Voltage vs Frequency response of the PVEH with root section and the

extension beam
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Voltage output vs frequency of vibration was plotted for the PVEH with extension beam as shown
in Fig. 2 with a mass of 6.06 gm at the junction of the root section and the extension beam. The

response is shown in Fig. 11.
14

12

-
(=]

PVEH Output, V

Frequency of Vibration (Hz)

Fig. 3.11 Frequency of vibration vs PVEH output

Stage B: To evaluate the electrical tunability of the PVEH maintaining a net power gain.

Two experiments were conducted in Stage B. In the first experiment, the resonant frequency of
only the root section (along with the mass of 6.06 gm) with IPMC actuation at different locations
was studied.

In the second experiment, the effect of IPMC on the resonant frequency of PVEH, with root section
along with the extension beam and the mass of 6.06 gm as in Fig. 2 was studied for different IPMC
locations.

This was done to study: 1) the importance of the extension beam of the device; 2) the importance
of the inclusion of IPMC as an impact element; 3) the feasibility of tuning the resonant frequency
of PVEH electrically.

Stage C: To study the performance of the harvester with extension beam and IPMC as stopper
under various acceleration conditions

Experiments were conducted by varying the acceleration values of vibration and the performance

of tuning was studied.
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Stage A: To study the Voltage vs Frequency response of the PVEH with the root section and the
extension beam

Fig. 2 shows the PVEH that was used for the experiment. It has a composite material as
substrate with MFC type M2814-P2 bonded on it (from Smart Material corporation [93]). The
dimensions and material properties of the above are given in Table 2. An extension beam was
attached to it and a mass of 6.06 gm was introduced at the junction of the root section and the
extension beam. The exciter was driven by a sinusoidal signal from the signal generator and a
power amplifier which in turn induced vibrations in the PVEH. The corresponding frequency was
monitored. The output of the PVEH was connected to a full-wave rectifier to acquire a DC output
signal. This output was monitored on the oscilloscope. The input frequency given to the exciter
was continuously increased from 0 and the corresponding voltage from PVEH was monitored until
resonant frequency for the PVEH was found. The experiment was carried out to study the PVEH
by subjecting it to vibrations with frequencies ranging from 0 to 10 Hz. Fig. 11 shows the plot
between the frequency of vibration and the output voltage. This is divided into three zones.

Zone 1:

In a cantilever mode, a piezoelectric energy harvester produces a substantial output only
when it gets closer to the resonant frequency [71, 82]. The harvester output in the initial frequency
zone much before the resonance will be very low. This is seen in the Fig. 3.11.

Zone 2:

From Fig. 11, it can be noted that from the point Vi, (V-Voltage, i-initial, 0-output), there
is a sudden acclivity in the gradient of recorded PVEH output voltage until reaching Veo (V-
voltage, p-peak, o-output). It should be noted that the region of increasing voltage output varies
from Vi, at 4 Hz to Vpo at 6 Hz (resonant frequency).

Zone 3:

From Fig. 3.11, it can be seen that the output voltage of PVEH undergoes declivity with
the further increase in input frequency
Stage B: To evaluate the electrical tunability of the PVEH maintaining a net power gain
the above phase of research was succeeded by the introduction of IPMC in the test set-up for the
PVEH with only the root section, to evaluate the tunability of the PVEH. This was done by using
IPMC as an impact element for the cantilever beam at six different locations, A, B, C, D, E, and
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F. The distance from the free end of the cantilever to point A is 1cm, B is 2cm, C is 4cm, D is 5¢cm,
E is 7cm and F is 8cm. At each location, the voltage input to IPMC was varied from 0-4 V DC in
steps and the corresponding effect on the resonant frequency was recorded. Fig. 12 shows the plot
between the input voltage given to IPMC (at A, B, C, D, E, and F) and the corresponding resonant
frequency of the PVEH. From the figure, it can be seen that there is only a small variation in the
recorded resonant frequency of the PVEH with the actuation of the IPMC at different voltages for

this configuration.
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Fig. 3.12 IPMC input vs Resonant frequency for the PVEH without the Extension Beam
[EB]

This is because the range of force generated by this commercially available IPMC cannot make a
significant change in frequency as the effect of impact is less on a thicker root section of PVEH.
The output from PVEH in terms of voltage and current was also recorded. Based on the recorded
values of voltage and current, total power generated was calculated using the formula, Po =V * |
(where P= Power generated, V= voltage from PVEH, I= Current obtained from PVEH). Further,
the net power (Pn) was calculated by subtracting the power supplied to IPMC from Po.

The second experiment was done on the proposed design of the PVEH device that includes
an extension beam and a tip mass placed at the junction where the extension beam joins the root

section. As discussed earlier, Fig. 3.2 represents the harvester that was used for this phase of
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research. This PVEH device was impacted using IPMC (input voltage varying from 0 — 4 V DC)
at six different locations along the extension beam only. Corresponding to the input voltage given
to IPMC at a specific point, the resonant frequency was recorded. Fig. 3.13 shows the variation of
the recorded resonant frequency of the PVEH for the increasing voltage input of the IPMC. The
graph shows that the variation in the resonant frequency is the largest at point A and it decreases
as we move from point A to point F. This is basically due to the moment effect as the maximum
bending moment in the case of the cantilever is near the free end. As a result, the impact effect of
IPMC at this point induces a greater change in the response of the cantilever beam. Hence, a change
in the response of the cantilever causes a change in the resonant frequency of the beam. This also
explains the reason for the reduction in recorded resonant frequency as we move away from point
A to point F. Furthermore, at points A and B, an increase in the resonant frequency was also seen
as the input voltage given to IPMC was increased from 0 to 4 V DC. This is due to the increase in
the blocking force induced with the increase in input voltage to IPMC. The reaction of the IPMC
closely emulates the reaction of a material with different stiffness. As a result, the integrated device
behaves like a tunable system.
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Fig. 3.13 Variation of Resonant Frequency w.r.t IPMC Input Voltage
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Table 3.4 shows the net power gain from the novel PVEH at different input voltages. All values
of power are given in uyW. As explained in Fig. 3.16, the resonant frequency could be shifted with
input voltage to the IPMC. As a result, the power output from the PVEH could be enhanced at a
range of frequency values above the resonant frequency. Further, the net power obtained at A is
the highest and it decreases as we move from A to F. Additionally, it can be observed that with the
increase in input voltage to IPMC, there is a reduction in the net power output, which is expected.

This is due to the comparatively higher power consumption of the IPMC.

Stage C: Performance of the device at different vibration acceleration conditions

In general, there is characteristic frequency and acceleration associated with vibrations
present in any structure or machinery. A PVEH is expected to be able to generate power in varying
frequencies and acceleration conditions. The performance of the proposed novel device with a
variation of frequency around the resonant frequency has already been discussed in the previous
section. In this section, the main focus of the study is to assess the behavior of the proposed novel
PVEH in different conditions of acceleration of vibration.
In order to study this behavior, the proposed device as shown in Fig. 3.2 was subjected to varying
accelerations of vibration. As the study is focused on low frequency and low acceleration levels of
vibration, different values of acceleration within that range such as 1g, 1.25g, 1.5g, and 1.75g were
used. Using the signal generator, a sinusoidal signal with an input amplitude of 4V was applied to
the exciter through a power amplifier. Then the frequency of vibration was varied from zero
continuously and the corresponding output was recorded. PVEH was subjected to different input
amplitudes, and the resulting acceleration on the PVEH was measured using PASCO wireless
accelerometer unit. The PASCO unit was mounted on the PVEH (as shown in Fig.3.14) to capture
the acceleration experienced by the PVEH. The resonant frequency was identified by observing
the frequency at which the PVEH output voltage reached a peak.
A correlation between the input amplitude and the recorded acceleration of PVEH was developed
as given below: X: =0.25 A, where X: = acceleration of PVEH, A, Amplitude of the signal given
to exciter. Using this correlation, the acceleration values of 1g, 1.25¢g, 1.5g, 1.75g were selected
and the corresponding voltage amplitude was given to the exciter. For each value of input
acceleration, different input voltages (0V, 2V, 3V, 4 V DC) were supplied to IPMC. The
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corresponding resonant frequency was recorded, and the output power was calculated as explained
in the previous section.

Wireless

accelerometer

SN

Fig. 3.14 PASCO acceleration measurement unit on the exciter

Fig. 3.15 represents the plot between the recorded resonant frequency for 1g, 1.25g, 1.5g,
and 1.75g corresponding to the input to IPMC. From the figure, it can be seen that with the increase
in the input to IPMC, there is an increase in the recorded resonant frequency for each input
acceleration. This is because the resonant frequency of the PVEH varies when the EB gets

impacted by the IPMC of different blocking forces as noted in stage A of the experiment.
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Fig. 3.15 Resonant frequency of PVEH corresponding to the input voltage to IPMC at
different g values

Fig. 3.16 represents the plot of the calculated output power for each input acceleration
corresponding to the input given to IPMC. From the figure, it can be seen that with the increased
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input acceleration to the PVEH, there is a significant increase in the output power. This is because,

with an increase in acceleration, MFC undergoes higher stresses resulting in higher output.
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Fig. 3.16 PVEH output power corresponding to the input voltage to IPMC at different g

values

Further, it should be noted that power output from PVEH exhibited negligible variation with the

change in the input provided to IPMC. This is because, for different values of voltage supplied to

the IPMC, this PVEH can achieve resonance at frequencies beyond its basic resonant frequency.

The frequency range of tuning achieved in the study is based on the blocking force of the

commercially available IPMC.

3.6 Concluding remarks

This experimental study clearly demonstrates a novel low-power solution using IPMC as a stopper

to tune the resonant frequency of a cantilever type PVEH as given below:

1.
2.
3.
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IPMC can be used as a stopper/actuator on the PVEH, generating a shift in resonant frequency.
The impact effect of the stopper can be changed by applying different voltages to IPMC.

The proposed device scheme maintains the characteristics of a standard PVEH in generating
higher power in higher acceleration conditions. The power output was found to be stable under
the varying acceleration conditions.

The proposed novel device with IPMC tuning still generates a net positive power output.
Here commercially available IPMC was used. If the IPMC is fabricated with the specifications

required for this application, a larger tuning range can be achieved. With the advancement in
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the fabrication technology of IPMC, a higher blocking force can be achieved which will lead

to a higher tuning range.



Chapter 4
Frequency broadening characteristics and Theoretical Analysis of
the novel PVEH

Sreekumari Raghavan?®, Rishi Gupta!, Sardar Malek?, Loveleen Sharma?

!Department of Civil Engineering, University of Victoria, Victoria, British Columbia Canada

This chapter presents material from a journal paper that is to be submitted. A novel device was
described in Chapter 3. This paper gives details of experiments done to study the frequency-

broadening characteristics of the device. The theoretical analysis of the results is also presented.

4.1 Introduction

The frequency response of PVEH in cantilever configuration can be shifted and broadened by
introducing nonlinearity in the system, and researchers have found many novel ways to do this.
These have been referred to and summarized in sections 1.1 onwards. However, in many of these
cases manual intervention is required. In many other cases electrical methods for intervention are
made use of. Nevertheless, such interventions require a separate power source to power the
electrical circuit. Nowhere methods to introduce nonlinearity using a low-power device, which can
be powered from the harvester is mentioned. The method followed here is to use a low-power
smart material IPMC to actuate a PVEH in a sensitive cantilever configuration. The idea is novel
and there are no published models or experimental results to show the feasibility. No such
configuration using two smart materials is also available. After a detailed study, a device was
designed and fabricated to introduce tuning. Experimental results have indicated that the idea is
feasible with commercially available PVEH and IPMC. Since the commercially available IPMC
suitable for our design was limited, it was not possible to generate experimental data with multiple
specimens for designing a model to predict experimental results. The device also generated net

power after utilizing a small portion to activate an IPMC actuator. The details are covered in our
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earlier paper [146]. Here we cover experiments to study the broadband response of the device.
Analysis of the results has drawn reference to papers, where stoppers with different materials were
used. A full patent application for a novel device was filed in Nov.2020 [86]. In the device design,
IPMC is used as a low-power actuator in a cantilever PVEH configuration.
4.1.1 Basic configuration of PVEH

Piezoelectric cantilever is an inertia device that can generate a substantial amount of electric
power when it resonates at the ambient frequency (Fig. 4.1). A typical PVEH has a cantilever
beam, where the piezoelectric material is bonded to its fixed end. A proof mass may be attached
to the free end to get a lower resonant frequency. The value of this mass is optimized to generate
a higher power at the desired frequency. The PVEH will be fixed at one end such that the direction
of vibration is perpendicular to the axis of the beam, as shown in Fig. 4.1.

Piezoelectric
material

/
i 4 -’

A

Cantilever Direction of
beam vibration

Proof mass
J

Fixed end

AN

Fig. 4.1 A typical cantilever-type PVEH

Researchers have proposed various methods to design piezoelectric cantilevers.

Liao etal. [111] developed a method to formulate the maximum power equation that integrates
the physical phenomena into a simple model. This equation can be used in the design and analysis
of piezoelectric vibration energy harvesters. The design equation can be applied to different
interface circuit types. It was reported that under the same level of excitation, there is an optimal
thickness of the piezoelectric material, namely, PZT (Lead Zirconate Titanate) for generating
maximum power.

Noel et al. [112] carried out a set of experiments, adapting optimized results from a previously
developed coupled electromechanical model. The experiments covered various design conditions

and performance was compared with the models. The authors have generated a large amount of
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data, which is useful in testing of other theoretical models. When many models are formulated as
independent approaches regarding the mechanical and electrical function of the PVEH, some have
come out with an integrated approach. Yang et al. [113] worked on an equivalent circuit model of
a piezoelectric energy harvester, considering the mechanical and electrical interactions, and
applying Simulation Program with Integrated Circuit Emphasis (SPICE). This process integrates
both structural modeling and electrical simulation, leading to a more comprehensive approach.
Cheng et al. [114] proposed a system level coupled model for vibration energy harvester so that
the system as a whole can be optimized to improve its efficiency. Their approach involves
integrating the equivalent circuit model of the mechanical structure with the interface circuit and
integrating the equivalent electrical impedance of the interface circuit with the finite element
model of the structure. Similar studies on compression-based systems are also reported where an
axial compression is present on the beam. Jiang et. al. [115] theoretically studied a compression-
based piezoelectric energy harvester in a multilayer stack configuration. This is suitable for
applications with large compressive loads. Analytical and numerical modeling of the design under
axial compressive loading was carried out based on the linear theory of piezoelectricity. The
harvested electrical power under an external electrical load was calculated, considering mechanical
and electrical aspects. Studies on a test prototype were carried out and the results were reported
to be in agreement with the calculations.

4.1.2 Configurations for altering structural stiffness of PVEH

A significant amount of research has been carried out to explore the possibilities of improving
the performance of PVEH by altering its structural stiffness by various means.

Berdy et. al. [116] designed a laser-machined meandering PZT bimorph and carried out finite
element analysis to optimize various parameters such as dimensions of the beam and tip mass.
Their design demonstrated that a low resonant frequency can be achieved by maintaining a form
factor required for sensor nodes. Using this method, energy can be harvested from vibration
sources that produce frequencies less than 100 Hz. Stiffness can also be changed by changing the
angle between the different beams in the integrated PVEH design. Zhao et al. [117] made use of
this approach and proposed a novel V-shaped vibration energy harvester in the conventional
piezoelectric bimorph cantilevered design to achieve a broad frequency range of operation. The
performance of V-shaped harvester was studied under different design parameters including

changing the angle between two piezoelectric bimorph beams. Another approach was to apply an
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axial preload to the cantilever beam by Hu et al. [70], and it was demonstrated that the harvester
can be driven into resonance by adjusting the axial load. As a result, the output power density can
be increased.

