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ABSTRACT 

Magnetic Polymer Composite Transducers for Integrated Systems 

Mohammed Asadullah Khan 

 

Compact, autonomous computing systems with integrated transducers are imperative to 

deliver advances in healthcare, navigation, livestock monitoring, point of care diagnostics, 

remote sensing, internet-of-things applications, smart cities etc. Reflecting this need, 

there has been sustained growth in the market for transducers. Polymer based 

transducers, which meld highly desirable properties such as low cost, light weight, high 

manufacturability, biocompatibility and flexibility, are quite attractive. Doping polymers 

with magnetic materials results in the formation of magnetic composite polymers, 

enhancing the attractive traits of polymer transducers with magnetic properties. This 

dissertation is dedicated to the development of magnetic polymer transducers, which are 

suitable for energy harvesting and saline fluid transduction. 

The first-ever magnetic composite energy harvester capable of converting vibrations from 

the practically relevant low-frequency range into electrical energy was fabricated and 

tested. The harvester was realized by fabricating an array of PDMS-iron nanowire 

nanocomposite cilia on a planar coil array and exhibits a linear frequency response.  

This energy harvester design was further improved by increasing the doping 

concentration of the composite, adding a composite proof mass and improving the 

microfabricated coil. These changes manifest in an energy harvester that not only 
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increases the power density by 4 orders of magnitude over the previous design but also 

possesses large operational bandwidth. The composite structure, comprising of the cilia 

and the proof mass has a frequency response comprised of two closely spaced resonant 

peaks facilitating the desirable broadband behavior at low frequency.  

A polymer-based magneto hydrodynamic pump prototype capable of actuating saline 

fluids was developed. The benefit of this pumping concept to operate without any moving 

parts is combined with simple and cheap fabrication methods and a magnetic composite 

material, enabling a high level of integration together with the advantages of mechanical 

flexibility. The pump electrodes are created by laser printing of graphene on polyimide, 

while the permanent magnet is molded from an NdFeB powder - polydimethylsiloxane 

(PDMS) composite. These materials were leveraged to fabricate an integrated, low profile 

magneto hydrodynamic pump, suitable for deployment in lab on chip systems.  
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Chapter 1 

Introduction and Objectives 

Multiple compact, self-powered computing and sensing systems working in conjunction 

to deliver a ubiquitous computing experience are the need of the hour for enabling 

internet of things (IoT), better remote sensing, point of care diagnostics, etc. Reflecting 

this need, there has been sustained growth in the market for miniaturized transducers, 

as illustrated from the data collated by Yole Développement (fig. 1). Transducers are 

devices that convert electrical signals into real world ambient phenomena and vice-versa. 

Based on the conversion performed, transducers are classified into sensors and actuators. 

While sensors convert physical parameters such as temperature, pressure, humidity, 

illumination, chemical composition, etc. into electrically readable signals (voltage, 

resistance, capacitance, inductance, etc.), actuators modify the ambient environment in 

accordance with input electrical signals.  Energy harvesters can be thought of as a 

specialized sub-class of sensors that convert ambient signals into electrical power.  

Transducer design is driven by several parameters: a few of which are cost, sensitivity, 

resolution, efficiency, manufacturability, conformability and bio-compatibility. Polymer 

based systems are quite attractive as they are relatively cheap, easy to manufacture, 
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generally bio-compatible and flexible. Most polymers are insulating and only useful for 

electrostatic transduction. However, conductive polymers such as poly(3,4-

ethylenedioxythiophene) (PEDOT) and piezoelectric polymers like Polyvinylidene fluoride 

(PVDF) and its copolymers have found use in transducers [1-5]. 

 

Figure 1 Transducers market, in terms of revenue and number of units sold (Yole Développement) 

As attractive as the intrinsically conductive and piezoelectric polymers are, they are quite 

rigid with Young’s Moduli of the order of a few giga pascals, which imposes design 

limitations. Other polymers which are neither conductive nor piezoelectric, can offer 

desirable properties like high flexibility (poly dimethylsiloxane (PDMS), which can have 

Young’s Modulus as low as 105 Pa), high temperature tolerance (polyimide(PI)), photo 

patternability (SU-8), etc. Since these polymers are insulators, they are intrinsically suited 

to electrostatic, triboelectric and capacitive transduction. In order to exploit these 
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polymers for resistive, piezoelectric, magnetic and magnetoelectric sensing and 

actuation, it is essential to incorporate specific materials in them. 

Conductive composite polymers are made by doping polymers with highly conductive 

materials like carbon nanotubes, metallic nanowires and metallic nanoparticles. These 

dopants create percolation paths along which current flows, creating a highly flexible 

material with low resistance. Such polymer composites have been used to make tactile 

sensors [6] and pressure sensors [7]. Piezoelectric composites can be made by embedding 

thin films or fine powders of piezoelectric materials such as Zinc Oxide, Barium Zinc 

Titanate, Lead Zirconate Titanante, etc. into polymers [8-10]. In some cases dopants are 

introduced to enhance the intrinsic properties of polymers e.g. doping PVDF, which is 

intrinsically piezoelectric, with Zinc Oxide nanoparticles results in a composite with 

enhanced piezoelectricity [11]. These composites have been used to make pressure 

sensors, tactile sensors, energy harvesters, etc. 

Magnetic transducers are well-suited for IoT applications since they are inherently 

amenable to wireless autonomous operation. Capacitive, piezoelectric, triboelectric 

transducers need to incorporate either coils or antennae for enabling wireless 

communication and power delivery. However, most magnetic transducers either have a 

built-in coil or are remotely readable eliminating the need for extraneous power 

delivery/communication structures. This reduces system footprint and cost. Further, 

unlike electromagnetic fields, magnetic fields are quite safe from a biological standpoint. 

Exposure to extremely large magnetic fields like those produced by Magnetic Resonance 
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Imaging (MRI) systems does not cause any harm to human beings. Most magnetic 

transducers use iron or its oxides, which are biocompatible. Inspite of these positive 

features, magnetic transducers are quite challenging to fabricate using conventional IC 

fabrication methods. The usage of magnetic composites facilitates low temperature post-

process fabrication of transducers. 

Magnetic composites are made by incorporating superparamagnetic and ferromagnetic 

micropowders, nanoparticles, nanowires in a polymer matrix. These polymers are flexible 

as well as magnetic opening new avenues for magnetic transducers. In [12], bioinspired 

hair like structures called cilia made of PDMS iron nanowire (FeNW) composite are used 

for sensing liquid and gas flow rates. PDMS FeNW based sensor has also been used as a 

tactile sensor, and has been demonstrated to be sensitive enough to read braille [13] and 

monitor heart rate [14]. 

There are quite a few examples of the use of magnetic composites to build compact and 

power efficient sensors. However, the usage of magnetic composites to harvest energy 

and for actuation has not been explored to the same extent. Thus, the dissertation 

focusses on studying the use of magnetic composites for energy harvesting (discussed in 

chapters 2 and 3) and actuation (discussed in chapter 4).  

The objectives of this thesis are as follows: 
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• Development of a contact based mechanical vibration energy harvester using iron 

nanowire-PDMS composite through integration of CMOS fabrication and 

composite molding techniques. 

• Development of a wide-band resonant mechanical energy harvester using NdFeB 

– PDMS magnetic composite structure, capable of delivering large operational 

bandwidth without compromising on peak output. 

• Development of a moving part-less magnetohydrodynamic (MHD) pumping 

device fabricated entirely using polymer and polymer composites capable of 

pumping saline fluids. 

• Investigation of disruptive bubble less transduction of saline fluids using magnetic 

composite MHD pump, which extends the realm of applications of this device for 

closed channel lab-on-chip devices. 

1.1 Thesis Outline and Contributions 

The thesis is structured in a chronological fashion, depicting the development of magnetic 

composites and transducers that exploit the unique properties of these materials. The 

dissertation is composed of five chapters, which are outlined below. 

Chapter 1 introduces and provides the motivation behind the dissertation work. The 

objectives of and the intellectual contributions of the work are discussed in a succinct 

fashion. Also the thesis outline is laid out for easy navigability. 
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Chapter 2 provides the requisite background to thoroughly understand and appreciate 

the dissertation. Different types of magnetic materials and their properties are 

introduced in a concise manner. The different fabrication techniques (sputtering, 

chemical vapor deposition, dry etching, photolithography, laser ablation) utilized during 

the dissertation study are also laid out. The transduction principles that are used to 

transform energy between the mechanical and electrical domains are discussed alongside 

their governing equations.  

Chapter 3 introduces the concept of harvesting energy from vibrations and vibration 

energy harvesting concepts in literature. Then, the concept of a magnetic nanocomposite 

cilia energy harvester is proposed. The fabrication of micro coil array, iron nanowires, 

magnetic nanocomposite cilia and assembly of these components to form magnetic 

nanocomposite energy harvester is explained. Subsequently the magnetic properties of 

the nanocomposite are characterized and the response of the energy harvester to 

vibrations of different frequencies and intensities is detailed [58]. 

Chapter 4 discusses the shortcomings of the magnetic nanocomposite cilia energy 

harvester, which was presented in the previous chapter and remedial measures to 

overcome these issues. The design modifications result in a broadband energy harvester, 

whose frequency response is studied using finite element method. The fabrication of the 

energy harvester (micro coil and magnetic composite structure) is detailed. The variation 

of mechanical and magnetic properties of the magnetic composite with change in filler 

concentration is presented. Subsequently, the device is characterized and the influence 
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of magnetic filler concentration on the power and bandwidth is noted.  The chapter 

concludes with a comparison of the wideband performance between the presented 

device and other devices in literature [107]. 

Chapter 5 starts off with background information on magnetohydrodynamic pumps for 

saline fluid actuation and the shortcomings and pitfalls of existing implementations of 

MHD actuation. An all polymer, polymer composite based MHD pump is introduced, 

which overcomes some of the aforementioned issues. The individual constituents of the 

pump (viz. electrodes and magnet) are characterized. The pump assembly and 

characterization were performed [115]. Subsequently, the concept of bubble-free MHD 

pump actuation is introduced and a model MHD pump realizing this is studied with 

regards to pumping performance.  

This thesis focuses on the use of different magnetic composites to create novel 

transducers and thus the contributions of the work are spread across various aspects of 

material science, fabrication and characterization. The contributions of this work are as 

follows: 

1. Magnetic Nanocomposite Energy Harvester 

• Microfabrication process was developed for reliable fabrication of large area (~ 1 

cm2) triple layer micro-coils with a high thickness gold layer to reign in device 

resistance and improve energy harvester performance. 

• Developed the first ever energy harvester using magnetic composite.  
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• Realization of high density, high aspect ratio, large array of micropillars called cilia 

by molding of magnetic composites using laser etched poly methyl methacrylate 

(PMMA) molds. 

2. Broadband Magnetic Composite Energy Harvester 

• Studied the effect of magnetic filler concentration on physical and magnetic 

properties of magnetic composite. 

• Development of a novel broadband energy harvesting structure, which permits 

efficient extraction of energy from a wide range of frequencies, while not 

compromising peak performance. This structure can also be adapted for use with 

electrostatic, piezoelectric and triboelectric energy harvesters, imbuing them with 

broadband properties. 

• Investigated the effect of density and Young’s Modulus on frequency response of 

broadband structure using simulations and experimentally confirmed the findings 

using energy harvesters with different filler concentration. 

3. Polymer Composite MHD pump 

• Developed for the first time ever, a moving-part free MHD pump using laser 

induced graphene electrodes and magnetic composite. 

• Developed a bubble-free actuation strategy for saline fluid MHD pump without 

resorting to energy inefficient a.c. magnetic field. 

• Developed a solvent free strategy for transfer of LIG electrodes to magnetic 

composite substrate. 
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• Demonstrated bonding of magnetic composite with transferred LIG electrodes to 

PDMS, creating a fluidic channel for lab on chip applications. 

• Developed integrated fluidic MHD pump, capable of pumping saline fluids without 

visible bubbles in closed channel. 

1.2 Statement of Collaboration 

Two of the scanning electron microscopy images in this thesis were taken with the help 

of my colleague Hanan Mohammed. Some initial work involving LIG fabrication and MHD 

pump characterization was done with the aid of Ilija Hristovski, who was an intern from 

University of British Columbia (Okanagan Campus). All other experimental and theoretical 

studies were undertaken solely by Mohammed Asadullah Khan.  
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Chapter 2 

Background 

2.1 Magnetic Materials 

When a material is placed in an external magnetic field, H; the magnetic flux density in 

the material is the sum of the applied flux density and the internal magnetization of the 

material, M i.e. 

                                                                B = µ0(H+M)         (1) 

where µ0 is the magnetic permeability of free space. The magnetic susceptibility, χ is 

defined as the ratio of the magnetization to the applied external field, 

                                                                       χ = M/H         (2) 

Substituting equation (2) in (1) we get 

                                                                     B = µ0(1+ χ)H         (3) 

It is well known that B = µ0µrH, where µr is the relative magnetic permeability of the 

material. From (3) we get 

                                                                        µr = 1+ χ         (4) 

Based on their response to an applied magnetic field, materials can be classified into: (i) 

Diamagnetic (ii) Paramagnetic and (iii) Ferromagnetic materials [15]. 
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2.1.1 Diamagnetic Materials 

Diamagnetism is a fundamental property of all materials. However, it is a weak property 

and it is masked if the material exhibits any of the other two kinds of magnetic behavior. 

A diamagnetic material is one in which all the orbitals are fully filled, i.e. there are no 

unpaired spins. An electron orbiting an atom can be thought of as a current carrying loop 

and when this loop is placed in a magnetic field it aligns in such a way as to oppose the 

applied magnetic field (this behavior is analogous to Lenz’s law). Thus, the induced field 

in a diamagnetic material is opposite in direction to the applied field. When a diamagnet 

is placed in a non-uniform magnetic field, it is repelled from the region of greater field 

strength to the region of lower field strength. The diamagnet has very low negative 

susceptibility and a relative permeability slightly less than 1. Typical examples of such 

materials include water, wood, gold, bismuth and mercury. 

A diamagnetic material levitates in a strong magnetic field. This effect is exploited in some 

transducers. The material of choice for such transducers is pyrolytic graphite [16] which 

is an unusually strong diamagnet. 

2.1.2 Paramagnetic Materials 

Paramagnetic materials are those in which some orbitals are half-filled. Due to their 

unpaired spins, these electrons behave as magnetic dipoles and when placed in a 

magnetic field, they align along the direction of the external field, giving rise to 

magnetization along the direction of the applied field. When placed in non-uniform 
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magnetic fields, these materials are attracted by regions of greater field strength from 

lower field strength regions. These materials exhibit a small positive susceptibility and a 

relative permeability slightly greater than 1. Some examples of paramagnetic materials 

are oxygen, platinum, tungsten, aluminum, magnesium and sodium. 

 

Figure 2 Magnetic Properties of typical diamagnetic and paramagnetic materials with respect to 

applied magnetic field. It can be seen that the paramagnet has a positive susceptibility, while the 

diamagnet exhibits negative susceptibility. 

