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INTRODUCTION

The recent interest in researching various types of high precision actuators and
sensors designs used in mechanical and mechatronic systems is overwhelming. The
introduction of smart fluids has provided some form of improvement for the
functionality of these high precision actuators and sensors. This research is focused
on the improvement of the functionalities of three different devices. These
improvements are as follows: 1) damper for Cantilever Beam (CB), using the change
in the rheological properties of the electrorheological fluid (ERF) as a damping
medium; 2) frequency enhancement for Piezoelectric Energy Generator (PEG), using
the change in the rheological properties of the magnetorheological fluid (MRF) as a
soft impacting medium; 3) spherical braking of a 3D Rotational Piezoelectric
Deflector (RPD), using smart fluids as braking media.

In this dissertation, the first application gave an improved way of using ERF as
a damping medium for structures. The growing application of medium-sized
mechanical and mechatronic structures has ignited a lot of interest among the
researchers [1]. Frequently, these structures are subjected to the vibrations; thus, a
more robust design is necessary for them to perform under different conditions, such
as dynamic loadings. It is well known that vibrations are better controlled through the
damping of the system. By applying a low-power control signal, smart fluids can be
used to vary the force continuously in order to develop suitable damping [2].

The second application of MRF as a soft impacting medium that was introduced
in this dissertation was enhancing the output power of piezoelectric energy generators
through a Vibro-impacting method. Piezoelectric energy harvesting is a process where
available mechanical energy from the environment is converted into the electrical
energy. Piezoelectric materials convert the mechanical vibrational displacement to the
electrical voltage and the other way around. Their application is found in a lot of
modern wireless telecommunication devices, such as cell phones. Other piezoelectric
devices include filters, transducers and oscillators, used in billions of devices for
wireless communications, global positioning, navigations and space applications [3].
It has been a challenge to design a system that can harvest the energy and have the
ability to perform a task and, at the same time, convert the available ambient energy
to power them. Now, autonomous or standalone systems are being used in the areas
like medical equipment, mechatronic devices in automobiles, aviation, modern
buildings, home entertainment devices and many more. The reduction of pollution
from most traditional hydrocarbon powered systems has been a worry for a long time;
thus, the introduction and development of autonomous energy harvesters’ devices
have proven that the issue of pollution can be reduced, and they are cost-effective and
robust.

In the third application, smart fluid was introduced as braking for a 3D RPD.
The rotational type deflectors, like optical beam deflectors, have many application
areas. The examples of the applications of optical beams deflectors are microscopy,
optical communication, laser radar systems, target-tracking systems, land survey
systems, laser printers, space technologies, medicine, laser machining, metrology,
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laser scanning and many others [4—8]. The important operation of a rotational optical
beam deflector is the directional control of the rotor or actuator for the laser beam
communication system to control the swarm of the Pico satellites in the space [9]. A
rotational laser optical beam communication device that is used in Pico satellite, for
example, has features like flexibility, high positioning accuracy, high resolution and
quick response. The growing demand for the miniaturization of satellite systems
requires design of small size micro-optical components, which are compact, have low
energy consumption, are agile and robust [10]. The 3D RPDs devices transform the
multi-directional resonant oscillations of piezoelectric transducers in an accurate
continuous or step motion of a micro-mirror or deflector with high accuracy (up to
0.1 pm). One of these miniature types of 3D RPDs was designed at Kaunas University
of Technology.

Aim and objectives of the dissertation

The aim is to conduct theoretical and experimental studies by applying smart fluids
(MRF and ERF) to improve the functionality of Mechatronic systems.

The objectives to achieve this aim are as follows:

1. To evaluate the effects of the change of smart fluids and how their application
will improve the functionality of devices that are used in mechatronic systems.

2. To perform theoretical and experimental studies using an activated ERF as a
damping medium for a vibrating cantilever beam, which are used in resonant
sensors and other devices.

3. To design and experimentally investigate the use of MRF as a soft impacting
medium for increasing the output power of a bimorph piezoelectric energy
generator.

4. To perform theoretical and experimental studies applying the change in the
rheological characteristics of ERF and MRF to improve the braking, which
affects the precision of angular positioning of 3D Rotational Piezoelectric
Deflector.

Methods and equipment

This dissertation was based on the theoretical, analytical and experimental
research. The theoretical calculations were carried out in MATLAB mathematical
analysis software. The FEM analysis was done in COMSOL Multiphysics software.

For the experimental and simulation results of ERF CB damper and the MRF
piezoelectric energy generator, the parameters of bimorph piezoelectric cantilever
beam were selected.

The experiments were based on a prototype of a 3D Rotational Piezoelectric
Deflector that was designed at the Institute of Mechatronics. All experiments
presented in this dissertation were conducted at the Institute of Mechatronics, Kaunas
University of Technology.
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Scientific novelty

e The control of a vibrating cantilever beam was improved by introducing an
activated ERF as a damping medium, localised at the end of the beam.

e A new concept using activated MRF as a soft impacting medium for frequency
tuning and power enhancement for a vibrating PEG was researched, and the
results show that an increased and stable output power was achieved.

e A new concept of using ERF and MRF as a braking medium in 3D RPD was
created, and the results showed a significant improvement in the braking,
which affects the precision of the angular positioning,.

Practical value

The control of a vibrating cantilever beam was investigated by applying
activated ERF as a damping medium, localised at the end of the beam.

A new method of using an activated MRF as a soft impacting medium for
vibrational frequency tuning and power enhancement of a vibrating Piezoelectric
Energy Generator was developed and analysed.

The application of the effects of ERF and MRF as a braking medium on the 3D
RPD was developed and analysed. The analytical and experimental study of the
braking phenomenon was performed as well.

Research results provided for the defence

1. A new method of damping CB with ERF and vibration damping of CB by
applying ERF and localising it at the end of the CB was created.

2. A new method of using rheological change in MRF as a soft impacting medium
for frequency tuner for PEG was created.

3. A new method for controlling the angular positioning of 3D RPD by applying
ERF and MRF as a braking medium was created.

Outline of the Dissertation

This dissertation is composed of four chapters. This dissertation contains an
introductory chapter that gives a brief introduction on smart fluids (MRF, ERF),
piezoelectric material and their behaviour under the influence of various field
applications. The research as well presented the application of these smart fluids to
improve the functionalities of three novel Mechatronic devices. The introductory
chapter as well talked about the previous research findings, leading to the objectives
of this study. Each chapter in this dissertation ends with a brief conclusions outlining
the achievements and findings that were established in the chapter. The remainder of
this dissertation is organized as follows:

Chapter 2. Vibration Control in Cantilever Beam Structures Using an ERF
as Damping Media. This chapter presents topics related to controlling vibrations in
CB, using ERF as a damping medium. It provides a mathematical and experimental
evaluation of the system. The results, discussion, conclusions and summary were
given at the end of the chapter.
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Chapter 3. Frequency Tuning of a Piezoelectric Energy Generator via the
Application of MRF Impacting. This chapter introduces a mathematical and an
experimental study of the MRF soft impacting form of frequency enhancer for
piezoelectric energy generator. The mathematical analysis of the mechanical and
electrical characteristics of the bimorph piezoelectric device was presented. This
analysis was based on the material properties, geometry and boundary conditions
(mechanical and electrical). The results, discussion, conclusions and summary were
provided at the end of the chapter.

Chapter 4. Spherical Brake with Smart Fluid for 3D Rotational Piezoelectric
Deflector. This chapter introduces a comprehensive experimental study on the effect
of smart fluids (MRF and ERF) on the 3-dimensional rotational piezoelectric deflector
(3D RPD) as a braking media and an overview of the operational principle of the 3D
RPD and discusses how the model describing the operation of the 3D RPD has
derived. This theoretical work is a damping medium by the corresponding
experimental results. The results, discussion, conclusions and summary were provided
at the end of the chapter.

Chapter 5. Conclusions. This chapter summarizes the covered topics and gives
conclusions that can be used for the future works related to the application of SF
devices.
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ABBREVIATIONS

A — Ampere

ABS — Anti-Lock Braking System

CB - Cantilever Beam

DOF - Degree of Freedom

DVA — Dynamic Vibration Absorber
Dc — Direct Current

ERF — Electrorheological Fluid

FEM - Finite Element Method

FF — Ferrofluid

Hz - Hertz

3D — Three Dimensional

IoT — Internet of Things

kPa — Kilo Pascal

kV - Kilovolts

MRE — Magnetorheological Elastomers
MRF — Magnetorheological Fluid

Mm — Millimetres

MSMA — Magnetic Shape Memory Alloys
nm — Nanometres

PEG - Piezoelectric Energy Generator
PZT- Lead Zirconate Titanate

PVDF - Polyvinylidene Fluoride
PVEH - Piezoelectric Vibrating Energy Harvester
RFID — Radio Frequency Identification
RPD - Rotational Piezoelectric Deflector
SF — Smart Fluid

SM — Smart Material

T — Tesla

W — Watt

uW — Microwatt

pm — Micrometer



1. LITERATURE REVIEW

1.1. Damping devices

The mechanical structures or devices, such as the resonant sensors, the DV A are
used in vehicle engine seats, landing gears and many more [11, 12]. The approach
adopted to damping the vibrations in these structures are so-called smart sandwich
damping. In the smart structure, the natural frequency and damping property are
controlled by the application of external fields such as voltage, current, magnets and
electromagnets. The electrorheological fluid (ERF) and magnetorheological fluid
(MRF) based sandwich structures have been investigated by [13—17]. Figure 1.1. (a)
and (b) shows schematic configurations of two different sandwich structures with ERF
and MRF cores [13—17]. Figure 1.2. (a) and (b) shows a schematic of an experimental
setup for measuring the dynamic characteristics of the sandwich beam with ERF and
MREF, respectively. In the results presented in their research, it was shown that the
dynamic characteristics of ERF and MRF based sandwich structures could be tuned.
The results show that as the applied field to the ERF and MRF increases, the damping
ratio and natural frequencies increase respectively. In another research study, the
researchers, using a controlled voltage applied to ERF, localized at different core
zones of a sandwiched, which shows that the transient vibration of the system is
controlled [18]. The experiments were as well performed using various ERF cores,
including corn starch, corn oil and zeolitesilicone oil. In a recent experiment
conducted by [19], the results of vibration analysis of ERF composite sandwich beam
concluded that the first three modes of natural frequencies and damping factors were
increased.

(a) (b)

Aluminium

Aluminium

Electrodes

Acrylic

MRF
Polyethylene ‘
terephthalate Aluminium

Figure 1.1. Diagram and dimension of the sandwich beam with (a) ERF and (b)
MREF [13-17]
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Figure 1.2. Schematic diagrams of the experimental setup for measuring the
characteristics of (a) ERF and (b) MRF sandwich beam [13—17]

In the study conducted by the researchers, a resonant type sensor employs an
element vibrating at resonance. This element changes the output frequency, which is
the mechanical resonance frequency. The research further showed that the conversion
from the measured to the resonance frequency of the vibrating element is achievable
by the change in stress, mass or shape of the resonator. The results show that the
resonant type sensor is highly stable, has a high resolution and a quasi-digital output
[20]. There are many ways of exciting and detecting techniques that can be used in
smart materials, for example, in piezoelectric materials used as sensors, and actuators
have a cantilever beam-like structure. These devices are very effective when they are
used as measurement and instrumentation devices to measure physical, chemical and
biological quantities. They are as well used in structures as structural vibration
measurement and control [21-23]. Figure 1.3. and 1.4. show the experimental setup
MREF cantilever measurement system in the squeezed and shear mode.

The advantages of using the piezoelectric excitation are strong force, low
actuation voltage, high energy efficiency and linear behaviour, high acoustic quality,
high speed and high frequency. In the research study, a field-dependent yield stress
measuring device where MRF has been subjected to squeeze mode operation was
proposed [24]. Their proposed experimental results showed the relationship between
the exciting frequency of the resonant structure and the magnetic. Subsequently, the
yield stress of MRFs under squeeze mode operation is evaluated as a function of the
magnetic flux density using the analytical model. In another approach by [25], the
MRF with a resonance concept was proposed to measure the direct current (dc). The
system is made of a piezolaminated cantilever beam coupled with an electromagnetic
coil-based MRF shear mode set-up. The set-up placed the cantilever beam in
resonance at a closed-loop control system. The viscosity, which is part of the
rheological property of the MRF, is altered by the current-induced magnetic field
produced by the coil. The changes in the MRF produce an additional stiffness to the
resonating cantilever beam. Their results showed that the change in resonant
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frequency as a result of the change in viscosity of the MRF and the frequency shift is
related to the input electrical current to the coil. The resonance-based current
measurement system is evaluated for the input current range from 0 to 1 A.

(a) (b)
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Figure 1.3. (a) Photograph and (b) schematic diagram of an experimental setup for
squeeze mode yield stress measurement system [23]
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Figure 1.4. (a) Photograph and (b) schematic diagram of an experimental setup for
share mode yield stress measurement system [23]

In another work conducted by [26], an effective way of changing the vibration
characteristics of a cantilever beam using ERF layer was investigated. In their work,
the ERF was used as a localized spring damping medium, rather than as a damper. By
doing so, the stiffness matrix of the cantilever beam system is changed, and
consequently, the resonant frequencies could be significantly changed. Their
experimental approach had a layer of ERF of 1 (mm) in thickness that was applied
only to a small part of a cantilever beam of about 150 mm long. The ERF serves as a
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complex spring used to link the beam to the ground. An electric field strength ranging
from 0 to 5 (kV/mm) was applied to the ERF layer. The results achieved in the
experiment demonstrated a non-linear frequency response function curve, and the
resonant frequencies of the cantilever beam changed significantly under different
electric field configurations.

This non-linear vibration characteristic is closely associated with the presence
of the yield stress, which imposes damping of both frictional and viscous nature, as
well as an additional stiffness onto the beam. This experiment was conducted based
on the findings by [27].

Sinusoidal
Excitation
”
:, Accelerometer
s .
+] Stainless Steel Beam
'
v
s LTSS
-
g Ground

Figure 1.5. Test rig configuration of a cantilever beam with a layer of ERF applied
at the mid-section of the beam [27]

Figure 1.5. shows a sinusoidal excitation force generated by a vibrator applied
to a cantilever beam where the output signal was detected by the accelerometer at the
free end of the beam. The findings from their experiment established that the effect of
constrained ERF viscoelastic layer treatment on the loss factor and the resonant
frequency is very limited. One of the deficiencies of the sandwiched cantilever beam
is that the external and shear moduli of the activated ERF under electric field
application is not high enough to dissipate energy. As a result, the amplitudes of
vibrating sandwich cantilever beam are very small. Nevertheless, when a good and
workable approach is adopted, rather than the ERF serving as a damper, it is rather
used to change the structural configuration of the original vibration system or change
the stiffness matrix of the beam system. By doing so, a more significant effect in
changing the vibration characteristics could be obtained.

1.2. Vibro impact base power enhancement system for PEG

The increase in low power, wireless devices and sensors call for a sustainable
green energy generating system to replace the traditional battery energy source. It is
for that reason that piezoelectric transducers with the low power generation capability
are used for these devices that require low amounts of power output [28, 29]. The low
power generation capability of the piezoelectric transducers can be attributed to many
factors, like including material properties, cantilever beam shapes, structural
parameters and many more. Another important problem with the piezoelectric energy
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harvesters is usability in the produced output power, because the vibration in the built
environment is randomly distributed with varying frequencies. One of the methods,
which researchers are using to address these limitations, is to come with a way to
widen the operating bandwidth of the piezoelectric energy harvesters. The examples
of this method include, among others, using an array of linear generators, each with a
different resonant frequency [30], broadband or multimodal energy harvesters [31—
33].

The researchers are designing and experimenting with frequency-up-conversion
techniques that convert the low-frequency vibrations to high-frequency vibrations as
one of the ways to deal with the problem associated with piezoelectric energy
harvesters. The results from these experiments have demonstrated that the efficiency
of the harvester and broadens of its operational bandwidth has increased. One of the
well-known earlier methods of Vibro-impacting techniques was a proposed
piezoelectric generator that converts the impact of a steel ball bouncing on a
piezoelectric membrane into the electrical energy [34]. Other impact-based frequency
up-conversion techniques have been reported in [35, 36]; it is an energy harvesting
floor tile based on the frequency up-conversion principle for converting low-
frequency vibration, especially pedestrian’s step, into usable electrical energy. The
concept is shown in Figure 1.6. In this concept, twenty-four unimorph piezoelectric
cantilever beams were fixed on a stand with their free ends. A stainless-steel mass was
attached to the free ends of the cantilever beam. The attached mass increases the strain
in the piezoelectric material, thus increasing the electrical output power. The
permanent magnets are glued on to the surface of the attached mass. The magnets
attract an iron bar under the cover plate when the floor tiles are stepped on. In order
to prevent the piezoelectric layer of the cantilever beam from damaging during the
displacement, a soft plastic bar was used as a stopper to absorb the impact force.

e ~~.  [Iron bar

Sllpp’oﬁer Wy . P “+-- Plastic stopper

: Jr
Rt SRR -7 ' Stainless steel mass
Unimorph piezoelectric

Figure 1.6. Schematic drawing of a Vibro-impact energy harvester using floor-tiles
[37]

Another solution to the low frequency was proposed by [38], as shown in Figure
1.7., where the system was made up of a cantilever beam with a mass with two
permanent magnets placed above and below the free end of the cantilever beam. The
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mass provided an additional stiffness to the cantilever beam. The magnets on the top
provided an attractive force, whilst the magnets on the bottom provided a repulsive
force. The upward movement of the cantilever beam creates an attractive force
between the magnets. The attractive force created a change in the stiffness of the
cantilever beam, thereby changing the resonance frequency. The device was able to
achieve 10 Hz bandwidth from 22-32 Hz. The range of the harvested power was

between 240-280 uW
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Figure 1.7. Magnet tuning harvester [38]

There was a proposal to increase the dynamical efficiency of a cantilever beam
vibrating in the third mode as shown in Figure 1.8. [39]. This is one of the methods
for producing this mode of stimulation, i.e., Vibro-impact or forced excitation. In their
research, the peculiarities of the cantilever beam vibrating in the third mode are related
to the significant increase of the level of deformations. This deformation was able to
extract significant amounts of energy, compared to the conventional harvester
vibrating in the first mode, which has been widely researched. Two types of PVEH
were analysed, i.e., the first one without electrode segmentation and the other
segmented, using electrode segmentation at the strain nodes of the third vibration
mode to achieve effective operation at the third resonant frequency. By exciting the
segmented PVEH in the third mode resonant frequency, the voltage generated by any
segment gives 3.4-4.8 fold increase compared to the non-segmented PVEH. The
efficiency of the energy harvester that has been presented gave an increase at lower
resonant frequencies from 16 % to 90 %.
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Figure 1.8. Schematic drawing of a 2-D model of the impacting cantilever beam
[39]
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Figure 1.8. is a schematic drawing 2-D model of impacting cantilever beam,
where Q(t) is the load that acts in the system. K; and C; are stiffness and viscous
damping coefficients of the damping medium; A; is the size of the gap between the i-
th nodal point of the structure and the surface of the damping medium that is located
at the ith nodal point.