A key parameter that determines the structural stiffness of the cantilever beam is the position
at which the beam is supported. Yun Wang et al. [118] proposed a method to tune the resonant
frequency of harvesters by adjusting the supporting position of the vibrator. Liu et al. [119]
employed beams with different stiffness values to cover a range of stiffness and to increase the
power output; they designed an array of harvesters, matching various frequencies in Micro Electro
Mechanical Systems (MEMS) configuration. The prototype was fabricated and experiments were
carried out to study the natural frequency, output voltage, and rectification properties. A novel
design was proposed by Berdy et al. [120], where a meandering structure was realized by cutting
bimorph material using a pulsed laser. Due to a series of curves, positive and negative strains were
present in a piezoelectric layer. To avoid the resulting voltage cancellation, the electrodes were cut
and connections were made accordingly. This new design could reduce the resonant frequency by
70% compared to a straight cantilever design of similar size, due to the distributed inertial mass in
the configuration.

In order to increase the bandwidth, Koven et al. [121] designed a base- mounted piezoelectric
(BMP) harvester with a piezoelectric transducer mounted below the base of a cantilevered beam
resonator. A prototype was made by using a polyurethane cantilever beam of dimensions 1.6 mm
x 4.9 mm x 20.0 mm as the cantilever beam and a PZT-5H piezoelectric material as the transducer.
A tip mass of 8.36 gm was also employed. The harvester functioned as a damped mass-spring
system. Various designs for mechanically tuning the harvester’s resonant frequency were studied
and analyzed by Eichhorn et al. [122] by applying a compressive pre-load. This study has brought
out the relationship between the applied compressive preload and the corresponding resonant
frequency. A piezo-polymer cantilever beam with two additional thin arms was used to apply an
axial compressive preload to the tip of the beam. Using this method, the resonant frequency could
be shifted from 380 Hz to 292 Hz and from 440 Hz to 460 Hz. The stiffness of a beam can be
modified by applying a stretching force. Based on this concept, Hajati et al. [123] achieved a wider
bandwidth by making use of the stretching stiffness of a doubly clamped beam. The power

estimated from the measured open circuit voltage of the device was 45 uW.
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A method of shifting gravity center by a moving mass for tuning the resonant frequency of
the harvester was examined by Xiaoming Wu et al. [124]. An FEM model was developed for the
design of the system. Experiments were carried out on a prototype and the results indicated a
possible adjustment from 130 Hz to 180 Hz. A theoretical model was used to explain the effects
of preload on the harvester to shift the natural frequency.

Studies by Leland et al. [69] have proven that axially compressing a piezoelectric bimorph
lowers its resonant frequency. An axial preload can shift the resonant frequency of a simply
supported bimorph to 24% below its unloaded resonant frequency. Four parylene-C beam
structures with an inertia silicon proof-mass were designed along with a PVDF piezoelectric layer
by Huang et al. [125]. The beams were doubly clamped to introduce the stretching strain instead
of bending, to achieve a higher bandwidth. For an acceleration of 0.5 g, a maximum open-circuit
voltage of 368 mV was achieved. The maximum output power was 0.288 pW.

In addition to the above methods, stiffness change of the harvester can be achieved by
applying a magnetic field or chaotification [126-130]. The effect of a magnetic field acting on the
tip mass of the harvester is to change the deflection pattern, resulting a in non-linear response.
4.1.3 Configurations for introducing nonlinearity in the PVEH

In order to improve the performance of the harvester, many researchers have come up with
designs utilizing the introduction of nonlinearity in the system.

Liu. et al. [131] designed an energy harvester, consisting of an outer main beam and an
auxiliary inner beam to realize two close resonant frequencies. A stopper was added to the end of
each beam to generate nonlinearity resulting from impact. This resulted in increased bandwidth of
the harvester. A flexible element can introduce a degree of nonlinearity to a structure.
Consequently, Li et al. [132] put forward a vibration energy harvester in which a flexible beam-
based interdigital structure was utilized. The design consisted of a series of cantilever beams fixed
to a rectangular flexible frame. It was reported that the frequency response of the designed device
exhibits a significant increase in bandwidth below 80Hz. Non-smooth response can be achieved
based on the contact mechanics of a cantilever beam impacting a stopper. Rodrigo et al. [133]
worked on a broadband energy harvester design based upon this non-smooth nonlinearities, by
introducing mechanical end stop. This integrated design enhances the bandwidth. However, a
reduction in energy was reported and studies are on, to investigate various end-stop stiffness

values.
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Other approaches have multi-beam structures with different piezoelectric materials or with
springs that interconnect the beams. Therefore, Meruane et al. [134] presented a design involving
an array of piezoelectric cantilevered beams connected by springs to achieve a broad-band energy
harvester. The results were compared with those of an array of beams with no springs. The results
indicated that connecting the beams with springs can increase the bandwidth as well as the power
output.

Another design by Halim et al. [135] incorporated a mass-loaded polymer beam (primary
spring-mass system) that works as a dynamic magnifier for another mass-loaded piezoelectric
beam (secondary spring-mass system) clamped on primary mass. The piezoelectric beam was
clamped with 2 degrees of freedom. The polymer beam responds well to low frequencies. When
excited, the dynamic magnifier gives a mechanical impact on the base stopper, resulting in an
impulsive force on the energy harvester. Beams connected with a spring can provide an additional
moment.

Aryanpur et al. [136] studied two bimorph designs with a hinge, consisting of two pieces of
machined aluminum (Al). A dowel and a torsion spring were used to make the connections. The
spring gives a wider frequency range due to its additional moment.

A polyethylene terephthalate (PET) based flexible vibrational energy harvesting system using
ZnO as piezoelectric material, was designed and studied by Pan et. al. [137] for enhanced
frequency bandwidth. This broad bandwidth harvesting system has been modeled to arrive at the
optimum thickness of the PET substrate. However, the conversion efficiency of ZnO is less than
that of PZT. Similarly, Hasan et al. [138] designed a harvester with elastomer pillars, standing on
a piezoelectric polymer layer. The elastomer pillars function as oscillators and as an energy sink.
They demonstrated that a system with 10 mm diameter and aspect ratio of 3 with an active area of
39 mm? and thickness of 28 um generated a voltage of 4.5 V. An output power of 58.4 pW was
achieved for an input acceleration of 3 g at 62 Hz with optimized load resistance.

Another approach is to design a spiral-shaped cantilever, as it will lower the frequency due to
its increased length as shown by Liu et al. [139]. The device consists of a spiral shaped PVDF
(polyvinylidene fluoride) cantilever with copper (Cu) and silicon (Si) proof masses. Due to the
flexibility, it can harvest energy from even weak vibration energy sources. The device operates
from 15 to 50 Hz and can give an output of 1.8 V with an acceleration of 0.2 g. Rezaeisaray et al.

[140] made use of the lower resonant frequency of a polymer structure due to its lower stiffness.
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The authors fabricated aluminum nitride (AIN) pads on an SU8 membrane and introduced a proof
mass of silicon. Microfabrication process was also proposed. However, as reported, the Aluminum
nitride may have to be replaced with PZT to increase the output power.

H-HanHuang et al. [141] proposed a method for introducing non-linearity by designing a
harvester expending polymer piezoelectric materials. A beating mechanism was also introduced
that creates an impact force through the low-frequency vibratory motion. This excited the system’s
natural frequency. The details of the design of the mechanism and the results were discussed.
Friswell et al. [142] worked on a new design consisting of a cantilever beam with a tip mass
mounted vertically and excited in the transverse direction at its base. The design introduced two
wells for large tip masses when the beam gets buckled, and hence introduced a high nonlinearity.
However, it was restricted by a few frequencies, which can be covered by the design of the wells
and locations.

Mechanical coupling between two beams can be used to increase the output power in a
harvester. Li et al. [143] designed a bi-resonant structure consisting of two cantilevers with
different resonant frequencies to generate mechanical coupling between the two systems. At high
vibration amplitudes, due to a resulting collision, a strong mechanical coupling happens and an
output power of 0.35 W could be realized. Considering the nature of low-power output of piezo-
based systems, this was a good development. As it is known, improving both power output and
the frequency bandwidth simultaneously is a challenging task. The authors used piezoelectric
PVDF (Polyvinylidene fluoride) film energy harvester (PPEH) to achieve this. A bi-resonant
structure is capable of generating higher power output compared to that of the sum of the two
separate units from low-frequency vibration. Frequency-up conversion is another method for low-
frequency vibration energy harvesting. Using this concept, Dauksevicius et al. [144] demonstrated
a nonlinear frequency up-converting vibration energy harvester, which works on vibro-impact
interaction between two high-frequency piezoelectric generators and two low-frequency
resonators. The finite element model also was developed and analyzed. This design increased the
frequency bandwidth due to the nonlinearity of the harvester.

The above literature has focused on describing various designs of PVEH and electro-
mechanical models for the different configurations of PVEH. Many models have been put forward
for various types of design approaches and improving the performance of PVEH. However, there

is no literature on designing a composite device structure, utilizing two distinct materials, such as
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piezoelectric material and IPMC, or modeling such configuration. As will be demonstrated in this
paper, this configuration can be advantageous in realizing low-power actuation for tuning the
resonant frequency of a harvester. Some researchers have assumed that a stopper action is similar
to that of a trilinear spring, where the force produced by the spring is proportional to the cube of
its displacement for soft materials like rubber, and indicated experimentally this holds good for a
portion of the response before it drops steeply. This has been referred in the analysis of this
contribution. However, there is no literature on designing a composite device structure, utilizing
two distinct materials, such as piezoelectric material and IPMC, or modeling such configuration.
We considered this as a novel idea since IPMC is a low-power device that can be powered from
the generated power without the need for an external power source. The use of a second smart
material IPMC that consumes little power to change the frequency response of PVEH and the fact
it can do so without an external power source makes it novel. Much research is underway to
enhance the IPMC blocking force. The device described can also be miniaturized in MEMS form.
As will be demonstrated in this paper, this configuration can be advantageous in realizing low-
power actuation for tuning and broadening the resonant frequency of a harvester.

4.2 Methodology

The device used and some of the experiments done are described in our earlier paper [146]. We
now discuss additional experiments that were carried out.

To study the frequency response of the device using low-power IPMC actuator, the following
experiments were done:

Frequency response of the device without IPMC actuation is compared with the response when
IPMC is present and not powered. Para 3.1.1 Fig. 4.5.

Frequency response of the device without IPMC actuation is compared with the response when
IPMC is present and powered at 2.5V. Para 3.1.1 Fig. 4.6.

Frequency response of the device without IPMC actuation is compared with the response when
IPMC is present and powered at 3.5V. Para 3.1.1 Fig. 4.7.

Experiment to study the force needed to compress the IPMC actuator for different displacements.
Fig. 4.12 and Fig. 4.14.

Force exerted by the IPMC actuator when it is powered at different voltages. Fig. 4.14).

The experiments were also repeated to verify results were stable. Care was taken to see the IPMC

actuator was stable during operation ensuring repeatability. During experiments, the IPMC was
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powered separately from a stable source to ensure measurement accuracy. The device is shown in
para4.2.1, Fig. 4.2.

The experimental results indicate that it is possible to shift the resonant frequency and broaden
the frequency response by powering the IPMC as required, from the device itself, as it consumes
very low power. Analysis of experimental results indicates conformance to the basic theory of
PVEH in a cantilever configuration and IPMC actuation. While analyzing our results, published
papers by other authors where different stopper materials and configurations are used, are referred
to. The basic physics of impact to achieve nonlinearity remains the same even though the
mechanisms for impact widely vary as well as models used for verification. The differences
noticed are also highlighted where applicable and reasons attributable to specific response of IPMC
are mentioned. IPMC displacement for varying blocking forces and blocking forces generated by
IPMC for varying input voltages have been measured and their response curves plotted to aid
analyses.

4.2.1 Device

A typical design of the novel tunable PVEH [83, 86] has two sections in the cantilever beam
as shown in Fig. 4.2. The main root section (RS) is fixed at one end and bonded with a Macro
Fibre Composite (MFC) patch. An extension beam (EB) of a thinner cross-section is bonded to the
main beam with an overlap section (Fig. 4.2). The external impact load on the beam is achieved
by actuating the IPMC with a low voltage input. The IPMC is integrated above the EB with a
variable gap (s) from the EB and functions as a stopper with variable blocking force.

Root section of

MFC  the cantilever IPMC C;iaps
| 'I. ‘ f.":
| i /" Typical point at
ey 'l : % / _ which IPMC impacts
(\ | I. ;o
@ = J

V= Y A

Overlap Extension beam
area of the cantilever

Fig. 4.2 Tunable PVEH with root section and extension beam of cantilever
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The thinner beam provides a sensitive loading point, at which a very small force can generate
a significant shift in the resonant frequency. The device can incorporate the suitable design of
IPMC, from the point of requirement of the range of frequency band width. Since the power
required for the IPMC is very low, it can be tapped from the harvester itself. Two IPMC strips are
joined at the ends and powered at a common point.

The IPMC loading is applied by varying the input voltage to IPMC in the range of 1V to 4V.
The resonant frequency shifts to higher values with each step. For the experiments, P2 type MFC
(PZT (Lead Zirconate Titanate) designed for energy harvesting) from Smart Material Corporation,
USA [93] and IPMC strips of dimension 30mm x 5mm x 0.2mm from Environmental Robots,
USA [145] were used.

4.2.2 Characteristics of IPMC as a Tunable Stopper
4.2.2.1 Structure of IPMC

IPMC material consists of a per-fluorinated ion exchange membrane sandwiched between two
electrodes. Nafion membranes are widely used in IPMC. The chemical structure of Nafion is

shown in Fig. 4.3(a).
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Fig. 4.3 (a) Chemical structure of Nafion
The anions are fixed in the polymer. Cations will become mobile when hydrated and will move
towards negative polarity when subjected to an electric field.

The water molecules tagged with the cations will be dragged along with the cations. This
leads to an osmotic pressure change and the IPMC bends by an expansion of polymer near the
cathode and a shrinkage near the anode [34]. This shifting of cations and water molecules is across
the thickness of the film. This is the basic phenomenon associated with the IPMC actuation and is
depicted in Fig. 4.3 (b).
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Fig. 4.3 (b) Internal configuration of IPMC after actuation

4.2.2.2 Modeling approach for IPMC

There are different approaches reported in the literature for modeling IPMC based on its basic
physical features [110, 34, 98, 147, and 148]. There is a blocking force associated with any
actuation, which is of interest in this analysis [110]. The IPMC is considered to be divided into
many small segments, where cation is taken as the unit element. The distribution of these units is
uniform. The unit force of IPMC is the unit force of a single cation. Maximum deformation is
proportional to the unit deformation and blocking force is a function of the applied voltage as
depicted in Egn. (4.1) and (4.2):

S=ay+a,U+ayU?+ azU3+ a,U* 4.1)
where a; (i= 0, 1, 2, 3, 4) is a constant and U is the applied voltage to IPMC and S is the
deformation.

F = by + byU + bU? + b3U3 + b U* 4.2)
where bi (i=0, 1, 2, 3, 4) is a constant and U is the applied voltage to IPMC and F is the blocking
force. In view of this, when the input voltage to IPMC increases, its deformation increases resulting
in an increased blocking force of the actuator. This in turn results in a change in the effective

stiffness of the cantilever beam leading to a change in its resonant frequency.
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If D, E, ¢, and p denote the electric displacement, the electric field, the electric potential, and the

charge density, respectively, the following equations hold:

E=—=-V¢ 4.3)

Ke

V-D=p=F(*-C) (4.4)
where e is the effective dielectric constant of the polymer, F is Faraday’s constant, and C* and C
are the cation and anion concentrations, respectively [98].