2.1.3 Ferromagnetic Materials 

In addition to having unpaired electrons, ferromagnetic materials exhibit strong exchange 

interaction, which leads to alignment of magnetic dipoles over large distances. This 

results in regions known as domains which exhibit magnetization even in the absence of 

a magnetic field. However, these domains in a ferromagnetic specimen are randomly 
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oriented and thus the net magnetization of the specimen in the absence of an applied 

magnetic field is zero [17]. When a magnetic field is applied domain growth and alignment 

occur in the direction of the magnetic field leading to the ferromagnetic material getting 

magnetized. At a high enough applied magnetic field the magnetization saturates to a 

value called the saturation magnetization, MS. The interesting thing to note is, even if the 

applied magnetic field is dropped to zero, there will still be remanent magnetization (Mr) 

in the material. This occurs due to crystalline anisotropy or shape anisotropy. In order to 

completely demagnetize a ferromagnetic material, a magnetic field of strength, Hc 

(known as the coercive field) needs to applied in the opposite direction. Ferromagnetic 

magnetic materials have relative permeability values of the order of 103 or higher. 

Depending upon the value of coercivity, ferromagnets can further be classified into hard 

magnets and soft magnets. Hard magnetic materials have high remanence and coercivity. 

A general rule of thumb is that materials with high anisotropy (either crystalline or shape) 

have very high Hc. There are exceptions to this rule, most prominent among them is 55% 

Fe, 45% Ni permalloy, which has very high crystalline anisotropy but is also quite soft [18]. 

Owing to their large Hc, hard magnetic materials are hard to magnetize as well as 

demagnetize. These are preferred for magnetic recording media and also serve as 

magnetic flux sources in motors, generators and alternators. Commonly used hard 

ferromagnetic materials include Iron, NdFeB, SmCo and AlNiCo. 
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Figure 3 Typical magnetization characteristics of hard and soft ferromagnets, illustrating the 

differences in remanence and coercivity 

Soft magnetic materials exhibit low remanence and coercivity and often also have 

incredibly high permeability at H=0. These properties make these materials desirable for 

applications, where low energy losses are highly desirable such as transformers, 

inductors, sensors, etc. Carefully engineered soft magnetic materials such as amorphous 

and nanocrystalline soft magnetic alloys, eg. Vitrovac® and Finemet [19] can exhibit 

susceptibilities of the order of 105 and higher. Aside from the aforementioned 

amorphous/nanocrystalline materials, permalloy (NiFe), supermalloy (FeNiMo) and 

ferrites (ZnFeNiO) find wide usage in soft magnetic devices. 
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 Susceptibility Relative 
Permeability 

Coercivity Remanence 

Diamagnetic 
Materials 

Small and negative Slightly less 
than 1 

0 0 

Paramagnetic 
Materials 

Small and Positive Slightly more 
than 1 

0 0 

Hard Ferromagnetic 
materials 

Positive ~103 - 104 ~103 - 104 High High 

Soft Ferromagnetic 
Materials 

Positive and 
extremely large ~105 
- 106 

~ 105- 106 Low Low 

Table 1 Summary of magnetic material properties 

2.2 Principles of Transduction 

In this work, two principles are exploited to convert naturally existing forces into 

electrically readable signals and vice-versa. These two principles are (i) Faraday’s law of 

electromagnetic induction, (ii) Lorentz Force. 

2.2.1 Faraday’s law of electromagnetic induction 

The need for a reliable means of navigation, led to the invention of the first magnetic 

sensor i.e. the magnetic compass, which heralded an unprecedented era of innovation, 

discovery and prosperity for human civilization [20]. In the early 19th century, Hans 

Christian Oersted discovered the deflection of magnetic needle, when placed near a 

current carrying wire [21, 22], thereby revealing the intrinsic link between electric and 

magnetic fields. This event marked the genesis of electromagnetism and eventually led 

to Maxwell codifying the relationship between electrical and magnetic fields in the form 

of Maxwell’s laws [23].  
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Michael Faraday and Joseph Henry discovered electromagnetic induction, independently 

of each other in 1831 and 1832, respectively [24-26]. Electromagnetic induction is the 

phenomenon, in which an electric potential is developed in an electrical conductor due 

to a time varying magnetic field. Michael Faraday postulated that the induced 

electromotive force (emf) in any closed electrical loop is equal to the rate of change of 

magnetic flux enclosed by the loop [27]. This statement constitutes Faraday’s law of 

electromagnetic induction and it can mathematically be represented as 

                                                     V =  −
dφ

dt
                                                                                  (5) 

The negative sign in the above equation is a consequence of Lenz’s law. Heinrich Lenz 

postulated that the induced current in a coil flows in a direction, such that the resultant 

induced magnetic field opposes the applied magnetic flux [28]. Thus, the emf in equation 

(5) is setup to oppose the applied magnetic flux.  

A more generalized way of depicting Faraday’s law is using the Maxwell-Faraday equation 

(one of the four principal Maxwell equations), which is represented in the vector notation 

as 

                                                ∇ 𝑥 𝐸 =  − 
𝜕𝐵

𝜕𝑡
                                                                            (6) 

If the magnetic flux density component normal to a loop of wire enclosing an area, A is B, 

then the voltage induced in this loop of wire (from equation 5) is 
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                                                     V =  −
d

dt
(BA)                                                                           (7) 

From the above equation, it is quite clear that for an induced voltage to exist, at least one 

of two conditions need to be met: 

(i) The component of the magnetic flux density, normal to the loop, should vary 

with time. It may be noted that this condition can be met even in a constant 

magnetic field by continuously varying the angle between the loop of wire and 

the magnetic field 

(ii) The area of the loop should vary with time. 

Considering a specific case, in which A does not vary with time and B is a monotone signal 

of frequency f and amplitude, Bm, we get 

                              V =  −A
d

dt
Bm sin(2πft) =  −A2πfBm cos(2πft)                                   (8) 

The amplitude of the induced voltage is 

                                                           Vm =  2πfBmA                                                                      (9) 

An N-turn coil is made by connecting N such loops in series, thus the amplitude of the 

voltage in this case is given by 

                                                       Vm =  N2πfBmA                                                                    (10) 

Making 3D coils using IC fabrication processes is quite untenable and therefore planar 

coils are more popular for MEMS applications. Each turn in a planar coil encloses a 
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different area, with the outermost turn enclosing the highest and the innermost turn 

enclosing the least area. If the area enclosed by the k-th turn of the planar coil is given by 

Ak, then the amplitude of the voltage induced in an N-turn planar coil is given by [29] 

                                                       Vm =  2πfBm ∑ 𝐴𝑘

𝑁

𝑘=1

                                                            (11) 

2.2.2 Magneto hydrodynamic Effect 

In the 19th century, J. J. Thomson studied the effect of magnetic field on charged particles 

(electrons in particular) with a velocity, v and charge, q and arrived at the conclusion [30, 

31] that they are subjected to a force given by 

                                                        F =  
q

2
∙ (v x B)                                                                      (12) 

The equation is mostly correct except for an incorrect scaling factor of half, due to a 

miscalculation. Oliver Heaviside corrected the mistakes in J. J. Thomson’s derivation [32] 

and arrived at the correct solution for the force applied by a magnetic field on a moving 

charged particle using Maxwell equations [23, 33]. In 1895, Hendrik Lorentz combined the 

forces exerted by electric and magnetic fields on a charged particle and thus, the force 

exerted by fields on charged particles is called as the Lorentz force and it is given by [34] 

                                                F = q ∙ E +  q ∙ (v x B)                                                               (13) 

Let us consider the case of an ionic fluid subject to an electric field of strength, E. The 

cations are attracted by the negative electrode and the anions by the positive electrode. 
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The force acting on the cations, due to the electric field is q.E and that on the anions is -

q.E . Reduction occurs at the cathode and oxidation at the anode leading to current flow 

from the anode to the cathode. While the electric field imparts a velocity of vi to the ions, 

the cations and anions move opposite to each other and thus, the fluid experiences no 

propulsion from the electric field alone. However, if a magnetic field is applied orthogonal 

to the fluid, the cations and anions both experience Lorentz force in the same direction 

which is given as 

                                            F = q(vi x B)                                                                                     (14) 

 

Figure 4 Illustration of MHD effect 

These ions collide with adjacent ions and molecules, thus the fluid experiences a 

propelling force orthogonal to both the magnetic field as well as the current. This is the 

Magneto Hydrodyanmic (MHD) effect. If the width of the channel is w, the MHD force 

component acting on the fluid is given as 

                                                               F = wIB                                                                       (15) 
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Thus, we see that when a conductive fluid is subject to mutually perpendicular electric 

and magnetic fields, it gets pumped in a direction orthogonal to both of these fields due 

to the MHD effect. This is the principle of operation of the MHD pump. 

Conversely, if a conductive fluid flows with a velocity, v perpendicular to a magnetic field, 

an electric field gets created in the fluid (due to separation of charge carriers by Lorentz 

force) in a direction mutually orthogonal to the fluid flow and the magnetic field. This 

principle can be exploited to realize an MHD energy harvester. 

2.3 Fabrication techniques 

The work done in this thesis extensively draws upon MEMS microfabrication techniques 

to realize micron scale structures. In this section, various microfabrication processes used 

for material deposition, patterning and etching will be discussed briefly. 

2.3.1 Thermal Oxidation 

Silicon dioxide is an excellent dielectric with extremely low conductivity and very high 

breakdown strength. It also forms an excellent interface with silicon with few trapped 

charges [35]. In CMOS fabrication, silicon dioxide is commonly used to isolate devices 

electrically and before the advent of high-k dielectrics, it was also the most widely utilized 

gate dielectric [35, 36]. 

Three processes can be used to form an SiO2 layer on a silicon substrate. These are (i) 

Thermal Oxidation a.k.a Thermal Growth, (ii) Chemical Vapor Deposition and 
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(iii)Sputtering. The first method involves the oxidation of the silicon substrate at high 

temperatures and some amount of the silicon substrate is consumed in the process. The 

other two methods involve deposition of silicon dioxide layer either by a chemical 

reaction or high energy plasma, which is purely additive and thus there is no change in 

substrate thickness. For isolation and gate dielectric, thermal oxidation is preferred since 

the resultant oxide has very low defect density and trapped charges. The other two 

methods are generally used to deposit inter-layer dielectric because (i) the substrate is 

not accessible for oxidation and (ii) high degree of planarization is desired [37, 38]. 

Thermal oxidation is of two types (i) dry and (ii) wet. Dry oxidation involves passing oxygen 

through a hot furnace (usually > 900oC) loaded with the silicon wafers. This process results 

in a denser oxide with higher breakdown voltage. This high quality comes at the cost of 

slow growth rate and growing >100nm dry oxide can be very expensive in terms of time 

needed. For example, in order to grow a 100nm thick film of dry oxide at 1100oC takes an 

hour [39]. This process is well-suited for making high quality gate dielectric, which is 

extremely thin (< 2nm).  

                                                                Si + O2 ---------> SiO2                                                    (16) 

Wet oxidation involves passing steam through a hot furnace loaded with the silicon 

wafers. This process is much faster but the grown oxide is poorer in quality. To put this 

into perspective, growing 100nm of wet oxide at 1100oC takes around 3 minutes [39]. This 

process is well-suited for creating isolation oxide, wherein high thickness is desired (> 1 

µm). 
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                                                          Si + 2H2O ---------> SiO2 + 2H2                                        (17) 

Thermal Oxidation is carried out in a temperature-controlled furnace with inlet for oxygen 

and steam. The process is usually carried out at atmospheric pressure, however low 

pressure and high pressure oxidation furnaces can be used for extremely low and high 

thickness oxide films, respectively.  

2.3.2 Sputtering 

Sputtering is a physical vapor deposition process used to deposit different metallic and 

non-metallic thin films in a highly uniform, well-controlled manner. It is a very versatile 

process and can deposit most thin film materials needed for CMOS and MEMS processing 

such as conductive metals and their alloys (Au, Ag, Cu, Al, Ti, Co, PtCu, AgCu, etc.), 

dielectrics (SiOx, SiNx, HfOx, ZrOx, etc.), ferromagnetic alloys (NiFe, CoFeB, CoFe, etc.) and 

piezoelectric materials (PZT, ZnO, AlN, etc.), etc. [40-45]. There are two different types of 

sputtering: d.c. and a.c. (or) reactive sputtering. D.C. sputtering is used to deposit 

conductive materials, while reactive sputtering is used to deposit dielectric thin films [37, 

38]. Since, only d.c. sputtering was used to realize metallic thin films in this thesis, this is 

the only process that will be covered. 

In d.c. sputtering, the wafer is loaded into a vacuum chamber. A pump is used to evacuate 

atmospheric gases from the chamber and argon (or any other desired gas) flows in the 

chamber to achieve the desired pressure. The substrate loading plate serves as the anode 

and the target wafer (made up of the material to be deposited) serves as the cathode. By 



38 
 

applying a high potential between the electrodes, the argon gas is ionized to generate a 

plasma. The Ar+ ions in the plasma are attracted by the cathode. These ions get 

accelerated and hit the target material with high energy, knocking (or) sputtering some 

target atoms out. These target material atoms then get transported to the surface of the 

substrate, where they grow, starting from small nucleation clusters to the thin film of 

desired thickness [37].   

 

Figure 5 Typical D.C. Sputtering Setup 

The quality and thickness of the deposited film can be controlled by varying the following 

parameters: 
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(i) Chamber Pressure: The gas pressure in the chamber is inversely proportional to the 

amount of material sputtered from the target. Thus, lower pressure corresponds to 

higher deposition rate. Lower pressure also improves film quality and adhesion as the 

chance of impurity inclusion in the deposited film reduces with pressure. On the other 

hand, higher pressure makes it easier to strike plasma and also provides better step 

coverage, since there are more collisions effectively resulting in the sputtered atoms 

reaching the target with a larger spread of arrival angles. 

(ii) D.C. Power: Higher d.c. power results in faster deposition rate, better film adhesion 

and step coverage, however this comes at the cost of substrate damage due to ion 

bombardment. 

(iii) Substrate temperature: In some sputtering systems it is possible to heat the substrate, 

which results in in-situ annealing of the film giving higher quality films with higher 

degree of crystallinity. 

2.3.3 Chemical Vapor Deposition 

In chemical vapor deposition (CVD), precursor materials in vapor phase (which might be  

diluted in a noble gas) chemically react on the heated surface of the substrate, to produce 

the desired thin film material on the substrate and gaseous byproducts, which are 

transported away. CVD is not as versatile as sputtering because the materials that can be 

deposited by CVD are limited by the requirement of : (i) gaseous precursors and (ii) 

gaseous phase reaction byproducts. Another potential issue with CVD is the hazardous 

nature of the precursors as well as the byproducts. However, when compared to 
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sputtering (and other physical vapor deposition methods), CVD is highly conformal (offers 

better step coverage) and gives better quality thin films. Thus, CVD is commonly used to 

deposit the interlayer dielectric material in CMOS fabrication as conformality is important 

for proper coverage of metal lines and prevention of shorts. 

In a CVD reactor, the energy required for the chemical reaction, which results in thin film 

deposition, can be supplied using one or more different physical sources such as heat, 

radio frequency (plasma enhanced CVD (PECVD)) or photo radiation (laser-assisted CVD 

(LCVD)). The microfabrication process used in this thesis utilizes PECVD to deposit the 

interlayer dielectric material (Silicon Nitride). Different flavors of purely thermal CVD such 

as atmospheric pressure CVD (APCVD), low pressure CVD (LPCVD) and very low pressure 

CVD (VLPCVD) exist. LPCVD and VLPCVD result in better step coverage and film quality, 

however these advantages come at the cost of slow deposition rate, high process 

complexity and high thermal budget [46, 47] .  