1.3. Rotational type piezoelectric deflector

The main driving element of machines, such as motors and actuators, are
producing one degree-of-freedom (DOF) rotary or linear motion. The modern rotary
machines possess more complex structures and sophisticated motions to achieve tasks
that have never been automated before they had been developed, for example,
humanoid robots, surgical robots, electric vehicles and many more. Therefore, it is
necessary that the compact design of the machinery, actuators that can produce
multiple degrees of freedom motion in one integrated package without the
intermediate transmission mechanisms would become crucial. The spherical motion
system has a compact multi-DOF rigid body motion along a spherical surface with a
permanent centre of rotation. Therefore, it is not surprising that spherical motion is
becoming the most important motion type next to the compact rotary motion. The
examples of the spherical motions found in the humans and other mammals are the
eyeball movements, human wrist, shoulder and hip joint motions. Surveillance
devices, automation tools, automobiles and home appliances are other arecas where
spherical motion is present. The existing spherical motion generation devices are
frequently designed by combining two to three rotary actuators with serially or parallel
connected mechanisms. Such devices are inevitably bulky and difficult to deploy as a
critical component in complex machinery. Therefore, the need to develop a multiple
DOF actuator capable of generating spherical motion arises [40].

The accuracy of steering the laser beam depends on the characteristics of the
rotation of the rotor of the 3D RPD. These characteristics are as follows: the rotational
speed, spatial resolution, maximum rotation angle, stabilization and number of
degrees of freedom [41-45]. When designing the 3D RPD, the two operational
principles were considered, i.e., electro-mechanical and piezoelectric. The unique
feature of the design of the 3D RPD is the use of piezoelectric transducers. The
industrial laser optical systems use electrical motors to rotate or move the mirrors; the
accuracy of positioning the laser beam is limited to several micrometres [46].

Another area where the rotational type actuator is applied is haptic devices.
Robotic surgery is notable among the haptic applications. The modern surgery
devices, which are robot-assisted, provides minimally invasive surgery by the
introduction of a haptic master device, which function is not to generate the motion
for a slave robot as well as to reflect the surgeon’s physical constraints [47, 48]. A
telerobotic surgical system, where the surgeon sits at a workstation and controls the
robot, has been introduced. The haptic devices normally require an actuating
component for tactile feedback. Currently, they are designed with a motor-driven
actuator. Like 3D RPD, most haptic feedback is carried in the form of vibration based
on the eccentric motors, which have some disadvantages, such as complex
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mechanisms. The bottleneck in such systems is another area that has been addressed
in this research work. The introduction of smart fluids (ERF and MRF) has been
discussed by many researchers. The phenomenological behaviour of these smart
fluids, such as resistance to external forces or pressures, high stability (smooth
motion) and reliable control performance, helped in the development of MRF and
ERF spherical rotor braking system [49, 50]. In the SF spherical braking system, the
transmission elements add to the overall spherical rotor size, and the unwanted effects,
such as backlash, deflection or slippage, are taken care of. The use of SF in spherical
rotors has compact yet high torque spherical SF brakes. SF brakes are already used in
many devices, such as exercise equipment or automobile clutches brakes and drives
by wire systems, Orthopaedic Knee Brace and many more [51-54].

(a) (b)

.

Figure 1.9. (a) Tip-tilt-piston micro-mirror design with single fabricated mirror [55]
and (b) the view of experimental deflector [56]
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Figure 1.10. (a) Photograph and (b) experimental representation of the prototype
multi-function haptic knob for vehicular [57]

A typical example [55] is shown in Figure 1.9. (a), where Tip-tilt-piston mirror
design with a single fabricated mirror and (b) a prototype of the 3D RPD were
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developed at the Institute of Mechatronics, Kaunas University of Technology. Figure
1.10. (a) is an illustration of a multi-function haptic knob for vehicles, and (b) is the
experimental representation of the prototype of a multi-function haptic knob for
vehicles

1.4. Smart materials

The use of materials in engineering applications, for example, the mechanical
and civil engineering applications, dates back to the stone, bronze and iron ages. The
development of structures in modern engineering applications, such as mechatronics
engineering, telecommunication engineering, automation engineering, computer
engineering etc., call for the development of more improved and specialised materials
for these sophisticated devices.

Table 1.1. Classification of some smart materials and their responses

Stimulus Material Classification Response
Magnetic field Magnetorheological ~ fluids | Change in Rheological
[60, 61] Properties
Magnetorheological Change in Rheological
elastomers [62, 63] Properties
Ferrofluids [64] Change in Rheological
Properties
Magnetostrictive ~ materials | Change in Mechanical
[65] Strain
Magnetic  shape memory | Change in Mechanical
alloys [66] Strain
Electric field Electrorheological fluids [67, | Change in Rheological
68] Properties
Electroluminescent materials | Light Emission
[69]
Electrochromic materials [70] | Colour Change
Electrostrictors [71] Change in Mechanical
Strain
Electric field/pH Electroactive polymers [72] Change in Mechanical
Strain
Electric current Piezoelectrics [73, 74] Change in Mechanical
Strain
Temperature Shape memory Alloys [75, | Change in Mechanical
76] Strain
Pyroelectrics [77] Electric Polarization

The materials that have been discovered and developed in the past decades are
smart or intelligent materials. SMs are materials that have multiple properties, such as
electrical, magnetic, chemical, mechanical and thermal. They convert energy, such as
photovoltaic, thermoelectric, piezoelectric, photoluminescent and electrostrictive, and
some are energised by altering or tuning external fields [58]. In general, smart
materials can be divided into many categories based on their stimulus and response as
shown in Table 1.1. Classification of some smart materials and their response. [59]
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1.4.1. Smart fluids

Smart fluids are defined as field responsive fluids, either magnetic or electric
fields, which are a part of a group of relatives known as smart, rheological or actively
controllable fluids. These fluids were first experimented with and applied by Jacob
Rabinow at the US National Bureau of Standard in 1948 [78]. Smart Fluids consist of
permeable micron-sized polarizable particles dispersed throughout the carrier
medium, which is non-conducting fluid-like silicon oil. The composition of SFs is
made up of a broader diversity concerning solvent, solute and additives [78, 79].

Magnetorheological fluids are SFs that can attain a yield stresses of over 80 kPa;
hence, they have remarkable range of fluid dynamical capabilities and controllability.
MRFs are characterized by the magnetorheological effect. They have stable fluid
behaviour, and they are durable as well. Therefore, they were the first SFs that have
commercial implementation. Much research has been done to improve the
performance of this fluid. There has been written well-documented literature works
that are related to the behaviour and performance of MRF in some specific MR fluid
devices [80].

1.4.2. Properties of smart fluids

In general, the reactions of SFs are similar. The only difference is that, for
example, MRFs have magnetic saturation, while ERF is limited by dielectric strength
[81]. The application of the electric field makes the particles inside the ERF polarized
and have higher dielectric constant than its surrounding carrier fluids. The number of
polarised particles by the movement of charges in fluid when the field concentration
is increased [67]. These particle chains restrict the movement of the fluid. However,
MRFs are far more stable, have low power consumption and higher yield stress. [82].
MRFs have less active fluid requirement to execute their mechanical performance
compared to the ERFs. An additional advantage of MRF over ERF is that ERF is very
sensitive to the influence of contaminants or impurities, while MRFs are not [83].
ERFs need high voltage for it to operate; hence, they are not able to cope with
contaminations. One thing that makes ERFs to stand out is their distinctive feature
that they show higher response characteristics as compared to MRFs [84].

Electromagnetic
Particles Dispersed

Carrier Fluid

Figure 1.11. Characterising SF without applying external field
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Figure 1.12. Characterising SF by applying external field

Figure 1.11. shows the Bingham plastic fluid flow behaviour of SF where the
particles are spread within the SF without an electric/magnetic field. When the
appropriate field is applied, the particles are aligned into chains as shown in Figure

1.12.
Table 1.2. Properties of some smart fluids (MRF, ERF and FF)
Properties ERF [88, 89] MREF [80, 90] FF [85, 91]
Response time Few Milliseconds | Few  Milliseconds | Few Milliseconds
(ms) (ms) (ms)
Viscosity (Ps.a™t at | 0.1-0.3 0.1-0.3 0.002-0.05
25 °C)
Particulate material | Polymers, Zeolites, | Ferromagnetic, Magnetite,
etc. ferrimagnetic, etc. hematite, etc.
Particle size 0.1-10 um 0.1-10 ym <10nm
Carrier fluid Oils, dielectric gel and | Water, synthetic oils, | Aqueous
many other non-polar and polar | paramagnetic salt
liquids solution
Density 1-2 g/cm? 34 g/cm? 1-2 g/cm?
Required field ~ 4 kV/mm ~ 250 kA/m ~20kA/m
Power supply ~2—-5kV ~2—=25V ~2-=5kV
Yield strength ~ 2 —10kPa ~50—100kPa 0
Temperature 10 to 90 °C (ionic —10 to 150 °C 10 to 60 °C
DC)
—25t0125°C (non-
ionic DC)
Field excitation Electric Field Electromagnetic/ Magnetic Field
Magnetic Field

The field responsiveness of FFs is different from ERF but similar to MRF. Like
ERF and MRF, FF is made up of a colloidal suspension of mono-domain ultrafine
magnetic particles, which is normally less than 10 nm, dispersed in either aqueous or
non-aqueous liquids. The application of the external magnetic field causes the dipolar
interactions within the particles to be induced; thus, these particles become aligned in
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the field direction. Even though there is a similarity in the field response to MRF, FFs
do not show yield stress; they have field dependent viscosity. In contrast, MRF has
larger particles and react differently as compared to Ferrofluids under the same
influence of the magnetic field. MRFs can change their viscosity with the formation
of a chain structure and solidify when a magnetic field is applied. However,
Ferrofluids commonly keep their viscosity with high magnetic fields [85-87]. Table
1.2. shows typical properties of ERF, MRF and FF.

1.4.3. Phenomenological modelling of smart fluids

The application of SFs in mechatronic devices demands an appropriate control
system. Therefore, the modelling to predict the non-linear behaviour of the fluid will
form an integral part of designing the SF devices. Numerous phenomenological
models have been introduced to characterise the behaviour of SFs devices.

MRFs are applied in devices for torque transfer, such as brakes and clutches.
The Lord Corporation has commercialized MRF exercise and gym equipment [92—
96]. Another main application area for controllable fluids is in dampers and mounts
for use in semi-active or adaptive vibration control and snubbing. Some automotive
companies are applying this technology in automobiles, such as the primary
suspension [97, 98], secondary suspensions [99-101], engine mounts [102] and
vehicle seat vibration control. Figure 1.13. shows a schematic diagram of a typical
MREF fluid damper. In the field of Civil Engineering, MRF dampers are used for
seismic damping as vibration control [103, 104]. In aviation, it is used as helicopter
rotor damping augmentation and landing gears [105].

The MRF and ERF dampers, clutch and braking systems for automobile,
aviation and civil engineering works have been improved and commercialised [106-
108]. The yield stress that is generated under the external electrical field strengths
application to ERF and its ability to have a reversible continuous control and fast
response makes it a good media for vibration control, tactile display, sensor and other
applications for different modes. Other application areas of ERFs include torsional
vibration clutch, brake, damper, optical material polishing, tactile devices and many
more. In the research conducted by [109], using the controllable characteristics of
ERF as power transfer medium for functions in a special object in an automobile
clutch was examined. Another research conducted by [110] investigated how to
control braking force distribution in the vehicle’s ABS. ERFs have low yield stress;
hence, they are enable to be used in hydraulic actuators. The development of the so-
called giant ERF, however, has improved fluid’s yield stress up to 130 kPa that has
made it possible to use in hydraulic actuators [111]. Optical lenses have been
fabricated in ERF solutions as well as polishing the tactile material for the optical
devices [112]. Other recent applications of ERF are a force display device using 1-
DOF ERF brakes and 4-DOF haptic devices using ERF for minimally invasive
surgery [113-115].

However, Ferro Fluids have their applications sealing devices, energy
transportation, dampers, sensors etc. Even though SFs have exhibited a promising
controllable capability, there has not been enough research on the varying field
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strengths application, which is needed for a good control strategy. Most researches
and applications are focused on only one field application.

Ferro Fluids are being widely applied in devices based on the significant
progress in both theoretical and technical. One area where these FFs are being applied
is the energy and mechanical engineering sector [116, 117]. The researchers are using
FF in combination of polymerised materials to develop multiple kinds of composite
materials, such as polymer-like architectures, magnetically responsive photonic
crystals and microrobots [118, 119]. It has been discovered that FFs has been used in
biomedical engineering to facilitate the diagnosis and therapy of diseases, such as
cancer, angiocardiopathy and rheumatoid arthritis [120—123].

Electrical leads Steel core Absorbent foam
saturated with

Steel tube

Mo_lded
Molded plastic end
plastic shaft
Figure 1.13. MRF Damper [103, 104]
Fixed Plate

Pressure =y

Fixed Plate
Figure 1.14. Basic operating mode of SF in flow mode

Moveable Plate

Fixed Plate
Figure 1.15. Basic operating mode of SF in squeeze mode
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Figure 1.16. Basic operating mode of SF in shear mode

The modes of operations of SFs applied in engineering and other devices are the
valve (flow) mode, the direct shear mode or a combination of the two modes and the
squeezed mode [124]. In the valve mode shown in Figure 1.14., the SF is
constrained between two stationary objects, which could be electrode plates or discs
in the case of ERF. When a subsequent field is applied to the SF in this mode, the
particles within the fluid (magnetic or electromagnetic) are aligned parallel to the field
lines up towards the charges of the applied field. In the direct shear mode, the fluid is
subjected to direct shear between two plates, translating or rotating, thus ‘shearing’
the fluid between perpendiculars to the applied field as shown in Figure 1.15. When
the field is increases, the shearing resistance of the fluid increases as well. The squeeze
operating mode involves one plate moving in the direction of the applied field as in
Figure 1.16. The field strength in the squeeze mode changes according to the distance
between the plates, as the field is applied, thus the upward and downward movements
of the plates [125].

1.4.4. Bingham model

The Bingham plastic model is the most commonly used model to describe the
behaviour of SFs. SFs behave like a Newtonian fluid, where the relationship between
the shear stress and shear strain rate of the fluid is linear. The ideal Bingham theory
defines the behaviour of the SFs as a solid, until the yield stress 7,, is exceeded and
then exhibits a linear relationship between the stress and the rate of shear or
deformation. However, the yield stress is a function of an applied field. As the applied
field increases, the yield stress increases as well. Figure 1.16. (a) shows the
characteristic behaviour of SF without applied field, and (b) shows the change in shear
stress and apparent viscosity by changing the applied field. Therefore, the shear stress
in SFs is as follows:

T =1, sgn(y) + ny; (1.1)

where y is the yielding shear stress controlled by the applied field, 7 is the plastic
viscosity of the fluid, thus the Newtonian state without an applied field [85].

(a) (b)
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Figure 1.17. (a) Characteristic behaviour of SF without applied electric field, (b) the
change in shear stress and shear strain of MRF under different magnetic field
strengths [85]

The Bingham damping model mechanism of SFs systems consists of a Coulomb
friction element placed in parallel with a viscous damper as shown in Figure 1.18. The
model shown in the diagram has a force F, which is generated by the SF device, and
is calculated as:

F = f, sgn(x) + Cyx; (1.2)

where x is the velocity due to the external excitation, C, is the damping
coefficient, and f is the frictional force. These are all related to the viscosity of the
SF and the field-dependent yield stress [126].

