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ABSTRACT 

In the past two decades, the miniaturization of highly functional electronic devices has 

yielded the present condition where such devices are light enough, have a long enough battery life, 

are robust enough, and even stylish enough to be utilized for extended periods of time. Such 

devices can monitor activity and various bodily vital signs, and/or provide assistive actions. Due 

to the interrelationship between persons and assistive electronic devices, it is examined whether 

the actions (human motion) themselves can be used to power the electronic devices assisting those 

very actions. Such functionality results in a synergistic ñwin-winò interaction, rare in energy 

systems where trade-offs are pervasive. These interactions are studied in the context of the three 

types of solution spaces in implantable (inside the body), wearable (on the body), and peripheral 

(outside the body) devices. Specifically, it is studied whether heartbeats can power the pacemakers 

regulating the heartbeat; whether walking can power the portable communication equipment 

guiding the path; and whether movement within a smart building can power the occupancy 

measurement in automatic occupancy-drive lighting and climate control systems making the 

building habitable yet energy efficient. Novel energy harvesting solutions are developed for each 

category, with the impetus of harvesting sufficient energy to perform the desired function without 

encumbering the body.
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ñAfter the knowledgement of, and obedience to, the will 

of God, the next aim must be to know something of His 

attributes of wisdom, power and goodness as evidenced 

by His handiworkéIt is evident that an acquaintance 
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with the mind of God therein expressed.ò[1]  
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1 INTRODUCTION  

In the past two decades, the miniaturization of highly functional electronic devices has 

yielded the present condition where such devices are light enough, have a long enough battery life, 

are robust enough, and even stylish enough to be utilized for extended periods of time. Such 

devices can monitor daily activity and various bodily vital signs, and/or provide assistive actions. 

Due to the interrelationship between an individualôs actions and assistive electronic devices, it is 

examined whether the actions (human motion) themselves can be used to power the electronic 

devices assisting those very actions. 

1.1 Definition  of an Energy Harvester 

In its simplest definition, an energy harvester is any mechanism, device, etc., that captures 

(harvests) wasted energy, to perform some useful work. This work could be performed 

immediately, or the harvested energy could be stored to be used at a later time. In the past two 

decades, with the growing prevalence of electronic devices, the focus of energy harvesting has 

been converting the source form of energy into electricity, for the recharging of batteries/capacitors 

or directly powering electronic devices. Today, the focus of research in the field of energy 

harvesting is almost exclusively concerned with the integration of adequate energy harvesting 

mechanisms/transducers with the intended platform (source of energy). Integration challenges 

dominate the implementation. 

Energy harvesting may be thought of as a relatively new field, since it is only in the past 

few decades that circuit technology has allowed electronic devices to function at low levels of 

power, however the idea of capturing ambient energy is over a millennium old. By the definition 

provided in the previous paragraph, the first water wheels would be classified as energy harvesters, 

using the energy of flowing water, which typically goes unused, to perform the useful work of 

grinding grain into flour, cutting wood or stone, transporting loads, etc. Some centuries later, 

windmills were also realized to perform the same tasks. These examples of mechanical to 

mechanical energy harvesting have been practiced for a long time, along with other harvesting 

techniques not involving a conversion of energy from the source form. For example, the thermal 

to thermal harvesting, using underground temperature differentials with the surface, to heat/cool 

dwellings and preserve food. Since the discovery of electromagnetic induction, and ensuing 
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discoveries of piezoelectric, photovoltaic, thermoelectric, etc. materials, the focus of energy 

harvesting technology has been on converting available forms of waste energy into electricity. 

In discussing the definition of an energy harvester is, it is also useful to talk about what an 

energy harvester is not. Any device which forces a system to perform more work than what would 

naturally occur, would constitute a deliberately powered device. Remember energy harvester 

capture waste energy. Such deliberately powered systems would certainly include those powered 

by fossil fuels, and even some typically considered ñgreenò energy sources, such as biofuels and 

nuclear power. In the context of this work, devices like pedal powered or hand crank generators, 

which demand a person perform additional work for the sake of power production, are not 

considered energy harvesters. Though, if one were to use an exercise bicycle, where resistance is 

applied through electrical damping from a generator, that could be considered an energy harvester, 

since the goal is exercise and that energy is typically wasted. 