 

Figure 6 PECVD film deposition setup 
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Compared to PECVD, thermal CVD processes involve high temperatures (which can 

impact the integrity of the metal film deposited prior to the dielectric) and do not offer a 

convenient mechanism to control the stress of the chemically grown film. 

A typical PECVD reactor consists of a heated susceptor that holds the substrate and 

electrode(s) to create the plasma. The factors that influence film quality in a PECVD 

reactor are: 

(i) RF Frequency: If the RF frequency used is lesser than the ion transition frequency (< 

3 MHz), there is more intense ion bombardment, resulting in denser films with 

compressive stress. Conversely, high frequency plasma results in less dense films 

with tensile stress. Thus, multi-frequency plasma systems can tailor film stress to 

suit any desired fabrication needs. 

(ii) Pressure: Lower pressures result in longer mean free path for the reactive species 

and more ion bombardment, which results in denser, higher quality films. 

(iii) Temperature: Lower deposition temperature results in lower quality amorphous 

films, while higher temperature promotes high quality crystalline film deposition. 

(iv) RF power: Higher RF power results in faster film deposition. The ratio of the rf power 

to the film deposition is representative of the ion bombardment per deposited 

molecule (i.e. normalized power). Maximum normalized power results in best 

quality film. 
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2.3.4 Electrodeposition (or) Electroplating 

Electroplating is a film deposition method, in which ions from a solution are deposited 

onto the substrate utilizing electrochemical reactions. This technique is extensively used 

for depositing thicker metal layers in both MEMS and CMOS fabrication processes. The 

surface roughness of an electroplated film is usually worse than a sputtered or 

evaporated film.  

 

Figure 7 Typical electroplating setup 

A typical electroplating setup consists of an electrolytic cell and two electrodes the anode 

and cathode. The cell is filled with an aqeous solution of the salt containing the metal to 

be deposited. A single salt molecule made up of a metal (X) of valency, P and an anion (Y) 

of valency, Q, having the formula XQYP, when dissolved in water, splits up to form Q 



43 
 

number of metal ions, XP+ and P number of anions YQ-. When electric potential is applied 

to the cell, the cations (XP+) are attracted towards the cathode, where they get reduced, 

depositing the desired metal film. 

                                                          XQYP -------------> QXP+ + PYQ-                                          (18) 

                                                              XP+ + Pe- ------------> X                                                  (19) 

The anions get oxidized at the anode releasing the byproducts of the electroplating 

reaction. The thickness of the deposited film depends on the current and the deposition 

time. In this example, to deposit a single metal atom, a charge of P.q needs to pass 

through the circuit (where q  is the charge of a single electron). If the atomic weight of 

the metal is K and the Avogadro’s number (6.023 x 1023) is denoted by N, the mass of 

metal deposited, m by passing a current, I for time, t is given by  

                                                                  m =  
K ∙ I ∙ t

P ∙ q ∙ N
                                                         (20) 

If the density of the metal is ρ, then the volume of metal deposited, V is given by 

                                                           V =  
m

ρ
=  

K ∙ I ∙ t

P ∙ q ∙ N ∙ ρ
                                                   (21) 

If the deposition area is A, then the thickness of the deposited film, t is given by  

                                                            t =  
V

A
=

K ∙ I ∙ t

P ∙ q ∙ N ∙ ρ ∙ A
                                             (22) 
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2.3.5 Photolithography 

Photolithography is the microfabrication technique used to transfer a desired pattern 

onto the substrate using light. Photosensitive polymers known as photoresists are used 

to facilitate this process. There are two different kinds of photoresists: (i) Negative 

photoresists, which harden on exposure to light and (ii) Positive photoresists, which 

weaken on exposure to light. Since all microfabrication work done in this project uses only 

positive photoresists, negative photoresists will not be covered in this section. There are 

three steps in photolithography: (i) photoresist coating, (ii) exposure and development. 

(i) Photoresist coating: The surface of the substrate is coated with the photoresist. Most 

photoresists are liquids and coated on the substrate using spin coating, although vapor 

coating of dry resists has also been investigated for specialized fabrication needs [48]. 

Sub-micron resolution patterns need very thin photoresist layer. This occurs because the 

development process undercuts the exposed profile and the thicker the resist, the lesser 

the accuracy of the developed pattern. However, a thicker photoresist offers better 

protection for the underlying layers during etching. Thus, the photoresist thickness needs 

to be precisely controlled to achieve the target resolution, while not compromising on 

etch protection. One way of controlling the resist thickness is by choosing a resist with 

appropriate viscosity. Highly viscous resists are used to form thicker photoresist layers 

and vice-versa. For any given photoresist, the thickness is inversely related to the spin 

speed. The greater the spin speed the lower the photoresist layer thickness and vice-

versa. 
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Figure 8 Photoresist spin coating 

The substrate is then subjected to a high temperature baking step , which evaporates the 

volatile solvents leaving behind a photosensitive polymer film of uniform thickness. 

(ii)  Exposure: The photosensitive polymer layer is selectively exposed to electromagnetic 

radiation with specific characteristics (wavelength, intensity, etc.). This results in a 

photochemical reaction that weakens the exposed (positive) photoresist area. Two 

different methods were used for exposure in this thesis.  

The first method involves directly writing the desired pattern using a laser. The laser scans 

across the surface of the substrate switching on and off, sequentially inscribing the 

pattern onto the substrate. This method is generally used for only mask creation, as it is 

quite time intensive (ranges from a few minutes to a few hours) depending on the 

pattern, photoresist and substrate dimensions. However, it can also be used for 

prototyping different device dimensions, without committing to a single device and mask. 

It is also easier to pattern non-standard substrates using this technique. 
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Figure 9 Photolithography: Exposure and Development 

The second method involves exposing the pattern through a mask, using a device called 

contact aligner. The mask (created by using direct write lithography) is aligned with the 

substrate and the whole substrate is exposed by a lamp (usually mercury vapor lamp). 

The exposure time ranges from few tens of seconds to a few minutes. Depending on the 

type of contact used (hard, soft, proximity), a single mask can be reused multiple times, 

manifesting in improved temporal efficiency. 

(iii) Development: The photoresist weakened by exposure is then removed by dissolving 

in a solution called the developer. The positive photoresists used in this thesis are 

developed using alkaline solutions. While NaOH and KOH developers can be used for 

MEMS processes, they have deleterious effect on MOSFET fabrication. As such, metal ion 

free (MIF) developers based on tetra methyl ammonium hydroxide (TMAH) are more 

commonly used. 
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2.3.6 Etching 

Etching is defined as the process of removing unprotected material from a substrate 

creating a desired pattern. The photolithography step detailed earlier creates the 

protective film (mask layer) defining the area to be protected during the etching process. 

While the quality of the etching process can be quantified using many parameters, two 

parameters that are the most important are : (i) Selectivity i.e. the ability to just etch the 

target layer without etching the underlying layers and (ii) Anisotropy i.e. the ability to etch 

with vertical sidewalls and no mask undercut. Depending upon the state of the etching 

agent (a.k.a. etchant), etching is classified into two types: (i) Wet etching (liquid etchant), 

(ii) Dry etching (vapor or plasma etchant).  

Wet etching is a purely chemical process and capable of delivering very high selectivity 

(eg. in the case of SiO2 on Si, wet HF etching delivers very high selectivity only etching 

SiO2, while leaving the underlying Si substrate unscathed). Except for certain 

combinations of etched materials and etchants (eg. monocrystalline silicon and 

KOH/TMAH), wet etching is highly isotropic resulting in significant undercut of the 

masking layer. 

Dry etching encompasses both vapor as well as plasma etching techniques. Vapor etching 

is an isotropic chemical etching process in which a volatile etching agent is used. Typical 

examples of this process are: vapor HF etching to release MEMS devices using SiO2 

sacrificial  layer; and XeF2 vapor etching to release MEMS devices using Si as sacrificial 
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layer. Vapor etching is popular for releasing MEMS structures as it successfully bypasses 

the stiction issue. 

 

Figure 10 (a) Desired Etch pattern, (b) Etch pattern after reactive i.e. purely chemical plasma 

etching exhibits high undercut, (c) Etch pattern after sputter etching exhibits high degree of 

overetching, (d) Reactive Ion etching, which combines physical and chemical plasma delivers 

good etch profile with moderate overetching and undercut 

Plasma etching can be performed using a plasma created by applying RF power to 

chemically reactive gas or noble gas (sputter etching) or a combination of both reactive 

and noble gases (reactive ion etching or RIE). A purely chemical plasma exhibits excellent 

selectivity resulting in minimal amount of overetching. On the other hand, it is also highly 

isotropic in nature, resulting severe mask undercut. Sputter etching on the other hand is 
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highly anisotropic but with no selectivity i.e. the resultant etch profile exhibits good 

vertical side walls at the expense of etching the underlying layers. RIE combines the best 

aspects of chemical and physical etching delivering an etch profile with well-controlled 

undercut and overetch. By varying the pressure, r.f. power and relative flow rates of 

chemically reactive and inert gases, a variety of etch profiles can be obtained using RIE. 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 

Chapter 3 

Magnetic Nanocomposite Cilia Energy Harvester 

3.1 Introduction 

Miniaturized devices have seen a phenomenal growth in both performance and market 

penetration thanks to the technological progress that is following Moore's Law [49]. This 

has ushered in a new paradigm of ubiquitous connectivity with exciting applications in 

the fields of point of care diagnostics, multimedia, wearable computing, environmental 

sensing and urban planning, to name a few. Since these devices are required to operate 

in a self-sufficient manner, powering them is a significant challenge.    

Conventionally, electrochemical batteries are used to power such devices, but they 

require frequent recharging and eventual replacement, operations which might be 

extremely difficult and prohibitively expensive. Ambient energy is often found in the 

sensing environment in the form of light, heat, vibrations, etc. Mechanical vibrations in 

particular are ubiquitous in most sensing environments from sources such as human 

movement, air conditioning units, refrigeration units, vehicle vibrations, sound, etc. These 

vibrations can be harnessed to power miniature sensing and computing systems to enable 

a robust, self-sufficient and truly autonomous electronic ecosystem [50]. Further, due to 

the large disparity in the dimensions of the energy harvester and the vibration source, 
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there is no deleterious impact on the performance of the energy source [50]. Mechanical 

energy harvesters utilize phenomena such as electromagnetism, piezoelectricity, 

triboelectricity, etc. to convert mechanical vibrations to electrical energy [51]. 

Electromagnetic harvesters are quite popular in meso and macro scale systems owing to 

ease of design and high reliability [52]. However, due to difficulty in fabricating the coils 

and incorporating a micro-scale permanent magnet, the miniaturization of 

electromagnetic harvesters has proven to be quite challenging. In most micro-scale 

electromagnetic energy harvesters, a discrete permanent magnet, affixed after the 

microfabrication process serves as the flux source [53, 54]. This solution is hardly elegant 

and does not lend itself to easy batch manufacturing. In some designs, even the coil is a 

conventional wire wound coil [55], which cannot be miniaturized and is not compatible 

with CMOS fabrication flow. 

A potential solution to the permanent magnet integration issue by using a permanent 

magnetic nanocomposite instead of a discrete permanent magnet. The composite fulfils 

the need for a low rigidity material with remanent magnetization. Further, it can be easily 

processed by spin coating, drop casting and molding [12, 56, 57]. For this application, the 

composite is molded to form bio-inspired hair like structures known as cilia. 

3.2 Working Principle 

The energy harvester schematic is shown in fig. 11 (a). It includes an array of cilia, made 

using a PDMS - iron nanowire composite. Due to high shape anisotropy, iron nanowires 
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are permanently magnetized along their length and PDMS being a soft polymer has a very 

low stiffness. Thus, the high aspect ratio cilia are designed to have high remanent 

magnetization and low rigidity. 

 

Figure 11 (a) Schematic of magnetic nanocomposite cilia energy harvester (b) Illustration of 

harvester operation, indicating the movement of cilia with applied force F and magnetic field 

component perpendicular to coil array, H. 
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 In order to simplify our analysis, we assume that the aligned nanocomposite cilia behave 

similar to a cylindrical magnetic dipole, magnetized perpendicular to its axis. When an 

oscillatory force is applied along the magnetization axis, the cilia vibrate as depicted in 

fig. 11(b). When the force acts along the magnetization direction, the north pole of a 

cilium comes closer to the substrate, while simultaneously the south pole is driven further 

away from the substrate. Thus, the magnetic field intensity at the substrate increases. 

When the movement of neighboring cilia are taken into account, this change is further 

enhanced. Conversely, when force is applied opposite to the direction of magnetization, 

the magnetic field intensity at the substrate decreases. Thus, when the cilia array is 

vibrated along the magnetization direction, an oscillating magnetic field is set up along 

the substrate. 

This oscillating magnetic field is converted into electrical potential using planar coils 

fabricated on the substrate. If the cilia array is stimulated by a monotone mechanical 

vibration of frequency f, the resultant magnetic field will also have a frequency f. From 

equation (10), the amplitude of the voltage generated by a single N-turn planar coil is 

given as 

                                Vm = 2 ∙ π ∙ f ∙ μ0 ∙ ∑(Hmk ∙ Ak) ,                                                   (23)

N

k=1

 

where Ak is the area of the kth turn and Hmk is the average amplitude of the magnetic field 

associated with the kth turn of the coil. Since the coils are connected in series, the 

voltages can be summed up to obtain the voltage generated by the array. 
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3.3 Fabrication 

The energy harvester fabrication flow consists of the following processes: (i) Fe Nanowire 

Growth, (ii) Coil array fabrication and (iii) Nanocomposite preparation and cilia molding. 

These processes are explained in detail subsequently. 

3.3.1 Fe Nanowire Growth 

Iron nanowires are fabricated by electrodeposition into aluminum oxide templates [11]. 

We start with a pure Al disk, whose surface is cleaned by electropolishing. The disk is 

subject to two oxidation steps (in an oxalic acid solution at -1.6oC), which results in an 

alumina membrane with uniform pore distribution. 

  

Figure 12 Fe NW fabrication 

The backside Al is etched to release the alumina membrane and gold electrode is 

deposited on the backside. This is followed by electrodeposition in a FeSO4 solution. Gold 

is then removed from the backside of the disk by dry argon etching. The Fe nanowires are 
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released by etching away the alumina template in CrO3 and phosphoric acid solution. The 

released wires are thoroughly washed with ethanol to remove any traces of chrome. 

3.3.2 Coil Array Fabrication 

The coil array is fabricated on a <100> Si substrate. A 500nm thick silicon dioxide is grown 

on the substrate by a dry-wet-dry cycle to provide electrical isolation. A 3 layer metal-

insulator-metal process, detailed below (exact process parameters are given in appendix 

A), is used to form the array.  

A thin layer of titanium (10 nm) is deposited by DC sputtering in an argon ambient to 

provide better adhesion. Subsequent to this, without breaking vacuum, a 120 nm 

platinum layer is deposited.  This layer is then patterned by a standard mask-based 

photolithography step, followed by a dry argon etch step to form the interconnect layer. 