- o

L

fe

Figure 1.18. Bingham model [126]

As stated earlier, the Bingham model accounts for the behaviour of the fluid
beyond the yield point. Nevertheless, there is the assumption that the Bingham model
does describe fluid’s elastic properties at small deformations and low share rates.
However, this is necessary for dynamic applications [127]. Figure 1.19. shows a
comparison between the predicted force-velocity characteristics and the result of the
experiments conducted by [128].
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Figure 1.19. Comparison of predicted and experimental force-velocity
characteristics of Bingham Model [129]

1.4.5. Extended Bingham model

The research presenting the extended Bingham model that shows the behaviour
of the SF in the pre-yield, post-yield region and the post-yield point was conducted
by [130]. Figure 1.20. shows the viscoelastic-plastic model, which is made up of the
Bingham model in series with the three-parameter element of a linear solid (Zener
element). Therefore, the force in this system is calculated as follows:

( CoXxi+ fesgn (%)
I ky(xp —x1) + Cy (% — Xq)

|F| >
F= ko (s — x,) e (13)
| ky(x, —x1) + Cixy - ¢
k(x5 — x3)

where Cj is the damping coefficient and the frictional force; f, accounts for the
plastic viscosity and the yield stress. The field-dependent parameters C; , k; and k,
are the fluid's elastic properties in the pre-yield region as shown in Figure 1.19. [131].
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Figure 1.20. Extended Bingham model [132]
-15 1 1 T 1 T
Predicted | : :
10 - Experimental [~~~ l' ---- ===

Force (N)

Velocity (cm/s)

Figure 1.21. Comparison of predicted and experimental force-velocity
characteristics of Bingham Model [129]

Figure 1.20. shows the hysteretic response of the MRF device using the
extended Bingham model. In the research, developing the system, it has been found
that deriving a mathematical model using an ordinary differential equation was almost
impossible due to the non-linear Coulomb frictional element.

1.4.6. BingMax model

In the BingMax model, a discrete element model of similar components is
proposed by [133]. This model is made of a Maxwell element in parallel with a
Coulomb friction element as depicted in Figure 1.22.
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Figure 1.22. BingMax model [134]

The force F(t) in the model is given as follows:

F(t) =K fot exp (— t_TT) u(t)dtr + Fy - sgn[u(t)]; (1.4)

where A is the damping constant C and the spring stiffness K, A = C/K. Fy is
the permanent friction force. The equation (1.4) can be written as follows:

F(t) = 259 = cu(r) + Fy - sgn[u(0)]. (1.5)

1.4.7. Bouc-Wen model

The phenomenological Bouc-Wen model is normally modelled to characterise
the behaviour of SFs dampers; most representation of these SFs dampers is the MRF
damper shown in Figure 1.23. The system is made up of a spring element, a linear
damping element and a normalized Bouc-Wen element as seen in Figure 1.23. [135].
The phenomenological Bouc-Wen model equation for MRF damper as is provided
below:

F =Cox + ko(x —x) + az; (1.6)
where w is the hysteretical component, thus:
z = —y|x|z|z"t — Bx|z|" + 62 (1.7)

In order to control the shape of the force-velocity characteristics of the system,
the parameters a, 8, ¥, 6 and n could be tuned accordingly. x, is the initial
displacement of the spring that is incorporated into the model to make room for the
accumulator for the damping system.
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Figure 1.24. Comparison of predicted and experimental force-velocity
characteristics of Bouc-Wen model [136]

Unlike the extended Bingham model, the Bouc-Wen model is more suitable for
numerical simulations, because it is less stiff. Figure 1.24. shows the comparison
between the predicted and the experimental force-velocity characteristics of the Bouc-
Wen model [137]. However, the velocities with a small absolute value and an
operational sign opposite to the sign of the acceleration can be observed from Fig.1.24.
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1.4.8. Modified Bouc-Wen model

The response of the MRF damper in the region of the yield point [ 138] proposed
an extension of the Bouc-Wen model, which is depicted in Figure 1.25. The equations
for the force in this system are given below:

F=az+Cy(x—y)+kolx—y)+ ki(x—xp) (1.8)
=Gy + ki (x — xo);

where
7= —ylx —ylz|z"t = B — P)|z|" + 5(x — ¥) (1.9)
and
y= Coicl [az + Cox + ko(x — y)], (1.10)
a=au) =a, + apu. (1.11)

z is the hysteretic component; k; and x, are the spring constant and the initial

displacement.
y X
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Figure 1.25. Modified Bouc-Wen Model [140]

Coand C; is the function of the damper input current given in equations (1.12) and
(1.13).

Cl = Cl(u) = Cl(l + Clbu, (112)
CO = Co(u) = Coa + Cobu, (113)
u=-n(u-—v), (1.14)

where v is the input voltage.

The modified Bouc-Wen model and experimental results are given by [141] and
are shown in Figure 1.26. The figure shows the comparison between the force-velocity
characteristics that were predicted by the modified Bouc-Wen model and the
experimental results conducted by [141].
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Figure 1.26. Comparison of predicted and experimental force-velocity
characteristics of Modified Bouc-Wen model [142]

The model was able to reproduce the MRF behaviour accurately, even over a
broad range of operating conditions [141]. It has been discovered that the independent
parameter values of the applied voltage should not be calculated again when the
applied field strength changes. The model that was proposed there is dependent on the
design and the components of the specific MRF device. Particularly, the additional
spring was introduced to account for the accumulator that is present in the considered
damper.

1.4.9. Non-linear viscoelastic-plastic model

Another type of a phenomenological model for the SFs in the viscoelastic-
plastic model [143] is a combination of two linear shear flow mechanisms with non-
linear weighting functions to characterise the response of the SFs device.

ky .
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Co
-
LI }_,"
[

Figure 1.27. Inertial mechanism of the augmented viscoelastic-plastic model [144]

As it can be seen from Figure 1.287., the pre-yield region of the fluid's behaviour
is simulated by the three-parameter element of a linear fluid (Jereys model). The
viscoelastic force Fve is generated by this system that is governed by:
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Cy+C, dFve .
Zot-1, — C1X+

= X; (1.15)

CoC
Fve + Iocl

1
where Cy, C; and k; are the parametric damping and spring stiffness constants,

respectively. X is the displacement transmitted to the device. In the post-yield region,
the SFs response is given by the vicious relationship as in [145]:

Fvi = C,X; (1.16)

where C,, is the damping coefficient, which is related to the viscosity of the fluid
as shown in Figure 1.27. The change from the pre-yield to the post-yield phase is
performed by nonlinearly combining the viscoelastic and viscous components Fve
and Fvi to the net force as provided below:

F = FveSve + FviSvi. (1.17)
The shape functions are as follows:
Sve == [1 — tanh (“’“y)], (1.18)
2 4e,
Svi == [1 — tanh (“‘“y)]. (1.19)
2 4gy

This force depends on the velocity a non-dimensionalised concerning its
amplitude; the yield parameter a,, is correlated with the fluid's yield point and a
smoothing parameter &, [145]. A scheme of the force-displacement relationship is

shown in Figure 1.28.; Lve and Lvi are the linear operators, representing the equations
1.18 and 1.19.

’ L"e _> S ve

X—— | q/at ®—>F

—> | L, |—] s,

Figure 1.28. Scheme of the viscoelastic-plastic model [145]

The parametric constant has derived to be strong functions of the applied field.
The coefficients associated with the viscoelastic and plastic properties were
approximated as a polynomial function of the field strength. The predicted data
compared to the experimental data showed that the model could reproduce the non-
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linear effects of the SF behaviour qualitatively. The model is numerically robust due
to the linearity of the parallel shear flow mechanisms [145].

1.4.10. Augmented non-linear viscoelastic-plastic model

The extended non-linear model was proposed by [146] to reproduce the force-
velocity characteristics of the considered SF device by [147]. In the model proposed,
the pre-yield region has a friction force Fc that weights due to the addition of the
shape function Sc to allow for Coulomb-like stiction effects that were observed at low
velocities. The force Fy,, that is generated in the pre-yield region is provided below:

Fyy = Fyo + S.Fy, (1.20)
where
S =1tanh (2-) (121)

and &, is a smoothing factor. Fve is the viscoelastic component given in
equation 1.15.

The viscous and initial mechanism shown in Figure 1.29. is used to take care of
the effect of the fluid inertia effect beyond the yield point [148]. The F;,, in the post-
yield region given as follows:

Fay = C,X + RX. (1.22)

Vd
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F,
ﬁ 7~ ‘
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Figure 1.29. Inertial mechanism of the augmented viscoelastic-plastic model [149]
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Figure 1.31. Comparison of predicted and experimentally obtained force-velocity
characteristics of the augmented viscoelastic-plastic model [151]

The combining the shear flow mechanisms of the two non-linear weighting
functions Shy = Sve in (Eq. 1.18) and Say = Svi (Eq. 1.19) yielded a nonlinear
network, which is shown in Figure 1.30. The total force F generated by this augmented
viscoelastic-plastic model is given as follows:

F = SbyFby + SayFay. (123)

Figure 1.31. shows a comparison between the force-velocity characteristics
predicted by the proposed model and obtained from the experimental results. The
model precisely showed the behaviour of the considered SF device at different field
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strengths and displacement amplitudes [150]. F, is an added friction component to the
system, which largely depends on the design of the considered damper, but they can
be adjusted by choosing suitable parameter values. Moreover, the non-linear
combination of linear flow mechanisms is numerically tractable.

1.4.11. Other models

The analytical model for SFs devices that operate in the squeeze-flow mode is
governed by the shear stress in the Bingham plastic model and can be generalised to
the bi-viscous relationship as given below:

={ -y 7] <714y

) R 1.24
tot+ny ltl> T (1.24)

where y is the strain rate, and 7, and 7 is related to the elastic and the viscous
fluid properties [152]. The yield parameters t, and 7, satisfy the equation:

=1 (1- nl) (1.25)

The yield parameter is shown in Figure 1.32. In order to obtain the Bingham
plastic model, n,- — co.
T

4

slopen

L3
7o

-y
Figure 1.32. Bi-viscous model [153]

The study of continuum mechanics constitutive model to characterise the
behaviour of an ERF prototype damper, where the fluid's motion in the valve of the
damper has been approximated by Hagen-Poiseuille flow theory, has been
investigated by [153]. In this theory, the flow is assumed to laminar a one-dimensional
flow through a stationary annular duct. The first-order differential equation with
variable coefficient to account for the elastic-viscoplastic properties of the fluid is
given as follows:
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dt Gy

at gy T OV (1:20)

where 1, T,, and G are the plastic viscosity, the yield stress and the elastic shear
modulus of the fluid, respectively.

1.4.12. Piezoelectric devices

Piezoelectric devices can be defined as devices that apply piezoelectric materials
to convert mechanical deformation into electrical charge or vice versa. These devices
are classified into three main categories: sensors, actuators and harvesters [154]. The
piezoelectric material undergoes deformation where mechanical energy is
transformed into the electrical energy, which is known as the direct piezoelectric
effect as demonstrated in Figure 1.33.

Tension
Compression
+ + 5
p I +
(a) (c)

Figure 1.33. Schematic of direct piezoelectric effect: (a) piezoelectric material,
electrical charge generation under (b) tension and (¢) compression [155]

Piezoelectric materials either can be natural materials or manufactured materials
that display the piezoelectric effect. Some examples of natural materials are
tourmaline and quartz crystals. The manufactured material are ceramics or polymers,
for example, PZT or PVDF. The linear constitutive equations of piezoelectric
materials are expressed as [157].

1.4.13. Applications of direct piezoelectric effect

One of the applications of direct piezoelectric effect is the sensor. Piezoelectric
sensors can detect changes in pressure, acceleration, force, etc. The piezoelectric
sensor works by the application of the strain to the sensing component. When there
are any changes in the stress, it results in a polarization change from the rearrangement
of the dipole moment. This causes a measurable difference in the electrical potential
across the device, thus making piezoelectric sensitive to very small changes. While
the following examples are not comprehensive of all possible sensor applications, they
highlight several common uses as well as some interesting technologies of the future.

Piezoelectric sensors are used in automobiles to improve the drivability and
safety of the vehicle. Most of the piezoelectric sensors are made of PZT. The examples
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of piezoelectric sensors are knock sensors, tire pressure monitors, airbag and seatbelt
sensors, gyroscopes, accelerometers and engine fluid detection [158].

The medical industry is another area where piezoelectric materials have been
applied to the modern medical devices. The ultrasound device is one of the examples
of medical devices that is made of piezoelectric material. The ultrasound device uses
the direct piezoelectric effect to detect a reflected sound that is displayed as an image
for the analysis. Other medical devices that apply piezoelectric materials are sensors
in electronic stethoscopes, hearing aids, flow meters to monitor vascular health and
both external and internal sensors for health status monitoring.

As the world is moving gradually away from the integrated digital and physical
technology and then turning towards the Internet of Things (IoT), the demands for
piezoelectric materials and devices are becoming increasingly important. An IoT
“smart” device uses a sensor to collect data, stored, processed, and shared
intelligently, usually through a wireless communication network, useful information
about the state of the environment of interest [159]. In addition, for all sensor
applications in the IoT, the work must be done to reduce the cost of sensors, lower
their power consumption and discover new materials that can handle exposure to the
harsh environments [160, 161].

Another area where the piezoelectric material application is popular is
piezoelectric motors. Piezoelectric motors can generate unlimited rotary or linear
movements of up to 100 pm and can offer high precision positioning on the nanometre
scale. Piezoelectric motors are divided into three categories based on the different
drive and functional properties for producing unlimited rotatory or linear movement:
[162] resonance drive or ultrasonic motors, [163] inertia-drives and stepping piezo
actuators [ 164]. This technology plays an important role in the world of robotics, such
as motors on micro scale using MEMs (micro electrical-mechanical systems) that can
generate power from the flying or walking motion of bug-like robots [165-169].
Another important application area is piezo-damping. Piezo-damping effect is a
process where the external energy from the noise is transformed into the electrical
energy through the heat dissipation. The actuator, a piezoceramic, is used for the
active vibration dampening, while the sensor, a piezopolymer, is used to measure the
vibrations of the structure. Then, the resultant vibration measurement controls the
voltage applied to the actuator to minimize the unwanted vibrations [170, 171].

The direct piezoelectric effect is used in energy harvesting technology via
repetitive mechanical vibrational movements. The mechanical vibrations, which are
normally wasted energy, are converted to the electrical energy through a piezoelectric
device. One area from where that wasted energy can be harvested is the repetitive
motions of the body; thus, the energy is available from different motions of the human
body throughout the day. An interesting area of human motion where energy is
harnessed is human footsteps. Piezoelectric tiles are placed on the dance floors [172]
and train station floors [173], where the output energy is stored in a battery and used
to power some of the lightings at each facility. Though the power produced by a step
is ~0.1 W; nevertheless, when used in high traffic areas, they can make a significant
impact. Piezoelectric energy harvesting is now playing a critical role in the Internet of
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Things, as every sensor will need a power source. The unlimited supply of power from
piezoelectric energy harvesters could allow the sensor to function continuously for
duration of its life.

In most energy harvesting technologies, a cantilever beam is used. These
cantilever beams are usually made up of one or two layers of piezoelectric material
and another layer of another material used only to reinforce the cantilever beam
structure. A cantilever beam with a single piezoelectric layer is called a unimorph;
with two piezoelectric layers, it is called a bimorph, see Annexe 1. In a normal setup
for the energy harvester, the cantilever beam is mounted on a vibrating body where
the dynamic strain is induced into the piezoelectric layer (layers) due to the cantilever
beam deflection. Thus, by doing so, an alternating voltage is generated across the
electrodes that are attached to the surface of the piezoelectric layer (layers).

1.4.14. Limitations of piezoelectric energy harvester

There are some limiting factors of using piezoelectric harvesters to generate the
amount of power needed for powering electronic and other devices. The major
challenge that is associated with piezoelectric energy harvesters is that they operate
effectively at only single excitation frequency. This means that the excitation
frequency matches the optimal frequency of the piezoelectric harvester, which defines
the frequency at which the harvester generates the maximum voltage. In most cases,
the vibrating body has a range of acceleration amplitudes and frequencies. An
example is, for a desirable design of a harvester, to generate power from human
movement; the characteristics of change in movement from time to time, according to
the current activity (walking, running, sleeping, etc.), should be considered.
Therefore, it is desirable to design a piezoelectric harvester with a tuneable optimal
frequency or one that can operate effectively across a certain range of excitation
frequencies.

1.4.15. Modelling of the piezoelectric device

The demand of piezoelectric elements for powering electronic circuits in
different applications has increased. Due to this, there is a need for models that can
predict the generated voltage across any circuit connected via the piezoelectric device
electrodes. Piezoelectric device design and modelling require several steps of the
design process. Firstly, the concept of modelling and system design should not be
complex. Secondly, the parameters for design should be considered. During the design
phase, equivalent circuit models are usually implemented in the early design phases
of the piezoelectric system. At the design phase, the parameters, which enter into the
models, are obtained by various methods. Among these methods, the ‘experimental’
parameter identification is based on the systems’ transfer functions. It can be applied
whenever a physical prototype is available [174-178].

In Figure 1.34., the standard piezoelectric material is represented by the axes
system. The axes system is represented by axes 1, 2 and 3 that correspond to Cartesian
Coordinates X, Y and Z axes. The axes 4, 5 and 6 represent the rotational axes (U, V,
W) or shear of each one of these axes, respectively. The direction of positive
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polarization is usually made to coincide with the 3-axis, and the electrodes are usually
attached perpendicularly to this axis, as shown in Figure 1.34.
4

Elecirodes 6 w

Polarisation

Figure 1.34. Piezoelectric materials axes system

According to [179], the linear constitutive equations for piezoelectric materials
are given as follows:

() = (i 56 (127)

where S is the mechanical strain, T is the mechanical stress, D is the diclectric
charge displacement, and E is the electrical field strength. sE is the compliance tensor
under the condition of a constant electric field, which is defined as strain generated
per unit stress; d tensor contains a piezoelectric charge constant, giving the
relationship between electric charge and mechanical stress. T is the absolute
permittivity, which is defined as the dielectric displacement per unit electric field for
constant stress. For most applications, there exists a dominant deformation mode, and
these equations can be reduced to scalar form. For example, if the piezoelectric
material is polarized in 3-direction; then, the electrical field is applied in the same
direction, while the predominant mechanical stress and strain are in the 1-direction.
Piezoelectric energy harvesters are usually designed to operate in 33-mode or 31-
mode [180].