The ion flux consists of diffusion, migration, and convection terms [98]. Hence solvent
transport is a contributing factor to the actuation and the water content of the IPMC is a factor to
be considered
4.2.2.3 PVEH cantilever beam

The PVEH cantilever beam, is modeled as an Euler-Bernoulli beam since the width is much
less than the length.

The resonant frequency of a simply supported Euler-Bernoulli cantilever beam is described by the

following equation:

_vi1 [EI

fr = 2n iz mw (4.5)

mw

E is Young’s modulus, vy = 1.875 is the eigenvalue for the fundamental vibration mode, 1 is the
moment of inertia, L is the length, w is the width of the cantilever, and m is the mass per unit length
of the cantilever beam [99]. A proof mass attached to the free end of the cantilever beam can
further decrease the resonant frequency and the corresponding equation can be written as in Eqgn.
(4.6).

_vl |_K
fr= 21 L2 \| me+Am (4.6)

where, v;2 is v2VX , X =0.236/3. me = 0.236 mwL, the effective mass of the cantilever and Am is
the proof mass.

In our case, the effective K of the system (K (effective)) will change as we have used an
extended beam impacted by IPMC as a tunable stopper.

From the above equations, it is obvious that the resonant frequency of a mechanical energy

harvester is the function of the stiffness of the system K and the effective mass of the system me.
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Hence, controlling or modifying these two parameters can effectively lead to frequency tuning of
a vibration energy harvester [66, 149]. For an energy harvester, the mode of vibration of interest
is the first eigen frequency. The above relation can also be written in general as below:
fr=f(E, I, Mc, Mp) 4.7
where E is the Young’s modulus, | is the moment of Inertia, Mc is the mass of the cantilever and
Mp is the proof mass [59].
4.2.2.4 Effect of IPMC impact on cantilever beam
When a fixed free cantilever beam is impacted with a contact material of stiffness k, the
resonant frequency of the beam shifts to a higher value [152]. In the device, the extended portion
also adds nonlinearity to the system. In the case of IPMC, the blocking force defines the response
while in contact. The blocking force Br of IPMC is a function of the cation concentration Cy, the
electrode properties Ep, the thickness of IPMC t, and the input voltage V.
By = (Co Ept,V) (4.8)

IPMC is both resistive and capacitive. Its electrodes can be considered as an RC circuit and
the IPMC material as a capacitor [34, 150]. The capacitance value of IPMC is a function of the
density and penetration depth of the particles in the polymer. The blocking force is a function of
capacitance and thickness. It increases with capacitance. It is also a function of the R and C values
of the electrodes. The blocking force also increases with the input voltage to the IPMC. From Eqn.
(4.7) and Eqgn. (4.2), it is obvious that for a given IPMC, the C, Ep, and t are fixed. Hence the
blocking force can be changed by changing the input voltage.

The electric field E is given by

E=2 (4.9)
where, V is the voltage applied and t is the thickness of the IPMC membrane. The cation
concentration in the polymer matrix defines the actuation characteristics since it leads to different
ionic currents. The response of IPMC, defined by different block forces is equivalent to the

response of different stiffness of materials. Hence Eqgn. (4.6) can be rewritten as below.

. v_{fi ,K (effective)
fr= 2m 12 me+Am (4.10)
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K (effective) is the effective stiffness of the PVEH, which depends on Bs (the blocking force of the
IPMC) as given in Eqn. (7) and (2).
4.2.2.5 Effect of gap and distance of contact point (IPMC contact) from the fixed end of
cantilever
The shifted resonant frequency f,., is also a function of the gap between the cantilever and the
contact tip as well as the distance of the contact point on the extension beam from the free end of
the extension beam [152, 154].

frs = f(s,d) (11)
where f,¢ is the shifted resonant frequency, s is the gap between the IPMC tip and the cantilever,
and d is the distance of contact point on the extension beam from the tip of the extension beam. f,.,
increases with a decrease in s and with a decrease in d. These characteristics have been confirmed
by experiments as well as modeling by the authors in the above-referred paper [154]. This
reference also indicates the broadening of the frequency response and its confirmation through
modeling and experiments. In the model, the impact force exerted by the stopper material is taken
as proportional to the cube of the displacement it undergoes, when it gets in contact with the beam.
Literature [154] indicates that in a PVEH cantilever configuration where different stopper
materials like aluminum, steel, etc. were used, the frequency response broadened and the resonant
frequency increased with a decrease in s and with a decrease in d. The same paper also indicates
that when the impact force is modeled as akin to the force exerted by a trilinear spring, where the
force exerted by the spring is proportional to the cube of its displacement, there was a partial
agreement for a stopper of soft material like rubber.

It can be inferred from Eqgn. (4.10) and (4.11), that the stiffness of the PVEH system can be
tuned by varying the blocking force of the IPMC actuator that is integrated with the device.
4.2.2.6 Resonant frequency change and broadening response due to stopper (IPMC)

When a mechanical stopper is introduced that restricts the movement of the beam, quasi-
periodic oscillations of the beam will be converted to periodic vibrations, every time the base
frequency happens to be away from resonance. This leads to a sudden increase in effective stiffness
[151]. This resultant multiple stiffness values generate an extension of the resonant frequency to a
wider and higher range of frequencies [99]. When there is no contact with the stopper, the
cantilever vibrates in the first mode shape, where all stresses appear at the fixed point. When the

cantilever gets in contact with the IPMC, its dynamic behavior changes as its movement is
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restricted and becomes highly nonlinear. This results in a slight power reduction due to less stresses
at the fixed point due to restricted movement. The generated high-frequency movements due to
the contact with the stopper are different from the steady-state dynamics response of the PVEH
when there is no stopper. In the steady state response, the PVEH oscillates between maxima and
minima displacement around a central mean. The cantilever with the stopper will oscillate at a
higher resonant frequency, which is a function of the reaction level of the stopper. The parameters
that can be controlled for achieving the desired frequency shift are the response parameter of a
stopper, the impact location of the stopper on the cantilever, and the gap between the stopper and
the cantilever beam (see Fig. 4.2). Larger gaps will reduce the possibility of the event of an impact
(means, impact may not happen) leaving the harvester in the linear region.

The effective stiffness K (effective) is also a function of the cation concentration in the IPMC.
The cation concentration in the IPMC can be controlled during its fabrication. This will enable
control over shifts in resonant frequency.

4.3 Results and analysis

4.3.1 Results based on experiments

4.3.1.1 Frequency response of the device without and with IPMC contact and Comparison
with IPMC powered at different voltages

Schematic diagram of the experimental setup [146] is given in Fig. 4.4

| INTERFACE
CIRCUIT

FUNCTION
GENERATOR

Fig. 4.4 Schematic diagram of the experimental setup for PVEH tests
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Fig. 4.5 compares the response of the device when there is no IPMC actuation with the
response when IPMC actuator is not powered. Fig. 4.6 and Fig. 4.7 give a similar comparison
when the IPMC actuator is powered at 2.5V and 3.5V respectively. Three separate graphs are
drawn to give clarity as the x-axis data points are different for the three curves.

The graphs indicate the following:

Without IPMC actuation the response is steep prior to resonance indicating the device
generates output only at resonance. The response after resonance is not that steep as there is some
non-linearity in the cantilever arrangement due to the extended thin cantilever.

With IPMC actuation, the response continues to be steep prior to resonance but broadens
substantially after resonance. Further, the response falls gradually till the end. This response is
different from that observed when materials like steel, aluminum etc. were used to introduce
nonlinearity [152], where response broadens after resonance but falls steeply thereafter.

Further observations from the graphs are given below:

If we analyze the device frequency response at different IPMC actuator input voltages, it can
be noted that the curves are more or less similar when IPMC actuator input voltage is changed, but
for a small lateral shift of the response curve due to a shift in resonant frequency (Fig. 4.8, Fig.
4.9, and Fig. 4.10).
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Fig. 4.8 Section of Frequency response curve for IPMC input 0 V
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We can analyze the broadening effect from the horizontal lines in the response curves in Fig.
4.5, Fig. 4.6, and Fig. 4.7, when PVEH output is at 5V, 10V, 15V, and 20V. If we look at Fig. 4.5
response curve, when IPMC input is at 0V, we see that the harvester maintains an output of more
than 20V, when the harvester vibrates in the range of around 8Hz to 9.9Hz (1.9Hz spread). The
harvester maintains an output greater than 15V when the harvester vibrates in the range of 7.92 Hz
to 10.75Hz (2.83Hz spread). When output is greater than 10V, the range obtained is 12.55Hz to
7.67Hz (4.88Hz spread). These spread values have been computed for the response curves

obtained for different IPMC input voltages and is summarised in Table 4.1.
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Table 4.1. Frequency spread for different PVEH output voltage

PVEH Output 5V 10V 15V 20V
IPMC 0V 9.3 Hz 4.88 Hz 2.83 Hz 1.9Hz
IPMC 2.5V 9.5Hz 4.83 Hz 2.94 Hz 1.68 Hz
IPMC 3.5V 10 ) 2.5 1

To study the behavior of IPMC that results in a gradual broadening without steep fall,

additional experiments were done as detailed below:

4.3.1.2 Force exerted by IPMC actuator at different displacements
The setup to study the force needed to compress the IPMC actuator for different displacements is

shown in Fig. 4.11.

Stand

) Screw
‘arrangement

IPMC‘ l

7 Digital Balance

Fig. 4.11 Setup to study force exerted by IPMC actuator when compressed
To study the impact force exerted by IPMC for various displacements, experiments were
conducted by placing the IPMC in contact with a sensitive weighing balance and then increasing
the displacement in fine steps with IPMC fitted to a threaded screw nut arrangement. The results
are given in Fig. 4.12. Care was taken to see the IPMC actuator did not slip on the weighing balance
during the test. In the graph, the force exerted is in mg-force (1 mg-force equals 9.80665micro

newton) and the displacement is in mm.
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Fig. 4.12 Force exerted by IPMC actuator when compressed

4.3.1.3 Force exerted by IPMC actuator when it is powered at different input voltages

An experiment was done to study the force exerted by IPMC when it is powered at different
voltages to analyze its effect on the frequency response of the device. The setup used is in Fig.
4.13 and the results are in Fig. 4.14.

Stand ‘

IPMC Power Supply
& o) [ Digital Balance

Fig. 4.13 Setup to study force exerted by IPMC actuator when powered at different

voltages
Here, the force exerted was measured using a sensitive weighing balance. In the graph, the
force exerted is in mg-force (1 mg-force equals 9.80665micro newton) and the displacement is in
mm. In the experiments, the force was measured using the sensitive balance in mg-force. Hence

the graphs were plotted using the same units.
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Fig. 4.14 Force exerted by IPMC actuator when powered at different voltages

In our earlier paper [146], the following aspects of the device are covered in detail.
e The novelty of the Device
e Device design considerations
e Device design
e Detailed experiments to study how resonance and power output of the novel device is
affected by the varying point of contact
e Detailed experiments to study how resonance and power output of novel device is affected
by varying the gap between IPMC actuator tip and beam
e Detailed experiments to study how resonance and power output of the novel device is
affected by varying IPMC input voltage
4.3.2 The theoretical analyses of the experimental results discussed above are detailed
below:
4.3.2.1 Theoretical Analyses of frequency shift and broadening of PVEH when IPMC is used
as a stopper
When the vibrating cantilever makes contact with a stopper, it is subjected to an impact force.
Zhou and others [152, 154] have modeled the impact force of the stopper as similar to that exerted
by a trilinear spring where the impact force is proportional to the cube of its displacement. The
paper indicates that for rubber as a stopper, there is a close agreement with experimental results
and also indicates there is a broadening of the frequency response curve. Similarly, broadening
was also observed when steel and aluminum materials were used as stopper materials. In all these

cases, the response initially broadens and thereafter falls steeply.
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Results of the experiments carried out on the IPMC actuator indicate that there is a linear
relationship between impact force and the cube of the tip displacement, as shown in Fig.4.15. It is
divided into two regions, namely Region A and Region B. This indicates the linearity of the initial
curve. Region B is a flattening of the curve beyond the cube of displacement value of
approximately 10 mm?,

6000 i

Region A Region B N
& b
i H I —
5000 i Vf__________o.—— :
4000 | /i
o i i
=
£ 3000 i
oo :
E
o 2000 i
g E
Q 1
“ 1000 ¢
0 i i
0 10 20 30 Poao

Cube of Displacement {mm3)

Fig. 4.15 Plot of force by IPMC vs. cube of displacement

From the above, it will be seen that IPMC as a stopper behaves like a trilinear spring (Fig
4.15). There is an initial linear portion (Region A) and a flat linear region (Region B), as shown in
Fig. 4.16. When the amplitude of vibration is high, the harvester will be generating higher output.
In this situation, the IPMC operates in both regions A and B. When the amplitude of vibration
decreases, the PVEH output reduces and the impact of IPMC will be based on the initial region A
only. For other stopper materials, the spring constant increases exponentially beyond a certain
displacement, and the response after initial broadening falls steeply. In the case of IPMC, this is
more gradual and we see the broadening effect continue as the harvester output falls. This is

desirable as output is maintained over a larger frequency range.

The above analyses of experimental results are summarized below:

1. The harvester frequency response broadens when a low-power IPMC actuator is used.
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. The broadening of response observed is gradual and no steep fall is observed. Other

researchers who have experimented with different stopper materials like rubber, aluminum,
etc. have observed a steep fall after initial broadening.

Researchers have modeled stopper action as similar to the action of a trilinear spring where
the force exerted by the spring is proportional to the cube of its displacement. This results
in a broadening of the response. IPMC action is similar to the action of two trilinear springs
acting together when displacement is high and acting as one spring for small displacements.
Our device was made using commercially available IPMC. When IPMC with higher
blocking forces become available commercially, more data can be generated to propose a
model.

Our earlier paper discusses in detail the device used and experiments done using the device.
These experiments were done to see the resonance frequency shift under various conditions
of IPMC impact. It was also observed that the net power generated after utilizing a portion

for the IPMC actuator is sufficient to power commercially available low-power devices.

To complete our theoretical analyses, two graphs depicting observations from experiments

referred in our earlier paper [146] are given below. The results are in conformance with the theory
(Fig. 4.16 and Fig. 4.17).

The resonant frequency increases as the distance between the tip of the IPMC and the

cantilever beam (s) is reduced. This is in conformance with Equation (4.11) (Fig. 4.16).
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Resonant frequency is reduced with increasing the distance (d) of the contact point on the
beam from the free end of the extension beam. This is in conformance with equation (4.11) (Fig.
4.17).

T o~ M W O

Resonant frequency of PVEH (Hz)
i =

2 2
2 e
A
,"Q\:-'*
0 Y
: G %
decreasing d QY @?

Fig. 4.17 Plot of Resonant frequency of PVEH vs distance of the impact point from the

free end of the cantilever for different values of IPMC input voltage

4.4 Concluding remarks

The theoretical analysis and experimental results given in this paper describe the parameters that
can be controlled to change the resonant frequency of PVEH using IPMC actuation. The
broadening of the frequency response observed with IPMC as a stopper is also explained.

e Compared to the conventional PVEH, the device presented here has the additional feature
of an extension beam. The effect of the IPMC unit on the extension beam is to shift the
resonant frequency of the beam. The two-section beam enables a high sensitivity for the
impact of IPMC. The effect of tuning is to shift the resonant peak to higher values.

e The shift in resonant frequency is based on the:

-input voltage to the IPMC.
-gap between the cantilever beam and the tip of IPMC.
-distance of the impact point of IPMC on the cantilever beam from the free end.
e Based on the advances in the design and manufacturing of IPMCs with higher blocking

force, the next-generation tunable PVEH can be realized.
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Chapter 5
Applications of the novel PVEH

Note: This chapter is adapted from the peer-reviewed paper that has been published in the journal,

Micromachines with permission where appropriate.