Subsequently, a 150 nm thick layer of silicon nitride is deposited on the substrate using 

plasma enhanced chemical vapor deposition. The process is carried out at 300oC with 

silane, ammonia and nitrogen precursors. The plasma frequency is alternated between 

300 kHz for 6s and 13.56 MHz for 14s to help reduce the stress in the nitride layer. A 

photolithography step followed by reactive ion etching with trifluoromethane (CHF3) and 

Sulphur hexafluoride (SF6) is used to pattern this layer to create vias that connect the 

interconnect layer with the coil layer. 
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The next step is deposition of an adhesion layer (10nm titanium), followed by a 1200 nm 

thick gold layer using DC sputtering in an argon ambient. This is followed by 

photolithography and argon ion etch to form the coils (figure 13 (i)). 

 

Figure 13 Overview of fabrication process (not drawn to scale). (a) Si <100> wafer, (b) SiO2 thermal 

growth, (c) Pt deposition by DC sputtering, (d) Litho and Ar dry etch, (e) Si3N4 PECVD deposition, 
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(f) Litho and Si3N4 etch, (g) Au deposition by DC sputtering, (h) Litho and Au etch, (i) Photograph 

of coil array 

3.3.3 Nanocomposite Preparation and Cilia Molding 

Sylgard® 184 PDMS is prepared by mixing the elastomer and the curing agent in a 10:1 

weight ratio, as recommended by the manufacturer. Fe nanowires are mixed with PDMS 

in a 10% weight ratio by mechanical stirring to form the nanocomposite. The 

nanocomposite is then subjected to vacuum desiccation to remove microbubbles and 

traces of ethanol. A 10 µm thick layer of pure PDMS is spun coated on the coil array at 

1000 rpm. This layer prevents accidental shorting of coils by the nanowires in the 

nanocomposite. 

A 2mm thick PMMA sheet is patterned with CO2 laser cutter (Universal Laser Systems Inc. 

PLS 6.75) to form a mold consisting of 12x5 array of conical frustum shaped pores (250 

µm at the top and 400 µm at the bottom) separated by 1 mm gaps. The nanocomposite 

is drop cast on the coil array and then the PMMA mold is mounted on top of it. This 

structure is then placed in a vacuum desiccator for 15 min, which removes microbubbles 

and aids in proper filling of the mold pores. Following this, the structure is cured at 90oC 

for an hour, in the presence of a magnetic field perpendicular to the cilia axis to align the 

nanowires in the composite in one direction. A close-up of the cilia can be seen in fig. 

14(d). 
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Figure 14 (a) Nanocomposite deposition, (b) Nanocomposite molding, curing and alignment (c) 

Demolded cilia and (d) Photograph of energy harvester. 

3.4 Characterization 

3.4.1 Magnetic Characterization 

Magnetization curves for a single cilium are obtained at 297 K in the transverse and axial 

direction using vibrating sample magnetometer. The cilium is firmly affixed in the sample 

holder using silicone gel to prevent any movement. The applied field was varied from -10 

kOe to 10 kOe, while oscillating the holder at 83 Hz with 1mm amplitude. The resultant 

curves, shown in fig. 12, reveal that the remanent magnetization in the transverse 

direction is 10.67 times that in the axial direction. Further the coercive field in the 
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transverse direction is -1.75 kOe, while in the axial direction it is only -0.296 kOe. These 

curves imply that the in-situ magnetic alignment procedure followed while curing the 

nanocomposite is quite effective. 

 

Figure 15 Nanocomposite magnetization curves, along the axial and transverse directions 

3.4.2 Energy Harvesting 

Mechanical vibrations are generated using a TIRA GmbH vibration testing system, which 

comprises of a shaker, sine vibration controller and power amplifier. A feedback signal 

generated by the accelerometer mounted on the shaker is used by the controller to 

generate either constant acceleration or constant displacement vibrations. Unlike 

conventional energy harvesters that need to be mounted on the vibration source, this 

harvester functions when the cilia are in contact with the vibration source. In order to 

facilitate this testing a custom stage with an extended arm is made out of PMMA for the 

shaker. 



60 
 

 

Figure 16 Block Diagram of the test setup. The zoomed in photograph shows the extended stage 

of the shaker in contact with the cilia. 

The harvester is mounted on a printed circuit board, through which contact is made with 

an SMA female connector. The energy harvester is connected to a low noise preamplifier 

(Stanford Research Systems SR-650), which eases detection of the output voltage. The 

input impedance of the preamplifier (100 MΩ) is almost 3 orders of magnitude greater 

than the internal impedance of the harvester, thus preventing electrical loading. One of 

the major issues with measuring the output of a relatively high impedance, long length 

coil is the fact that this structure is essentially an antenna that will pick up the power line 

signal, which in Saudi Arabia is 60 Hz. The low noise buffer amplifier is followed by a low 

pass Butterworth filter (Stanford Research Systems SIM965) with a cut-off frequency of 

50 Hz and a 48 dB/oct. rolloff, which helps eliminate this power line pickup. The filtered 

output is measured using a digital storage oscilloscope (Agilent Technologies DSO1012A). 
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The energy harvester is mounted on a custom stand made of PMMA and as shown in fig. 

13, it is placed such that the cilia are in contact with the extended stage of the shaker. 

The shaker is operated in constant displacement mode and the open circuit voltage is 

measured at 20 Hz, 30 Hz and 40 Hz. The experiment is repeated while varying the 

vibration amplitude from 0.1 mm to 1.2 mm in steps of 0.1 mm. The resultant 

characteristics are depicted in fig. 14 (a). As the vibration amplitude increases the 

amplitude of the magnetic field driving the planar coil array also increases, thereby 

resulting in greater output voltage. As expected from equation (2), a higher voltage is 

obtained at higher frequencies for the same vibration amplitude. Thus, this energy 

harvester displays smooth linear variation of output voltage with frequency and bypasses 

the peaked characteristics and high sensitivity of output voltage to exciting frequency 

exhibited by resonant energy harvesting systems. 

In order to measure the load characteristics of the energy harvester, different resistors 

between 10 kΩ and 100 kΩ are connected across the energy harvester and the resultant 

output voltage is measured. The R.M.S power is obtained using the expression, Prms = 

V2
rms/RL. The experiment is performed at 20 Hz, 30 Hz and 40 Hz with a vibration 

amplitude of 1 mm. It can be seen from fig. 14(b) that maximum power transfer occurs at 

a load resistance of 33 kΩ. This correlates well with the measured internal impedance of 

the energy harvester (32.5kΩ). 
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Figure 17 (a) Open circuit r.m.s. voltage vs. vibration amplitude at 20 Hz, 30 Hz and 40 Hz. (b) 

Load characteristics of energy harvester, when powered by 1 mm amplitude vibration 

The in situ magnetic alignment while curing the nanocomposite polymer results in the 

0.64 Mr/Ms ratio in the transverse direction and the 0.06 Mr/Ms ratio in the axial 

direction. This indicates a high degree of Fe nanowire alignment in the desired direction. 

The energy harvester output increases with the increase in frequency and vibration 
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amplitude. When excited by a 40 Hz vibration of 1 mm amplitude with a matched load of 

33 kΩ , the energy harvester with a size of 66.96 mm2produces 104.7 μV rms voltage and 

335.8 fW rms power, which results in 1.98 µW/m3 power density. 
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Chapter 4 

Broadband Magnetic Composite Energy Harvester 

4.1 Introduction 

The cilia energy harvester studied in chapter 3 suffered from some shortcomings that 

prevent it from achieving its promised potential. These are: 

(i) Lightly doped magnetic composite 

Fabrication of iron nanowires using the alumina template method results in extremely 

high-quality nanowires of uniform morphology. Further by adjusting the pore size and 

electrodeposition conditions it is possible to obtain single domain or multi-domain 

nanowires. The process is conducive for making small quantities of extremely high-quality 

nanowires. A larger magnetic field variation results in better energy harvester 

performance. Thereby, it is desirable to have relatively large volume of highly doped 

magnetic composite. Herein, the FeNW  based composite was replaced with an NdFeB 

microparticle based composite. The NdFeB microparticles exhibit hard magnetic behavior 

with very high remancence (0.94 T - 0.98 T) and coercivity (6.6 kOe – 7.6 kOe). Since these 

particles can be magnetized in any arbitrary direction it is possible to set the 

magnetization vector in the composite via post-cure magnetic field treatment. NdFeB – 

PDMS composite with weight concentration as high as 80% has been demonstrated [16].  

(ii) High internal resistance planar coils 
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The coil array used for the nanocomposite was made of a 1.2 µm thick layer of gold, 

occupied an area of 1.61 cm2 and had a resistance of 32.5 kΩ. It was improved by adopting 

the following steps: 

1. Since copper has 32% better electrical conductivity than Gold, the coil layer was 

changed to copper. 

2. By using electroplating instead of sputtering, the thickness of the coil layer was 

increased to 7.8 µm. 

3. Since, we do not expect selective actuation of the cilia array, using a coil array is 

not particularly advantageous. Thereby, the design was changed to a single 1 cm2 

coil. This single coil consists of 40 turns of 30 µm wide copper. Using a single coil, 

avoids the multiple transitions to the interconnect layer (which is quite thin and 

much higher in resistance), thereby improving the coil internal resistance. 

(iii) Mechanical Inadequacy 

The nanocomposite energy harvester consists of a cilia array, that is actuated by direct 

contact with the vibrating body. This presents the following issues: 

1. Depending on the shape and surface morphology of the vibrating body, it might 

not be feasible to have contact with the entire cilia array, which results in partial 

actuation of cilia and significant reduction in energy output. 

2. The vibration amplitude of the cilia array is the same as that of the vibrating body, 

which results in quite low magnetic field variation even at high acceleration. For 
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instance, the energy harvester presented in the preceding chapter delivers a 

power density of 1.98 µW/m3 , when excited by a 1mm, 40 Hz vibration, which 

corresponds to  a high excitation force of 6.0 g [58]. An issue with most 

conventional vibration energy harvesters is that they are single mode devices, 

which provide maximum output power within a small frequency band centered 

around the resonant frequency [59]. Common vibration sources span a range of 

frequencies over the entire sub-100 Hz frequency region [50]. Therefore, for 

efficient energy harvesting, it is desirable to design broadband energy harvesters, 

which can work effectively over a wide range of frequencies. 

3. The cilia could be operated in resonant mode to improve energy output. The 

resonant frequency itself is dependent on the stiffness and mass of the structure. 

The cilia have low stiffness, but also a very low mass, this results in a large resonant 

frequency (630 Hz), well outside the relevant frequency range for mechanical 

energy harvesting. Further, the cilia array is a single mode resonant device, which 

results in narrow operational bandwidth, which is an undesirable trait for an 

energy harvester. 

An approach to tackle the small operating band conundrum is to incorporate magnetic 

tuning in a piezoelectric cantilever, which results in an energy harvester with configurable 

resonant frequency [60]. In this device, the resonant frequency can be tuned from 22 Hz 

to 32 Hz. However, once it is tuned, the frequency response is quite narrow band as 

expected from such a resonant system. In [61], a single energy harvesting system 



67 
 

consisting of multiple series connected cantilevers with different resonant frequencies is 

presented. This system has a wide operating range of 4.2 kHz to 5 kHz, which while too 

high to harvest ambient mechanical vibrations, might still be used for acoustic energy 

scavenging. In [62], we see the use of a mechanical stopper, which limits the vibration 

amplitude and increases the bandwidth of a conventional cantilever-proof mass design at 

the expense of lower peak power. In [63], a non-resonant system comprising of a discrete 

magnet moving through PCB coils is demonstrated. 

In this chapter, the fabrication and characterization of a broadband energy harvester, 

which consists of a magnetic composite structure that has two closely spaced resonant 

peaks, thereby providing a large operating band in the low frequency region that is 

attractive for vibration energy harvesters is described. The performance of the energy 

harvester is evaluated with regards to the particle concentration of the composite. 

A schematic of this energy harvester is shown in Fig. 18. It consists of two parts (i) a static 

planar microfabricated coil and (ii) a flexible magnetic composite structure made using an 

NdFeB – PDMS microcomposite. This structure consists of a 10x10 array of high aspect 

ratio bio-inspired, hair-like structures called cilia loaded with a cuboid proof mass. The 

low Young’s Modulus of PDMS, high remanence of NdFeB, high aspect ratio of the cilia 

and large proof mass combine to form a structure that is highly elastic and responds 

readily to low frequency vibrations. 
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Figure 18 Schematic of broadband magnetic composite energy harvester 

4.2 Working Principle 

The frequency response of the magnetic composite structure is studied using the FEM 

software COMSOL. The cilia are modelled as 3 mm long conical frustums with a bottom 

diameter of 450 µm and a top diameter of 200 µm. The proof mass is a cuboid of 

dimensions 1.2 cm x 1.2 cm x 0.8 cm. Since NdFeB powder is stiffer and denser than PDMS, 

NdFeB-PDMS composites have a density (ρ) greater than the density of PDMS (0.965 

gm/cc) and Young’s Modulus (E) greater than that of pure PDMS (1 MPa). The precise 

value of these physical constants depends upon the proportion of NdFeB in the 
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composite.  In order to investigate the effect of these two physical properties of the 

material on the resonant frequency, Eigen frequencies of this structure are determined 

while varying the density of the material between 1 gm/cc and 4 gm/cc and the Young’s 

Modulus between 2 MPa and 14 MPa. The simulation results show that regardless of the 

exact values of E and ρ, this structure has two closely spaced resonant modes. The first 

mode i.e. the T-mode, involves the structure twisting around its center, as depicted in Fig. 

19(a). The second mode, i.e. the L-mode, involves the translation of the structure parallel 

to the ground plane (Fig. 19(b)). It is also observed that the resonant frequency is highest 

for the structure with the highest Young’s Modulus and least density and vice versa (Fig. 

20). This dependence is explained as follows: If the stiffness of the structure for a 

particular resonant mode is k`, and the mass is m, then the resonant frequency is given 

as [64] 

                                                     𝑓` =  
1

2𝜋
√

𝑘`

𝑚
 .                                                                          (24) 

From the definition of stiffness, it can be shown that the stiffness is proportional to the 

modulus of elasticity, E [64, 65]. Also, it is known that for a structure of fixed volume, the 

mass is proportional to the density, ρ of the material used to make the structure. Thus, 

equation (1) can be rewritten as 

                                                    𝑓` =
𝑎`

2𝜋
√

𝐸

𝜌
 ,                                                                             (25) 

where a` depends on the dimensions of the structure and the resonant mode.  
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Figure 19 Vibration of the resonant harvester structure in (a) T-mode and (b) L-mode (the scale 

denotes normalized displacement). 
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As expected from equation (25), the Eigen frequencies of the structure, obtained from 

the simulation, plotted against the square root of the ratio of Young’s Modulus and 

density can be fitted by a straight line passing through the origin (Fig. 20). 

 

Figure 20 Dependence of the resonant frequency on the ratio of Young’s modulus and density. 