Sl = SflTl + d31E3, (128)
D3 = d31T1 + £g3E3. (129)

The equation 1.28 can be transformed into a form where the mechanical strain and the
dielectric charge displacement are considered as independent variables. Then, this
becomes:
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The equations 1.28 and 1.29 can be rewritten as:

1 1 k31
Tl Sll(1 -k 1) d31 (1 k31) D3’ (131)
— _L k31 1
=g, (1-k§1) Sty Pe (1.32)

The piezoelectric coupling factor is given as:
K2, = S (1.33)
31 elsSth ’

The discretization of a model with distributed parameters leads to a lumped-
parameter model. In many research works, the lumped-parameters model is mostly
used for the piezoelectric harvesters [181-186]. Piezoelectric models are as well
described by using circuit theory, applying electromechanical analogies for a better
electric technological understanding [187]. The equivalent lumped model of the
system is made up of the equivalent mass, mechanical damping, mechanical stiffness,
capacitance and the conversion factor between the mechanical and electrical domains
[188-192]. However, the damping and stiffness are assumed linear in most systems.
These assumptions can cause inaccuracy in the obtained results, for example, if the
amplitude of the excitation acceleration is large.

The equivalent electrical system of the piezoelectric device is normally
represented in the circuit diagram shown in Figure 1.35. This system is based on direct
analogies between the mechanical and electrical variables: the generated or applied
voltage is analogous to the applied force in the equivalent mechanical system, and the
electric charge is analogous to the mechanical displacement in the mechanical system.
Similarly, the applied force in mechanical systems is analogous to the voltage source
in the equivalent electrical system, and the displacement of the mass is analogous to
the electrical charge in the electrical equivalent system [193, 194].
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Figure 1.35. Equivalent systems of piezoelectric devices in (a) mechanical and (b)
electrical representations [195]
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The system shown in figure above is based on the direct analogies between the
mechanical and electrical variables. There, u(t) is the applied voltage, which is
analogous to the applied force in the equivalent mechanical system; g (t) is the electric
charge, which is analogous to the mechanical displacement in the equivalent
mechanical system. F(t) is the applied force in mechanical systems that is analogous
to the voltage source in the equivalent electrical system, and x(t) is the displacement
of the mass that is analogous to the electrical charge in the electrical equivalent
system.

1.5. Conclusions

This chapter gave a literature review of devices that used smart fluids to improve
their functionalities. The devices presented in the literature review are similar to the
devices presented in this dissertation.

The damping devices are using smart fluids as damping media. In most of this
research work, the SF is usually embedded into a cantilever beam. Some structures
have the fluid localised at the end of the vibrating cantilever beam. The disadvantage
of these SF sandwich beams is activating the fluids; hence, the full damping effects
are not achieved.

Frequency up-conversion is another technique that has gained wide recognition
in the energy harvesting research community. This is a process of using an impacting
base and magnetic coupling method to transfer a Low-Frequency Resonator to a high-
frequency Piezoelectric Vibration Energy Harvester. The results from this technique
have proven that stable power output is achievable with the impact-based frequency
enhancer method.

Spherical motion is a compact multi-DOF rigid body motion along a spherical
surface with a permanent centre of rotation. Other systems with spherical motions,
which are not mechanical, are found in humans and mammals, such as the eyeball
movements, human wrist, shoulder and hip joint motions. The known spherical
motion devices are frequently designed by combining two to three rotary actuators
with serially or parallel connected mechanisms. Due to the weight of these spherical
actuators, the precise positioning is difficult to achieve. Smart materials and their
working process and application have been reviewed as well. These fluids are MRF,
ERF and FF. The modes of operations of SFs that are applied in engineering and other
devices are the valve (flow) mode, the direct shear mode or a combination of the two
modes and the squeezed mode.

A mathematical model that describes the properties of SF and devices needed to
be understood and researched to predict their behaviour for numerical simulation is a
part of the phenomenological modelling of SFs. In order to achieve optimal control of
the SF devices, the dynamic behaviour of the mechanical system when SF is applied
should be taken into account as well. The examples of such systems are active
suspension dampers that use the change in rheological properties to control the
dynamic behaviours such as damping road disturbances of vehicles to provide
maximum comfort for the driver and the passengers.
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2. VIBRATION CONTROL IN CANTILEVER BEAM STRUCTURES
USING AN ERF AS DAMPING MEDIUM

2.1. Introduction

The novel actuator using ERF as a damping medium was proposed in this
research work. The key enabling concept of the proposed actuator is to enhance the
force due to the electric field produced by the applied voltage using the ERF. The
direction and amount of voltage input to the bottom electrode, deciding on the
characteristics, such as contraction, extension and the force generated by the actuator,
respectively. The cantilever beam vibrates at its resonant frequency using the
piezoelectric actuation technique. In order to obtain the required displacement and
actuation force, the viscosity of the ERF between the bottom electrode and the
vibrating cantilever beam is precisely varied by the input voltage. In this work, the
EREF is operated in one of the most powerful modes, called squeeze mode; hence, the
designed ERF damping medium actuator is more powerful and precise.

The theoretical frequency response functions have derived for a flexible
piezoelectric cantilever beam that is excited with external forcing. A finite element
model of the structure is developed in COMSOI multiphysics software, where a direct
integration algorithm is used to simulate the frequency response of the proposed
cantilever beam with localized ERF. The experiments investigate the transient
response of a piezoelectric cantilever beam with an ERF. The results demonstrated
that the ERF layer can be used for suppressing the vibrations and reducing the settling
time of the beam. The experimental results were used to validate the used theoretical
approach over these four field conditions’.

2.2. Design and modelling of ERF-CB

The proposed structure of the Cantilever Beam (CB) with an ERF active
damping medium is shown in Figure 2.1. The system is made of a vibrating CB with
its tip influencing ERF. The layer of ERF (F;) 0.7 mm was placed on a rectangular
fluid holder with an electrode bottom plate. The fluid layer F; was chosen as a result
of the miniature nature of the device. The ERF solidifies when it is subjected to the
electric field, serving as an active damper for the vibrating CB.

5 This section contains information from the article of the author with the details below: IEEE
Sensors Journal, vol. 20, Issue. 8, pp. 4072—4079. doi:10.1109/jsen.2019.2961380 2019.
Controlling of Vibrations in Micro-Cantilever Beam Using a Layer of Active
Electrorheological Fluid Damping Medium.
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Bottom FElectrode/
Fluid Holder

Figure 2.1. Configuration of CB-ERF active damping medium device

The structure presented a contact between the layer ERF and the tip end of the
CB. This contact provides a high coefficient of compensation. The downwards
displacement of the excitation of the clamped CB, where the tip comes into contact
EREF, is in the squeeze mode. The impact between the activated ERF active damping
medium and the tip of the vibrating CB produces impulse acceleration.

Table 2.1. Specifications of CB-ERF damping device

Description Value Symbol
Free (vibrating) length 36 mm L,
Total length 50 mm l
Fluid layer 0.7 mm F,
Length of fluid holder 5 mm L
Applied voltage 800 V,900 V and 1 kV V4
Gap between electrodes 0.5 mm hg

The used CB is a piezoelectric cantilever beam consisting of a shim layer
sandwiched in-between two active piezoceramic layers. CB that is used for this
experiment was from Johnson Matthey Piezo Products GmbH, and it is shown in
Annexe 2 [196]. In Table 2.1., the specifications of the CB-ERF damping medium
device used in analytical and experimental works are presented.

2.2.1. ERF squeeze film analysis

The ERF active damping medium in this study was analysed in the squeezed
mode. A normal force squeezes the ERF on impact. Figure 1.21. shows that the lower
electrode is fixed to the base plate, while the upper electrode, in this case, is the
vibrating CB, which is displaced in an upward and downward motion. The device
exhibits a damping force caused by the viscosity resistance of the ERF, when the
electric field is not applied to the ERF. By the application of voltage to the ERF, the
electric field is generated through the gap between the bottom and the vibration
electrodes. Additional damping is produced due to the yield strength of ERF [197].
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The relations to estimate the characteristics of a squeeze-mode ERF damper are as
follows:

Fa(t) = E,(t) + Fgre(t); (2.1)

where F,(t) is the total damping force. F,(t) is the viscous damping force, and
Frrr(t) is the controllable damping force associated with the applied electric field.
These damping forces are defined by the following equations:

_ Luw4 ;
F‘U(t) - [h0+h(t)]3 h(t)7 (22)
Lw? ;
Fgrp(t) = mr(ﬂsgn (h(t)); (2.3)

where h(t) and A(t)" are the displacement between the electrode and relative
velocity of the cantilever beam. h is the initial gap between the electrodes, L and w
are the length and width of the electrode, and p is the basic viscosity of the ERF when
the electric field is zero. T(E) is the applied voltage to the yield stress of the ERF. The
applied voltage to the electrodes produces the electric field (E).

Annexe 3 is a graph showing a typical relationship between the yield stress and
the applied field given in the product catalogue of the choice of fluid for this study.
The yield shear stress for the ERF varies depending on the electric field. The ERF
used in this experiment is LID 3354s; the properties can be found in Annexe 4 [198].
The fibrillation of the activated ERF explains why it is the magnitude of the electric
field E' and not the absolute voltage V,,, which determines the rheological response;
although the two are related [199]:

E=2, (2.4)

2.2.2. Dynamic response of CB-ERF system

The motion of the CB is represented as a single degree of freedom (SDOF)
forced harmonic oscillator expressed as [200]:

h(6) + (copr/m)R(E) + (keps/m)R(E) = Fy(£)/m + Fy(t)/m; (2.5)

where Corf = Cpeam + Cgrr 1S the total effective damping of the system, k,¢r =
kpeam + kggr is the total effective stiffness of the system, F, (t) is the piezoelectric
force, where kj,.4mis the stiffness of the free vibrating cantilever beam contact, which
is expressed as follows [201]:

3EI
kpeam = E- (2.6)

lp is the free (vibrating) length of the cantilever beam. The flexural rigidity of the
cantilever beam EI can be expressed as follows [202]:

Tege = 21 + Isp; (2.7
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where:

1. .3 tp=tsn)?
I, = —wt +th( _ ) , (2.8)
B
Iy, = m{‘p wt3. (2.9)

The flexural stiffness of the cantilever beam ETI is given as:
El = Epleff.

The stiffness at the free end of the CB displaced in the vertical direction is
expressed as follows [203]:

3w (2 1 1
Kpeam = E(ngtg + Epthto, +5 Eptyt? + = Egt?)): (2.10)

where E;, = 1/ SE| is Young’s modulus of the piezoelectric layer, S£;, w and ty
are the piezoelectric compliance, the width of the cantilever beam and the thickness
of the piezoelectric layer. Eg;, and tg, are the Young’s modulus and the thickness of
the shim. The effective mass is Merr = Mpeqm, Where the mass myeqp, of the
vibrating cantilever beam is expressed as follows:

Mpeam = (prtp + pshtsh) X Ixw; (2.11)

where py, is the piezoelectric material density, and pgp, is the density of the shim.

Figure. 2.2. shows the schematics of the vibration behaviour of CB. In Figure
1.22., the CB vibrates freely without an ERF active stopper. The stiffness of the
CB kpeam 1s constant during the displacement, and the vibration behaviour is linear.
Figure 2.3. shows the semi-solid active stopper made of an activated ERF that is
located under the bottom of the tip of the vibrating CB. When the CB is vibrating, the
tip end impacts the activated solidified ERF stopper; the stiffness of the CB was
converted from kpeqmto Kgrp, where kgrp > Kpeqm- From this stiffness effect, the
vibration of the CB is transformed from a linear oscillation to nonlinear impact
oscillation, as a result of the displacement constraints given by the ERF active stopper.

Giving that kgpr > Kpeam, there is an increase in the effective resonant
frequency of the system. The resonance frequency will be expanded over a wider
frequency range due to the increase in the stiffness of the ERF (kgzr) At the point
when the ERF active stopper behaves like a semi-solid due to the intensity of the
electric field applied to the ERF in the squeeze mode, the stiffness becomes
Kgrr(Kgrr > Kpeam) as shown in Figure 2.4., making the effective stiffness of the
CB (after impact) changes from Kyeam t0 (Kgrr + Kpeam), and this shows that fluid
and the end tip of the CB sticks together to vibrate for a part of a cycle, until they
separate. This behaviour gives an increase in effective stiffness. The mechanical
kinetic energy of the cantilever beam is transferred to the potential energy of the layer
of ERF, without additional loss.
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7,

Figure 2.2. Schematic drawing of CB structure with ERF damping medium and its
vibration behaviour, CB without any stopper

c'”g Rerr
AT

Figure 2.3. Schematic drawing of CB structure with ERF damping medium and its
vibration behaviour, CB compressed

copr I kors

AT

Figure 2.4. Schematic drawing of CB structure with ERF damping medium and its
vibration behaviour, CB extended

Finding the stiffness (kgrp) of ERF particle chain produced by ERF is
calculated as shown below [204]:

Kegp = |(";EYRF| = (Lwe(E) + %) (2.12)

The resonant frequency of the active CB-ERF stopper system is given as
follows:
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=1 [Kefr
On = o /meﬁ. (2.13)

In order to determine the free vibration of the CB, first, the logarithmic decay
ratio was determined by the following formula [205]:

1 X
§=1=In (xn+1)' (2.14)
The equation 2.14 can be written as:
21 A
o= . 2.15
Y (2.15)
The following relation for damping ratio A was obtained from the equation.
2.10:
c c )
e 10
The equation 2.16 will give the following relation for damping factor c:
c= _2km (2.17)
(62+4n2)

2.3. Experimental study of CB-ERF damping device

The schematic and experimental setup for the vibration control of cantilever
beam, using active ERF damping medium at the tip, is shown in Figure 2.5. andFigure
2.6. The experimental equipment that was used is comprised of a signal generator
(Tabor WW5064) and a power amplifier (EPA-104) connected to the clamped
piezoelectric cantilever beam. The generated excitation frequency was from 160 Hz
to 300 Hz. In order to activate the ERF, a high-voltage with variable power DC supply
18 V 3 A was connected to the bottom copper plate electrode that holds the ERF. A
laser displacement sensor (Keyence LK G82) was set above the vibrating CB at the
free end. This device measures the displacement of the input excitation to the
cantilever beam’s free end. The analog voltage signal recorded by the displacement
sensor is sent to a controller (Keyence LK-G3001P), which is then processed and
filtered by a PicoScope-3424 analog/digital oscilloscope. The oscillations are finally
analysed on the computer connected to the oscilloscope.
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Figure 2.5. Schematic diagram for measuring the characteristics of CB with active

ERF damping medium

Analog Digital Converter Signal Generator Voltage Amplifier pC power Supply
(ADC) ‘PicoScope-3424" Tabor WW5064  (EPA-104)

DC Power' Supply Controller T.D Laser Sensor
HY1803D % (LK-G3001P) (LKG- 82)

ERF Layer  Mficro-Piezoelectric
Transducer

Figure 2.6. Experimental setup to measure the dynamic properties of the CB with

active ERF damping medium
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The experimental steps were conducted for the electric field (E), which was
calculated from the equation 2.4. The calculated corresponding E are 0 kV/mm (no
voltage applied to ERF), 1.6 kV/mm, 1.8 kV/mm and 2 kV/mm. The corresponding
yield stress T(E) from the graph shown in Annexe 1 is 0 KPa, 0.7 KPa, 0.8 KPa and
1 KPa, respectively.

The ERF layer located at the tip of the cantilever beam behaves more like a
complex spring with the stiffness Kerf = Kkpegm + kggp. In this study, the
arrangement of the ERF layer is under compression/extensional deformation.

2.4. Dynamic simulation study of CB-ERF damping device in COMSOL
Multiphysics

An equivalent model was simulated in COMSOL Multiphysics 5.4 Simulation
software to predict the resonance frequency of the free vibrating CB, viscous ERF
damping and the squeeze mode impact phenomena accurately. The purpose of the first
dynamic simulations was to determine the mode shapes and the natural frequencies of
the cantilever beam.

Clamped Area

““Location of ERF
(not visible)
Meshed CB
Figure 2.7. 3D finite element model of CB created with COMSOL Multiphysics;
the cantilever beam has been meshed with swept distribution

(b)

(a) (c)

Figure 2.8. Simulated first four bending mode shapes and their corresponding
natural frequencies: (a) 247 Hz, (b) 1551 Hz and (c) 2.4089 kHz

The FEM simulation in COMSOL starts by creating a 3D of the bimorph
cantilever structure by using the given design parameters shown in Annexe 2. The
model shown in Figure 2.7. reveals the geometry of the cantilever, incorporating
channels, including the clamped area. The cantilever beam has been meshed with
swept distribution

The first three natural bending frequencies of the CB were simulated in
COMSOL Multiphysics. The values of the natural frequency (w ,,5) simulated are as
follows: w,s1=247 Hz, w ,52=1551 Hz and w ,,53 =2.4089 kHz. The analytical
values of natural frequency A of the CB is w ,A1 =245 Hz, w ,A2=613.87 Hz,
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and w A3 = 1.0271 kHz. Figure 2.8. illustrates the simulated bending resonance
modes of the cantilever beam structure.