It gives the applications of the device, detailing the experiments carried out, to power a MEMS
accelerometer using the harvested power from the device. It is also demonstrated that the device
could power a strain gauge bridge to sense the strain in a structure and could power a low-power
MEMS accelerometer. Further, it was also demonstrated that it could power a Bluetooth

accelerometer sensor and transmitter effectively.

The article citation is:
Raghavan, S., Gupta, R., & Sharma, L. (2023). Applications of a Novel Tunable Piezoelectric
Vibration Energy Harvester. Micromachines, 14(9), 1782.

Article link:  https://www.mdpi.com/2072-666X/14/9/1782

5.1 Introduction

In recent years, there has been a radical change in the concept of monitoring the health of
systems and structures. The concept is to deploy a very large number of sensors connected to the
internet and have them communicate with each other. This Internet of Things (loT) has
revolutionized the process by which systems across the world are monitored and controlled. The
sensors in microscale, Micro Electro Mechanical Systems (MEMS) utilize very low power,
making the above concept feasible. However, the main issue associated with the scheme is the
mode of powering the sensors. Batteries or wired connections to a central power supply are not a
feasible option in all cases. Further sensors will need to be deployed under inaccessible and hostile
conditions where host structures are deployed. In order to overcome these issues, generating useful
power from the ambient conditions and its application in diverse areas have been explored by many
researchers. Some of the research reported, are detailed below.

Alla et al. [155] discussed piezoelectric vibration energy harvesting for powering the

sensors embedded for monitoring tire pressure in automobiles. Hosseinkhani et al. [156] have
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provided a comprehensive review of using sound and vibration energy harvesting in railways by
providing different methods, their advantages, and drawbacks. Esmaeeli et al. [157] reported their
study on a rainbow-shaped piezoelectric vibration energy harvester mounted on the tire to power
the sensors deployed for the structural health monitoring of tires. Goel et al. [158] have come out
with the application of piezoelectric vibration energy harvesters in space vehicles, as the main
source of power in a space vehicle are solar panels that are large in size and heavy. The author
proposes the use of vibration energy harvesters which are lighter and cost effective for space
applications. Beeby et al. [159] have reported the implementation of vibration energy harvesters
in rail and industrial applications. It is reported that the miniaturization of piezoelectric harvesters
was realized using the screen printing method for printing the device entirely. Khan et al. [160]
have worked on applications for converting bridge vibrations into useful power-adapting PVEH
configurations. Bridge vibrations are in the low-frequency range with low acceleration levels.
Electromagnetic harvesters which are bulky have also been developed and implemented as space
is not a constraint here. Ali et al. [161] in their review covered the recent advances in Piezoelectric
Vibration Energy Harvesters and the medical devices that can be powered by them. The application
is important since implantable medical devices are being used for managing critical human health
conditions, which require continuous power sources for functioning. The Kinetic energy generated
by muscle relaxation, blood flow, cardiac movements, lung movement, etc. can be harvested using
vibration energy harvesters. Hwang et al. [162] described flexible thin film piezoelectric energy
harvesters and nano-sensors for biomedical applications. Inorganic bio-compatible piezoelectric
materials are being used for implantable devices. Panda et al. [163] described the various
applications of piezoelectric vibration energy harvesters in biomedical applications such as cell
stimulation, stimulation of the brain, and tissue engineering. The article also details piezoelectric
biomaterials. Han et al. [164] demonstrated a 3D piezoelectric microsystem which can be used in
sensing mechanical properties and in energy conversion. The article also details the applications
in realizing multi-functional sensors for robotic prosthetic interfaces. Mhetre et al. [165] have
reviewed various methods in the literature for energy harvesting and have discussed the need for
improving the power output. This is even more relevant in the case of human energy conversion
which is needed for powering implantable devices. Zheng et al. [166] describe the various
structural designs of energy harvesters in order to harvest energy from biomechanical movements

to power devices internally. It is emphasized that future work should be focused on flexible,
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stretchable, and biodegradable systems that are autonomously powered. Ding et al. [167] have
described the need for kinetic energy harvesting for biomedical implants due to the presence of
various forms of kinetic energy available in the human body. Kinetic energy harvesting can be
very useful in powering micro or nano devices. Townsend et al. [168] worked on a piezoelectric
vibration energy harvester to power the sensors on an aircraft. Aircraft systems generate localized
vibrations for various frequencies. The work reported here is to generate considerable charge from
different conditions. Park et al. [169] have discussed the SHM modules in a typical health
monitoring system and the different types of energy harvesters that can be used. The author has
analyzed the power requirement of various sensors to study the suitability of energy harvesters to
power them. Maruccio et.al. [170] conducted a case study in which health monitoring of a cable-
stayed bridge located in Italy was carried out using the harvested power from ambient vibrations.
The vibration energy harvester that was deployed, was made of arrays of electro-spun piezoelectric
nanofibers.

The low-power sensors developed in recent decades enable us to effectively integrate them
into structures. Aspects to be considered are power requirement, the characteristics of structures
on which they have to be deployed and the operating conditions. It can be seen that most of the
machinery, structures, and moving systems undergo some sort of vibrations during its life cycle.
Tapping this vibration energy an autonomous power source for powering the sensors on it can be
realized. Here the authors have used a novel tunable piezoelectric vibration energy harvester to
power commercially available sensors.

5.2 Materials and Methods

The novel device consists of a two-segment cantilever beam consisting of a root section
and an extension beam attached to it. The extension beam is thinner compared to the root section
and is sensitive to even small impact loads by a stopper. An actuator arrangement made of two
IPMC (lonic Polymer Metal Composite) strips attached at the tips, is used as a stopper to generate
an impact force on the cantilever beam. IPMC acting as a stopper enables a broader frequency
response due to its nonlinear response. The IPMC response can be changed by powering it from
the same harvester as it consumes very little power. This is akin to changing the properties of the
stopper material. The piezoelectric material used is MFC (Macro Fiber Composites) from Smart
Material Corporation [171] and IPMC is from Environmental Robots USA [145]. The device has
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a patent pending [86]. The device novelty, design details, and detailed experimental results are
covered in earlier papers [83, 146].

In this paper, three applications for the novel PVEH are demonstrated with experimental
results.
Application 1:

Strain gauges are small and sensitive devices. The resistance of a strain gauge changes
when a force is applied to them. Strain gauges are used to measure changes in pressure, force, or
tension. They are widely used in monitoring the strain experienced by structures such as bridges,
buildings, aircraft, wind turbine blades, ships, and so on. Strain values of a structure can indicate
various types of failure and the life left for a safe operation. Hence, monitoring the strain
experienced at critical locations of a structure is important. Stress experienced at various locations
on bridges, buildings, and other concrete structures can be monitored by embedding strain gauges
at these locations. In aerospace applications strain gauges are bonded to load-bearing components
such as wings and rotor blades. This helps to ensure flight safety. In railway applications strain
gauges are bonded to railway lines to monitor the stress experienced. In automobiles they are
bonded onto wheels to measure pressure. This helps to ensure safety and timely maintenance.

It is important to ensure a reliable power source for the strain gauges. A conventional wired
system is not practical in many cases where the structure is inaccessible or located in hostile
conditions. Hence, there is a need for an autonomous power supply that harvests energy from the

environment.

A study to power a strain gauge using the novel tunable PVEH which harvests power from
the vibrations present in the environment is detailed below. Fig. 5.1 shows the circuit used for the
above study. The setup has 4 sections, a) the tunable PVEH, b) the rectifier circuit, c) the interface

circuit for the strain gauge bridge, and d) the strain gauge bonded on the structure.
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Fig. 5.1 Circuit for powering a strain gauge bridge using the PVEH output

The strain gauge can be wired in different configurations namely Quarter Bridge, Half
Bridge or Full Bridge configuration. In the present study, the strain gauge is wired in a Quarter
Bridge configuration, where it forms one arm of a Wheatstone bridge. To reduce the power
consumption of the strain gauges, high resistance strain gauges (of the order of kQ) and balancing
resisters of high value can be used. Here, however available strain gauge with 120Q resistance and
balancing resistors of 120Q for Rz and 1200 Q for Ry and Rz are used.

A typical application for this vibration energy harvester is to effectively monitor the strain
developed in a remote structure. In the real scenario, structures will be subjected to strain at
different locations, when they undergo loading during their operational cycles. The corresponding
strain on the structures has to be monitored to ensure that no catastrophic failure happens. In order
to simulate a similar condition in the laboratory, a steel beam of length 11.5 cm and width 1cm
with a strain gauge (Micro Measurements) bonded on it, was used for the experiment. The
photograph of the beam is given in Fig. 5.2. The beam was fixed at one end as in Fig. 5.3 and
loaded at the free end in steps to generate a bending of the beam. This bending generates a strain
on the surface to physically extend the strain gauge. This extension of the strain gauge changes its
resistance value. When this strain gauge is connected as one of the arms of a Wheatstone bridge,

the output of the circuit gives a voltage corresponding to the changed strain value. The tunable
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PVEH was subjected to vibrations and operated at the resonant frequency. The output of the strain

gauge Wheatstone bridge was monitored.

Strain gauge

Fig. 5.2 Steel beam with strain gauge bonded on it

Fixed end Strain gauge Steel beam

Load

Fig. 5.3 Experimental setup of the strain-gauged beam

Using this novel configuration of PVEH, it is observed that the output of the bridge is
maintained even when the ambient frequency drifts slightly away from the resonant frequency due
to the nonlinear response of IPMC. Since the power generated is continuously stored, this acts as
a stable source of power.

Application 2:

As a second application, a triaxial MEMS accelerometer was selected for the experiments.

ADX L335 works on 2 to 3.3 V and draws a current of 300 pA. The Fig. 5.4 depicts the ADX

335 accelerometer and circuit used.
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ADX L335 Capacitor

Fig. 5.4 ADX L335 MEMS Accelerometer and circuit

A tri-axial accelerometer is used for motion detection in various applications of
surveillance and security. In most of such applications, the accelerometer will have to be deployed
in inaccessible locations, which makes wired power using a conventional power supply
impossible. Hence, such a scenario calls for an autonomous power source for the sensor.

Fig. 5.5 shows the connection diagram of the interface circuit with the PVEH output. The
PVEH output was connected to a full wave rectifier and the output of the rectifier was connected
across an electrolytic capacitor C1 of 470 pF, another capacitor C, of 0.1 pF, and a Zener diode of
3.2V. Cywas used to store the charge developed and C> was used to smoothen the signal. The
Zener diode was used to regulate the voltage given to the accelerometer, so that it does not exceed
the rated 3.3 V.

The analog output of the ADX L335 can be monitored in the X, Y, and Z directions when
there is a motion in the X, Y, and Z directions respectively. The output of the Zener diode was also
connected to the IPMC. The PVEH was operated on an electromagnetic exciter, which was driven
by a function generator and a power amplifier. It was found that the power generated by the PVEH

could power both the accelerometer and the IPMC.
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Fig. 5.5 Circuit for powering the MEMS accelerometer and IPMC using PVEH output

Application 3:

In a third application, the PVEH was used to power a Bluetooth PASCO accelerometer along
with its transmitter. The vibration signature of a structure is an important input for the diagnosis
and prognosis of structural health. Many structures that vibrate are not static, such as rotating gears
and rotor blades. In such structures, monitoring the vibration signature with time is a challenge
because wired powering of sensors is not feasible. Here an autonomous power source such as a
PVEH has great applications. In this application, the sensor output has to be transmitted to a remote
station. Hence, both the sensor and the transmitter have to be powered using the PVEH.

In this case, the charge generated from the PVEH was stored in a supercapacitor and interfaced

with the Bluetooth device.
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PASCO UNIT

Fig. 5.6 Setup of the PVEH powering PASCO Bluetooth device

PS 3223 accelerometer/ transmitter was used for this application. This is a Bluetooth unit that can
transmit data to a remote receiver with the corresponding software. Fig. 5.7 shows the setup for
powering the PASCO unit.
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Fig 5.7 Circuit of the setup for powering the PASCO accelerometer/transmitter unit

Fig. 5.7 gives the circuit diagram of the experiment. In the circuit, SC is the supercapacitor, rated
for5.5 V.
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5.3 Results and Discussion

In the first application, the strain gauge bridge circuit gave an output that increased with
an increase in the load applied (between 20 g and 35 g) to the strain gauged beam. The Fig. 5.8
depicts this response and it can be seen that it has a linear response. The stable output of the strain
gauge at different loading conditions indicates the presence of constant power source that is
enabled by the PVEH with the interface circuit.

25
20
15

10

Output of the strain gauge
bridge on the beam (V)

0 10 20 30 40

Load applied on the beam (g)

Fig. 5.8 Response of strain gauge bridge powered by the harvester

The stable output across the storage capacitor and the Zener diode that is connected to the
Wheatstone bridge makes it possible to obtain a consistent output from the strain gauge, which is
important in the measurement.

The second application of powering the accelerometer proves that the harvester could
generate output sufficient to power the accelerometer along with the IPMC. The PVEH was in
resonance at 8.8 Hz and generated 2.03 V across the Zener diode. The total current drawn was 250
MA. The accelerometer gave an output voltage varying from 1.5 V to 2.7 V depending on the
position as it moves along the X, Y or Z direction. The accelerometer and the IPMC could be
powered by the harvested power.

In the third application, the CR 2032 3V cell of the PASCO unit was replaced with the
output from the harvester. By this, the PASCO unit could be powered successfully to transmit

signals. The transmitted signals were acquired remotely using the data acquisition software
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SPARKvue. When the PVEH is subjected to vibration, it keeps charging the supercapacitor. The
Zener diode of the selected rating enables the required constant power supply to the sensor.

As it is shown above, this system can be adapted to monitor the strain developed or the
vibrations on a bridge during its life cycle which will provide the vital data required for its
Structural Health Monitoring. Similarly, the strain and vibration values on rotary blades of a
helicopter are also critical parameters that can be monitored by adapting the above device setup.

The proposed PVEH can be designed in MEMS configuration since the basic cantilever
configuration and the IPMC actuator can be miniaturized effectively. A tri-axial accelerometer
that takes just 23 W can also be integrated for sensing the ambient frequency to enable self-
tuning.

5.4 Concluding remarks

The novel tunable PVEH can continuously provide power to low-power devices such as sensors
and transmitters.

2. The device generates power at the adjacent frequencies to the basic resonant frequency also,
due to the stopper action of IPMC.

3. The proposed PVEH fabricated in MEMS form, can be integrated with other low-power
sensors, transmitters, and microcontrollers as required for different applications.

4. The MEMS version of the novel device can be easily integrated with sensor arrays.
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Chapter 6

Initial Experiments and Test results of the novel PVEH

Note: This chapter is adapted from the peer-reviewed paper that has been published in the Journal
of Composite Science with permission where appropriate.
It gives the details of initial experiments done as part of the characterization of the device, which

was used for filing the patent application.

The article citation is:

Raghavan, S., & Gupta, R. (2020). A novel design and performance results of an electrically
tunable piezoelectric vibration energy harvester (TPVEH). Journal of Composites Science, 4(2),
39.

Article link: https://www.mdpi.com/2504-477X/4/2/39

6.1. Introduction

Due to the developments in microsystems [179], very low-power MEMS (Micro Electro
Mechanical Systems) based sensors are already realized. Deployment of a large number of sensors
on structures enables more comprehensive and interactive Structural Health Monitoring (SHM)
for diagnosis and prognosis in the case of critical structures. In this present scenario of low-power
sensors and the resulting Internet of Things (IoT) and SHM, enabling autonomous power sources
for the sensors by energy harvesting from ambient conditions is of great research interest. This
will avoid the need for deploying batteries and the associated issues of recharging procedures. Of
the different forms of ambient energy, vibrations of different frequencies are present on many
systems and structures, during their operating life cycle. Hence a great deal of research has gone
into vibration-based energy harvesting, especially when utilizing piezoelectric materials [180].
Vibration-based energy harvesters using piezoelectric materials have demonstrated good
conversion efficiency. However, such harvesters have poor response at all the frequencies of
vibration other than their resonant frequency. One method to overcome this limitation is to get a

broader bandwidth by enabling tuning of the resonant frequency of the harvester closer to the
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ambient vibration frequency. The resonant frequency of a system can be changed only by two
methods, by changing the mass or by changing the stiffness [181]. Some of the relevant literature
on this is presented below.