 The composite structure is magnetized in a direction perpendicular to the axis of the cilia 

i.e. parallel to the planar coil plane. When the structure is displaced along the direction 

of the magnetization vector, the north pole moves away and the influence of the south 

pole of the proof mass on the coil increases (Fig. 21). This changes the average magnetic 

flux density component normal to the coil to a value BS, which depends upon the 

displacement and the remanent magnetization of the composite. Similarly, when the 

structure is displaced in the opposite direction, the coil is subject to a magnetic flux of 

value BN. Thus, when this structure is excited by a mechanical vibration of frequency, f, it 

will also vibrate at the same frequency, producing an a.c. magnetic flux given as 
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                         𝐵 = (
𝐵𝑁 −  𝐵𝑆

2
) sin 2𝜋𝑓𝑡 = 𝐵𝑀 sin 2𝜋𝑓𝑡.                                                     (26) 

Substituting (26) in equation (11), the voltage induced in the coil is obtained as 

                                              𝑉𝑀 = 2𝜋𝑓𝐵𝑀 ∑ 𝐴𝑖

𝑁

𝑖=1

,                                                                      (27) 

where Ai is the area enclosed by the ith turn of the coil. 

 

Figure 21 Harvester operation illustrating the direction of the force applied and the magnetic 

field component perpendicular to the planar coils 

If the internal resistance of the coil is RS and the connected load resistance is RL, then 

the root mean square voltage developed across the load is given by 

                       𝑉𝑅𝑀𝑆𝐿 =
𝑉𝑀

√2
(

𝑅𝐿

𝑅𝑆 + 𝑅𝐿
) =  √2𝜋𝑓𝐵𝑀 ∑ 𝐴𝑖

𝑁

𝑖=1

(
𝑅𝐿

𝑅𝑆 + 𝑅𝐿
) .                              (28) 

Thereby, the root mean square power delivered to RL by the energy harvester is given 

by 
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                                𝑃𝑅𝑀𝑆 =  
𝑉𝑅𝑀𝑆𝐿

2

𝑅𝐿
= 2 (𝜋𝑓𝐵𝑀 ∑ 𝐵𝑀

𝑁

𝑖=1

)

2

𝑅𝐿

(𝑅𝑆 + 𝑅𝐿)2
  .                          (29)  

4.3 Fabrication 

The fabrication of the energy harvester involved two steps: (i) Fabrication of planar coil 

and (ii) NdFeB-PDMS composite preparation and molding of pillar proof-mass system. 

Figs. 22 and 23 depict the fabrication process in detail. 

4.3.1 Planar Coil Fabrication 

In order to fabricate the planar coil a metal insulator metal three layer process 

(interconnect layer, dielectric, coil layer) was used. 

A <100> p-type silicon wafer served as the substrate for the device. The substrate was 

subjected to dry-wet-dry thermal oxidation cycle, which resulted in the growth of a 1.2 

µm thick silicon dioxide layer. This layer electrically isolated the coil from the substrate. 

DC sputtering in argon ambient is used to deposit a 20 nm thick titanium adhesion layer. 

Subsequently, a 120 nm thick layer of platinum is deposited without breaking the vacuum. 

Platinum has poor chemical reactivity. Thus, if a platinum thin film is deposited directly 

on the substrate without the wetting layer, it will have poor adhesion and can delaminate 

or peel off spontaneously resulting in device failure. The titanium wetting layer improves 

adhesion between the platinum film and the substrate [66], thereby improving the thin 

film quality. A 4 µm thick layer of the photoresist AZ ECI 3027 is spun coated on the wafer. 

This is then baked, exposed using a maskless aligner (Heidelberg Instruments GmbH µPG  



74 
 

 

Figure 22 Fabrication process flow (not drawn to scale) (a) Si substrate, (b) SiO2 thermal growth, 

(c) Pt deposition, (d) Pt dry etch, (e) Si3N4 PECVD, (f) Si3N4 reactive ion etching, (g) Au seed layer 

deposition, (h) AZ 9260 spin coating, (i) Litho to create mold for electroplating, (j) Cu 
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electroplating, (k) AZ 9260 removal, (l) Au dry etch, (m) Planar Coil Array, (n) SEM image showing 

individual turns 

501) and developed to transfer the pattern to the substrate. Dry etching in an argon 

plasma using the resist as a soft mask formed the interconnect layer. 

Plasma enhanced chemical vapor deposition (PECVD) carried out at a temperature of 

300oC with silane, ammonia and nitrogen as precursors is used to deposit a 150 nm thick 

layer of silicon nitride onto the substrate. Throughout this deposition, the plasma 

frequency is cycled between 13.56 MHz (14 s) and 300 kHz (6 s), which lowers the residual 

stress in the nitride film [67]. The photoresist AZ ECI 3027 is then coated, exposed and 

developed to form the required pattern. Using the patterned resist as a soft mask, the 

nitride layer is subject to reactive ion etching using the gases 

fluoroform/trifluoromethane (CHF3) and sulphur hexafluoride (SF6). This formed the vias 

that allow electrical contact between the coil and the interconnect layers. 

Subsequently, 20 nm of titanium is deposited using DC sputtering. Then without breaking 

the vacuum, 100 nm of gold is deposited to form the seed layer for electrodeposition of 

copper. A 9 µm thick layer of the photoresist AZ 9260 is spun coated onto the wafer. This 

is then baked, exposed using the maskless aligner and developed to form the insulating 

mold, which selectively directs the growth of copper. The wafer is then immersed in a 

temperature controlled bath of copper sulphate (CuSO4) set to 24oC. Copper is then 

electroplated onto the seed layer at an average current density of 3.9 mA/cm2 for 95 

minutes, which results in the deposition of a 7.8 µm thick layer. The current is applied in 
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a pulsed fashion i.e. a high energy forward current pulse followed by a lower energy 

reverse current pulse in order to improve the uniformity of the electroplated film [68]. 

Further, the slow growth rate is amenable to uniform electroplating of copper and 

facilitates proper coverage of the vias [69]. 

The photoresist is then removed by thoroughly washing the wafer with acetone and 

isopropanol. This exposed the underlying seed layer, which is removed by sputter etching 

in an argon plasma. No mask is used for this etch step. Owing to this, around 200 nm of 

the plated copper is also etched along with the seed gold layer. This etch step defined the 

coil layer with a thickness of 7.6 µm. 

4.3.2 Composite Fabrication and Molding 

The elastomer PDMS (Sylgard® 184) is prepared by mixing the pre-polymer and the curing 

agent in the manufacturer recommended 10:1 ratio by weight. A 20 µm thick layer of 

uncured PDMS is deposited on the planar coil by spin coating, and then cured at 90oC for 

60 minutes. This forms an insulating layer, which provides electrical isolation between the 

coil and the composite. NdFeB microparticles (Molycorp MQP-16-7FP, mean particle size 

5 µm) are added to the uncured PDMS in the required proportion. These microparticles 

are thoroughly incorporated into the PDMS by mechanical stirring. 

A 10x10 array of 200 µm circles separated by 1 mm gaps is printed on a 3 mm thick poly 

(methyl methacrylate) (PMMA) sheet using a 10.6 µm wavelength CO2 laser milling 

system (Universal® Laser Systems PLS 6.75) to form the mold. Due to the dispersion of 
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the laser beam, the holes in the PMMA mold are not cylinders but conical frustums with 

a diameter of 200 µm at one end and 450 µm at the other. The NdFeB – PDMS composite 

is dispersed onto the coated substrate and the PMMA mold is then mounted on top of it.  

 

Figure 23 (a) NdFeB – PDMS composite casting, (b) Composite cilia molding, (c) Composite proof 

mass molding, (d) Final Assembly and Magnetization, (e) Cilia array, (f) Single cilia and (g) Fully 

assembled energy harvester 
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This assembly is subjected to vacuum desiccation which removes air bubbles from the 

composite and facilitates proper filling of the holes in the mold. Subsequently it is cured 

at 90oC for 60 min, forming the cilia array depicted in fig. 23(e). Following a similar 

procedure, a 1.2 cm x 1.2 cm x 0.8 cm NdFeB – PDMS proof mass is also molded. The proof 

mass is then bonded to the cilia array using a very thin layer of spin coated PDMS, which 

concludes the fabrication of the device (fig. 23(g)). In total, three devices were fabricated 

with NdFeB concentrations of 50%, 66.67% and 75% by weight. 

4.4 Magnetic Composite Characterization 

As seen from the SEM image in Fig. 24(a), the NdFeB powder consists of particles with 

different shapes and sizes of the order of a few microns. When this powder is thoroughly 

mixed with PDMS, a composite with uniform distribution of magnetic particles is 

obtained, as shown in Fig. 24(b). 

 

Figure 24 (a) SEM image of NdFeB powder, (b) Microscopic image of NdFeB – PDMS composite, 

higher magnification reveals individual NdFeB particles embedded in the polymer matrix [inset] 
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As the magnetic powder is isotropic, it is possible to magnetize the composite in any 

direction by applying a strong enough magnetic field. The magnetic hysteresis loop for 

the composite is studied using a SQUID Vibrating Sample Magnetometer (VSM), for 

different magnetizing fields and the resultant curves are plotted in Fig. 25(a). Below a 

magnetizing field of 5 kOe, the composite does not exhibit any significant amount of 

remanence. The remanent magnetization increases rapidly with the applied field in the 

region from 6 kOe to 11 kOe, beyond which the slope of this curve reduces (Fig. 25(b)). In 

this work, the magnetic composite structure is magnetized by applying a 12 kOe field 

parallel to the coil plane, which results in a remanence to saturation ratio of 

approximately 60%. 

 

Figure 25 (a), (b) Variation of magnetization of composite with applied magnetic field 

Since the performance of magnetic materials degrades with increasing temperature, the 

remanent magnetization of the composite was studied at temperatures from -40oC to 
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120oC. This range encompasses the typical temperatures at which industrial rated 

electronics are expected to perform reliably [70].  

 

Figure 26 (a) Variation of Hysteresis loops with temperature, (b) (c) (d) Effect of temperature on 

Mr, HC, BHmax, respectively. These plots are normalized to the values of the properties at room 

temperature 

Hysteresis loops for the composite were obtained in the relevant temperature range 

between -4 T and 4 T. The hysteresis loops constrict as the temperature increases (fig. 

26(a)) [71, 72]. While this is indicative of lower energy needed to magnetize the 

composite at higher temperatures, it also shows that lesser energy gets stored in the 
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material when it is magnetized. This observation is also borne out by the steep fall in the 

maximum energy product (BHmax) (fig. 26 (d)). The remanent magnetization reduces with 

increasing temperature. At 120oC, the remanent magnetization of the composite falls to 

81% of the value at room temperature (27oC) (Fig. 26(b)). The change in temperature has 

a marked effect on coercivity (fig. 26(c)), which reduces to 55% of the coercivity at room 

temperature, when the temperature is increased to 120oC. Thus, if this composite is used 

at higher temperatures, it is more susceptible to demagnetization. 

 

Figure 27 Hysteresis curves illustrating the effect of filler concentration on remanence and 

coercivity. 

The effect of material composition on the magnetic characteristics is studied by obtaining 

the hysteresis curves for the 50%, 66.67% and 75% NdFeB – PDMS composites between -

16 kOe and +16 kOe. The resultant curves show that the remanence and saturation 

magnetization increase with the NdFeB concentration (Fig. 27). This increase is directly 

1.75x
2.44x

HC
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correlated with the volume concentration of NdFeB in the composite. This is expected as 

the greater the volume of NdFeB in a unit volume of the composite material, the higher 

the magnetic flux emanating from it resulting in a greater magnetization. The composition 

does not have any effect on the coercivity of the material. With a value of approximately 

0.58 T, the coercive field is high enough to resist demagnetization, due to stray magnetic 

fields. 

 

Figure 28 Stress-Strain curves for magnetic composite samples with different amount of NdFeB 

powder. Inset depicts the testing procedure for the composite. 

Using an extensiometer (Instron 5966 Universal Testing System), the stress strain 

characteristics of the 50%, 66.67% and 75% NdFeB – PDMS composites are obtained. The 

slopes of these characteristics give the moduli of elasticity of the composites (fig. 28), 

which are found to be 6 MPa, 8.9 MPa and 12 MPa for the 50%, 66.67% and 75% NdFeB 

– PDMS composites, respectively. 
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Since a composite material is made up of two or more components with differing 

densities, it is expected that the composite will have a resultant density that lies 

somewhere between the densities of its constituents. Further, the density of the 

composite also depends on the exact amount of filler content.  

In the specific case of mN gm of NdFeB powder added to mP gm of PDMS to form an 

NdFeB-PDMS composite, applying the law of conservation of mass we have 

Net resultant weight of NdFeB − PDMS composite = 𝑚𝑁 + 𝑚𝑃 gm                          (30) 

Filler concentration of composite by weight =    
𝑚𝑁

𝑚𝑁 + 𝑚𝑃
                                         (31) 

Assuming that the density of NdFeB is N gm/cm3 and the density of PDMS is P gm/cm3, 

we get 

Volume of NdFeB − PDMS composite =  
𝑚𝑁

N
+  

𝑚𝑃

P
=  

𝑚𝑁 ∙ P + 𝑚𝑃 ∙ N

N ∙ P
cm3           (32) 

Density of NdFeB − PDMS composite =  
N ∙ P ∙ (𝑚𝑁 + 𝑚𝑃)

𝑚𝑁 ∙ P + 𝑚𝑃 ∙ N
 
gm

cm

3

                               (33) 

Volume concentration of filler =  (
𝑚𝑁

N
) ∙ (

N ∙ P

𝑚𝑁 ∙ P + 𝑚𝑃 ∙ N
) =  

𝑚𝑁 ∙ P

𝑚𝑁 ∙ P + 𝑚𝑃 ∙ N
  (34) 

The density of PDMS is reported to be 0.965 gm/cm3 [73]. The density of the NdFeB 

powder has a value between 7.41 gm/cm3 and 7.81 gm/cm3. 50%, 66.66% and 75% NdFeB 

– PDMS composite by weight correspond to x = y, x = 2y and x = 3y in our nomenclature. 

Substituting these values in the equations the range of expected density values is 
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computed. Also, 1 cm3 cubes of each composition are prepared and weighed to get the 

density experimentally. The experimentally computed values are found to be in 

agreement with the theoretical values. The densities of the 50%, 66.67% and 75% 

composites are found to be 1.7 gm/cm3, 2.2 gm/cm3 and 2.6 gm/cm3, respectively. 

NdFeB filler concentration 
(by weight) 

Density of NdFeB-PDMS composite (gm/cm3) 

Theoretical Experimental 

50% 1.708 – 1.718 1.73 

66.67% 2.297 – 2.321 2.19 

75% 2.776 – 2.816 2.62 
Table 2 Variation of NdFeB-PDMS composite density with NdFeB concentration 

4.5 Electrical Characterization 

4.5.1 Setup 

A Sub Miniature-A (SMA) female connector was soldered directly onto the contact pads 

of the planar coil to facilitate electrical measurements. In order to characterize the 

performance of the planar coil, a bare coil without the composite structure on top was 

placed at the center of a Helmholtz coil setup, which was driven using a combination of a 

function generator (Agilent 33220A) and a power amplifier (NF Corporation HSA 4012). 

The resultant a.c. magnetic field was measured using a Gauss Meter (F.W. Bell 6010). The 

induced voltage in the coil was recorded using a lock-in amplifier (Stanford Research 

Systems SR850) (Fig. 29(a)). 