2.5. Results and discussions
2.5.1. Results of CB-ERF system in frequency domain

The CB structure relates to the external dynamic forces, where frequency
response depends on the stiffness and mass distribution of the structural elements.
Similarly, the magnitude of this vibration is controlled by the damping characteristics
exhibited by the ERF damping medium. For that matter, the vibration characteristics
of the CB with the ERF damping medium were studied. The resonant natural
frequencies under different configurations of the electric field were studied first. The
significant shift presented in this study was the resonant frequency

The analytical values of natural frequency o 4 of the CB is w ,A1 =245 Hz,
®nA2=613.87 Hz and w,A3 = 1.0271 kHz. From the above provided results, it is
clear that simulated natural frequencies are close to the analytical values.

In order to obtain the vibrational characteristics of the CB, firstly, the frequency
response of the vibrating CB without ERF damping medium was obtained. Secondly,
the results presented in this study are obtained according to the 1st mode frequency of
the ERF at various electric field conditions. The simulated frequency response results
in Table 2.2. shows a frequency increase of 13.46 % for CB with activated ERF at 2
kV/mm, compared to the one without the activated ERF. However, the analytical
results showed an increase in the frequency of the CB of 16.2 % with activated ERF
at 2kV/mm, compared to the one without the activated ERF. An increase in the
frequency of CB, as the applied electric field to the ERF, increased by 12.4 %
experimentally with the electric field of 2 kV/mm.

Figure 2.9.,Figure 2.10.,Figure 2.11.,Figure 2.12. andFigure 2.13. show the
vibration spectra obtained from the CB without ERF damping and with activated ERF
medium at 0, 1.6, 1.8 and 2.0 kV/mm, respectively. It has been observed in these
results that the natural frequency of the CB decreases as the electric field increases.
This behaviour agrees with the theoretical prediction in most sandwiched cantilever
beam studies, such as the one described in [206].

Table 2.2. Vibration parameters of CB with ERF active damping medium for the
vibration system

Natural frequency (w,,) (Hz) Amplitude (mm)

Electric Hand Simulate | Experiment Hand Simulate | Experiment
Field (E) | Calculatio d al Calculatio d al
Conditio n n

ns
(kV/mm)
Without 245 247 249 0.38 0.33 0.44

ERF
0 250 252 257 0.30 0.26 0.36
1.6 256 260 266 0.28 0.21 0.30
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Figure 2.9. Frequency respond results of the CB without ERF damping medium
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Figure 2.10. Frequency response results of the CB with activated ERF medium at 0
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Figure 2.12. Frequency response results of the CB with activated ERF medium at
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Figure 2.13. Frequency response results of the CB with activated ERF medium at
2.0 kV/mm
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Figure 2.14., Figure 2.15. and Figure 2.16. show the comparison graph of the
rate of change in damping between the amplitude and the activated ERF for the
calculated, simulated and experimental models, respectively. From these graphs, it is
clear that the damping decreases as the field increases.

2.5.2. Experimental results of CB ERF system in time domain

As indicated in the simulated and analytical tests, the data obtained from the CB
with ERF damping medium was studied without the electric field and compared to the
one with the applied electric field. The CB was excited by the frequency ranging from
160 Hz to 300 Hz. The effect of the electric field intensity on the behaviour of the
ERF damping medium on the CB was studied as well.

The curves for the free vibration of the CB-ERF damping medium are shown in
Figs 2.17., 2.18., 2.19., 2.20. and 2.21. This presents the peak to peak time response
oscillation of the CB-ERF damping medium in the absence and presence of the
electric field (1.6 kV/mm, 1.8 kV/mm and 2 kV/mm). As it is can be observed from
the results shown in graphs and Table 2.2., the CB damping increases considerably
with the applied electric field. The rate of decay of the response shown on-time
response plots can be described in terms of the damping ratio as shown in equation
2.15. The damping ratio in the absence of the magnetic field is 0.20 %; it increases to
0.45 % with a field of 2 kV/mm.
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Figure 2.17. Experimental results of oscillating CB with no ERF damping medium
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Figure 2.18. Experimental results of oscillating CB with activated ERF damping
medium at 0 kV/mm
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Figure 2.19. Experimental results of oscillating CB with activated ERF damping
medium at 1.6 kV/mm
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Figure 2.20. Experimental results of oscillating CB with activated ERF damping
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Figure 2.21. Experimental results of oscillating CB with activated ERF damping
medium at 2.0 kV/mm

The variations of electric field intensities were obtained by varying the
application of a voltage, concerning the gap between the electrodes as shown in
equation 2.4. It has been observed that for stronger electric fields (E=2 kV/mm), the
resonant natural frequencies are shifted to higher frequencies with higher vibration
levels. This behaviour might be due to the mass concentration of the electromagnetic
particles in specific ERF and non-homogeneous stiffening of the ERF under
compression and stretching. The natural frequencies CB-ERF damping medium was
experimentally tuned for the electric up to 12.4 %, and the vibration levels increased
as much as 0.20 mm. At the same time, there was an improvement in the damping
properties of the CB, since the vibration level decreased significantly.

The frequency shift was observed in analytical and simulation results. This was
expected due to the stiffness of the CB when it impacts the activated ERF. The CB
showed an increase in frequency, as the applied electric field to the ERF increases at
12.4 % experimentally with an electric field of 2 kV/mm. However, the simulation
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and the analytical results showed that the frequency of the CB increased from 16.2 %
and 13.46 %.

2.6.Conclusions

In this chapter, the analytical simulation and experimental study of the
frequency tenability of CB due to the shift in frequency with the ERF damping
medium is described. The results have proven that it is possible to localise layer ERF
as a damping medium under a vibrating structure. The results have shown a similarity
to that of the sandwiched ERF/MRF vibrating structures that most researchers have
studied.

The stiffness and damping characteristics of the CB-ERF damping medium
were investigated as a function of different electric field configurations and
intensities.

The observed analytical, simulated and experimental vibration characteristics of
the CB are summarized as follows:

1. The time-domain decay-rate oscillations presented in the experimental results
demonstrated that the changes in displacement of the structure creating damping were
due to the influence of the electric field applied to the ERF. The CB showed an
increase in damping of 54.5 % experimentally with an electric field of 2 kV/mm.
However, the simulation and the analytical results demonstrated that the increase in
the damping of the CB was more significant, going from 54.5 % and 52.6 %.

2. The CB-ERF as well demonstrated bigger shifts in natural frequencies for the
same electric field level and configuration. This was expected, since the stiffness of
the CB changes after affecting the activated ERF. It was shown that the CB’s
frequency increased with the applied electric field. The increase in the frequency of
CB as the applied electric field to the ERF increased at 12.4 % experimentally with
the electric field of 2 kV/mm. However, the simulation and the analytical results
showed an increase in the frequency of the CB from 16.2 % and 13.46 % respectively.

The studies as well encountered some limitations in the experimental studies.
The nonlinear nature of the ERF has shown instability in results. Nevertheless, the
results demonstrated that localising the ERF layer under the vibrating cantilever beam
device is achievable.
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3. FREQUENCY TUNING OF A PIEZOELECTRIC ENERGY
GENERATOR VIA THE APPLICATION OF MRF IMPACTING

3.1. Introduction

The following chapter will briefly review the approaches to frequency tuning of
piezoelectric energy generators and determine the application of the MRF impact
based on the frequency enhancer technique, where low-frequency input vibrations are
converted into high-frequency vibrations of electromechanical transduction. The
mathematical theory on the effect of impacting MRF on the natural frequency of a
cantilever beam was documented. The results from the mathematical theory, finite
element simulation and the results from the experiment were compared. It has been
found that there was an increase in the natural frequency and power output with the
MRF impacting technique.

3.2. Mathematical study of PEG

The proposed piezoelectric bimorph energy generator and mode of operation are
shown in Figure 3.1. The system consists of a vibrating piezoelectric bimorph
cantilever beam and two permanent magnets that are mounted on the opposite sides
of the beam. The MRF, as an impacting element, is attached to one of the permanent
magnets. The permanent magnets are arranged to face each other with opposite poles
and a gap d,, apart in the horizontal x-plane. The system was modelled with the
magnets placed at 0.81; of the free length of the piezoelectric bimorph cantilever
beam. Figure 3.2. and Figure 3.3. show the working principle of the PEG system®.

® This section contains information from the article of the author with the details below:
International Journal of Green Energy, vol. 17, Issue 9, pp. 529-539, 2020, doi:
/10.1080/15435075.2020.1763356. Modeling and Study of Magnetorheological Fluid Impact
Base Frequency Enhancement for a Micro-Piezoelectric Energy Generator.
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Figure 3.2. Displacement of excited cantilever beam impacting the MRF



Figure 3.3. Pull away displacement of the excited cantilever beam

A piezoelectric bimorph cantilever beam was chosen for this application. This
kind of cantilever beam is a typical piezoelectric device that has many mechanical
vibrational applications such as energy harvesting for battery-free remote-control
switches, a battery-free power supply for sensors in the field of automation
technology, control systems and tire pressure monitoring systems and many more.
The type of piezoelectric bimorph cantilever beam that was considered for this study
is as well known as “Piezo Bending Actuator 427.0085.11Z” from Johnson Matthey
Piezo Products GmbH [207]. Annexes 2 and 3 show a typical piezoelectric bimorph
cantilever beam and its properties.

Figure 3.4. shows a single degree of freedom (SDOF), spring-mass-damper
model, to illustrate the linear modelling of the MRF based impacting piezoelectric
energy generating device. The equations of motion for the system are given below:

MesrX + CrotarX + keppx = f (3.1

where m, s is the cantilever beam, given as:

Mesr = (2pptp + Psntsn) X L X w. (3.2)

Crotar 18 the total damping coefficient, which is the sum of the damping of the
cantilever beam Cpeqyn and damping caused by MRF cygp. kegris the effective
stiffness, which is the sum of the beam stiffness kpp4y, and stiffness caused by the
MREF kygr, and f is the external force applied to the piezoelectric cantilever beam. x
is the tip displacement of the cantilever beam at a distance of h between the MRF and
piezoelectric cantilever beam.
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Figure 3.4. SDOF of the MRF energy generating system

The rheological properties of MRF, due to the intensity of the magnetic field,
determine the effective stiffness of the beam at the point of impact. The stiffness of
the cantilever beam kj 4, is constant during the displacement, and the vibration
behaviour is linear. The arrangement of stiffness of the beam k4, to the stiffness of
MRF kygr are aligned in parallel. At the point of impact with the MRF, the stiffness
of the vibrating cantilever beam is converted from kj .4y t0 Kppp, Where kygpr >
Kpeam - From this stiffness effect, the vibration of the cantilever beam is transformed
from linear oscillations to nonlinear impact oscillations, as a result of the displacement
constraints given by the MRF stopper. Then, the stiffness becomes kyrr(Kyrr >
kpeam), making the effective stiffness of the cantilever beam (after impact) change
from kpeqm to (Kyrr + Kpeam), and this shows that there is an adhesive or tensile
force between the vibrating cantilever beam and MRF for the part of the vibrating
cycle, until the magnetic particles are dispersed. This behaviour gives an increase in
the effective stiffness, which in effect changes the frequency response of the cantilever
beam and diverges from its normal behaviour, allowing resonance to extend over a
wider interval, in the vicinity of its resonant frequency. The kinetic energy of the
cantilever beam is transformed into the potential energy of the layer of MRF without
the additional loss.

The first point to consider in modelling the MRF is the yield stress of the fluid
as a function of the magnetic field. The MRF type that is considered for the application
in this study is the MRF 140-CG [208]. The properties of this type of MRF are listed
in Annexe 6.

The yield stress Tz (H) of this type of fluid is given by an experimentally derived
equation, which depends on the magnetic field intensity and the particle volume
fraction ¢ as [209].

T5(H) = C X 271700 x 5239 x tanh(6.33 x 10~CH); (3.3)

where C is a coefficient dependent on the carrier fluid of the MRF, and H is the
magnetic field intensity.
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The change in the viscosity of the MRF is used to generate a viscous force
between the two surfaces of both magnets, which is in relative motion due to the
vibrating cantilever beam. The equation, which relates the magnetic flux density B to
the magnetic field intensity H [210], is as follows:

B =1.91 X @1133{1 — [uye10-97HoH]} + o H. (3.4

Therefore, MRF stiffness kg and squeeze damping cy,zr depend on the force
Fyrr » the yield stress 7g(H). The determination of 75(H) depends on the distance
d,, between the two permanent magnets as shown in Figure 3.2. andFigure 3.3.

The force generated due to the magnetic field intensity and with the fluid Frp
fixed at its free end is given as [211]:

_4anritp(H)

Fygr = 3 Wsign(fc); (3.5)

where T5(H) is the yield stress of the MRF given in equation 3.3, 1y, is the
radius of the magnet, h is the initial gap between the MRF and cantilever beam, and
x,x are the displacement of the cantilever beam.

The force due to the MRF is just an approximation and does not consider the
hysteresis effect between the magnets, while the MRF is either being compressed or
separated from the oscillation of the cantilever beam. The magnitude of the magnetic
stiffness kygr is analytical from Fygp, as shown in [212]:

Sk ok
kurr(h) = | é;llRF = ;;IRF ) 3.6)
4nritp(H)
kMRF = g%. (3.7)
The equivalent stiffness of the cantilever beam is given as in [213]:
3E,l
Kpeam = 1_131;; (3.8)

where [ is the moment of inertia. The moment of inertia of the reference layer
can be expressed as shown in equation 3.9, and [, is the free (vibrating) length of the
cantilever beam [214]:

w

_ ESh 3 wt 2.
I= E(Etsh + 21:5) + =2 (tn + ) (3.9)

where w is the cantilever beam width, Eg, is the shim layer modulus of
elasticity, E}, is the Young’s modulus of piezoelectric material, tgp is the shim layer
thickness, and t,, is the thickness of the ceramic layer of the piezoelectric cantilever
beam.

The resonant frequency of the generating system is given as follows:

’ ke
Wsys = me;;; (3.10)

69




where ks is the effective stiffness of the cantilever beam and m,f is the
effective mass of the cantilever beam.

The damping ratio of the system is defined as the mechanical energy losses due
to the fluid squeeze force [215]. Therefore, the total mechanical damping is given as
Ctotal = CMRF t Cheam-

The damping effect owing to the squeeze force is due to the flow of viscous
fluid through the small gaps, which can be calculated as follows:

3 mnr
CMRF = 5 ()3 (3.11)

where 71 is the viscosity of the MRF. The damping coefficient of the
piezoelectric cantilever beam ¢y, can be expressed as [216, 217]:

Cpeam = 2 X { X Merr X Wpeams (3.12)

where ¢ is the damping ratio the free vibrating cantilever beam, giving 8 /2. § is the
log decrement corresponding to § = (1/n)(Inz,/2,41).

3.2.1. Modelling of the output power of PEG

The equation 3.10 shows the resonant frequency of the vibrating cantilever
beam. The piezoelectric material conserves most of the generated power. In order to
generate the electrical power, a resistive load is required. The electrical load is
modelled as a single resistor. It is described by [218] that the output power reaches its
maximum value when the calculated load resistance described by equation 3.15 is
applied. The averaged power generated by a bimorph piezoelectric cantilever beam
according to [219] is given as follows:

2,2

2 2.2
Wsys“tsp“wes“x

Power = wsysk)z X R;

tp

(3.14)

4(1+wlbs33x

where wg,y 1s the resonant frequency of the MRF-based system, ¢y, is the shim
layer thickness, w is the width of the cantilever beam , x is the max deflection and ¢t
is the thickness of the piezoelectric layer. e3; is piezoelectric constant. The load
resistance R of the piezoelectric material is given as [220]:

R=—1

(3.15)

Cpwsys’
where C, is the capacitance of the piezoelectric bimorph.

3.2.2. Conversion power efficiency due to the impact of PEG

The efficiency of the system depends on the conversion of mechanical energy
to electrical energy. The power generated from the MRF impacts the piezoelectric
bimorph cantilever beam energy generator compared with the power generated
without the impact. The efficiency model that is used in this work was the one
proposed by [221]. In this formula, the energy conversion efficiency ef f was defined
as the ratio of the generated electrical power (P;) in the load resistor R; to the
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consumed power (P, ) in the entire energy generator device, including the load resistor,
at = wgys , which derived as:

L PL_ _ Kk33/2(1-k3)
e~ b = Wm0 5)) (.10)
where Q,, is the mechanical quality factor of the piezoelectric bimorph. The
load resistance R; is given in equation (3.15). k33 is the Piezoelectric coupling
coefficient.

3.3. FEM study of PEG

The generated power from the piezoelectric bimorph cantilever beam depends
on the magnetic field intensity on the MRF, which corresponds to the gap (d;;,)
between the two permanent magnets and MRF stopper. Figure 3.5. shows the
simulation of the magnetic circuit to develop the required magnetic field that affects
the characteristics of the MRF in COMSOL Multiphysics. The permanent magnet
considered for this simulation is Nd-Fe-B (N42) [222]. The magnetic field was used
to identify the magnetic poles (north and south) and measure the magnetic flux
generated by the magnets.

‘xlmm

Permanent
Magnet

Steel Clamp

Figure 3.5. FEM simulation of magnetic flux density at different magnetic gaps
(dy =1mm,d,, =2.5mmandd,, = 3.5mm)

The simulation conducted on MRF and the piezoelectric bimorph cantilever
beam was classified as follows: free vibration of the cantilever beam (i) without fluid
corresponding to 0 T, when the gap between the permanent magnets, (ii) d,,, = 1 mm
, corresponding to 0.3 T, (iii) d,,, = 2.5 mm, corresponding to 0.2T, and (iv) d,, =
3.5 mm, corresponding to 0.1 T.
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3.4. Experimental study

In order to verify the mathematical and FEM presented in this study, the
experimental study was conducted. Figure 3.6. shows the experimental setup of the
clamped piezoelectric bimorph cantilever beam. The piezoelectric cantilever beam is
excited between two permanent magnets with a layer of MRF attached to one magnet
facing the cantilever beam. The layer of MRF placed on top of the permanent magnet
is 0.06 mm thick.