A reported method for mechanically tuning the harvester’s resonance frequency includes the
introduction of notches [122] that bring out the relation between the applied compressive preload
and the corresponding resonance frequency. The structure consists of two additional thin arms to
apply an axial preload to the tip of the beam. Similarly, studies by Leland et.al. [69] have proven
that axially compressing a piezoelectric bimorph lowers its resonance frequency. It is reported that
if an axial preload is given, the resonance frequency of a simply supported bimorph can be shifted
to 24% below its resonance frequency. Shaofan Qi et.al. [182] have designed a clamped-clamped
piezoelectric harvester, having cantilevers mounted on the sides. Different masses added to these
cantilevers make their resonant frequencies different, resulting in a wider bandwidth. However,
this method can address a limited number of frequencies by this passive approach. S Leadenham
and A Erturk [183] have designed an M-shaped harvester to overcome the requirement of having
high excitation levels in a nonlinear harvester. The device is made of spring steel on which
piezoelectric laminates are bonded. Researchers have also worked with configurations where
stretching strain is introduced by doubly clamped structures [184, 123]. It should however be noted
that the harvester is not in the conventional cantilever configuration.

Huang H et.al. [141] have used polymer piezoelectric materials, with a beating mechanism. The
impact force created through the low-frequency vibratory motion by the beating mechanism
excites the system’s natural frequency. A method of shifting of gravity center by a moving mass
for tuning the resonance frequency of the harvester has been reported by Xiaoming et.al. [124].
Experiments are carried out on a prototype and could achieve adjustment from 130 Hz to 180 Hz.
A base-mounted piezoelectric (BMP) harvester is designed by Koven etal. [121] with a
piezoelectric transducer mounted below the base of a cantilevered beam resonator. The harvester
behaves like a damped mass-spring system. Zhou et.al. [185] have developed a design by
introducing springs in between adjacent harvester beams. The time-varying relative displacement
between two adjacent harvesters leads to broadening the bandwidth. Thus the authors could
achieve nonlinearity, without introducing magnets, which is very important and relevant in some
applications. Researchers have also worked on using magnets in the design in different

configurations, to increase the bandwidth by the effect of attractive force on the cantilever [186,
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187, and 188]. However, all of the above designs suffer from the limitations of the tunable
frequency range. In this paper, the authors present an innovative design that overcomes these
reported shortcomings.

6.2 Design of a novel tunable Piezoelectric Vibration Energy Harvester (PVEH) and
experimental work

Resonant frequency-based cantilever design of a piezoelectric vibration energy harvester gives
better output at its resonant frequency, compared to the impact- type device [189]. Hence, methods
to tune its natural frequency to different values matching with the ambient frequency open up a
wide range of applications. Several methods that are discussed in the literature so far, are either
passive or require a higher power input [190]. This limitation led to the current work presented by
the authors.

6.2.1. Materials utilized and Design concept of the device

Materials:

The work presented below focuses on the design of PVEH targeted for low frequencies, which can
be tuned to different ambient frequencies. The basic hypothesis is that the power spent on tuning
the system should be much lower than the PVEH power output. The proposed design of PVEH
integrates two smart materials, piezoelectric material and lonic Polymer Metal Composite (IPMC),
to achieve tuning over a wider frequency range. The discovery by the authors of the right type of
IPMC for PVEH tuning was preceded by the thought process described below.

Active tuning requires a smart element that can be electrically controlled. Research into the range
of smart materials available revealed that piezoelectric material actuators or shape memory alloy
actuators do not meet the requirement of low power consumption. Magnetic shape memory alloys
also require higher power than we can expend in this application. Based on this work, it was found
that IPMC meets all the essential requirements of power, size, and weight.

The piezoelectric material used in this study is Macro Fiber Composites (MFC) sourced from
Smart Material Corporation, USA. [191]. It has advantages over other piezoelectric elements, since
itis flexible to a great extent, making it effective in high deflection scenarios. It can also be bonded
to any surface effectively. MFC is also effective at energy conversion at its resonant frequency
when used in cantilever mode.

The design proposed by the authors involves the application of the actuation properties of IPMC

to introduce load on the cantilever beam. IPMC is composed of an ionic polymer like Nafion,
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whose surfaces are coated with platinum or gold as conductors. When the IPMC is subjected to a
low electric field (1 to 4 V), positively charged hydrated cations in the membrane network get
repelled by the anode and they migrate to the negative electrode. Hence, the water molecules also
get shifted within the membrane. This leads to an osmotic pressure gradient, which results in the
bending of the IPMC strip. Hence, it functions as an actuator with a low driving voltage as reported
by Shahninpoor and Kim [192]. The actuation force associated with an IPMC can be utilized for
applying a pre-defined force on the cantilever of the energy harvester. The force applied is a
function of its mass and the applied voltage.
Assuming the mass remains the same, we can control the force by controlling the input voltage.
Since the actuation mechanism is dependent on the water molecules in the polymer film, the
hydration of the IPMC is of importance to achieve the correct load values.
Governing Equations:
IPMCs can be characterized using the governing Partial Differential Equations (PDE) is given
below: [192]

E=Dxe=-Vo (6.1)

V-D=p=FC"-C) (6.2)

Where D, E, ¢, and p denote the electric displacement, the electric field, the electric potential, and
the charge density, respectively. ke is the effective dielectric constant of the polymer, F is
Faraday’s constant, and C+ and C— are the cation and anion concentrations, respectively. The
corresponding continuity equation is given by

V-J=-0C" ot (6.3)
where J is the ion flux vector.
Design concept:
In this investigation, as an initial step, the characteristics of IPMC were studied by applying several
different steps of voltages, ranging from 0.5 V to 4V. It should be noted that different actuation
characteristics of IPMC can be selected by choosing the right thickness of the Nafion film.
The IPMC strips can be easily miniaturized to introduce into the harvester design. It is bio-
compatible, in case of applications in biological systems. The additional advantage of using IPMC
is that its driving current is also very low. Hence the power required can be tapped from the
generated power from the harvester itself. The MFC used in this study is made of piezoelectric

fibers of square cross-section, bonded together to form a piezoelectric sheet. This piezoelectric
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sheet is placed in between layers of adhesive, electrodes and a polyimide film. The interdigitated
pattern of electrodes enables better contact with the fibers and in-plane poling/actuation. This
pattern also leads to a very low voltage drop at the interface. The electrical and mechanical
properties of MFC used in this study are given in the manufacturer's datasheet [191]. P2 and P3
type MFCs work on the ds; effect for actuation and are mostly used for energy harvesting [191].
The novel tunable PVEH consists of a cantilever beam on which MFC is bonded in unimorph
configuration, and an IPMC actuator integrated in the system. The IPMC specimens from
Environmental Robots, USA were used to actuate during the experiment. The properties of IPMC
are provided by the manufacturer in their datasheet [145]. The force applied by the IPMC on the
cantilever generates a compressive load component, which contributes to the stiffness change of
the device.

In this study, the authors chose an aluminum cantilever beam that consists of two sections, 0.64
mm thick root section of 15cm x 3.5 cm and 0.37 mm thick extension of 10.5 cm x 2 cm, with an
overlap of 3 cm. (Fig. 6.1). For these specimens, the thickness of the beam were intentionally kept
low so as to allow effective control in the frequency shift using the applied load by IPMC.

The dynamics of the cantilever beam can be described by the Euler -Bernoulli Beam equation as

given below in equation (6.4)

L [E122]=p (6.4)
where w is the out of plane displacement of the beam, p is the force per unit length acting in the
direction y (and w), E is Young's modulus of the beam, and | represents the moment of inertia of
the cross-section of the beam. The present case of a cantilever beam of two sections can be
represented by the change in I.

Configuration 1 consisted of an MFC M 8514 P2 that was bonded on the thicker cantilever section
in unimorph configuration (having a single active layer of piezoelectric material), as shown in Fig.

6.1.
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Fig. 6.1 Plan view of the device

This MFC has an active length of 85 mm, an active width of 14 mm, a free strain of 630 ppm, and
a blocking force of 76N. The cantilever was subjected to vibration at point C, using an
electrodynamic exciter. Electro dynamic exciter-Miniature shaker model no. K2007E01-Modal
shop was used to simulate the vibrations.

6.2.2. Experimental setup

The exciter was driven by a function generator through a power amplifier. In the model used, the
exciter has a built-in power amplifier. The output of the piezoelectric element was connected to a
full wave rectifier and then to an oscilloscope. The full wave rectifier circuit is designed using 4
diodes in Wheatstone's bridge configuration. This is required to convert the AC output of the
PVEH to DC. Diode IN 4001 and capacitor 220 uF were used in the full wave rectifier circuit. In
the experimental setup a function generator model no. GW Instek GFG 8250A and Oscilloscope
model no. HP 54603 B were used.

6.2.3. Conduction of experiments
The PVEH was subjected to continuously varying frequencies, and the resonant frequency was

identified. Corresponding voltage and current outputs from PVEH were recorded. The current was

89



measured by incorporating a load resistor of 1 KQ. The IPMC actuator was given 1.5 V input at
point D of the cantilever. This load shifted the resonant frequency of the device. Now, the
frequency sweep was given again, and located the new resonant frequency. This value and the
corresponding voltage and current output of the PVEH were recorded. These steps were repeated
for 1.9 V and 2.1 V input to IPMC. These steps of voltage input to IPMC were selected to bring
out a frequency shift of around 2 Hz. In all the cases, the current drawn by the IPMC was also
recorded. For all the steps, power harvested from PVEH as well as power spent on actuation of
IPMC were calculated using equation (6.5).
P=VxI (6.5)

Where P is power, Vis voltage and I is current.

6.2.4. Results and analysis: Configuration 1

The results of the tests conducted on the designed harvester are presented in Fig. 6.2.
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Fig. 6.2 Power output of PVEH and Voltage to IPMC vs. Resonant frequency

When the power input to IPMC is 0, the power output of the PVEH is 29 yWw, and the
corresponding resonant frequency is 5.9 Hz. The power output of PVEH is 52.03 uW, when the
power used for the IPMC actuation is 0.765 pW, shifting the resonant frequency from 5.9 Hz to
7.57 Hz. Similarly, the power output is 49.98 uW when the power for IPMC actuation is 2.28 uW,
shifting the resonant frequency to 7.7 Hz. Further, a power input of 5.88 uW to IPMC shifted the
resonant frequency to 8 Hz, giving a power output of 64.19 uW from PVEH.
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The net power output of PVEH is 29 uyW at 5.9 Hz, 51.265 pW at 7.57 Hz, 47.7 uyW at 7.7 Hz and
58.31pW at 8.0 Hz. Intervention by the IPMC results in gain of net power. It seems like the
maximum net power is achieved at a resonant frequency of 8 Hz. As a first case, experiments were
done till the IPMC input value of 2.1 V. It can be further increased to achieve still higher resonant
frequencies, based on the characteristics of the specific IPMC specimen.

From the above graph, it is evident that by applying a low power to the IPMC, the resonant
frequency of the harvester can be tuned to the ambient vibration frequency. The graphs show a
near-linear trend. The force applied by the IPMC is a function of its mass also. Hence by selecting
the IPMC of the required mass, the desired force application range can be achieved. For the above
experiments, as stated earlier, commercially available IPMC samples were used. IPMC samples
of different thicknesses can be fabricated to suit the specific requirement of force range.

It can be seen that at every stage of the shift of resonant frequency, the power output is much
higher than the power spent on the actuation process. This comparison of power spent on actuation
and power generated by PVEH in the process, clearly indicates that there is a substantial gain in
the power harvested over a wider frequency range, applying this novel design. The design offers
an effective tuning for low-frequency energy harvesters. This device can be tuned to practically
many frequencies by varying the applied actuation load, whereas, many reported methods have
limitations in the range of tuning.

The low power required for the IPMC actuation can be tapped from the harvested energy and hence
can enable a closed-loop autonomous system in place. This can be achieved by integrating a low-
power microcontroller in the device, which looks for the ambient frequency change and changes
the input to IPMC. The ambient vibration frequency can be detected from the voltage output of
the harvester itself. In ongoing work, a lookup table for PVEH output vs ambient frequency is
being programmed in the controller, using which ambient frequency can be identified. This makes
the technology of self-powered sensors a reality, since the inevitable variations in ambient

frequency do not affect the energy converted and, in fact could optimize it.

6.3 Effect of distance of loading point from the IPMC actuator: Configuration 2

The results reported above were focused on using a fixed point for actuation. Further work was
conducted to investigate the effect of variation in loading point on the net power gain using the
same set-up described above. Configuration 2 consisted of the MFC type M8507P2. This MFC
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has an active length of 85 mm, an active width of 7 mm, a free strain of 605 ppm, and a blocking
force of 38N. A different MFC cantilever with different dimensions was used with a view of
demonstrating the concept proof in different cases. This MFC was also bonded on an aluminum
substrate (thicker root section) in unimorph configuration as shown in Figure 2. The extension
beam was bonded to the root section. The electrodynamic exciter was used to give controlled
frequency vibrations to the harvester at point C. The schematic setup of the device is given in Fig.

6.3. The distance of the IPMC tip from the cantilever surface (h) is a variable.

A, IPMC

B. Al
cantilever-
extension

C. MFC

D. Al
cantilever-
root section

i. Point of
contact
of IPMC tip
ii. Paint of
application
of vibration

Figure 6.3 Schematic setup of the device

6.3.1. Results and Analysis: Configuration 2

The resonant frequency of the device with no input to IPMC was determined by applying varying
frequencies of input to the shaker through a function generator. Then IPMC input voltage of 1.5V
was given at a distance of 30 mm (h) above the cantilever. This maximum height was fixed based
on the deflection of the beam, so that impact is enabled. Then it was found that the resonant
frequency has shifted to a higher value. This was repeated for various values of h: 25mm, 20mm,
16 mm, and 10mm. In each case, the new resonant frequency, the power output of PVEH, and the
power input to IPMC were monitored. The point of IPMC contact on the cantilever beam was at a

distance of 14 cm from the fixed end. The data is given in the plots in Fig. 6.4.
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Fig. 6.4. PVEH power output vs Resonant frequency and Resonant frequency vs Distance of
IPMC tip from cantilever (s)

When no power is applied to IPMC, the resonant frequency of the harvester is 8.4 Hz. The voltage
output is 3.9 V and the current is 9 pA. When a voltage of 1.5 V is applied to IPMC at a distance
of 30 mm above the cantilever surface, the impact load on the beam shifted the resonant frequency
to 8.6 Hz. The PVEH output is 3.85 V and 8.8 pA. The IPMC drew a current of 0.51 pA. The net
power output of PVEH was 33.11 pW. With the same power input to IPMC, the distance h was
changed between 25 mm and 10 mm, and the resonant frequency changed further from 8.6 Hz to
9.9 Hz, with the net power output of PVEH maintained between 33.11 uW and 25.69 uW. These
results show the dependence of the distance of the point of impact loading on the tuning of
frequency.

The resonant frequency shifts to higher values, when the point of loading becomes closer to the
cantilever. A marginal drop in the PVEH output is observed, which won't affect the total charge
generated over a period of varying frequencies.