In order to measure the response of energy harvester to low frequency vibrations, it was 

mounted on a custom made PMMA stage. This stage was screwed onto an 

electromagnetic shaker (Tira GmbH 50018), which also had an accelerometer affixed to 
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it. Single tone sinusoidal electrical signals generated by a vibration controller (Tira SVC 01) 

were amplified by a power amplifier (Tira BAA 60) and this signal was used to drive the 

electromagnetic shaker.  

 

Figure 29 Test setup for characterizing (a) the planar coil and (b) the energy harvester 

The signals from the accelerometer mounted on the shaker stage were fed back into the 

vibration controller and used to operate the shaker in constant acceleration or constant 

displacement mode. The energy harvester output was connected to a low noise 

preamplifier (Stanford Research Systems SR560). This amplifier had an input impedance 
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(100 MΩ) that was 6 orders of magnitude higher than the impedance of the harvester 

coil, thereby preventing electrical loading and enabling accurate measurements. The 

amplifier was operated in low pass mode with a cut-off frequency of 1 kHz to ameliorate 

spurious high frequency noise. The output of the amplifier was fed into a digital storage 

oscilloscope (Agilent DSO1012A) to visualize and measure the energy harvester 

performance(Fig. 29(b)). 

4.5.2 Planar Coil Characterization 

Proper operation of the planar coil is verified by subjecting it to ac magnetic field of 

varying strengths and frequencies using the setup shown in Fig. 29(a). In the first leg of 

the experiment at a constant frequency, the magnetic field is swept from 0.2 mT to 2.0 

mT. The experiment is done at 3 frequencies i.e. 35 Hz, 65 Hz and 95 Hz. The observed 

induced voltages are plotted (Fig. 30(a)) alongside the analytical results obtained using 

equation (5). It is seen that there is a linear relationship between the applied magnetic 

field and the induced voltage and the experimental results agree well with the analytical 

solutions. Subsequently the frequency is varied from 15 Hz to 105 Hz, while maintaining 

a constant magnetic field. The experiment is performed at magnetic field of 1 mT, 1.5 mT 

and 2 mT. As seen from Fig. 30(b), the measured induced voltage is directly proportional 

to the frequency of the applied magnetic field and agrees well with the analytical results. 
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Figure 30 Coil induced voltage as a function of (a) Applied Magnetic Field and (b) Frequency 

4.5.3 Energy Harvester Characterization 

All three fabricated energy harvesters are tested using the setup shown in Fig. 29(b). The 

shaker is operated in constant acceleration mode, while sweeping the frequency from 20 

Hz to 100 Hz and recording the resultant open circuit voltage. The experiment is 

performed for all three energy harvesters with acceleration values of 1g, 2g and 3g. In all 

curves (Fig. 31), two resonant voltage peaks corresponding to the two resonant modes of 

operation are observed.  
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Figure 31 Open circuit r.m.s. voltage plotted as a function of frequency at different input 

acceleration for (a) 50% NdFeB – PDMS, (b) 66.67% NdFeB – PDMS and (c) 75% NdFeB – PDMS 

energy harvesters 

At the first resonant frequency, the vibration of the structure has two components: (i) 

Motion parallel to the coil plane, due to the stimulus applied by the shaker and (ii) twisting 

motion about its own center, due to the resonant mode. Further as the acceleration is 

increased, the voltage increases proportionately. There is a small increase in resonant 

frequency of both modes with the NdFeB concentration. As the NdFeB concentration of 

the composite increases, both ρ as well as E increase. Thereby, the E/ρ ratio, which is 
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closely correlated with the fundamental frequency as well as the mechanical response of 

the structure, experiences a small increase with increase in concentration of NdFeB 

particles. This explains the slight shift to higher values of the resonant frequencies with 

increasing NdFeB concentration. It is also observed that the peak output voltage increases 

significantly with the NdFeB concentration. A higher resonant frequency is indicative of a 

stiffer system that has lower vibration amplitude [74]. From equation (27), it can be seen 

that the output voltage depends on the change in magnetic field. The 66.67% NdFeB – 

PDMS composite has 75% higher remanence than the 50% NdFeB – PDMS composite and 

the 75% NdFeB – PDMS composite has 144% higher remanence than the 50% NdFeB – 

PDMS composite. The higher remanent magnetization results in larger magnetic field 

change and increased induced voltage in devices with more concentration of the 

magnetic filler. 

The load characteristics of the energy harvester are measured by connecting a variable 

load across the energy harvester and varying it between 20 Ω and 150 Ω. The r.m.s. 

voltage is measured for each resistance value and the rms output power is computed 

using the expression Prms = V2
rms/RL. The experiment is performed for all three energy 

harvesters at the first resonant frequency and 3g acceleration. As seen in Fig. 32(a), the 

maximum power in all three cases occurs at a load resistance of 60 Ω, which matches the 

internal impedance of the energy harvesters. 
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Figure 32 (a) Load characteristics of the energy harvesters studied at first resonant frequency and 

3g acceleration, (b) Output power of energy harvesters with matched load and 3g acceleration 

stimulus. 

The energy harvesters are subject to 3g acceleration, connected to a load of 60 Ω, and 

the voltage is measured, while varying the frequency. The r.m.s. ouput power is computed 

and plotted against the frequency (Fig. 32(b)). The 3 dB bandwidth of this energy 

harvester is the range of frequencies for which the power is at least 50% of the maximum 

power obtained at resonance. The maximum power is obtained for the 75% NdFeB 

composition harvester and it is seen that the pass band shifts to the right as the NdFeB 

concentration increases. It is also seen that in absolute terms the bandwidth increases 

alongside the NdFeB concentration of the composite. The normalized bandwidth, which 

is defined as the ratio of the bandwidth to the central pass band frequency, does not vary 

by much with the composition of the material (Table 3), which is expected as the 

composite with higher NdFeB concentration has larger bandwidth, but also higher 

operating frequency. 
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NdFeB 
Content 

fT (Hz) fL (Hz) (E/ρ)^0.5 

(m/s) 

Bandwidth 

(Hz) 

Normalized 

Bandwidth Exp. Sim. Exp. Sim. 

50% 36 35 42 40.9 59.4 11.7 0.3 

66.67% 38.6 37.6 44.8 44 63.8 12.8 0.3 

75% 42 40.1 49.2 46.9 68 13.7 0.3 

Table 3 Bandwidth and resonant frequency measurements, exp. – experimental, sim. – 

simulation 

The NdFeB – PDMS microcomposite features ease of fabrication and its low modulus of 

elasticity is crucial for enabling high performance at low frequencies. The cilia array – 

proof mass structure enables broadband operation without compromising peak output 

power. It is also feasible to use this structure with piezoelectric, triboelectric or 

electrostatic transducers imbuing them with broadband capability, which is a desired trait 

for multiple applications. While the composition of the magnetic composite does not 

affect the normalized bandwidth of the energy harvester, it does have a profound effect 

on the electrical output power of the energy harvester. The normalized bandwidth of this 

energy harvester is 0.3, which is among the best results for mechanical energy harvesters 

(Table 2). By virtue of the high filler concentration and low coil resistance, when excited 

by a 3.0 g vibration at 42 Hz, the 75% NdFeB – PDMS energy harvester delivers a power 

density of 62.9 mW/m3, which is 4 orders of magnitude greater than the previous best 

result for a magnetic composite energy harvester. The power density of the energy 

harvester can be further improved by using resonant inductive coupling or non-planar 

coils with higher inductance designed using 3D printing technologies [75, 76] .  
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Transduction 
Method 

Mechanical Structure Operational 
Band (Hz) 

Normalized 
Bandwidth 

Electromagnetic Cantilever Array [61] 4200 - 5000 0.17 

Piezoelectric Cantilever Array[77] 87 - 115 0.28 

Electrostatic Non-linear spring[78] 520 - 590 0.13 

Electromagnetic Amplitude Limiter [79] 94 - 99 0.05 

Piezoelectric Orthoplanar Spring[80] 93 - 110 0.17 

Piezoelectric Mixed Connection 
Cantilever Array[81] 

158 - 168 0.06 

Piezoelectric M-shaped beam [82] 14.2 - 14.6 0.03 

Electromagnetic Dual Resonant 
Structure (Current 
Work) 

39.1 – 52.8 0.3 

Table 4 Comparison of normalized bandwidths of different broadband energy harvesters 
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Chapter 5 

Polymer Composite Magneto Hydrodynamic Pump 

5.1 Introduction 

Micro and mesa scale fluid pumps are an indispensable part of lab on chip systems, where 

they are used to accomplish varied tasks like transport, mixing, segregation, filtration 

among many others. These pumps can be classified into two categories: (i) Mechanical 

and (ii) Non-mechanical pumps. In a mechanical pump, structures such as turbines, 

bellows, diaphragms are utilized to facilitate fluid motion. Magnetic, electrostatic, 

piezoelectric and thermal actuation can be exploited to drive these structures. Except for 

turbine based pumps, the flow produced by mechanical pumps is pulsed and thus valves 

are needed to reduce back-flow. The fabrication of these pumps and the associated valves 

is complicated and also the moving actuators can damage sensitive biological specimens 

[83]. Instead of having moving parts, non-mechanical pumps use physical phenomena 

such as electrowetting, phase transfer, electrostatics and Lorentz force to induce fluid 

motion. These are comparatively easy to fabricate and scale better to smaller device 

dimensions than mechanical pumps [83]. 

The pumps utilizing Lorentz force for propulsion are called magneto hydrodynamic (MHD) 

pumps. Small scale MHD pumps are popular for biofluidic applications, while larger MHD 

pumps have been studied for marine propulsion applications. Unlike electrowetting and 

electrostatic pumps which require high actuation voltage (>100 V), MHD pumps feature 
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lower operating voltages (generally below 10 V), which mitigates electrostatic discharge 

problems [83]. 

MHD pumps are used to pump conductive fluids. Liquid metals such as mercury [84] and 

gallium have been used as the conductive media for MHD pumps, however they have 

little practical utility for most applications. To serve practical use cases, it is desirable to 

utilize ionic fluids such as sea water, urine, blood as the conductive media for a MHD 

pump. Using a saline fluid for MHD propulsion results in evolution of chlorine gas at the 

anode, which causes corrosion. In order to avoid corrosion related issues, saline fluid 

MHD pumps have electrodes fabricated using noble metals such as Gold [85] and 

Platinum [86]. These materials are quite expensive and need complex fabrication 

techniques to ensure adequate thickness and sidewall coverage. In [87], the conversion 

of the insulator polyimide (PI) is converted to conductive graphene by CO2 laser printing 

was demonstrated. This conductive material, laser induced graphene (LIG) was chosen as 

the electrode material for the pump because: 

(i) It is extremely resistant to the corrosive gases evolved at the electrodes and  

(ii) It is easier to fabricate and cheaper in comparison to the noble metal 

electrodes that are usually employed for MHD saline fluid pumps 

The magnetic field needed for the operation of an MHD pump can be generated using 

permanent magnets or coils, which are usually arranged in Helmholtz configuration to 

provide a uniform magnetic field. For marine propulsion MHD pumps, using 

superconducting Helmholtz coils is an attractive proposition as very high magnetic field 
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can be produced with relatively low power consumption [88-90]. In [91], a.c. operation of 

MHD pump is enabled by driving the coils and the electrodes by synchronous signals, 

which are always in phase with each other. A.C. operation is attractive as no chlorine gas 

is evolved, thereby mitigating the corrosion issue. In lab on chip systems, device footprint 

and power consumption are of prime importance. Coils increase the power consumption 

of the pump and smaller devices need smaller coils, which provide much lesser magnetic 

flux density than miniature permanent magnets, thereby leading to very poor flow rates 

[91, 92]. Thus, permanent rare earth magnets (NdFeB magnets in particular) are quite 

popular in biofluidic MHD pumps [93, 94]. However, these magnets are rigid and cannot 

be easily integrated with polymer fabrication processes which are commonly used for lab 

on chip systems. Polymer composite magnets, on the other hand are flexible, can conform 

to any arbitrary device shape, provide fairly high magnetic field strength and are 

processed at lower temperatures which makes them easy to integrate within existent 

fabrication flows [58]. An NdFeB magnetic powder –PDMS composite is utilized as the 

magnetic field source in this work. 

In this chapter, the fabrication and characterization of two pumping devices will be 

explained: (i) A prototype MHD pump with external magnetic flux source and open 

channel, (ii) A MHD pump with fully integrated magnetic composite flux source and closed 

channel suitable for lab on chip applications. 
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5.2 Working Principle 

A typical saline fluid MHD pump is depicted in fig. 4. When an electrical field is applied via 

the electrodes, the cations are attracted towards the negative electrode and the anion 

towards the positive electrode. The motion of the ions constitutes the current, I which 

flows between the electrodes. A magnetic field with flux density, B is applied orthogonal 

to the current. An ion moving with a velocity, vi and having a charge, q is subject to Lorentz 

Force, given by equation (14). 

This force is transferred to the adjacent molecules and ions via collisions and a net force 

acts on the fluid orthogonal to both the current as well as the magnetic field.  This force 

is transferred to the adjacent molecules and ions via collisions and a net force acts on the 

fluid orthogonal to both the current as well as the magnetic field. If t is the channel depth, 

the pressure acting on the fluid due to the Lorentz force is given as  

                                                   P =
𝐹

𝑤𝑡
=

𝑤𝐼𝐵

𝑤𝑡
=

𝐼𝐵

𝑡
                                                         (35) 

From the Hagen-Poiseuille law [95], the relationship between pressure,P; volumetric flow 

rate, Q and channel fluidic resistance, R (a parameter which depends on channel 

dimensions and fluid viscosity) is given by  

                                                              P = QR                                                                         (36) 

From equations (35) and (36), we get 
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                                                         Q =  
P

R
=

IB

tR
                                                                   (37) 

Thus, the flow velocity, v due to the applied current, I and magnetic field, B is given as 

                                                v =  
Q

wt
=  

IB

Rwt2
                                                                     (38) 

Thus, it can be noted that the flow velocity is proportional to the applied current and 

magnetic field. 

5.3 Open Channel MHD pump Prototype 

5.3.1 Fabrication 

The fabrication of the MHD pump involves three steps: fabrication of LIG electrodes, 

fabrication of NdFeB-PDMS composite magnet and final assembly, which are detailed 

below. 

5.3.1.1 LIG Electrode Fabrication 

A polyamic acid based PI precursor (HD Microsystems PI-2611) is spun coated on a silicon 

wafer, which has a 2 µm thick thermally grown SiO2 film on it, at 2000 rpm for 30 sec. It 

is then baked at 90oC for 90 s, and 150oC for 90s. At a ramp rate of 4oC/min, the substrate 

is heated to 350oC. It is cured at this temperature for 30 min and gradually cooled down 

to room temperature. The high temperature curing process is essential to fully imidize 

the film, orient the polymer and completely dissociate the carrier solvent. Selectively 

scanning a CO2 laser with 3 W power and at a speed of 92 mm/s across the PI film 
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transforms it into the LIG electrodes. Unlike the PI film which is an insulator, the LIG 

electrode has a sheet resistance of 24 Ω/square.  