Signal Generator Polytec Laser Doppler
PiscoScope-3424 Agilent 33220A Vibrometer system
- OFV512/5000

2Pemanent L - - SRS ST (EPA104)
Magnet with e = S SENGT -
MRF o -

Piezoelectric Bimorph

Cantilever Beam ey

Adjustable Clamp

Figure 3.6. Experimental setups of impact-based frequency enhancement using
vibrating bimorph piezoelectric energy generator

The main equipment used in the experiment is the bimorph cantilever beam, two
permanent magnets Nd-Fe-B (N42), an amplifier, a signal generator, a laser
vibrometer and an oscilloscope. A magnetic field Gauss Meter (HHG191) was used
to identify the magnetic poles (north and south) and measure the magnetic flux
generated by the magnets.

A signal generator (Signal Generator Agilent 33220A) was used to excite the
piezoelectric bimorph cantilever beam with a set swept sine actuation frequency
ranging from 0 Hz to 300 Hz. The vibration response of the piezoelectric bimorph
cantilever beam was measured by a non-contact Laser Doppler Vibrometer (Polytec
Laser Doppler Vibrometer system OFV512/5000). This is a single-point Laser
Doppler Vibrometer with a He-Ne (Helium-Neon). The oscilloscope (PiscoScope-
3424 collected signals from a laser vibrometer) sent them to the signal analyser. The
signals were processed and Fourier transformed to get the natural frequencies of the
cantilever beam. The vibration data response was obtained in the frequency domain
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where the results of the natural frequencies and amplitudes of vibration were
presented.

3.5. Results and discussion

The results from Table 3.1. have proven that the frequency could be tuned when
a vibrating cantilever beam is impacted by an activated MRF stopper. A frequency
increase was observed when there is an increase in the magnetic field applied to the
MRF. From the analytical perspective, the results showed 4 % increase in the
frequency from a free vibrating cantilever beam without the impact on the MRF
stopper to the highest magnetic field of 0.3 T application to the MRF stopper. The
results from the FEM simulation model showed 3.8 % increase in frequency when 0.3
T magnetic field is applied to the MRF stopper as compared to the free vibrating
cantilever beam without the MRF stopper. However, the experimental results showed
a frequency increase of 6.5 % at 0.3 T magnetic field application. Therefore, the
experimental results validate the frequency enhancement of the analytical results and
FEM simulated results. The results as well show a decrease in amplitude when the
magnetic field is increased as demonstrated in Table 3.2. This explains the effects of
the rheological properties of the MRF on the damping. The results that are
demonstrated in this research, compared to other frequency tuning articles, are similar.
For example, the results are similar to the ones reported by [223], where the results
clearly showed a substantial increase in the natural frequencies with increasing
magnetic flux density. Figure 3.7., Figure 3.8.,Figure 3.9. andFigure 3.10. presented
the graphs of the analytical, FEM simulation and experimental results of the frequency
response of the piezoelectric bimorph cantilever beam with MRF stopper.

Table 3.1. Comparisons of computed frequency response to simulated and
experimental response

Magnetic Natural Frequency (w,) (Hz)
Field (T)
Analytical | FEM | Experimental Percent Percent Percent
Deviation Deviation Deviation
Analytical | Experimental | Experimental
and FEM and and FEM
Analytical
No field 233 232.8 230 0.1 1.3 1.2
0.1 236 2359 232 0.1 1.7 1.7
0.2 240 240.5 242 0.2 0.8 0.6
0.3 243 241.9 245 0.5 0.8 1.3
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Table 3.2. Comparisons of computed amplitude to simulated and experimental

response
Magnetic Natural Frequency (w,) (Hz) Peak Amplitude (mm)
Field (T)
Analytical | FEM | Experimental | Analytical | FEM | Experimental
No field 233 232.8 230 4.1 4.3 4.0
0.1 236 235.9 232 3.8 39 3.5
0.2 240 240.5 242 3.6 34 3.3
0.3 243 241.9 245 32 3.1 2.8
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Figure 3.7. Frequency response of the piezoelectric bimorph cantilever beam with
no MRF stopper
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Figure 3.8. Frequency response of the piezoelectric bimorph cantilever beam with
MREF stopper at 0.1T
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Figure 3.9. Frequency response of the piezoelectric bimorph cantilever beam with
MREF stopper at 0.2T
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Figure 3.10. Frequency response of the piezoelectric bimorph cantilever beam with
MRF stopper at 0.3T

Table 3.2. shows the analytical and simulation results for the theoretical output
power that was generated. From equation 3.14, the calculated power output results in
Table 3.3. revealed that the ability to tune the frequency of the system has paved the
way to model and compute the amount of power that can be harnessed from this
system. The analytical load resistance and corresponding power output were
calculated by using equations 3.15 and 3.14. The maximum power achieved from the
FEM simulation study was 410 u/W and a load resistance of 37 kQ when the
cantilever beam impacts the activated MRF at 0.3T magnetic field application.
However, the analytical results show a maximum power output 410 uW and a load
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resistance of 37.2 k Q. A power output of 403 ulW was obtained from the experimental
studies at 0.3 T and with a load resistance of 36.7 k Q. These results showed 38 %
increase in power from the vibrating cantilever beam without affecting the MRF
stopper to impact the MRF with 0.3 T magnetic field application for the FEM analysis.
The analytical results gave 42 % increase in the out-power for the vibrating cantilever
beam impacting the MRF at 0.3 T magnetic field application, compared to the free
vibrating cantilever beam. The experimental results as well gave 68.6 % increase.

(a) (b)
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—— Power Output 440 —— Power Output
420
4004 = 400
380
: e
3 350 é ]
£ 1 O 340
o ©
= z 320
[
3 o
QC_’ 3004 o 300 4
280
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240 . ; . : T T
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Figure 3.11. Comparison of rate of power output against MRF impacting medium:
(a) analytical model, (b) COMSOL model and (¢) experimental model
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Figure 3.11. (a), (b) and (c) shows the comparison graph of the rate of change
in the power output with activated MRF, for the analytical, COMSOL and

experimental models. These graphs reveal that the power output increases as the field
increases.
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Figure 3.12. Output power versus frequency response of the piezoelectric bimorph
cantilever beam with no MRF stopper
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Figure 3.13. Output power versus frequency response of the piezoelectric bimorph
cantilever beam with MRF stopper at 0.1 T
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Figure 3.14. Output power versus frequency response of the piezoelectric bimorph
cantilever beam with MRF stopper at 0.2 T
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Figure 3.15. Output power versus frequency response of the piezoelectric bimorph
cantilever beam with MRF stopper at 0.3T

Figure 3.12.,Figure 3.10., Figure 3.14. andFigure 3.13. show the output power
of the analytical, FEM analysis and experimental results.

The output power results that have been obtained in this work correspond to the
other results presented for piezoelectric frequency tuning devices. The results reported
by [224] have presented a piezoelectric cantilever beam with a natural frequency of
26 Hz used as the energy harvesting cantilever beam, which is successfully tuned over
a frequency range of 22—-32 Hz to enable a continuous power output 240-280 uW
over the entire frequency range that is tested.

The efficiency numbers shown in Table 3.3. demonstrated that a higher
efficiency for the analytical, COMSOL Model and Experimental models were
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achieved by using the MRF impacting based medium. The maximum efficiency for
the analytical model of the PEG with MRF Impacting Base Frequency Enhancer was
improved by 54 % compared to 22 % of the one without MRF impacting medium.
The maximum efficiency for the COMSOL Model of the PEG with MRF Impacting
Base Frequency Enhancer was improved by 53 % compared to 23 % of the one
without MRF impacting medium. The maximum efficiency for the COMSOL Model
of the PEG with MRF Impact Base Frequency Enhancer was improved by 54 %
compared to 22 % of the one without MRF impacting medium.

3.6. Conclusions

This chapter presented a new concept of using MRF as an impacting object for
frequency tuning as well as power enhancement for a vibrating piezoelectric bimorph
cantilever beam. MRF is a smart fluid that changes from the liquid state to the semi-
solid state within milliseconds, when a magnetic field is applied. In the study of this
research, the analytical results and FEM simulation results were compared to the
experimental results. The FEM simulation was conducted by using COMSOL
Multiphysics 5.4 simulation software. The system was modelled as a Single Degree
of Freedom (SDOF). There were two sets of results that were presented in the study.

Firstly, the analytical frequency response of the vibrating cantilever beam was
tuned at 4 %, as it impacts the activated MRF stopper at 0.3 T magnetic field
application compared to the free vibrating cantilever beam without the impact on the
MREF stopper. However, the FEM simulation results showed that the frequency was
tuned at 3.8 %, as it impacts the activated MRF stopper at 0.3 T magnetic field
application compared to the free vibrating cantilever beam without the impact on the
MRF stopper. Both results have been validated experimentally. The frequency
increased by 6.5 % at 0.3 T magnetic field application in the experimental study.
These changes are very significant to a structure like a piezoelectric energy generator.

Secondly, the analytical output power for the vibrating cantilever beam, when it
impacted the activated MRF at 0.3 T, gave a maximum power of 410 ulW and a load
resistance of 37k Q. However, the FEM results showed a maximum power output of
405 uW and a load resistance of 37.2 k Q for the impacting MRF with 0.3 T magnetic
application. The experimental results demonstrated a power output of 403 uW at 0.3T
and a load resistance of 36.7 k Q.

These results demonstrated that the influence of MRF increases as the magnetic
field increases. The MRF changes from liquid to semi-solid state during the
application of the magnetic field. The changing of magnetic fields increases the
frequency of the beam during the impact on the activated MRF. It was observed that
there was a significant amount of power harnessed for the impacting beam. The
squeeze mode damping characteristics of the fluid as well demonstrated that
significant damping could be achieved in structures using MRF.
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4. SPHERICAL BRAKE WITH SMART FLUID FOR 3D ROTATIONAL
PIEZOELECTRIC DEFLECTOR

4.1.Introduction

The properties and characteristics of Smart Fluids that were described in chapter
2 led to exploring the design of SF (MRF and ERF) spherical brake for a 3D Rotational
Piezoelectric Deflector. This chapter presents the design of RPD by solving the major
problem of the design of this device, which is the deviation in angular positioning due
to the moment of inertia of the spherical body. The introduction of SF to the RDF
served as a braking medium for precision in angular positioning.

The analytical study of the braking phenomenon was presented as well in this
chapter. Through the subsequent execution of the electromagnetic finite element
model, created in the COMSOL Multiphysics, it was possible to assess the distribution
of the magnetic field inside the MRF more accurately and hence, the resistance to
relative motion between hemisphere and stationary disk holding the fluid. The
theoretical and experimental results showed a significant improvement in the
resolution of the 3D RDP when activated SF was applied. The theoretical calculations
show 8 % and 68 % improvements in angular resolution of the 3D RPD for MRF and
ERF, respectively. The FEM result as well shows 11 % improvement in the angular
resolution of the 3D RPD for MRF. Finally, the experimental results showed 20 %
and 56 % improvement in angular resolution of the 3D RPD for MRF and ERF,
respectively’.

4.2. Design of 3D RPD utilizing SFs

The prototype of the piezoelectric 3D optical beam deflector is based on the
previous research given by [225]. Figure 4.1. andFigure 4.2. show a prototype of the
3D RPD, which comprises of two parts, i.c., a lead zirconate titanate (PZT)-8
piezoelectric transducer ring with axial polarization and hollow ferromagnetic
hemispherical rotor. There are three high frictional contact elements made of friction-
proof material glued to the top surface of the piezoelectric transducer ring that has
frictional contact with the surface of the hemispherical rotor.

Detailed properties of the PZT-8, hollow ferromagnetic hemispherical rotor and
other materials used in 3D PRD are provided in Table 4.1. This type of mechanism is
subject to kinematic pair with one active element. The hemispherical rotor could be
rotated in three directions around the x, y and z-axis and positioned at the desired
angle when the oscillation frequency, amplitude and phase of the piezoelectric ring

7 This section contains information from the article of the author with the details below. IEEE
Xplore: 2020 International Conference Mechatronic Systems and Materials (MSM),
Controlling the Positioning 3D Rotational Piezoelectric Deflector Using ERF: An
Experimental Study, doi:10.1109/MSM49833.2020.9202130.

82



transducer change. Nanoscale vibrations of the piezoelectric actuator can be excited
by using harmonic voltage.

Piezoelectric deflectors are piezoelectric devices that transform multi-
directional resonant oscillations of the piezoelectric transducer into continuous or step
motion of the mirror with high accuracy (up to 0.1 prad) and are used for the precise
laser beam steering. The ability to adjust the laser beam pointer is crucial for the
optical system. The beam should be able to make rotational movements and set in the
angular position. Therefore, different optomechanical elements, including mirrors, are
used. The accuracy of the optical system strongly depends on the dynamic
characteristics of the deflector [226].

Rotational speed, maximum rotational angle, spatial resolution, stabilization and
number of degrees of freedom are the key features of the beam positioning system.
There have been developed many different positioning systems of the mirror [227].
The operating principle of these systems can be divided into electro-mechanical and
piezoelectric. Most industrial laser optical systems use different types of electrical
motors to rotate or move the mirrors. However, the accuracy of such systems is limited
to several micrometres.

z
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Hemispherical Rotor

Piezoelectric Ring
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Base Non-Ferromag Per Magnetorheological Fluid
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Figure 4.1. Principle of the rotational piezoelectric deflector with MRF braking
medium
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Figure 4.2. Principle of 3D rotational piezoelectric deflector (3D RPD) device using
ERF as a braking medium

In general, the 3D RPD device requires an actuating component for rotational
positioning. Currently, the 3D RPD is driven by a piezoelectric ring transducer, which
has some disadvantages. Some of the disadvantages of such a complex mechanism
are when the driving actuator is switched off, and due to the inertia, forces of the rotor;
it is difficult to maintain a continuous and smooth force control, and precision
positioning of the 3D RPD. As a result, the researchers are working on a new actuating
spherical braking mechanism based on smart fluids, such as magnetorheological fluids
or electrorheological (ERF) fluids. The yield stress of the smart fluids is easily
changed by controlling the intensity of the electric or magnetic field. The
phenomenological behaviour of the smart fluids has several benefits on the 3D RPD,
such as resistance to external forces or pressures, high stability (smooth motion),
precision positioning and reliable control performance.

4.2.1. Braking analysis of the RPD by using MRF

Figure 4.3. (a) shows a cross-section of the 3D RPD. The 7y is the radius of the
hemispherical rotor, g is the height of the MRF filled between the rotor and the
ferromagnetic fluid holder, and 75 is the radius of the high friction element. The height
between the friction element and the piezoelectric ring transducer is denoted by h4,
and the height between the curved part of the rotor, the piezoelectric ring transducer
is given by h,. The angles corresponding to the arc portions of the lower rotor to the
fluid and the piezoelectric ring transducer are denoted by By gr and By, respectively.
In Figure 4.7., the magnetic flux that passes through the fluid holder is according to
the magnetic flux conservation law of the magnetic circuit ® = BA. In order to obtain
the ideal force effect, it is necessary to ensure the uniformity of the magnetic flux
density applied to the MRF [228]. Therefore, the following equation can be obtained:

BS+Ba a . ﬁ .
fﬁa fO MRF(T' + h)z sinfdadf = BSI:,-I;I;+ﬁpr fo MRF(T +

h)?sin B da df = cos(Bs + Bg) + cos(ﬁs + B, + ﬁpr) — cos(Byrr) = cos fs.
4.1)
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Based on Fig. 4.3. (b), the following dependencies are obtained:

sinffs = rrfg , (4.2)

Bs + Ba + .Bpr = Burrs (4.3)

hy = (s + g)(cos Bs — cos(Bs + Ba)), 4.4)

hy, = (s + g)(cos(ﬁs + Ba) — COS(ﬂS + Bq + ﬂpr))- 4.5)

When an external magnetic field is applied to the MRF, the rheological
properties such as viscosity changes. In the absences of the magnetic field, the fluid
returns to the liquid state behaving as Newtonian [229] and can be described as:

T = Hy; (4.6)

where T is the shear stress, u is the viscosity of the fluid, and y is the shear rate.
The MRF torque braking is given as:

y =2 (.7)

where r is the rotor radius, ® and g are the angular speed and the MRF gap
length, respectively.

When the magnetic field is applied to MRF, the rheological properties of the
fluid are altered. The magnetic particles in the carrier fluid induce polarization and
form chain-like structures in magnetic flux path direction, thus changing the viscosity
of the fluid. The behaviour of the fluid is often represented as a non-Newtonian [230],
having a variable yield strength. Bingham’s model is described as [231]:

T=Tp+Uy; (4.8)

where 75 is the yield stress, which is developed in response to the applied
magnetic field. Its value is a function of the magnetic field induction B.

Mirror L:)

‘ Rotation about the z-axis

Non- ic Concave ¢ :
Fluid Holder (Stator) Magnet Fluid (MRF)
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(a) (b)

Figure 4.4. a) Scheme of the proposed 3D RPD, b) spherical coordinate system for
the torque model

Therefore, the output torque Tyy¢py: generated by the hemispherical rotor is
given as:

Toutput =Te + Ty, + T3 (4.9)

where Tj,is the mechanical friction, and T is the controllable torque given as:
T, = fAs 1Ty (B) dAs. (4.10)

T#IS the viscous torque given as:

Ty = J, tuy dAs; @.11)

where A denotes the surface area of the sphere that is activated by the magnetic
field, 7 is the moment arm, which is the distance from the point on the surface of the
sphere to the axis of rotation. In the application, the rotational speed of the 3D RPD
is slower; therefore, the T, is proportional to the angular velocity, and this is
negligible.