Fig. 6.4 is the plot of the frequency of vibration vs the power output of PVEH. It can be seen that
power output is maintained at a high value throughout a range of input frequencies spanning from
8.3 10 9.9 Hz. Hence this data can be effectively used along with variable power input to IPMC, to
increase the frequency bandwidth of the PVEH. This method is effective in tuning the resonant

frequency of a PVEH in cantilever form.
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The entire study was focused on making the best advantage of MFC and resolving the basic issue
associated with it, the frequency dependence. MFC is suitable for this application since it is highly
flexible and has a good conversion efficiency [191]. The IPMC is identified as the most suitable
smart material for tuning, since the power requirement for its actuation is very low, compared to
the typical PVEH output. The actuation of IPMC at different voltage inputs actually manifests as
an effective change in its stiffness. The impact of the cantilever with the actuated IPMC modifies
its resonant frequency. The IPMC is suitable for miniaturization and can be easily integrated with
the PVEH design. Another salient feature is that the tailorable properties of IPMC [192] make it
feasible to design the actuator according to the PVEH requirements.

6.4 Concluding remarks

1. The novel tunable PVEH can continuously provide power to low-power devices such as
sensors and transmitters.

2. The device generates power at the adjacent frequencies to the basic resonant frequency
also, due to the stopper action of IPMC.

3. The MEMS version of the novel device can be easily integrated with sensor arrays.
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Chapter: 7

The Device details
This chapter gives the device details and the possible different configurations as described in the
patent application.
https://image-ppubs.uspto.gov/dirsearch-public/print/downloadPdf/20210159816
SELF-TUNING PIEZOELECTRIC VIBRATION ENERGY HARVESTER
Nov 23, 2020

Piezoelectric vibrational energy harvesters (PVEHS) include a Macro Fiber Composite (MFC))

piezoelectric transducer coupled to a cantilever to harvest vibrational energy. One or more lonic
Polymer Metal Composite (IPMC) strips are situated to provide device tuning over a wide
frequency range by applying variable contact force to the cantilever. Power consumption for tuning

is sufficiently low that the tuning actuator (IPMCs) can be powered using harvested energy.

Description

CROSS REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No. 62/939,511, filed Nov. 22,
2019, which is hereby incorporated by reference in its entirety.

FIELD

The disclosure pertains to energy harvesting.

BACKGROUND

Harvesting electrical energy from mechanical vibrations has been attracting attention of
researchers from various interdisciplinary fields, because of its wide range of applicability in
various fields of science and technology, including providing autonomous power supply for health
monitoring of critical structures. Many materials have been studied towards for this application
and piezoelectric materials have been proven to be a good option. Piezoelectric Vibration Energy
Harvesters (PVEH) are being developed with the goal of achieving a wider effective band width
to improve harvesting efficiency. Some use However, none of the proposed PVEHs are
satisfactory, and alternative approaches are needed.

SUMMARY

The disclosure pertains to PVEH devices that can use tuning of a resonant frequency of a novel

design of PVEH at different amplitude values of input signals. In examples, the resonant frequency
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of the PVEH is electrically tuned using lonic Polymer Metal Composites (IPMC). Actuation force
associated with an IPMC is utilized for applying a required load on the cantilever of the energy
harvester. A stacked IPMC can be used instead of a single unit. The stacked IPMC consists of two
IPMCs, attached only at the ends and powered by a single supply.

Devices can comprise a cantilever and a piezoelectric transducer coupled to the cantilever to
produce an electrical output signal in response to a vibration of the cantilever. An actuator is
situated to variably contact the cantilever to establish a resonant frequency of the cantilever. The
actuator can be one or more lonic Polymer Metal Composite (IPMC) strips. In examples, the
actuator is coupled to the cantilever to establish the resonant frequency based on a stiffness of the
cantilever and an actuator driver coupled to the actuator to apply an electrical signal to the actuator
to establish the resonant frequency of the cantilever. The cantilever can be a cantilever beam or a
cantilever plate formed of, for example, stainless steel or aluminum. In some examples, a sensor
circuit is coupled to the piezoelectric transducer to determine an electrical signal to be applied by
an actuator driver to provide a predetermined output power from the piezoelectric transducer. In
some examples, the sensor circuit is coupled to determine an available vibrational frequency. The
actuator can be configured to adjust at least one of a cantilever stiffness or cantilever resonant
frequency based on the available vibrational frequency. The cantilever can comprise a first
cantilever section and a second cantilever section, wherein the first cantilever section is a base
section and the second cantilever section is an extension section. The base section can be thicker
than the extension section, and the base section and the extension section are secured at respective
major surfaces or minor surfaces. The actuator can contact the base section or the extension
section. In an example, the base section has a thickness of 0.64 mm and the extension section has
a thickness of 0.37 mm, and the base section and the extension section are bonded to each other
with an adhesive layer or welding at respective major surfaces. The piezoelectric transducer can
be a macro fiber composite (MFC) transducer and can be bonded to a major surface of the
cantilever over substantially an entire length and width of the major surface. The actuator can be
situated to variably contact the cantilever in a central 80% of a cantilever length or area. A memory
can store a plurality of actuator drive values and associated cantilever resonance frequencies or
stiffnesses and a digital to analogy convertor coupled to the memory to apply a selected drive value
to the actuator. In some examples, the actuator has a diamond shape and includes first and second

actuators that are stacked.
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In some examples, the actuator is a single layer ionic polymer metal fiber composite (MFCs) or a
pair of such MFCs.

Methods comprise subjecting a cantilever to vibrations and contacting the cantilever at one or more
locations or with one or more contact forces using an actuator. A resonant frequency of the
cantilever is identified based on the vibrations for each of the one or more locations and/or each
of the one or more contact force and an actuator drive value associated with the resonant frequency
is stored for each of the one or more locations and/or each of the one or more contact forces. The
vibrations can be applied as a series of single frequency vibrations. The resonant frequency for
each of the one or more locations and/or each of the one or more contact forces can be determined
based on an output of a piezoelectric transducer coupled to the cantilever.

Methods comprise subjecting a cantilever to vibrations and contacting the cantilever at one or more
locations using an actuator. Based on coupling of the vibrations by the cantilever to a piezoelectric
transducer, an actuator drive for one or more vibrational frequencies and associated with a selected
piezoelectric transducer output power is determined.

Methods comprise contacting a cantilever using a actuator and adjusting the contact based on an
output power from a transducer coupled to receive mechanical vibrations from the cantilever. In
further examples, an electrical device is powered or charging an electrical storage device is charged
based on a transducer output.

The foregoing and other features and advantages will become more apparent from the following
detailed description, which proceeds with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view of a representative piezoelectric vibration energy harvester (PVEH) device.
FIG. 1A is a sectional view of the PVEH device of FIG. 1.

FIG. 2 is a plan view of another representative PVEH device.

FIG. 3 illustrates a PVEH-based energy harvesting and calibration system.

FIG. 3A illustrates a representative configuration of two IPMC devices for use in frequency tuning
a PVEH device.

FIG. 3B illustrates a representative rectifier circuit.

FIG. 3C illustrates a representative IPMC.

FIG. 3D illustrates the IPMC of FIG. 3C with an applied voltage.

FIGS. 4A-4C are plan views of a representative PVEH devices with dimensions.
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FIG. 5 illustrates resonance frequency of PVEH devices as a function of drive voltage to one or
more IPMC devices.

FIG. 6 illustrates a representative PVEH-based method.

DETAILED DESCRIPTION

Introduction

The disclosure pertains to piezoelectric vibration energy harvesters (PVEHSs) and associated
methods and devices. In typical examples, the disclosed devices are responsive at low frequencies
such as less than 1 kHz, 500 Hz, 250 Hz, 100 Hz, 50 Hz, 25 Hz, 10 Hz, 5 Hz, 2.5 Hz, 1 Hz, or
lower. The devices can be frequency tuned using power harvested by the devices. In examples, a
representative PVEH integrates two smart materials, a piezoelectric material (such as a Macro
Fiber Composite (MFC)) situated to harvest energy and an lonic Polymer Metal Composite
(IPMC) situated to provide device tuning over a wide frequency range.

MFCs consist of a piezoelectric sheet formed of piezoelectric fibers of square cross section which
are bonded together. This piezoelectric sheet is placed between layers of adhesive, electrodes and
a polyimide film. The electrodes are typically made in an interdigitated pattern to enable better
contact with the fibers and in-plane poling/actuation. This pattern also helps in achieving low
voltage drop at the interface. MFCs can be environmentally sealed and hence be non-porous.
MFCs have advantages over other piezoelectric elements. MFCs are flexible and are thus suitable
for PVEHSs having high deflections. MFCs can be bonded to surfaces effectively and can provide
energy conversion at their resonant frequencies when used in cantilever mode. However, output
power drops at other vibration frequencies. In he disclosed examples, active tuning can be provided
using IPMCs, which can be compact, have low mass, and required little power. IPMCs consist of
a per fluorinated ion exchange membrane such as a Nafion membrane situated between two
electrodes, typically metals or other conductors coated with a noble metal, gold or platinum. When
subjected to low voltages (typically 1 to 4 V), positively charged hydrated cations in the Nafion
membrane network are repelled by the anode and hence move to the negative electrode. The water
molecules that are tagged to cations also move within the membrane. The resulting osmotic
pressure gradient causes bending of IPMC strips with the direction of bending dependent on the
polarity of the applied voltage. In addition to bending an IPMC, an applied voltage also increases
IPMC stiffness. Both bending and stiffness changes in response to an applied voltage can be used

vary a load supplied by an IPMC,
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In the examples, specific configurations of cantilevers are used for purposes of illustration but
other cantilever configurations can be used. Cantilevers can have one fixed end and one free end
only, or other combinations such as cantilevers in multiple directions, or cantilevers supported

within the cantilever span, etc.

CTRL 316
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\

ye 304 310 312
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Example 1

Referring to FIGS. 1-1A, a PVEH device 100 includes a cantilever base 102 to which a
cantilever 104 is secured. The cantilever 104 extends from the cantilever 102 and is generally
thinner than the cantilever 104. An MFC 106 or other flexible piezoelectric transducer is secured
to the cantilever 104. A location 110 on the cantilever 104 is designated for frequency response
tuning based on loading applied to the location 110. For evaluation purposes, a location 112 is
designed for the application of vibrational forces whose energy is to be harvested. In the sectional
view of FIG. 1A, a tuning member 114 is coupled to a support member 116 and is situated to
contact the cantilever 104 at the location 110 to tune a cantilever resonance frequency. In typical
examples, the tuning member 114 includes one or more IPMCs that are coupled to electrical power
source (a voltage source) such as an energy storage device to which the PVEH 100 delivers energy.
In this way, harvested energy can be used for PVEH tuning.

In one example, the cantilever 102 is 1 mm thick aluminum and the cantilever 104 is 0.5 mm thick

stainless steel. Complete dimensions of such a device are shown in FIG. 4B. As shown, the

99



MFC 106 is bonded to the thinner cantilever 104. The thicker cantilever base 104 generates higher

strain.
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Example 2

Referring to FIG. 2, a representative PVEH device 200 includes a cantilever base 202 to which a
cantilever 202 is bonded. An MFH 206 or other piezoelectric device is secured to the cantilever
base 202. Preferred locations 210, 212 for loading for tuning and application of vibrations,
respectively, are indicated, but other locations can be used. Dimensions of such a PVEH device
are shown in FIG. 4A.

Example 3

Referring to FIG. 3, an energy harvesting system 300 includes a PVEH device 301 having a

cantilever base 302 to which a cantilever 304 is secured. In this example, an MFH 308 is secured
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to the cantilever base 302 but in other examples, an MFH is secured to a cantilever instead of or
in addition to a cantilever base. A tuning member 305 includes one or more IPMC devices such as
IPMC devices 305A, 305B that are secured to each other at their ends. The tuning member 305 is
coupled to a support 306 and is situated to contact the cantilever 304. Loading of the
cantilever 304 can be varied based on a voltage or other electrical signal applied to the IPMC
devices 305A, 305B and supplied by a control circuit 316. The MFH 308 is coupled to a full wave
bridge (FWB) circuit 310 and rectified output from the MFH 308 is delivered to energy
storage 312 such as a battery or capacitor. During setup or calibration, the control circuit 316 can
be externally powered to vary loading provided by the IPMC devices 305A, 305B to the
cantilever 304 while vibration is applied to the cantilever 302 at, for example, location 311.
During energy harvesting the tuning load can be selected based on a voltage or other drive supplied
by the FWB circuit 310 or the energy storage 312. In this case, the control circuit 316 can be a
passive circuit. [resistive divider w voltage regulation). Typically, one or more rectifiers (such as
the FWB circuit) are used to provide single polarity output for charging a capacitor or a battery,
but energy storage can be based on bipolar output. A FWB is particularly useful for efficiency, but
other arrangements of one or more rectifiers can be used.

FIG. 3A illustrates a representative tunable load member 305 that includes IPMCs 352, 354 that
are coupled at a tip 356. A support member 360 secures ends 358, 359 of the IPMCs 352, 354,
respectively, for application of a drive voltage that causes the IMPCs 352, 354 to bend so as to
extend or contract.

FIG. 3B illustrates a circuit 370 that includes a full wave bridge (FWB) rectifier formed of diodes
such as diode 372. The FWB is coupled to charge a capacitor 374 and to receive inputs voltages
from a piezoelectric device 376.

FIG. 3C-3Dillustrate a representative IPMC strip 380 having noble metal conductor
layers 381, 382 that sandwich an ionic polymer membrane 384. If desired, additional electrical
contacts can be formed on the conductor layer 381, 382 for electrical connection to a voltage
source that provides a voltage Vprive that causes the IPMC strip 380 to deform as shown in FIG.
3D.

Example 4

FIGS. 4A-4B illustrate representative examples of PVEH devices and shown typical dimensions.
In FIG. 4A, a PVEH device 400 includes a cantilever base 402 to which a cantilever 406 is
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secured. An MFH 404 is bonded to the cantilever base 402. InFIG. 4B, a PVEH
device 410 includes a cantilever base 412 to which a cantilever 416 is secured. An MFH 414 is
bonded to the cantilever 412. In FIG. 4C, a PVEH device 420 includes a cantilever base 422 to
which a cantilever 426 is secured. An MFH 424 is bonded to the cantilever 422. In FIGS. 4A-4C,
preferred locations for loading for tuning and application of vibration are also shown.

Example 5

FIG. 5 illustrates PVEH resonance frequency tuning by application of a voltage to IPMC devices
that are situated to contact a PVEH cantilever. Curves 502, 504 illustrate tuning of two different
device configurations and show that increased loading (i.e., larger voltages in this example) can
increase resonance frequency. Such calibration curves can be used to select an operating load for
a PVEH device and a control circuit can be configured to provide a suitable voltage using harvested
energy if external energy sources are to be avoided. An external source can be used for tuning
during harvesting. However, energy usage for tuning is preferably less than (or very much less
than) energy harvested.

Example 6

With reference to FIG. 6, a representative method 600 includes positioning a cantilever or
cantilever base to receive vibrations such as ambient vibrations at 602. At 604, the cantilever is
contacted with a tunable load member. At 606, it is determined if load calibration is available. If
so, at 606, calibration data of resonance frequency versus load member drive is used to select a
load member drive, and at 610, the PVVEH device is situated for harvesting energy. If calibration
is unavailable at 606, load member drive is varied at 602 to determined preference values for
energy harvesting. At 614, the load member drive associated with maximum or other preferred
values of energy harvesting is applied and at 610, energy is harvested.

General Considerations

(13 99 ¢
a”

As used in this application and in the claims, the singular forms an,” and “the” include the
plural forms unless the context clearly dictates otherwise. Additionally, the term “includes” means
“comprises.” Further, the term “coupled” does not exclude the presence of intermediate elements
between the coupled items. The systems, apparatus, and methods described herein should not be
construed as limiting in any way. Instead, the present disclosure is directed toward all novel and
non-obvious features and aspects of the various disclosed embodiments, alone and in various

combinations and sub-combinations with one another. The disclosed systems, methods, and
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apparatus are not limited to any specific aspect or feature or combinations thereof, nor do the
disclosed systems, methods, and apparatus require that any one or more specific advantages be
present or problems be solved. Any theories of operation are to facilitate explanation, but the
disclosed systems, are not limited not limited to such theories of operation.