 

Figure 33 Fabrication of LIG electrodes (a) PI spin coating (b) baking (c) laser treatment (d) 

Electrode release 

5.3.1.2 NdFeb PDMS composite magnet fabrication 

PDMS (Dow Corning Corp. Slygard® 184) is prepared by mixing the elastomer and the curing 

agent in the manufacturer recommended 10:1 weight ratio. NdFeB microparticles (Molycorp MQP-

16-7FP, mean particle size 5 µm) at 1:1 weight ratio, are thoroughly dispersed into the PDMS matrix 

by mechanical stirring. Fig. 34(a) shows SEM image of the NdFeB particles. This mixture is then 

poured into a laser patterned poly(methyl methacrylate) mold and subject to vacuum desiccation to 

eliminate any bubbles. Subsequently, it is cured at 90oC for 60 minutes to form the composite 

polymer NdFeB magnet. A vibrating sample magnetometer is used to apply a magnetizing field of 
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1.2 T to the composite magnet, which results in a remanence to saturation magnetization ratio of 

0.6 (fig. 34(b)). 

 

Figure 34 (a) SEM image of NdFeB powder and (b) Magnetization curve of NdFeB composite 

5.3.1.3 Final Assembly 

A petri dish serves as the MHD pump reservoir. Two pieces of PMMA stuck to the petri 

dish using an adhesive at a spacing of 1.5 cm serve as the channel sidewalls. The LIG 

electrodes are diced, peeled off the substrate wafer and stuck to the PMMA sidewalls 

using an adhesive. The NdFeB-PDMS composite magnet is placed underneath the petri 

dish to provide the magnetic field necessary for pump operation. The average magnetic 

field strength in the channel is measured using a Gauss meter and found to be 1.5 mT. 

 

Figure 35  MHD pump 
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5.3.2 Characterization 

5.3.2.1 LIG Characterization 

SEM images (fig. 36(a), 36(b)) reveal that unlike the PI film which is quite smooth, the LIG 

electrodes have an uneven highly porous surface. It is theorized that the porous nature 

of the electrodes is advantageous as it improves the contact area with the saline solution 

[96-98], thereby providing higher current.  

 

Figure 36 (a) SEM image depicting the difference in the surface morphology of LIG and the PI film, 

(b) SEM image reveals extremely porous nature of LIG, (c) Raman spectrum of LIG and PI 
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Raman spectroscopy of the PI and LIG films further reveals the changes produced in the 

PI film by the laser treatment (fig. 36(c)). The PI film has an unremarkable Raman 

spectrum, devoid of any prominent features. On the other hand, the LIG Raman spectrum 

shows 3 prominent peaks. The first peak, which occurs at a shift of ~1350 cm-1 is the D 

peak, which is attributed to defective and bent sp2 bonds. The G peak occurs at ~1580 cm-

1 and this is due to doubly degenerate zone center E2g mode. Most importantly, a single 

Lorentzian 2D peak is observed at ~2700 cm-1, which occurs due to second order zone 

boundary phonons and is indicative of graphene formation. The peak is quite broad, when 

compared to mono-layer graphene, which is attributed to the presence of multiple 

randomly stacked graphene layers. 

5.3.2.2 MHD pump characterization 

The operation of this pump is studied using NaCl solutions with weight concentrations of 

2%, 2.5% and 3.0%. At any given concentration, it is observed that as the applied voltage 

increases, the current increases linearly with it (fig. 19(a)). Fitting the obtained data, the 

slope of the V-I characteristics varies from 254.8 Ω for 2% NaCl solution to 172.4 Ω for 3% 

NaCl solution. As the concentration of the saline solution increases, the ionic species 

availability increases and thereby, the system resistance decreases with increasing salt 

concentration. In order to study the pumping velocity, hollow glass microspheres (HGMS, 

diameter 90 – 106 µm) are introduced into the flow. The voltage is varied from 5 V to 7.5 

V, which is much higher than the activation potential for saline electrolysis. Thus, the 

pump is operated in the Faradaic regime with free occurance of redox reactions and the 
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ensuing evolution of gases from the electrodes.  The HGMS motion is captured using an 

SLR camera with high shutter speed. Since the time between the frames is known, by 

measuring the distance travelled by the spheres, the velocity of the fluid can be 

computed. Fig. 37 shows the fluid motion visualized using red colored dye. While dye is 

useful for visualizing the MHD pump flow, it is not well-suited for accurately quantifying 

the flow rate of the pump, which is why HGMS was used for this purpose. 

 

Figure 37 Time lapse photographs of 3% wt NaCl solution flow at 7.5V 

From equation (35), it is apparent that the flow velocity is directly proportional to the 

current and it is expected that the 3% NaCl solution by virtue of its comparatively lower 

resistance will exhibit best flow velocity. Fig. 38(b) shows the variation of flow velocity 

with applied voltage for different NaCl concentrations and in accordance with theory, the 

3% NaCl solution tests yield the highest flow rates. 
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Figure 38 (a) Variation of current with applied voltage, (b) Change in flow velocity with voltage for 

2%, 2.5 % and 3% wt. NaCl saline solutions 

Fig. 39 shows flow velocity variation with applied current. This plot includes data obtained 

at all three concentrations. The data points indicate a linear, directly proportional 

relationship (R2 = 0.97) between the flow velocity and the applied current, which agrees 

well with equation (38). 
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Figure 39 Flow variation with current, the flow velocity varies linearly with the applied current 

The MHD device provides a flow velocity proportional to the applied current and pumps 

a solution similar to sea water (30000 ppm salt concentration by weight) at 0.146 

mm/s/mA. The results show the efficient operation of the MHD pump fabricated with 

simple fabrication methods and the potential for miniaturization and high integration.  

5.4 Integrated MHD pump 

The prototype pump presented in the preceding section shows the viability of a polymer 

based MHD device as a pump for biological specimens. However, there are two major 

issues that prevent the usage of the pump as it is in a lab on chip device: 

(i) Lab on chip devices with the exception of digital fluidic systems are mostly 

closed channel devices and incorporating LIG electrodes on PI substrate in a 

PDMS based system is challenging because neither PI nor LIG have an inherent 

ability to bond with PDMS [99]. The PI substrate with LIG electrodes could be 
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bonded using epoxy to the channel [99] but this approach risks covering the 

electrodes obstructing contact between the electrode and the pumping 

medium.  

(ii) The operation of the MHD pump results in the formation of disruptive bubbles 

in the channel region. While the LIG electrodes and PDMS are chemically 

resistant to corrosion, the bubbles themselves are quite deleterious and will 

disrupt the flow in a closed channel device.  

(iii) The magnet is not integrated with the pump and the external magnetic flux 

source is an inelegant workaround 

In the integrated MHD pump, the LIG electrodes are transferred to a magnetic composite 

substrate, which is then bonded to the PDMS channel to form a closed channel pumping 

system.  Thus, the issue of bonding the electrodes to the channel and the need for an 

external flux source were overcome. In order to avoid bubbles, the pump is driven with 

low current, which ensures that the rate of electrode gas evolution is low. Under such 

conditions, the small quantity of gases evolved readily dissolve back into the solution, and 

do not disrupt the channel flow. 

5.4.1 Fabrication 

The first step in the fabrication of the MHD pump is the formation of the LIG electrodes. 

This is done by treating commercial PI film with CO2 laser at a power of 3.5W and speed 

of 92 mm/s. Slightly higher power was used compared to the spin coated PI film discussed 

earlier due to the difference in sample thickness (8 µm vs 125 µm). Ambient air was  
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Figure 40 Fabrication of Integrated MHD pump (a) LIG electrodes on PI, (b) NdFeB PDMS composite 

casting, (c) LIG transfer, (d) LIG on magnetic composite, (e) PMMA mold fabrication, (f) PDMS 

casting, (g) Oxygen plasma treatment, (h) Integrated MHD pump, (i), (j), (k), (l) Photographs 

corresponding to steps (a), (d), (f) and (h) respectively 
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continuously circulated near the laser using the integrated nozzle of the laser printing 

system, which is essential for formation of good quality LIG electrodes [100]. 

The magnetic composite is prepared by mixing NdFeB micropowder  in a 3:1 weight ratio 

in  uncured PDMS (75% by weight composition).  The uncured magnetic composite is then 

cast onto the LIG electrodes. This is then subject to vacuum desiccation, which allows the 

magnetic composite to permeate through the porous LIG. The composite is then 

thermally cured at 90oC for 60 minutes. Subsequently, the PI is carefully peeled off the 

magnetic composite, transferring the LIG electrodes onto the magnetic composite. 

A PMMA mold is fabricated by laser patterning for facilitating the fabrication of the PDMS 

channel. Pure PDMS is poured into the mold and cured thermally at 90oC for 60 minutes 

forming the channel, which has a thickness of 2 mm and a width of 5 mm. Prior to release, 

the mold with the cured PDMS in it is placed in a refrigerator at 4oC for 10 minutes. Since, 

PDMS has a higher coefficient of expansion than PMMA, it shrinks more than the mold, 

which facilitates easier release of the PDMS. 

The magnetic composite with LIG electrodes and the PDMS channel are then subjected 

to oxygen plasma at 40 W power for 40 s. The two pieces are then placed in contact with 

each other, thus bonding them and forming the integrated MHD pump. This pump is then 

magnetized by exposing it to a 1.6 T magnetic field. 
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5.4.2 Transferred LIG characterization 

Since the transfer of LIG to magnetic composite had never been done hitherto, it was 

imperative to investigate the material further to ascertain its electrical properties. LIG 

structures of differing length to width ratios (aspect ratios) were fabricated and the 

resistance of these conductors was measured. These results were then plotted and from 

the slope of the obtained characteristics, the sheet resistance of native LIG on PI was 

found to be 23.9 Ω. 

 

Figure 41 Impact of LIG transfer process on sheet resistance 

Subsequently following the process detailed in 5.4.1, these conducting LIG structures 

were transferred to a 75% by weight NdFeB PDMS magnetic composite. The resistance 

measurements were repeated and it was observed that there is an increase in sheet 

resistance of the LIG structures to 28.8 Ω. This resistance increase of ~ 20% can be 

explained by (i) the mechanical stress of the PDMS curing within the porous LIG 
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scaffolding and (ii) slight reduction in thickness of the LIG film as some residue is leftover 

on the PI substrate even after LIG transfer [97]. 

 

Figure 42 (a) SEM image of transferred LIG surface and (b) Raman spectrum of transferred LIG 
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SEM image of the transferred LIG (fig. 42 (a)) shows a far lesser degree of porosity than 

the native LIG film (fig. 36(b)). The magnetic composite fills the voids in the LIG, thereby 

creating a smoother, less porous conductor than native LIG. 

In order to further explore this, Raman spectrum was obtained for the native LIG, 

magnetic composite, transferred LIG at the surface and at the bottom near the magnetic 

composite LIG interface. These studies were conducted using a 473 nm Nd:YAG laser and 

the spectrum was obtained between wavelength shift values of 1000 cm-1 and 3500 cm-

1. Native LIG shows spectrum with pronounced D, 2D and G peaks, similar to fig. 36(c). 

The significance of these peaks was explained in section 5.3.2.1.  

The NdFeB-PDMS magnetic composite spectrum does not have these peaks (D, 2D or G). 

Instead, there are 2 prominent peaks at 2890 cm-1 and 2943 cm-1, which correspond to 

the symmetrical and assymetrical stretching of the methyl (—CH3) group, prevalent in 

PDMS [101]. These peaks will be henceforth referred to as R and S peaks, respectively. 

The Raman spectrum taken from the top of the transferred LIG shows lack of sharpness 

in the D and G peaks. Further, the 2D peak is completely missing in the spectrum. Such 

spectrum has been reported from the bottom of the LIG film i.e. near the LIG-PI interface 

[100]. During the process of graphene formation, as the laser beam penetrates deeper 

into the PI film, its energy falls and eventually becomes insufficient to cause the 

photothermal reaction that creates graphene. Thus, at the interface between LIG and PI, 

conductive amorphous carbon is formed and it is this material, whose Raman spectrum is 

observed at the bottom of the LIG film. The LIG transfer process flips the vertical order of 



111 
 

the native LIG film. Thus, the material at the top of the native LIG film is at the bottom of 

the transferred LIG film and vice-versa. This is further proven by the cross-sectional 

Raman spectrum of transferred LIG film taken at the bottom (i.e. near LIG magnetic 

composite interface), which shows distinct D, 2D and G peaks. 

The transferred LIG spectra obtained from top and bottom of transferred LIG sample both 

exhibit prominent R and S peaks, which is indicative of the permeation of magnetic 

composite material through LIG pores. This explains how the PDMS channel bonds to the 

LIG electrode material, when treated with oxygen plasma. Unlike PDMS, native LIG does 

not have silanol groups, which are needed to facilitate the oxygen plasma bonding 

process [102]. However, since the transferred LIG is filled with PDMS, it is possible to bond 

the PDMS channel and the magnetic composite with transferred LIG to create an 

integrated MHD pump. 

5.4.3 Integrated MHD pump characterization 

Silver epoxy (Electron Microscopy Sciences EMS #12642-14) is used to connect the LIG 

electrodes of the MHD pump to insulated copper wires for connecting to the electrical 

supply needed to drive the pump. 3.5% saline solution, which is similar to sea water and 

exhibited the best V-I and flow performance in earlier experiments was chosen as the 

working fluid for the integrated MHD pump. Green fluorescent microbeads (Cospheric 

UVPMS-BG-1.025, diameter 32-38 µm) were first coated with surfactant (Tween 20) and 

then incorporated in the saline solution in 1:1000 ratio by weight to facilitate flow 

tracking. 
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A low noise current source (Keithley 6220) was used to drive the MHD pump. This current 

source itself provides the measured voltage and a microscope (Leica M125C) was used to 

monitor the flow of the particles in the pump. 

 

Figure 43 (a) Time lapse showing fluid motion at a current of 300 µA, (b) V vs I and (c) Flow vs 

current characteristics of MHD pump 
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The current applied was varied from 50 µA to 300 µA in steps of 50 µA, the corresponding 

voltage was noted from the source. In order to measure the flow rate, video was recorded 

using the microscope and the time needed by the particles to move through a distance of 

100 µm was measured. Higher current results in evolution of bubbles from the electrodes 

disrupting the flow produced by the MHD pump. 

When current is applied, Lorentz force acts on the saline solution propelling the fluid. This 

causes the suspended fluorescent microbeads to move, which is recorded by the 

microscope as shown in fig. 43 (a). The flow velocity of the fluid increases with the applied 

current. The flow velocity vs current plot (fig. 43(c)) can be fitted linearly with a high 

degree of confidence (R2 = 0.98), which agrees well with the theoretical expression 

(equation (38)). The current voltage relationship in the operational regime of the MHD 

pump is linear (fig. 43(b)). Thereby, the MHD pump provides higher flow velocity at the 

expense of greater power consumption. 

When driven by 300 µA, the integrated MHD pump produces an average flow velocity of 

46.8 µm/s without any visible bubbles in the channel. Thus, a novel MHD pump was 

demonstrated, which is not only the first ever MHD pump with an integrated flux source, 

but is also capable of operation without disruptive bubbles. 

This pump compares favorably against other MHD pumps utilizing bubble mitigation 

techniques as shown in table 5. The very high power consumption of [91] is attributed 

mostly to the electromagnetic coil, which needs high voltage and current to produce a 

high frequency a.c. magnetic field of sufficient amplitude. 
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Table 5 Flow rate and power consumption of different MHD pumps with bubble mitigation 
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Chapter 6 

Concluding Remarks 

6.1 Summary 

It has been shown that the harmonious fusion of permanent magnetic materials with 

PDMS results in a remarkable composite, whose mechanical and magnetic properties can 

be tuned in a facile manner. The relative ease, low cost and low thermal budget needed 

for fabricating free standing magnetic composite structures on existing microfabricated 

substrates make this material a viable alternative for creating free standing and flexible 

magnetic structures in comparison to conventional microfabrication techniques. 