The maximal torque rotation of the rotor on the three axes has to be formulated
and calculated with and without the MRF application. The torque model of the three
coordinates system of the hemispherical rotor is represented in Figure 4.4. (b).

From Figure 4.4. (a), the rotation angles y and f are formulated based on the
point location on the hemispherical surface. The angle of rotation of the rotor on the
3 axes is given as:

n* =rsinf, (4.12)

¥ =1rY =1ry(cos B)? + (sina sin §)2. (4.13)
Based on the equations 4.12 and 4.13, the torque output at the z-axis is given as:

. in2
Toutpue” = Te* = [ [3° Ter3(sin f)2dadf == Trdao (22— 220); (4.14)

where a and B, are the angles of the stator.
Based on the equations 4.10 and 4.13, the output torque in the x and y axis is
given as:

Toutputx = outputy = Trx Y =x TTZ(:BO =m) —

70 [T, sin [ Ccos B2 + s asin B2 dadf @.15)

The equations 4.14 and 4.15 describe the dependence of the yield stress 7,, of

the MRF 140-CG developed by the Lord Corporation [82]. That work has shown that
the torque output increases when the yield stress of the MRF increases. In this study,
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the MRF-140CG was used. This type of MRF has a yield strength that is highly
saturated. With the increase of magnetic flux density, the yield stress of MR fluid
increases approximately linearly and tends to saturate when the magnetic flux density
reaches 1T. An approximate polynomial of the dynamic yield stress 7,,(B) can be
obtained from the least-squares curve-fitting method, which is expressed as:

7,(B) = —66.434B% + 99.911B? + 24.188B + 0.6812. (4.16)
4.2.2. Design of the magnetic circuit

The magnetic circuit generates an appropriate magnetic field in the MRF, which
is important for the 3D RPD in motion. The magnetic circuit analysis was conducted
based on the following criteria introduced in [232]. The Ampere’s circuital law, the
circulation of magnetic field intensity (H) around the closed path (C), which is equal
to the free current (I), and the surface bounded by the path are related as:

§. H.dl =1 4.17)
The equation 4.17 that is given in a closed loop can be rewritten as:

where Iy, If, Iygrp and I, are the cumulative lengths of the air, the ferromagnetic
material, the MRF, and the permanent magnet along the path, respectively. Hy, Hy,
Hyrr and H,, are the average magnetic field intensities along the path lines in these
materials. When the flux leakage is neglected, the relation that is established follows
the continuity of the magnetic flux given as:

q) = AaBa = Afo = AMRFBMRF = AmBm; (419)

where @ is the magnetic flux, Ag, Af, Aygr and Ay, are the cross-sectional
areas of the materials along the magnetic circuit, and B,, By , Bygp and B, are the
average magnetic flux densities over these cross-sectional areas. Assuming that the
magnetic properties of the materials are linear:

B Br BMmRF .
e _ % = to; (4.20)
HaHg urHg UMRFHMRF

where pg, (1 and py g are the relative permeability of the air, the ferromagnetic
material, and the MRF, respectively, and where p,, is the permeability of the vacuum.
Moreover, Br is the remnant flux density, and H, is the coercive field intensity. For
convenience, the demagnetization curve can be approximately described as:

B=H+B,. (4.21)

Combining the equations 4.18 and 4.21, the average magnetic field intensity at
the MRF can be expressed as:

Al By

B >
MOMMRFAMRF(lm“'DH_:_Am)

Hyjpp = (4.22)
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where

. lg lr IMRF

b= HalloAq + HfloAf + UMRFHOAMRF (423)
The equation 4.22 shows that in order to increase the magnetic field intensity at
the MRF, the magnetic path length of the air (l,), the ferromagnetic material (l¢) and
the MRF (lgrr) have to be decreased, when all other variables are fixed. As the
relative permeability of ferromagnetic materials is much larger than that of the air and
the MRF, decreasing the length of air and the MRF will be much more effective than

decreasing that of the ferromagnetic material.

4.2.3. The equations of motion of ERF

The ideal Bingham theory defines the behaviour of the smart fluids as a solid,
until the yield stress 7, is exceeded and exhibits a linear relationship between the
stress and the rate of shear or deformation. However, the yield stress is a function of
the applied field. As the applied field increases, the yield stress increases as well. In
Annexe 5, the graph shows the change in the yield stress and apparent viscosity by
changing the applied field.

From the experiment conducted by [233], it was found that the yield shear stress
for the ERF varies concerning the electric field. The results showed that the relation
between the yield shear stress 7, and the electric field strength E' is given as follows:

7, ()=« (%)ﬁ; (4.24)

where E is the magnitude of the vector E, but U and 2h are the applied voltage
and the film thickness, respectively. Both parameters a and f are the experimental
constants, of which the range of the exponent £ is from 1 to 2.4 [234, 235]. The shear
yield stress (ty (E)) is as well written as shown in the equation 2, based on the
experimental data presented by [236]:

7y (E) = a4 (%) + a, (%)B ; (4.25)

where a; and a, are constants. For relatively high field strengths, a simpler
formula may be used:

U\2

1, (E) = a (ﬁ) ; (4.26)
where «a is an experimental constant.

4.2.4. Torque modelling for ERF braking medium

The torque generated by the activated ERF hemispherical 3D RPD is affected
by the viscous friction torque Tj, and the controllable torque Tigp. This is given as:

T, = ff, wirda, (4.27)
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TERF = ffsh TyTrdA, (428)

where s}, is the surface area of the hemispherical rotor. 7. is the distance of the
rotation arm from one point on the hemispherical rotor surface to the rotational axis.

(a) (b)

+
|
|
|

Mirror

Hollow Ferromagnetic
Hemispherical Rotor

Rotatior
the x/y-

Base Cu Fluid Holder/ Electrorheological Fluid ‘

Electrode Rotation about the z-axis

Figure 4.5. a) Scheme of the proposed 3D RPD, b) spherical coordinate system for
the torque model

The rotation of the rotor about the three coordinates is shown in Figure 4.5. (b).
An arbitrary point on the surface of the electrode is described by the angles ¢ and 6.
The moment arm for X, Y and Z axis is determined by:

X, = 724/ (sin 8)2 + (cos @ sin )2, (4.29)
Y, = 744/ (sin @)2 + (cos O sin )2, (4.30)
Y, = rgcosb, (4.31)

where 73, is the radius of the spherical joint. The generated controllable torque,
viscous friction torque in three rotational motions have derived by surface integral as
follows:

Xrpee = Ty(E)rEm? —

fg_eo fozn ry(E)ra3\/(sin 0)? + (cos @ sin ¢)? cos Odepdo,

(4.32)

YTERF =

Ty ()13 m? = fOTGO fozn 7, (E)13/(sin6)2 + (cos 0 sin p)? cos Odedo,

(4.33)
6o 2
LTepe = f_go fo n‘[y(E)ra3 cos? fdgpdo, (4.34)
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8 6y (2 - -
Xr, = u%rfnz—'foz I nu%r;\/(sm 0)2 + (cos @ sin )2 cos? Bdpdo,
(4.35)

8 T 6 2 - -
Y, = y%r;nz—'foz s nu%rf\/(sm 0)2 + (cos @ sin ¢)? cos? Bdpdo,
(4.36)
Zr, = [% [ et cos® 0dgd, (4.37)

2

where w is the angular velocity of the rotor, and h is the fluid thickness. 8 is
the constant angle of the electrode

4.3. FEM simulation

In order to design a high-performance 3D RPD, three main factors are
considered. These factors are structural design, excitation design and dynamic
characteristics. This section focuses on the experimental analysis, theoretical and
finite-element method to optimize the structure of the 3D RPD. Since the geometry of
a single magnetic circuit unit in the 3D RPD is not symmetric about the z-axis, in this
section, the finite element simulation was performed with COMSOL 5.4a
Multiphysics [237], where electromagnetic modules were used. As a basis for a time-
dependent solver, the relations defined by Maxwell’s equations were employed,
including the equation of continuity for constant electric charge density; the Comsol
5.4 software is employed to perform three-dimensional (3-D) finite-element analysis
(FEA) of the magnetic circuit. Before using FEA to optimize the structure, some
design specifications of the 3D RPD were specified.

In order to design the 3D RPD electromagnetic FE model, these dependencies
were used in the Comsol Multiphysics software:

Vx] =0, (4.38)
and Ampere’s law,
VXH=]. (4.39)

There, H is the magnetic field intensity and J the current density. The
constitutive relations are established between the magnetic field intensity and
magnetic flux density, B:

B=puyXuxH, (4.40)
and between current density and electric field intensity, E:
] =0E X J,. (4.41)

In these equations, ;- and i, are the material permeability and the permeability
of free space, respectively, and o is the electrical conductivity. The two potentials are
described as direct consequences of Gauss’s law:

E=-VV, (4.42)
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and Faraday’s law,
B =VXA; (4.43)

where V is the electric scalar potential and A is the magnetic vector potential.
Finally, the J, term from the equation 4.41 was generated with COMSOL’s multi-turn
coil domain interface, the value representing the external contribution of the
electromagnetic coil to the ambient current density:

NeoitXIcoi
Jo = —Eellzeoll g, (4.44)

There, N,,;; is the number of turns in the electromagnetic coil, and I.,;; is the
applied current. In order to simulate the behaviour of the magnetorheological fluid, a
direct relationship was defined between the fluid’s dynamic viscosity and the intensity
of the local magnetic field. This viscosity regularization and the general fluid flow
dynamics of the model are discussed in detail in the following section.

¥~ Hollow Ferromagnetic
Hemispherical Rotor

SCTE
AVAVAY

Piezoelectric Ring
Transducer

Non-Ferromagnetic MRF
Concave Fluid Holder Permanent Magnet

Figure 4.6. Mesh model of the asymmetric RPD using MR3

Hollow-Ferromagnetic
Hermispherigal Rotor

Piezoelectric Ri 02
Transducer B
¥ 2.27x10

Non-Ferromagnetic ~ Permarient Magnet Magnetic Flux
Concave Fluid Holder Lines

Figure 4.7. Distribution of the magnetic flux density
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The simulation mesh model is presented in Figure 4.6., where the defined
meshed asymmetrical geometry of the RPD model, due to the complexity of the
model, the entire system is given as well. In order to perform the electromagnetic
analysis, the materials were defined: namely, steel for the hemispherical body, glass
for the deflector, iron for the electromagnetic coil and magnetorheological fluid. After
the definition of the materials, it is possible to get the magnetic flux density field
characteristics at two different initial inputs, i.e., angular speed of the RPD and the
magnetic flux. Figure 4.7. gives the magnetic flux density.

4.4. Experimental analysis

In this section, the experimental investigation of the effects of MRF and ERF
on the positioning of 3D RPD was demonstrated. The experimental results compared
the difference in the resolution of the 3D RPD, when there is a fluid applied as a
breaking media and when the fluid is not applied. The experimental setup presented
in Figure 4.8. and Figure 4.9. shows a prototype of the 3D RPD with MRF and ERF
setup, respectively. The angular displacement results were obtained through the
excitation of the piezoelectric transducer ring. The produced signal was a burst-type
harmonic vibration signal of 22 cycles that is repeated at every 0.5 s. The operational
frequency generated from the Agilent 33220 A and linear amplifier EPA-104 was set
at 32.5 kHz. The results compared the cases where there was no Smart fluid present
and where an activated SF was present.

Oscilloscope Signal Generator ~ Polytec Laser Doppler
PicoScope 3424 Agilent 33220A  Vibrometer system
OFV512/5000

PC with PicoScope
and Polytec Software

Linear Amplifier ~ Controller
EPA-104

Piezoelectric 3D
S Deflector with

Hemispherical Rotor

Figure 4.8. Experimental setup of the RPD using MRF as a braking medium
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and Polytec Software

Controller

Piezoelectric 3D R /
Deflector with High Voltage Mastech Multimeter DC power supply
Hemispheric Rotor Converter CCF122C MSS8218 HY1803D

Figure 4.9. Experimental setup of the 3D RPD using ERF as a braking medium
Table 4.1. Design parameters of the 3D RPD

Description Symbol Value
Radius of sphere R 15 mm
Piezoelectric ring thickness ty 6 mm
Piezoelectric ring inner P4 19.5 mm
diameter
Piezoelectric ring outer P, 30 mm
diameter
Radius of non-ferromagnetic Tsp 23 mm
concave fluid holder
Inner radius of the magnet ring M, 4.2 mm
Outer radius of the magnet ring M,, 12 mm
Magnet thickness tm 8 mm (+/-0.1 mm)
Thickness of MRF/ERF H 0.5 mm
Magnetic field Bf.max 04T
Magnetic permeability of the u 4 10-7 N/A2
vacuum
Remnant flux density of magnet Br 1.28T
Coercivity field intensity of He 955 kA/m
magnet
Applied voltage Vv 800V

This electric field applied to the ERF was achieved due to the fluid thickness h
as shown in Figure 4.5. and the applied voltage, which in this case is 800 V. The
electric field is obtained from the equation 4.25. The ERF that is used in this
experiment is LID 3354s, the properties of which can be found in Table 1. in Annexe

93



3 [163]. The trajectory of the 3D RPD was measured by using Polytec laser doppler
vibrometer OFV512/5000.

4.5. Results and discussion

The graphs shown in Figure 4.10. (a) and (b) reveal the theoretical results
conducted in Matlab and the experimental results of the angular displacement when
the resolution of one-step without MRF applied. The rotation of the hemispherical
rotor is about 40 urad at a transient time of about 350 ms for the 3D RPD without
MREF for the calculated model, and the angular step amplitude is about 25 urad, and
the transient time is about 100 ms for the experimental model without MRF applied.
The graphs that are shown in Figure 4.11. (a) and (b) are the FEM COMSOL
simulated and experimental results of the 3D RPD without MRF application. The
angular displacement of the 3D RPD without the application of MRF, at a resolution
of one step for the simulated model, is about 38 urad, and a transient time is about
750 ms.

However, Figure 4.12. (a) and (b) shows the results of the angular rotor
displacement responses to the sinusoidal burst type input voltage signal with the
amplitude of 70 V (peak to peak) and frequency of 32.5 kHz. The angular
displacement of it is about 37 urad at a transient time of about 340 ms for the 3D
RPD with the activated MRF for the calculated model and the angular step of 20 urad
and the transient time of 230 ms for the experimental model with activated MRF.
Figure 4.13. (a) shows the angular displacement of the 3D RPD when the activated
MREF is applied for the simulated model, where the resolution of one-step is shown on
the graph to be 34 urad at a transient time of 740 ms, and Figure 4.13. (b) reveals the
angular displacement of the experimental model with the activated MRF.

The theoretical and experimental results showed a significant improvement in
the resolution of the 3D RDP when activated MRF is applied. The theoretical
calculations show 8 % improvement in the angular resolution of the 3D RPD. The
FEM result as well shows 11 % improvement in the angular resolution of the 3D RPD.
Finally, the experimental results showed 20 % improvement in the angular resolution
of the 3D RPD.
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Figure 4.10. (a) Calculated results of rotor step angular displacement as a function
of time without MRF application, and (b) experimental results of rotor step angular
displacement as a function of time without MRF application
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Figure 4.11. (a) FEM results of rotor step angular displacement as a function of time
without MRF application and (b) experimental results of rotor step angular
displacement as a function of time without MRF application
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Figure 4.12. (a) Calculated results of rotor step angular displacement as a function
of time with activated MRF and (b) experimental results of rotor step angular
displacement as a function of time with activated MRF
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Figure 4.13. (a) FEM results of rotor step angular displacement as a function of time
with activated MRF and (b) experimental results of rotor step angular displacement
as a function of time with activated MRF
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Figure 4.14. Comparison of rate of angle of rotation for MRF (a) analytical model,
(b) COMSOL model and (c) experimental model

Figure 4.14. (a), (b) and (c) shows the comparison graph of the rate of change
in the angle of rotation of 3D RPD with activated MRF for the analytical, COMSOL
and experimental models, respectively. These graphs show that the angular rotation
decreases, as the applied field to the MRF increases

The graphs shown in Figure 4.15. (a) and (b) are the theoretical results conducted
in Matlab and the experimental results. The angular displacement: the resolution of
one-step is at 85 p rad at a transient time of 49 ms for the RPD without ERF braking
medium for the theoretical model, and a resolution of one-step is about 90 urad at a
transient time of 80 ms for the experimental model.

The graphs that are shown in Figure 4.16. (a) and (b) are the theoretical and
experimental results of the angular displacement of the 3D RPD with ERF applied. The
graph shows a resolution of one-step of 27 w rad at a transient time of about 38 ms
and a resolution of one-step at 40 urad at a transient time of 38 ms for the experimental
model.
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The theoretical and experimental results showed a significant improvement in
the resolution of the 3D RDP when activated ERF is applied. The theoretical
calculations show 68 % improvement in the angular resolution of the 3D RPD.

However, the experimental results showed 56 % improvement in angular resolution of
the 3D RPD.
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Figure 4.15. (a) Theoretical results with angular rotation without ERF applied and
(b) experimental results with angular rotation without ERF applied
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Figure 4.16. (a) Theoretical angular rotation with the activated ERF and (b)
experimental results with the activated ERF
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Figure 4.17. Comparison of rate of angle of rotation for ERF (a) analytical model,
(b) experimental model

Figure 4.17. (a) and (b) shows the comparison graph of the rate of change in
the angle of rotation of 3D RPD with activated ERF for the analytical and
experimental models. These graphs show that the angular rotation decreases as the
applied field to the ERF increases.