The examples above are described with reference to particular piezoelectric devices, cantilever
materials, circuit configurations, and material dimensions for convenience but the disclosure is not
to be limited to the explanatory configurations. Loading of cantilevers is illustrated using IPMCs
but other actuators can be used. The terms “major surface” and “minor surface” refer to surfaces
having larges and smaller surface areas, respectively, and are intended to distinguish the edge
surfaces of substrates from larger surfaces. Tuning members can include IPMCs or other devices,
and actuator mechanisms such as IPMCs can contact cantilever elements directly or use additional
components for contact.

In view of the many possible embodiments to which the principles of the disclosure may be
applied, it should be recognized that the illustrated embodiments are only preferred example and
should not be taken as limiting. We therefore claim as our invention all that comes within the scope
and spirit of these claims.

Claims

1. A device, comprising:

a cantilever;

a piezoelectric transducer coupled to the cantilever to produce an electrical output signal in
response to a vibration of the cantilever; and

an actuator situated to variably contact the cantilever to establish a resonant frequency of the
cantilever.

2. The device of claim 1, wherein the actuator is an lonic Polymer Metal Composite (IPMC).

3. The device of claim 1, wherein the actuator is coupled to the cantilever to establish the resonant
frequency based on a stiffness of the cantilever.

4. The device of claim 1, further comprising an actuator driver coupled to the actuator to apply an
electrical signal to the actuator to establish the resonant frequency of the cantilever.

5. The device of claim 1, wherein the cantilever is a cantilever beam or a cantilever plate.

6. The device of claim 1, wherein the cantilever is stainless steel or aluminum.
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7. The device of claim 1, further comprising a sensor circuit coupled to the piezoelectric transducer
to determine an electrical signal to be applied by an actuator driver to provide a predetermined
output power from the piezoelectric transducer.

8. The device of claim 7, wherein the sensor circuit is coupled to determine an available vibrational
frequency.

9. The device of claim 8, wherein the actuator driver is configured to adjust at least one of a
cantilever stiffness or cantilever resonant frequency based on the available vibrational frequency.
10. The device of claim 4, wherein the actuator driver is coupled to vary a cantilever resonance
frequency or stiffness or both and select a resonance frequency or stiffness or both associated with
a preferred output of the piezoelectric transducer.

11. The device of claim 1, wherein the cantilever comprises a first cantilever section and a second
cantilever section.

12. The device of claim 11, where the first cantilever section is a base section and the second
cantilever section is an extension section.

13. The device of claim 12, wherein the base section is thicker than the extension section, and the
base section and the extension section are secured at respective major surfaces.

14. The device of claim 12, wherein the base section is thicker than the extension section, and the
base section and the extension section are secured at respective minor surfaces.

15. The device of claim 12, wherein the actuator contacts the base section or the extension section.
16. The device of claim 12, wherein the base section has a thickness of 0.64 mm and the extension
section has a thickness of 0.37 mm, and then base section and the extension section are bonded to
each other with an adhesive layer or welding at respective major surfaces.

17. The device of claim 1, wherein the piezoelectric transducer is a macro fiber composite (MFC)
transducer.

18. The device of claim 17, wherein the MFC transducer is bonded to a major surface of the
cantilever over substantially an entire length and width of the major surface.

19. The device of claim 1, wherein the actuator is situated to variably contact the cantilever in a
central 80% of a cantilever length or area.

20. The device of claim 1, further comprising:

a memory storing a plurality of actuator drive values and associated cantilever resonance

frequencies or stiffnesses; and
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a digital to analogy convertor coupled to the memory to apply a selected drive value to the actuator.
21. The device of claim 1, wherein the actuator has a diamond shape and includes first and second
actuators that are stacked.

22. The device of claim 1, wherein the actuator contacts the cantilever a distance of 16 cm from a
point of application of a vibration.

23. The device of claim 1, wherein the actuator is a single layer ionic polymer metal fiber
composite.

24. The device of claim 1, wherein the cantilever has one fixed end, one free, end, two fixed ends,
two free ends, extends in two or more directions, or is supported within a cantilever span.

25. A method, comprising:

subjecting a cantilever to vibrations;

contacting the cantilever at one or more locations or with one or more contact forces using an
actuator;

identifying a resonant frequency of the cantilever based on the vibrations for each of the one or
more locations and/or each of the one or more contact forces; and

storing an actuator drive value associated with the resonant frequency for each of the one or more
locations and/or each of the one or more contact forces.

26. The method of claim 25, wherein the vibrations are applied as a series of single frequency
vibrations.

27. The method of claim 25, wherein the resonant frequency for each of the one or more locations
and/or each of the one or more contact forces is determined based on an output of a piezoelectric
transducer coupled to the cantilever.

28. A method, comprising:

subjecting a cantilever to vibrations;

contacting the cantilever at one or more locations using an actuator; and

based on coupling of the vibrations by the cantilever to a piezoelectric transducer, determining an
actuator drive for one or more vibrational frequencies and associated with a selected piezoelectric
transducer output power.

29. A method, comprising:

contacting a cantilever using a actuator; and
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adjusting the contact based on an output power from a transducer coupled to receive mechanical
vibrations from the cantilever.

30. The method of claim 29, further comprising powering an electrical device or charging an
electrical storage device based on a transducer output.
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Chapter 8

Conclusions and Scope for Future Research

The aim of this research was to arrive at a novel method to tune the resonant frequency of a
cantilever -type PVEH, using an active element. This was done in four phases. The first phase was
to identify the low power smart actuator and to identify the key characteristics required for this
application. The second phase was to modify and design the PVEH, such that the actuator could
generate the desired impact on the cantilever beam. The third phase was to integrate the actuator
with the PVEH and prove the functionality of the device to alter the resonant frequency of the
device. The fourth phase was to conduct a comprehensive range of functional tests on the device
and to estimate the net power gain at various conditions by experiments. The results were found
to be consistent when repeated. In the fifth phase, the results were analyzed and found to be in
conformance with theoretical analysis. Further, the novel device was used in powering a triaxial
MEMS accelerometer, a strain gauge bridge, and a Bluetooth sensor and transmitter device.

8.1 Key findings

IPMC can be used as a stopper in a cantilever-type PVEH configuration.

Different configurations of IPMC can be used to achieve the desired stopper effect.

The shift in the resonant frequency is a function of the blocking force developed in the IPMC
actuator. The blocking force of IPMC is a function of the input voltage to IPMC, the cation
concentration in IPMC, and the hydration level of the membrane. Within the selected range of
blocking force, the value can be tuned by changing the low voltage input to IPMC.

Since IPMC actuation can be controlled by changing its input voltage, it acts as a tunable stopper.
IPMC provides a desired low-power actuation for the device, which is crucial in the harvester
application.

A net positive power gain was achieved, sufficient to power the IPMC and an external device
connected to the system.

The range of impact force depends on the blocking force of the IPMC.

PVEH integrated with IPMC is amenable to MEMS fabrication. In MEMS design, various other
configurations can also be realized, that will enable better performance.

IPMC as a stopper leads to a broadening of the frequency response of the harvester.
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8.2 Recommendations for Future Research
8.2.1 Limitations of the research presented here and scope for Future Research

e The IPMC used in the study was Nafion-based, since other types of IPMC were not
available. Experiments can be done with other IPMCs when they are available.

e The IPMC used in the investigation has water as the solvent. It may be noted that the
literature indicates that water-based IPMC has been proven to be working at very low
temperatures also [193]. However, it has the drawback of getting dehydrated during
extended operation. Experiments can be done with IPMC having solvents other than water,
when available.

e Further experimental studies can be done to establish the robustness of the system.

8.2.2 Feasibility of MEMS design of the novel PVEH

The novel design is amenable to MEMS fabrication since cantilever configuration and IPMC can
be miniaturized using MEMS technology. Fig. 1 depicts a typical MEMS scheme.

Si substrate
Insulator layer
| Si active layer

Insulator layer

Piezoelectric
material

Fig. 8.1 A typical MEMS scheme of the novel PVEH

The Silicon On Insulator (SOI) process can be adopted here, considering the various
advantages [20]. Most importantly, in SOI-based MEMS process, it is possible to combine bulk
and micromachining methods as required. The insulating layer is typically Silicon oxide and the
top active Silicon layer will be crystalline Silicon. In Fig. 8, the active layer is the cantilever beam
with the required step configuration on which the piezoelectric material is deposited. The substrate

Silicon layer will be of the order of a few hundreds of microns. The insulating layer will be of
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thickness of one micron or less and the device layer (active layer) of tens of microns. The
interdigitated electrode pattern that will be used in the device will enable maximum power transfer.
The PVEH can be integrated with IPMC which functions as a stopper. The literature indicates that
IPMC is highly suitable for MEMS scale fabrication [21-24]. The above-mentioned Si based
process works well for IPMC also. It can be formed in a microscale and with different orientation
of actuation. IPMC MEMS can be integrated with other electronics easily, which will be useful in

this present device scheme. Distributed microactuators can also be fabricated using IPMC.

8.2.3 Other configurations that can be explored for MEMS device

|'.'
FIXED Piezoelectric element e E
END 3
2 |
(a)
FIXER Piezoelectric element
END
(b)

Fig. 8.2(a) and (b) Other configurations of MEMS device as perceived

This dissertation demonstrated how the IPMC actuator can be used as a stopper for the cantilever
beam and how that configuration can shift the resonant frequency of the PVEH. Fig. 8.2 depicts

two other new configurations of the PVEH, which can be explored. Fig. 8.2 (a) shows the
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configuration in which, the piezoelectric element is bonded on an IPMC strip and that unit is
bonded on a substrate material. Here, when the IPMC is given a power input, it bends, which will
result in bending the whole cantilever beam or PVEH. This leads to a change in the resonant
frequency of the cantilever beam. Fig. 8.2 (b) shows another configuration in which the IPMC
strip itself functions as the substrate for the piezoelectric element. Here the actuation of the IPMC
substrate introduces a change in the resonant frequency of PVEH. These two configurations can
be realized in MEMS design.

In the MEMS configuration, other electronics such as low-power accelerometers and
microcontrollers can be integrated. This will enable continuous monitoring of the ambient
vibration frequency and powering the IPMC with the appropriate input values. For efficient
extraction of the power generated by the harvester, low power electronic circuits are available
which can be integrated in the MEMS configuration, the details of which are available in the
literature [194, 195,196].

8.2.4 Development of IPMC having higher blocking force

IPMC can be tailored to various characteristics during its fabrication by changing its
anion/cation concentration and by maintaining the hydration level. The properties can also be
changed by changing the thickness of Nafion film, during fabrication. This makes it highly suitable
for applications where variable loading is required. stack actuator can be designed with more
number of elements. The integration of IPMC into a MEMS harvester is easy to achieve, due to its
tailorable characteristics. An additional advantage is that it can be designed with multiple
electrodes to enable the desired loading.

Researchers have worked on porous Nafion membranes by applying a silica sol-gel process
and an etching process using hydrofluoric acid [50]. An IPMC was fabricated using this porous
Nafion. The IPMC thus prepared, with the smallest pore size exhibited higher electrical
conductivity and higher blocking force by around 1.4 times of the conventional Nafion-based
IPMC on application of direct power input. Another current field of research reported by other
researchers is in the fabrication of Casted IPMC [69]. To realize the desired high thickness of
Nafion film, a casting method with Nafion dispersion is being applied. The IPMC was fabricated
using the casted Nafion, which was 420 um thick. The input voltage given to actuate the IPMC
was 0 to 45 V DC. The performance was compared with the IPMC fabricated from the
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commercially available Nafion. It was found that the blocking force was higher for the casted
Nafion-based IPMC. Another interesting research is in using a corrosive material as the electrodes
of IPMC, to improve its displacement and the blocking force [51]. Normally a noble metal is used
as the electrodes to achieve perfect electrical conductivity, avoiding corrosion. However, it was
observed that when a corrosive metal, silver, is used as electrodes, the electrodes bring out a
reversible redox reaction when it is subjected to external voltage. This reaction changed the
material characteristics of IPMC, generating higher displacement and blocking force. It is also
reported in the literature that nano-thorn electrodes instead of flat ones can improve the blocking
force by 3 to 5 times more for low voltage in the range of 1 to 3 V [70]. Hence it is highly feasible
to realize a tunable PVEH of even better performance using these IPMCs of higher blocking force
that are newly getting developed. There are also reports of research on various actuation control
methods that lead to still lower power consumption of the IPMC [52, 49].
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Annexures

The proposed design of the tunable PVEH was arrived at, through various pilot studies that
were carried out based on the philosophy of tuning of resonant frequency of a cantilever beam.
Various experiments and studies based on the basic requirement for changing the stiffness of the
cantilever beam were carried out during this phase of research. The annexures detail those
experimental procedures, results and the thought process towards the novel design. The
exploration to find a tunable actuation system led to the studies of other smart materials such as
SMA (Shape Memory Alloy), EAP (Electro Active Polymer), IPMC etc. SMA actuates based on
the changes in the material property due to temperature changes. This does not provide a low
power method for the PVEH design. Similarly, even though EAP actuators can provide good
actuation force, it requires high power input. It was found that IPMC meets the low power
requirements of a PVEH design.

Possibility of using IPMC as integral part of a substrate is also explored and the experiment
conducted is given in annexure.

The subsequent annexures also give the technical specifications of the instruments used, important
definitions of terms and units and detailed graphs pertaining to the experimental results of the

novel design.
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Annexure - 1
Initial Study

In order to develop the ‘final design of the device, a series of preliminary experiments were
conducted on PVEH with disc type piezoelectric element. This was done by using different values
of mass (1.8 gms and 2.8 gms) along the cantilever beam, considering the range that is effective
for the dimensions of the harvester, and the voltage output was recorded. Fig. 1 shows the set-up
of the preliminary tests that included a PVEH cantilever beam fixed on one side on a stand (left
side in figure 1) while the other side is fixed by an exciter. Fig. 2 shows the scheme of the clamped-

clamped PVEH setup.

17

21

Aluminum cantilever Piezoelectric element  Fixed on the exciter

Fig. AL1.1 PVEH set-up in clamped/clamped configuration (Dimensions in cm)

- 5 Genarator
; Fiezoelectric
I Cantilever beam
matarial —_—

Fig. Al.2 Representation of a clamped-clamped PVEH

The experiment involved the use of two different masses placed at different locations (at 9, 12, 13,

17, 19.5 cm respectively from the end that was fixed on the stand) along the beam. The PVEH
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cantilever beam was subjected to a constant frequency of 35 Hz and corresponding voltage was

recorded. The experimental setup is shown in Fig. 3.

Fig. A1.3 Experimental set up for the initial study

The recorded data was plotted for the location of the mass vs the corresponding voltage output for
each mass (Fig.8). When there was no mass, the recorded output voltage was 850 mV and the
cantilever beam was not in resonance, At a distance of 17 cm from the fixed end of the beam, the
recorded output voltage is maximum i.e., 1140 mV and 1400 mV respectively for m; (2.8gms) and
m2 (1.8gms). Fig. 4, 5, 6, 7 give the details in two different frequencies. This indicates that the
beam could be brought into resonance by introducing a mass on the beam at a specific location.
Additionally, it can also be seen that a decrease in mass enhances the recorded output voltage at

the same location and same input frequency.
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Fig. Al.4 PVEH Output for mass of 2.8 gms and frequency 55Hz
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Fig. AL1.5 PVEH Output for mass of 1.8 gms and frequency 55Hz
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Fig. Al1.8 Effect of location of mass on the resonant frequency of clamped-clamped PVEH

Representation of main passive techniques reported in literature for changing the Resonant
frequency is shown in Fig. 9:

Method 1: Adding/ moving mass along the beam

Method 2: Application of an axial load

Method 3: Shifting the fixing point of the beam

Other approaches have multi beam structures with different piezoelectric materials or with springs

that interconnect the beams.