Transducers that utilize composites made up of discrete particles suspended in a polymer 

matrix can potentially face an issue with inhomogeneity [103-105]. In this work, 

mechanical stirring was used to disperse the magnetic material in PDMS, which delivered 

a fairly homogenous composite, as seen in fig. 24(b). The polymer composite transducers, 

developed in this dissertation, have dimensions that are at least an order of magnitude 

larger than the dimensions of the magnetic fillers, which ensured consistent device 

performance. However, it needs to be noted that scaling down the transducers to the size 

of the magnetic filler will result in inhomogeneity and inconsistent performance. One 

potential solution to this is to scale down the magnetic filler size (from the micron range 

to the nm range.). However, ferromagnetic materials become superparamagnetic as a 

result of this scaling [106], which is undesirable. Thus, the best way to combat 
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inhomogeneity in magnetic polymer composite transducers is to utilize arrays of 

reasonably scaled devices.  

In this dissertation, a magnetic composite vibration energy harvester was fabricated and 

characterized for the first time ever [58]. This breakthrough device suffered from low 

output voltage and high internal resistance manifesting in low power density. Further, a 

linear dependence on frequency with no possibility for vibration amplitude amplification 

resulted in limited energy harvesting potential. This was rectified using an NdFeB-PDMS 

composite structure with much higher magnetic filler content and broadband properties 

and a high thickness electroplated copper coil. This device achieved ~32000 times the 

power density of the previous energy harvester at half excitation (3.0 g vs 6.2 g) [107]. 

This dual resonant mode novel device not only exhibits a very high normalized bandwidth 

of 0.3, which compares favorably against other devices reported elsewhere, but it also 

achieves this operational bandwidth without sacrificing peak output power.  The 

dependence of the output characteristics on the magnetic particle loading of the 

composite was studied. It was observed that higher magnetic filler concentration is 

preferable as it results in larger output power without significant impact on bandwidth of 

the system. The energy harvester produces a power > 52 nW over a wide frequency band 

of 39.1 – 52.8 Hz, which is sufficient to power a wide range of sensors such as pressure, 

strain, temperature and gas sensors [108-114]. 

The use of MHD pumps for lab on chip applications is limited by (i) the need for an external 

magnetic flux source, (ii) corrosion of the pump electrodes by the pumping medium and 
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(iii) evolution of disruptive bubbles that tend to disturb the flow. In order to overcome 

these issues a polymer composite based MHD pump utilizing LIG electrodes and NdFeB-

PDMS magnetic composite was proposed. A prototype system utilizing LIG electrodes on 

PI with an external composite magnet was used to test the concept [115]. This open 

channel system was driven with relatively high current resulting in formation of bubbles 

and it was observed that the greater the ionic concentration of the working medium, the 

better the pump performs. It was decided to make a fully integrated MHD pump with 

closed channel to demonstrate feasibility for lab on chip applications. The LIG electrodes 

were transferred to a magnetic composite layer, that serves as the substrate for the 

pump, which served two needs : (i) provide the magnetic flux necessary for MHD pump 

operation, thereby eliminating the need for an external flux source, (ii) provide an easy 

method to bond the PDMS channel to the electrode bearing substrate via oxygen plasma 

treatment. The integrated pump was capable of pumping saline fluid in a closed channel 

without the formation of disruptive bubbles when operated with low drive current. When 

compared with other disruptive bubble free MHD pumps, this pump performs well with 

regards to both flow rate as well as power consumption. Proper alignment of the 

electrodes with the channel can further improve the flow rate. 

6.2 Future Work 

The potential of the broadband magnetic energy harvester developed in this dissertation 

is hampered due to the poor conversion efficiency of a planar coil. While wire wound coils 

can offer significantly better performance, they cannot provide the large economy of 
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scale that planar coil microfabrication does. However, other potential methods to 

manufacture 3D coils such as additive manufacturing can be explored to enhance the 

magnetic field to voltage conversion efficiency of the system [75,76]. Another area, which 

can result in fruitful research is the usage of a broadband structure made up of materials 

suitable for piezoelectric, triboelectric, electrostatic transduction. Thus, we can create a 

family of transducers using different conversion phenomena suitable for sensing, energy 

harvesting and actuation.  

 

Figure 44 Prototype lab on chip system utilizing magnetic composite and LIG electrodes for 

pumping, mixing and sensing 

The integrated MHD pump developed in chapter 5 can be potentially developed to form 

a lab on chip system. A prototype system is shown in fig. 44, consisting of a pump, mixer 

and sensing electrodes. The MHD mixer uses interleaved electrodes of alternating 
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positive and negative potentials, which results in a direction of Lorentz force 

perpendicular to the channel, mixing the two fluids together. Further, sensing LIG 

electrodes can be easily transferred to the magnetic composite substrate. In other work, 

the functionalization of LIG with different chemical species has been demonstrated for 

energy storage and sensing applications [87][96][97][100]. Thus, by functionalizing these 

electrodes appropriately, various diagnostically important markers can be evaluated in a 

given sample. 
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APPENDICES 

Appendix A. Gold Microcoil Array Fabrication Parameters 

Process Material Thickness/
Depth 

Process Parameters 

Starting 
Wafers 

Si 500 µm <100>, 4” 

Wafer 
Cleaning 

Si N/A Piranha clean (H2SO4 + H2O2, 110oC, 10 min.) 

 

 

Oxide Growth 

 

 

SiO2 

 

 

500 nm 

(i) Dry: 24 min, 1100oC, 3000 sccm O2 (50 
nm) 
(ii) Wet: 34 min, 1100oC, 200 sccm O2, water 

vapor (430nm) 

(iii) Dry: 57 min, 1100oC, 3000 sccm O2 (20 

nm) 

 

 

Interconnect 
Layer 

Deposition 

Ti 10 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 120 s 
Time: 60 s 

Pt 120 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 30 s 
Time: 215 s 

Photoresist 
Spin Coat 

AZ-1512 HS 1.4 µm (i) 800 rpm; 3 s 
(ii) 1500 rpm; 3 s 
(iii) 3000 rpm; 30 s 
Bake at 100oC for 60 s 

Photoresist 
exposure 

AZ-1512 HS 1.4 µm Contact Aligner  
Broadband exposure 
Soft contact 
40 mJ/cm2 

Photoresist 
development 

AZ-1512 HS 1.4 µm 20 s in AZ-726 MIF developer 
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Interconnect 
Layer Etching 

Ti/Pt 10 nm /120 
nm 

RF Power: 150 W 
ICP Power: 300 W 
Gases: Ar (40 sccm) 
Pressure: 10 mTorr 
Time: 90 s 
Table Temperature: 15oC 
No. of cycles: 4 (30 s break time between 
subsequent cycles) 

Photoresist 
Stripping 

AZ-1512 HS 1.4 µm 3 min in acetone with sonication, followed 
by Isopropanol (IPA) rinse and drying 

Interlayer 
Dielectric 

Deposition 

Si3N4 150 nm RF Power: 20 
LF Pulse frequency: 300 kHz 
LF Pulse duration: 6 s 
HF Pulse frequency: 13.56 MHz 
HF Pulse duration: 14 s 
Pressure: 650 mTorr 
Gases: SiH4 (20 sccm); NH3 (20 sccm); N2 
(980 sccm) 
Table temperature: 300oC 
Time: 25 min 

Photoresist 
Spin Coat 

AZ-1512 HS 1.4 µm (i) 800 rpm; 3 s 
(ii) 1500 rpm; 3 s 
(iii) 3000 rpm; 30 s 
Bake at 100oC for 60 s 

Photoresist 
exposure 

AZ-1512 HS 1.4 µm Contact Aligner  
Broadband exposure 
Soft contact 
40 mJ/cm2 

Photoresist 
development 

AZ-1512 HS 1.4 µm 20 s in AZ-726 MIF developer 

Interlayer 
Dielectric 

Etching/ Via 
Formation 

Si3N4 150 nm RF Power: 50 W 
ICP Power: 2000 W 
Gases: CHF3 (90 sccm); SF6 (10 sccm) 
Pressure: 10 mTorr 
Time: 52 s 
Table Temperature: 15oC 
No. of cycles: 1  

Photoresist 
Stripping 

AZ-1512 HS 1.4 µm 3 min in acetone with sonication, followed 
by IPA rinse and drying 

Coil Layer 
Deposition 

Ti 10 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 120 s 
Time: 60 s 



137 
 

Au 1200 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 20 s 
Time: 1250 s 

Photoresist 
Spin Coat 

ECI-3027 4 µm (i) 700 rpm; 3 s 
(ii) 1200 rpm; 3 s 
(iii) 1750 rpm; 30 s 
Bake at 100oC for 60 s 

Photoresist 
exposure 

ECI-3027 4 µm Contact Aligner  
Broadband exposure 
Soft contact 
200 mJ/cm2 

Photoresist 
development 

ECI-3027 4 µm 60 s in AZ-726 MIF developer 

Coil Layer 
Etching 

Ti/Au 10 nm/ 
1200 nm 

RF Power: 125 W 
ICP Power: 1000 W 
Gases: Ar (30 sccm) 
Pressure: 10 mTorr 
Time: 180 s 
Table Temperature: 15oC 
No. of cycles: 6 (30 s break time between 
subsequent cycles) 

Photoresist 
Stripping 

ECI-3027 4 µm 3 min in acetone with sonication, followed 
by IPA rinse and drying 
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Appendix B Molycorp MQP-16-7FP Composition 

Constituent Element Symbol Concentration (%) 

Neodymium Nd 0.4 

Praseodymium Pr 19.9 

Boron B 0.9 

Niobium Nb 0.8 

Iron Fe 78 
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Appendix C Copper Microcoil fabrication flow and parameters 

Process Material Thickness/
Depth 

Process Parameters 

Starting 
Wafers 

Si 500 µm <100>, 4” 

Wafer 
Cleaning 

Si N/A Piranha clean (H2SO4 + H2O2, 110oC, 10 min.) 

 

 

Oxide Growth 

 

 

SiO2 

 

 

500 nm 

(i) Dry: 24 min, 1100oC, 3000 sccm O2 (50 
nm) 
(ii) Wet: 34 min, 1100oC, 200 sccm O2, water 

vapor (430nm) 

(iii) Dry: 57 min, 1100oC, 3000 sccm O2 (20 

nm) 

 

 

Interconnect 
Layer 

Deposition 

Ti 20 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 120 s 
Time: 114 s 

Pt 120 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 30 s 
Time: 215 s 

Photoresist 
Spin Coat 

AZ-1512 HS 1.4 µm (i) 800 rpm; 3 s 
(ii) 1500 rpm; 3 s 
(iii) 3000 rpm; 30 s 
Bake at 100oC for 60 s 

Photoresist 
exposure 

AZ-1512 HS 1.4 µm Heidelberg µPG 501 
Exposure 45 ms 
Defocus +3 

Photoresist 
development 

AZ-1512 HS 1.4 µm 20 s in AZ-726 MIF developer 

Interconnect 
Layer Etching 

Ti/Pt 20 nm /120 
nm 

RF Power: 150 W 
ICP Power: 300 W 
Gases: Ar (40 sccm) 
Pressure: 10 mTorr 
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Time: 90 s 
Table Temperature: 15oC 
No. of cycles: 4 (30 s break time between 
subsequent cycles) 

Photoresist 
Stripping 

AZ-1512 HS 1.4 µm 3 min in acetone with sonication, followed 
by IPA rinse and drying 

Interlayer 
Dielectric 

Deposition 

Si3N4 150 nm RF Power: 20 
LF Pulse frequency: 300 kHz 
LF Pulse duration: 6 s 
HF Pulse frequency: 13.56 MHz 
HF Pulse duration: 14 s 
Pressure: 650 mTorr 
Gases: SiH4 (20 sccm); NH3 (20 sccm); N2 
(980 sccm) 
Table temperature: 300oC 
Time: 25 min 

Photoresist 
Spin Coat 

AZ-1512 HS 1.4 µm (i) 800 rpm; 3 s 
(ii) 1500 rpm; 3 s 
(iii) 3000 rpm; 30 s 
Bake at 100oC for 60 s 

Photoresist 
exposure 

AZ-1512 HS 1.4 µm Heidelberg µPG 501 
Exposure 45 ms 
Defocus +3 

Photoresist 
development 

AZ-1512 HS 1.4 µm 20 s in AZ-726 MIF developer 

Interlayer 
Dielectric 

Etching/ Via 
Formation 

Si3N4 150 nm RF Power: 50 W 
ICP Power: 2000 W 
Gases: CHF3 (90 sccm); SF6 (10 sccm) 
Pressure: 10 mTorr 
Time: 52 s 
Table Temperature: 15oC 
No. of cycles: 1  

Photoresist 
Stripping 

AZ-1512 HS 1.4 µm 3 min in acetone with sonication, followed 
by IPA rinse and drying 

Seed Layer 
Deposition 

Ti 20 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 120 s 
Time: 84 s 

Au 100 nm DC Power: 400W 
Ar flow rate: 25 sccm 
Pressure: 5 mTorr 
Height: 160 mm 
Pre-sputtering time: 20 s 
Time: 140 s 
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Photoresist 
Spin Coat 

AZ-9260 9 µm (i) 300 rpm; 3 s 
(ii) 1500 rpm; 3 s 
(iii) 2800 rpm; 60 s 
Bake at 110oC for 180 s 

Photoresist 
exposure 

AZ-9260 9 µm Heidelberg µPG 501 
Exposure 2000 ms 
Defocus 0 

Photoresist 
development 

AZ-9260 9 µm 9 min in AZ-726 MIF developer 

Electroplating 
Coil Layer 

Cu 7.8 µm (i) Avg. Current: 30 mA 
    Total Duration: 90 min 
    Forward Pulse Amplitude: 156 mA 
    Forward Pulse Duration: 2.03 ms 
    Number of Forward Pulses/cycle: 2 
    Reverse Pulse Amplitude: 1992 mA 
    Reverse Pulse Duration: 0.1 ms 
    Number of Reverse Pulses/cycle: 1 
    Waveform Period: 14.3 ms 
(ii) Avg. Current: 100 mA 
     Total Duration: 85 min 
     Forward Pulse Amplitude: 403 mA 
     Forward Pulse Duration: 2.03 ms 
     Number of Forward Pulses/cycle: 2 
     Reverse Pulse Amplitude: 1992 mA 
     Reverse Pulse Duration: 0.1 ms 
     Number of Reverse Pulses/cycle: 1 
     Waveform Period: 14.3 ms 

Photoresist 
Stripping 

AZ-9260 9 µm 5 min in acetone with sonication, followed 
by IPA rinse and drying 

Seed Layer 
Etching 

Ti/Au 20 nm/ 100 
nm 

RF Power: 125 W 
ICP Power: 1000 W 
Gases: Ar (30 sccm) 
Pressure: 10 mTorr 
Time: 120 s 
Table Temperature: 15oC 
No. of cycles: 1  
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