4.6. Conclusions

In this research, the MRF was proposed to design a brake for the RPD. The main
part of the RPD consists of a hemispherical hollow body, a spherical fluid holder or
disc, a permanent magnet that holds the RPD in place. The gap between the
hemispherical body and the disc is filled with MRF. This created the necessary
magnetic circuit for the proper magnetization of the fluid and the required braking
torque. The preliminary configuration of brake fluid is obtained by the evaluation of
the main factors influencing the design of the magnetic circuit and the performance
obtained in terms of brake torque. Through the subsequent realization of a finite
element magnetic flux density model, it was possible to assess the distribution of the
magnetic field inside the MRF and the resistance to relative motion between the
hemispherical body and the disc more accurately. However, it is possible in the next
analysis of FEM model results to compare the calculated results to the actual
experimental results.

The theoretical and experimental results showed a significant improvement in
the resolution of the 3D RDP when activated MRF is applied. The theoretical
calculations show 8 % improvement in the angular resolution of the 3D RPD. The
FEM result as well shows 11 % improvement in the angular resolution of the 3D RPD.
Finally, the experimental results showed 20 % improvement in the angular resolution
of the 3D RPD.

The other design introduced another novel form of controlling the 3D RPD to
achieve that precision positioning of the 3D RPD by using an activated ERF. The
theoretical and experimental results using shear forces were created by activated ERF
as a controlling medium for the 3D RPD. The theoretical results show 68 %
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improvement in the resolution steps of the 3D RPD when ERF is applied compared
to the one without ERF. The experimental results show 56 % improvement in the
resolution steps of the 3D RPD when ERF is applied, comparing to the one without
ERF. However, these results show that by applying ERF to the 3D RPD can
significantly reduce the slip of the rotor and improve its positioning.
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CONCLUSIONS

100

The research work that was conducted within the scope of this dissertation
was aimed at providing theoretical and experimental studies for using SF to
improve the functionality of a cantilever beam used in resonant sensors,
enhancing the output power of a piezoelectric generator and serving as a braking
medium for 3D Rotational Piezoelectric Deflector. The outcome and
conclusions can be summarized by highlighting the following points:

The evaluation of the rheological properties of smart fluids makes them a good
choice as a material to help improve the functionalities in mechatronic devices.
A resonant sensor was designed by using sandwiched SF cantilevers that did not
achieve the needed damping effects, when the field is applied to the fluid. It has
been found that the use of a solid object as frequency tuner for piezoelectric
energy generators was not effective enough in terms of damages caused to the
cantilever beam when vibrating. The 3D Rotational Piezoelectric Deflector has
some limitations in the precision of angular positioning when it brakes.

The analysis of simulation, the analytical and experimental results of CB with
ERF as damping medium at 1.6 kV/mm, 1.8 kV/mm and 2kV/mm for a vibrating
CB shows that the stiffness and damping characteristics of the CB were
controlled. An increase of frequency and a decrease of amplitude were obtained
by comparing to non-activated ERF. The maximum increase of the frequency
of CB was at 2kV/mm: in the experimental results, 12.4 %, in the simulation
and the analytical results, 16.2 % and 13.46 %, respectively.

A new method of using rheological change in MRF as a soft impacting medium
for frequency tuner for PEG was created. The results showed an increase in the
frequency and power output of the PEG when MRF is activated, compared to
the free vibrating beam without the presence of the MRF medium. The
maximum power output results for analytical, simulation and experimental
investigation, when the MRF was activated at 03T, were
410 u W, 405 u Wand 403 p W, respectively, compared to the one without
the presence of MRF, the results were 240 W,250 W and 239 u, W
respectively.

A theoretical and experimental study of the ERF and MRF as a braking medium
for 3D Rotational Piezoelectric Deflector shows a higher precision of angular
positioning of the 3D RPD, compared to them without the presence of the
braking medium. The theoretical, simulation and experimental results, when
MREF is applied, show 8 %, 11 %, and 20 % higher angular resolution of the 3D
RPD, compared to the one without the presence of the MRF braking medium.
The theoretical and experimental results of 3D RPD when ERF is applied show
68 % and 56 % higher angular resolution, compared to the one without the
presence of the ERF braking medium.
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ANNEXES

Piezoelectric Bimorph
Cantilever Beam

Annexe 1. Schematic of the piezoelectric bimorph cantilever beam

Annexe 2. Characteristic values of piezoelectric bimorph cantilever beam

Symbol Description Value Units
L The total length of the beam 50 mm
w The width of the beam 7.2 mm
t Total beam thickness 0.78 mm
t, The thickness of piezoelectric 0.26 mm

layer
tsn Shim layer thickness 0.28 mm
Py Piezoelectric layer density 8100 Kg/m3
DPsh Shim layer density 8960 Kg/m3
£33 Permittivity 39825¢-12 nF/m
Ep Shim layer modulus of elasticity 120e9 N/m?
E, Piezoelectric layer modulus of 6.7¢10 N/m?
elasticity

e31 Piezoelectric constant 250
¢ Capacitance 45 nF
(1) Mechanical quality factor 50
k33 Piezoelectric coupling 0.71

coefficient
st Piezoelectric compliance 14.90e-12 m?/N
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3.5

Yield Stress (kPa)

Electric Field (kV/mm)

Annexe 3. Relationship between the yield stress and the electric field of applied
ERF [193]

Annexe 4. Specifications of ERF [193]

Property Value
Base Fluid silicone-based
Density (Pgrr) 1.3e3 (kg/m®)
Viscosity (u) at 30 °C 0.11 Pa. s
Flashpoint >150 (°C)
Boiling Point > 200 (°C)
Freezing Point <-20 (°C)
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Annexe 5. Yield stress-magnet field relationship of MRF-140CG [201]
Annexe 6. Physical properties of fluid MRF 140CG Lord Corporation [201]

Property Value
Base Fluid Oil hydrocarbon
Working temperature -40 to 130 (°C)
Density 3540 (Kg/m?)
Colour Dark grey
Viscosity (slope between 800 and 0.280 (£ 0.070) (Pa.s)
500 Hz at 40 °C)
Flashpoint >150 (°C)
Weight percentage of particles 85.44 %
Thermal conductivity at 25 (°C) 0.25-1.06 (W.m 1. K1)
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3 { CB
Bottom Electrode  Activated ERF

Annexe 7. 3D model of CB-ERF damping medium in COMSOL
o

Clamped Area

y
L y
Activated ERF
Bottom Electrode ¥

Annexe 8. Meshing of CB and ERF damping medium in COMSOL
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Surface: Displacement field, Y component (mm)

Bottom Electrode Activated ERF

Annexe 9. Simulation of upward displacement field CB with ERF damping medium

Surface: Displacement field, Y compoenent (mm) Clamped Area

Bottom Electrode Activated ERF CB

Annexe 10. Simulation of downward displacement field CB with ERF damping
medium

Annexe 11. Matlab coding for energy generator

%% Thesis-Design of MRF Piezoelectric Energy Generator
% Sylvester Djokoto

function nonlinear function
%global R

Fs=200000;

Ns=1024;
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Ts=1/Fs;
Tmax=0.1;
tspan=0:Ts:0.2;

kk=length(tspan);
k=0:kk-1;
T=kk/Fs;
R=200000;

v0=[0 0.3];

zz=length(v0);

delta=[01];
nn=length(delta);
V1=zeros(length(tspan),nn);
displacement1=zeros(kk,nn);
velocityl=zeros(kk,nn);

state values1=zeros(kk,3,nn);
V2=zeros(length(tspan),nn);
displacement2=zeros(kk,nn);
velocity2=zeros(kk,nn);

state values2=zeros(kk,3,nn);
time 1=zeros(2000,1);
time2=zeros(2000,1);

delta=[0 1];
IC1=[00.18 -3.5];
%for ii=1:nn

% y0=0;

% vO0=1;

% V0=0;

% %v0=1;

tspan1=0:Ts:0.006;

options = odeset('Events',@eventfunct2);

% IC=[y0v0 VO]; %% initial condition

%call ode45loolo

[timel,state values1]=ode45(@(t,x)nonlinear func2(t,x,delta(1),R),tspanl,IC1);
%yyl=interpl(timel,state_values1(:,3),tspan);

1C2=[0 0.18 0];

tspan2=0.006:Ts:0.03;

%call ode45

[time2,state_values2]=ode45(@(t,x)nonlinear func2(t,x,delta(2),R),tspan2,IC2);
%yy2=interp1(time2,state_values2(:,3),tspan);
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% tl=timel;
% t2=time2;

displacementl=state valuesl(:,1); % displacement
vector

velocityl=state values1(:,2); %velocity vector
Vl=state valuesl(:,3); %% generated voltage vector

%Vcat=[V1;yyl'];
%aa=length(V);

displacement2=state values2(:,1); % displacement vector
velocity2=state_values2(:,2); %velocity vector
V2=state_values2(:,3); %% generated voltage vector

%Vcat=[V1;yyl'];

%aa=length(V);

%Tcat=[time;time];

%bb=length(yy);

%][xx,fval]=fminsearch(@nonlinear_func2(V))
Yfreq=(sqrt((((4*pi*Taul*rm”"3)/(3*(h+max(displacement))"2))+k1)/m))/(2*pi)
%Power=10"3*(V."*2/(2*R));

%P=max(Power);

%Write data to text file

% Z=[t displacement Power V];

% fileid=fopen('test2012T.txt",'w");

% % fprintf(fileid,'%s %s %s %s\n','time','displacement’,'Power’,'voltage');
% fprintf(fileid,'%f %t %f %f\n',Z");

% fclose(fileid);

%%ft1t

% N=length(V); %length of signal
% nfft2=2"nextpow2(N); %next power of two

% fE=fft(V,nfft2);

% Vy=2*{f(1:nfft2/2);

% Vy=Vy/max(Vy);

% VV=abs(Vy);

% Vx=Fs*(0:nfft2/2-1)/nfft2; %frequency of signal in Hz
% vv=VXx'";

% vvv=VV;
Displacement=[displacement1;displacement2];
V=[V1;V2];

length(V);

Vcatl=V(1:3001,:);

Vcat2=V(2140:end,:);

vvcat=sort(Vcatl);
VV=smooth([Vcatl;Vcatl],200);
xnorm=findchangepts(VV)
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vg=[VV(1:1861,:); VV(3193:end.:)];
Tg=linspace(0,0.03,4671);
length(vg);
Vg=smooth(vg,100);
Time=[timel;time2];
s=max(displacementl);
sl=max(V1);
Vp2p=max(Vg)-min(Vg)
Pp=(Vp2p)"2/(4*R)
Displacement=detrend(Displacement);
[Y,freq]=positiveFFT(Displacement,Fs);
Y abs=abs(Y);
F_freq=freq;
Ac=sqrt(Y _abs.*F_freq);
7z-Vgl;
fileiD=fopen('voltO12T.txt','w");
fprintf(fileiD,' %s\n','voltage");
fprintf(fileiD,' %f\n',ZZ");
fclose(fileiD);

%plot(R,Power)
%Power=((s1"2)/(2*R))

spectrum

% X1=(fft(y,Ns))/Ns;

% Displacement=2*abs(X1(1:Ns/2+1));
% figure (1);

% plot(f,Displacement)

% xlabel('Frequency [Hz]'")

% ylabel('Displacement [meters]')

%power in one sided

% % legend('Displacement Response at field density of 0.3T")

% grid on

%%Plotting

%

% clf;

% figure (1)

% plot(Time,V,'r','linewidth',4);
% xlabel('Time [s]')

% ylabel('"Voltage [V])

% Y%title('Generated Voltage Vs Time')

% set(gca,'fontsize',32)

% legend('@0.12T")

% ax = gca;

% ax.GridColor = [0 .35 .35];
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ax.GridLineStyle ='-';
ax.GridAlpha = 0.30;

ax.MinorGridColor = [0 .30 .30];
ax.MinorGridLineStyle = '-;
ax.MinorGridAlpha = 0.25;
grid(gca,'minor’)

grid on

%set(gcf,'Colour','k")
%set(gca,'Box','off")

%
%
%
%
%

%
%
%
%
%
%
%
%
%

figure (2)
plot(freq,2*Y abs,'linewidth',2)
%axis([0 500 0 0.25])
xlabel('Frequency (Hz)")
ylabel("Amplitude (a.u)")
figure (3)
clf
plot(Time,10"6*Displacement,'k’, linewidth',4);
xlabel('Time [s]")
ylabel('Displacement [\mum]')
%title('Displacement Vs Time')
set(gca,'fontsize',32)
ax = gca;
ax.GridColor =[0 .35 .35];
ax.GridLineStyle ='-;
ax.GridAlpha = 0.30;

ax.MinorGridColor = [0 .30 .30];
ax.MinorGridLineStyle = '-;
ax.MinorGridAlpha = 0.25;
grid(gca,'minor’)
grid on
legend('@0.12T")
figure (4)
plot(F_freq,Y_abs)
figure (3)
clf;
plot(time,velocity,'b', linewidth',2)
xlabel('Time [s]')
ylabel("Velocity [m/s]')
title("Velocity-time plot')
set(gca,'fontsize',12)
figure (4)
clf;



%
%
%
%
%

%  plot(time,Power,'g','linewidth',2)
%  xlabel('time [s]")
%  ylabel('Power [w]')
% title("Power-time plot')
%  set(gca,'fontsize',12)
%  figure (5)
% plot(f,V_abs)
% figure (5)
% clf
% plot(time,yy,'linewidth',2)
%  xlabel('Displacement (m)")
%  ylabel('Velocity (m/s)")
% title("Phase Portrait plot')
%  set(gca,'fontsize',12)
figure (6)
plot(Tg,Vg,'r', linewidth',4)
xlabel('Time [s]")
ylabel('"Voltage [V]')
%title('Generated Voltage Vs Time')
set(gca,'fontsize',32)
legend('@0.04T")
ax = gca;
ax.GridColor = [0 .35 .35];
ax.GridLineStyle ='-';
ax.GridAlpha = 0.30;

ax.MinorGridColor = [0 .30 .30];
ax.MinorGridLineStyle = '-;
ax.MinorGridAlpha = 0.25;
grid(gca,' minor’)

grid on

figure (7)
plot(F _freq,Y abs)

figure (7)
plot(Time,VV)

data=table(Time, Displacement, V);
writetable(data,'paperdata.txt')

end
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function xdot=nonlinear func2(t,x,delta,R)
%for R=10000:1000:20000;

%delta=[0 1];

xdot=zeros(1,3);

w=20;

pm=7500;

r=2e-3;

rm=2¢-3; %Radius of magnet [m]

hc=6e-3; %height of magnet

%for R=20000:10:500000

xdot(1)=x(2); %

mt=0*pi*r*2*hc*pm;

tp=0.26e-3;

1b=38e-3;

b=7.2e-3;

mc=0.0018; %.calculated mass of the cantilever beam
m=mt+33/140*mc; %effective masss of the beam

Taul=67246; %yield stress of the fluid in N/m”2 1244@0.03T 1668@0.4T
@0.12=5265 6679@0.15T 2531@0.06T 3415@0.08T 4320@0.1T,14671@0.3T,
27806@0.5T

h=0.5¢-3; %Initial gap between cantilever beam and magnet in meters
eta=0.288; %viscosity of the fluiding Pa.s

k1=1132; %ecalculated stiffness of the beam

zeta=0.02; %damping ratio of the cantilever beam

%alpha=0.00440; %electromnechanical coupling coefficient [N/V] %
Load resistance in ohms

%C=37*10"-9; % Capacitance of the piezo ceramic in Farad
k2=(4*pi*rm"3*Taul)/(3*(h+max(x(1)))"2)
c2=(3*pi*eta*rm”™4)/(2*(h+min(x(1)))"3);

d31=-315e-12;  %d31 coefficient

%d33=640e-12;  %d33 coefficient

s11=14.2e-12; %% Piezoelectric compliance

phi=0.42; %%d33 coupling coefficient
%s11D=s11*(1-phi"2);

z33t=4500; %%relative permittivity constant at constant
stress

zeta33=z33t*8.85%10"-12;

z33s=zeta33-(d3172)/s11; %%permittivity constant at constant
strain

Cp=(z33s*Ib*b)/tp;
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alpha=sqrt(0.5*(phi*2*Cp*(k1+k2)));
cl=2*zeta*sqrt(m*k1);
wr=sqrt((k1+k2)/m);

ww=max(Wwr);

% Fr=ww./(2*pi);
% Rs=1/(wr*2*Cp);
% Ropt=(2*zeta)/(ww*Cp*(sqrt(4*zeta"2+phi*4)));

zeta _e=(ww*phi”2)/(sqrt(ww”2+1/(2*R*Cp)"2));
C_const=cl+c2;

z ratio=C_const/(2*m*ww);
ZETA=zeta etz ratio;

g=9.81;

gg=2e-5;

A=g;

% if t<=0.03
% delta=0;
% else

% delta=1;

%% prescribed displacement amplitude m

%  xdot(2)=sin(2*pi*w*t)-(2*alpha*x(3))/m-((c1+c2)*x(2))/m-
((k1+k2)*x(1))/m;

%  xdot(3)=(alpha*x(2)-x(3)/(2*R))*1/(C);

%  xdot=xdot";

%x(1)=h;
xdot(2)=(0.45*g*sin(2*w*pi*t))-(2*alpha*x(3))/m-delta*(c1*x(2))/m-
(c2*x(2))/m-(k1*x(1))/m-delta*(k2*x(1))/m;
xdot(3)=(alpha*x(2)-x(3)/(2*R))*1/(Cp);

xdot=xdot';

heaviside(x(1)-h);

%% iteration

end
%heaviside(x(1)-h);

% function y = delta3(x)

%

% if x >= 5e-4
% y =1;

% else

% y=0;

%

% end
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