MEC Cantilever
) beam
- f e r
g ' i )
@ R .
g [oad \ ?’
x -, T b
- AN ~\Method 1
\\ Method 2 _ Addition of mass
\\ Application of Axial load
Methi;d 3 Direction of
Shifting the fixing point } vibration

Fig. A1.9 Various methods reported to achieve a wider bandwidth
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Moisture saturation tests on IPMC:

Moisture saturation test was carried out by soaking IPMC in water for 16 hours and then measuring

the mass using a high precision balance. The loss of mass was noted every hour. The measurement

was continued till the mass became stable.

Fig. 10 (a) shows the experimental set up used and (b) shows the mass variation with time.
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Fig. A1.10 Moisture content study of IPMC (a) The setup used for measurement (b)
Results

Experiments on the novel design using single IPMC actuator:

Experiments were carried out to try tuning the PVEH integrating a single IPMC as an actuator as
shown in Fig. 11. The experiments were repeated on PVEH with different MFC patches.

It was observed that the IPMC did actuate giving sufficient blocking force to change the resonant
frequency. Some of the results obtained are shown in Fig. 12, 13 and 14. All the cases demonstrate

a fairly linear response.
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Fig. A1.11 (a) Single IPMC (b) Experimental setup using single IPMC actuator

MFC 1
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Fig. A1.12 PVEH with MFC1 and single IPMC actuator
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MFC 2

i1

6.7

Resonant frequency (Hz)

Voltage to IPMC (V)

Fig. A1.13 PVEH with MFC2 and single IPMC actuator

MFC 3

7.9

e
7.6

7.5

Resonant frequency (Hz)

1

Voltage to IPMC (V)

Fig. Al1.14 PVEH with MFC3 and single IPMC actuator
However, the single IPMC does not provide a stable configuration for consistent contact point.
Hence further design change was considered in which multiple IPMC elements are to be used. As
a simpler design of such a case, it was decided to use two IPMC joined at the ends and powered

142



together as a single actuator. Further experiments were conducted with this dual IPMC
configuration as presented in the various chapters of this dissertation.

Actuation of IPMC on a plastic substrate:

A single IPMC was bonded on to a thin plastic substrate as shown in Fig. 15 and actuated using

the function generator supplied by Environmental Robots, USA.

ﬁ

A) IPMC
B) Circuit

Fig. A1.15 IPMC on a plastic substrate
This experiment was carried out in order to assess the capability of the IPMC to actuate driving a
substrate into an alternate position. It was observed that the IPMC could effectively actuate.
This observation leads to a possibility of a design of PVEH of cantilever design that can generate

an axial load in it

Table Al1.1 List of Low power MEMS devices

S.No Device Power requirement
1 Microphone 1.8 v 650 A

2 Triaxial accelerometer 3V2uA

3 Micro Controller Unit (MCU) 1.71to 3.6V 100 pA
4 Humidity sensor 1.71t0 3.6V 2 pA

5 Ultra-low power wi- fi radio for loT ~ 28uw

6 Graphene oxide humidity sensor 15 w
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Annexure 2

Further Experimental Data on the novel Tunable PVEH

Possibility of getting wider bandwidth:

1400
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E
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u

No stopper
E pp
5 600 Al stopper
Ep 400 Wood stopper
S
§ HDPE stopper
= 200
=
o
5 0
(o]
0 5 10 15
-200

Frequency of vibration (Hz)

Fig. A2.1 Frequency of vibration vs Output voltage of PVEH for different stoppers

The stopper is 2.5 cm above the surface of the cantilever

Location of contact-3.5 cm from the tip of the cantilever beam

MFC: M5628P2, Acceleration: 1.59
Fig. 1 gives the plot of frequency of vibration vs the output voltage of PVEH, when no stopper is
used and when stopper of various stiffness was used. It can be seen that by introducing a stopper,
resonant frequency could be shifted to a higher value. The figure shows the effect of using stoppers
of different stiffness in the shifted resonant frequency.
Hence it can be inferred that if the reaction force of the stopper increases, the resonant frequency
shift also will increase. This approach is made use of, in the novel design of PVEH, integrated
with IPMC. A higher frequency shift can be realized by using IPMC of higher blocking force.
Literature on IPMC gives a great deal of research that is going into the field of IPMC fabrication,
and many cases where higher blocking force is achieved in laboratory trials. This evolving

technology is promising and can be adapted to the novel design of PVEH that is discussed here.
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For example, Jung et.al. have developed a porous Nafion membrane using a silica sol-gel process,
which has resulted in higher block force in the actuation mode. It was observed that blocking force
of about 138% at direct current input could be generated [Jung, S. Y., Ko, S. Y., Park, J. O., &
Park, S. (2017). Enhanced ionic polymer—metal composite actuator with pore size—controlled
porous Nafion membrane using silica sol-gel process. Journal of Intelligent Material Systems and
Structures, 28(11), 1514-1523].

Zhao et.al. have studied and compared the blocking force of IPMC fabricated by the casted Nafion
with IPMC fabricated by a commercial Nafion-117 [ Zhao, Y., Xu, D., Sheng, J., Meng, Q., Wu,
D., Wang, L., ... & Sun, D. (2018). Biomimetic beetle-inspired flapping air vehicle actuated by
ionic polymer-metal composite actuator. Applied Bionics and Biomechanics, 2018].

Their results indicate that the blocking force of IPMC fabricated using casted Nafion is greater
than IPMC fabricated using Nafion-117. It is reported that the IPMC by casted Nafion could
generate 2.4 grams of force for 4V DC.

Fig. 2 shows the dual IPMC actuation unit. Fig. 3 gives the blocking force generated by the
commercially available IPMC, fabricated using Nafion membrane. This data is generated by the
authors in the case of dual configuration of IPMC. The blocking force generated for 4 V input was
0.265gm.

The resonant frequency shift obtained is corresponding to the blocking force of 0.265 gm. Hence
a wider shift of resonant frequency can be generated by integrating the IPMCs that are getting
newly developed as explained above.

Care was taken to maintain the stability of stopper arrangement, Hydration and amplitude control.

Fig. A2.2 Dual IPMC actuator unit
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DUAL IPMC - VOLTAGE VS FORCE
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Fig. A2.3 Input voltage to IPMC vs Force generated by IPMC in dual configuration
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Annexure 3

Detailed plots on the Data from the experiments

In all the graphs, frequency is in Hz, power is in uW and g refers to acceleration
PVEH resonant frequency increasing with increase in IPMC input voltage.
IPMC input vs Resonant frequency at different
locations.
Distance from the free end of beam (Fig.2, Chapter 3)
A-1cm, B-2cm, C-4cm, D-5cm, E- 7cm, F-8cm
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Fig A 3.1 Response when IPMC impact was at point A and at point B
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IPMC input 2.5V
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Annexure 4

Graphs indicating Broadening and associated data

PVEH response — IPMC input 3.5V

PVEH output (V)

oomonm3 B 8BS
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Frequency (Hz)
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PVEH response — IPMC input 2.5V
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Fig. A4.1 Broadening characteristics of the novel PVEH




Annexure 5
Specifications of instruments used
1. Exciter Model : K2007E01

Output Force, sine pk (Natural Air Cooling) 31N

Output Force, random RMS (Natural Air Cooling) 22 N

Output Force, shock pk 67 N

Stroke Length (Continuous pk-pk) 13 mm

Stroke Length (Between Stops) 14 mm

Frequency Range 9 kHz

Acceleration (No Load) 70 g pk

Acceleration (0.1 Ib (0.045 kg) load) 35 g pk

Acceleration (1 Ib (0.454 kg) load) 6.4 g pk

Acceleration (2 Ib (0.907 kg) load) 3.3gpk

Maximum Current 8A

DC Resistance, armature .37 Ohms

Amplifier Efficiency 92 %

Input Voltage, RMS (Nominal) 0-1VAC

Input Voltage, RMS (Maximum) 1.9VAC

Input Power 12-21 VDC

Output Power 55W

Distortion, typical <0.02 %

Cooling Convection

Discrete Gain Stages Muted,10dB,18dB,24dB
Warning Indication Clipping and over temperature
Shutdown Protection Over temperature and over current
Armature Weight .045 kg

Suspension Stiffness 2.63 N/mm

Size - Height 135 mm

Size - Width 171 mm
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Size - Depth

Weight

Input Connector
Output Connector Type
Table Mounting

2. Agilent 34410A Multimeter

DC Voltage

89 mm

3.1kg

BNC Jack

Mini binding post

True RMS AC Voltage

Measurement Method:
Continuously integrating
multi-slope 1V A/D converter
Linearity: 0.0002% of reading
(10 V range) + 0.0001% of range

Input Resistance:

0.1V,1V,10V 10 MQ or > 10 GQ
Ranges (Selectable)

100 V, 1000 V 10 MQ + 1%
Ranges (Fixed)

Input Bias Current: <50 pA at 25
°C

Input Protection: 1000 V

DC CMRR: 140 Db
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Measurement Method:
AC-coupled True RMS measurement.

Digital sampling with anti-alias filter.

Crest Factor:

No additional error for crest factors
< 10. Limited by peak input and 300
kHz bandwidth.

Peak Input:

300% of range or 1100 V

Overload Ranging:

Will select higher range if peak input
overload is detected during auto
range. Overload is reported in manual
ranging.

AC CMR: 70 dB2

Maximum Input: 400 Vdc, 1100 Vpk
Input Impedance:

1 MQ + 2% in parallel with < 150 pF
Input Protection: 750 VVrms all ranges



3. Oscilloscope

TBS1000 Series

Key performance specifications

150 MHz, 100 MHz, and 60 MHz bandwidth models

4-channel models

1 GS/s sample rate on all channels

2.5k point record length on all channels

Advanced triggers including pulse width trigger and line-selectable video trigger

Key features

16 automated measurements, and FFT analysis for simplified waveform analysis Built-in
waveform limit testing Automated, extended data logging feature
Autoset and signal auto-ranging Built-in context-sensitive help Probe check wizard Multiple-
language user interface 5.7 in. (144 mm) Active TFT Color Display Small footprint and
lightweight - Only 4.9 in. (124 mm) deep and 4.4 Ib. (2 kg)

4. PASCO Wireless Load Cell and Accelerometer PS3216

Load Cell Range +50 N

Load Cell Resolution 0.03N

Load Cell Accuracy 0.1N

Load Cell Maximum Sample Rate 2 kHz

Acceleration Range 116 g (three-axis)

Acceleration Maximum Sample Rate 500 Hz

Measurements Force; Acceleration (3 axes and resultant)
Logging Yes

Battery Rechargeable Lithium-Polymer
Connectivity Direct USB or via Bluetooth 4.0

Battery & Logging
Stored Data Points Memory (Logging) * >20,000

Battery - Connected (Data Collection >40 hr
Mode) 2
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Battery - Logging (Data Logging Mode) *  Yes

Battery Type

LiPo

5. Instek GFG-8250A Function Generator

MAIN

Frequency Range
Amplitude
Impedance
Attenuator

DC Offset

Duty Control
Display

SINE WAVE
Distortion
Flatness
TRIANGLE WAVE
Linear

SQUARE WAVE
Symmetry

Rise or Fall Time
CMOS OUTPUT

Level
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0.5Hz to 5 MHz (7 ranges)

>10Vpp (into 50Q2 load)

50Q+10%

-20dB+1dB x 2

< -5V ->5V(into 50Q2 load)

80% : 20% : 80% to 1MHz Continue variable

6 digit LED display

<1%, 0.5Hz - 100kHz

<0.3dB, below 500kHz; <1dB, below SMHz

>98%, 0.5Hz - 100kHz; >95%, 100kHz - 5SMHz

+2%, 1Hz - 100kHz

< 50nS at maximum output (into 50Q load)

4Vppx1Vpp - 14.5Vppx0.5Vpp adjustable



Rise or Fall Time
TTL OUTPUT
Level

Fan Out
Rise/Fall Time
VCF

Input VVoltage

Input Impedance

FREQUENCY COUNTER

INT./JEXT.
Range
Accuracy
Timebase
Resolution

Input Impedance

Sensitivity

STATS

Power Source

Accessories

Dimensions & Weight
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<120nS

>3Vpp
20 TTL load

<25nS

0V - 10V +1V(100 : 1)

10kQ £10%

Switch selector

0.5Hz - 5MHz (5Hz - 150MHz EXT.)

Time base accuracy +1 Count

+20ppm(23°+5°) after 30 minutes warm up

The maximum resolution is 100nHz for 1Hz and 1Hz for 100MHz
1IMQ // 150pF

<35mVrms (5Hz - 100MHz)
<45mVrms (100MHz - 150MHz)

AC 115V/230V+15%, 50/60Hz

Power cord x 1, Instruction manual x 1
GTL-101 x 2

251(W) x 91(H) x 291(D) mm, Approx. 2.4kg



Symbol Type

T vector
5 vector
E vector
D vector
S matrix
C matrix
£ matrix
d matrix
e matrix
g matrix
q matrix
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Size

6x1

6x1

3x1

3x1

6X6

6X6

3x3

3X6

3X6

3x6

3x6

Annexure 6

Units

I
7
tm

2|8

Ql=

5 a

Bla | =2la gl=m| Bl=z Z|E,

a8,

aQlz

Parameters and units

Meaning

stress components

strain components

electric field components

electric charge density displacement

components

compliance coefficients

stiffness coefficients

electric permittivity
piezoelectric coupling coefficients for Strain-
Charge form

piezoelectric coupling coefficients for Stress-

Charge form

piezoelectric coupling coefficients for Strain-

Voltage form

piezoelectric coupling coefficients for Stress-

Voltage form
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Parameter
Young's modulus
Stress

Strain

Faraday constant

Dielectric charge displacement

Electric field strength
Resistor

Capacitor

Unit

Pascal

N/m?, Pa

mm

coulombs per mole (C/mol).
Coulomb per meter square (C
m?)

v/im

ohms

Farads



Annexure 7
Piezoelectricity

When the mechanical vibrations are small and the piezoelectric material is under low electric field

conditions, the general constitutive equations for a piezoelectric material can be written as given
below:

:g]z[sj jr] [ETf] d-form (A7.1)
:zT)]Z[CeE ;se] [ESf] e-form (A7.2)
:gf :[i ;? [g] h-form (A7.3)
:;f - [il; [;gr [g]g-form (A7.4)

where D (C/m?) is the electric displacement tensor; S is the strain tensor; Ef (V/m) is the applied
electric field tensor; T (N/m?) is the stress tensor; ¢ (F/m) is the dielectric constant tensor; g (m/F)
is the dielectric impermeability tensor; d (m/V), e (C/m?), h (V/m), and g (m?/C) are the four forms
of the piezoelectric coefficient tensor; ¢ (N/m?) is the elastic constant tensor; s (m?/N) is the elastic
compliance tensor; and the superscripts ()7, (), ()°, and ()E indicate that the quantity is measured
at constant stress, constant strain, constant electric displacement, and constant electric field,
respectively.

Poling axis
3
6
_’_}_,2
1/ = "‘_:-l4

Fig. A7.1 Direction of poling on orthogonal crystallographic system
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The direction of polarization is the z-axis (2) of an orthogonal crystallographic system (Fig.1).
Piezoelectric material characteristics depend on the direction of the applied electric field,
displacement, stress, and strain. Direction is indicated by superscripts and subscripts. Shear about
one of these axes is represented by the subscript 4, 5, or 6, respectively [35].
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