1.2 Classification of Energy Harvesters 

The preceding example brings to light the fact than an energy harvester is fundamentally 

coupled, by definition and by design, to its application. Indeed, the two are closely related, since 

an energy harvester cannot exist without an ambient energy source from which to derive its energy. 

Therefore, the application platform, or source of energy, is of the utmost importance in energy 

harvesting. Perhaps there is no application where this is more true than harvesting energy from 

humans. This is because we are particularly adept at sensing changes in our environment, with 

movements, both in terms of organ function, and gait, to minimize energy expenditure. 

Being an especially sensitive system to harvest energy from, particular attention must be 

paid to the effect an energy harvester would have on the body. To understand the consequence of 

harvesting energy from the body, or more broadly the consequence of transferring energy from 

one system to another (in this case the body to the energy harvester), the theory of maximum power 

transfer is presented. This broad theory provides the groundwork for the levels of power and 

efficiency which can be expected when transferring energy from one system to another or 

converting energy from one form to another.[3] While the maximum power transfer theorem does 

not provide a total understanding of energy transfer and should not be explicitly taken as such,[4] 

it does provide a useful tool for explaining the effects of energy transfer on a source. 
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Maximum power transfer theorem is most easily explained in the context of an electrical 

system, using the equivalent circuit model shown on the left in Figure 1.1. Here, a voltage source 

with internal resistance is attached to a load resistance, to which it is transferring power. Here, this 

power transfer theorem is being described in terms of electricity, though it could also be described, 

thermally, chemically, or mechanically, where the electrical potential (voltage) could be 

considered as mechanical potential, and electrical resistance considered as mechanical damping. 

With respect to the given circuit model, the efficiency of power transfer, –, is the ratio of the input 

and output potentials, or, 

ʂ
6

ὠ

Ὑ

Ὑ Ὑ
   ȟ (1.1) 

where ὠ and Ὑ are the source voltage and resistance, respectively, while Ὑ is the load resistance 

and ὠ the resulting load potential. The power transferred to the load is then given as 

ὖ
6

Ὑ
   Ȣ (1.2) 

Having defined power and efficiency, the resultant curves are plotted in Figure 1.1 as a 

function of the ratio of load to source resistance. The abscissa is presented as a ratio, because in 

energy harvesting the source characteristics (in this case resistance) are fixed, since only ambient 

energy is derived, and the load resistance is dictated by the design of the energy harvester device. 

Power is also presented as the ratio of instantaneous power to maximum power, because the level 

of power delivered to the load is dictated by the available source power, and so it can be easily 

compared to the level of efficiency, also on a zero to one scale. 
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Figure 1.1 ï (Left) Equivalent circuit model for power transfer between a source and a load. 

(Right) Graphical representation of maximum power transfer theorem with power and efficiency 

as a function of the ratio of source and load impedances. 

 

From Figure 1.1 it can be seen that for load resistances much smaller than the source 

resistance, that neither an appreciable level of power transfer or efficiency is realized. In contrast, 

when the load resistance is much larger than the source resistance, power transfer is higher, though 

not optimal, but efficiency is much greater. It should be noted that a nominally larger value of load 

resistance corresponds to a smaller load (in terms of effect) on the source system, and vice versa. 

As load resistance increases to infinity (open-circuit), power transfer tends to zero, while efficiency 

tends to one (on a zero to one scale). In the region where load and source resistances are 

approximately the same, the maximal power is transferred and efficiency is around 50%. Here, the 

discussion is given in term of resistance for simplicity, though the discussion in terms of impedance 

(i.e. inclusion of inductance or capacitance, or mass and stiffness in mechanical terms), also holds. 

In interpreting Figure 1.1, three distinct regions present themselves as a function of applied load, 

in the form of Small Load, Optimal Load, and Overloaded systems, which are colored according 

to their region. 

Small Load type energy harvesters are those which harvest much less energy than the 

source can output. Since the level of harvested energy is much less than the energy output of the 

source system, this type of harvester only has a small effect on the source. The efficiency of energy 

transfer is thus higher than other source to load impedance configurations. Since the load on the 
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system is so small, the harvester can be designed with few considerations for the source in mind, 

as the consideration of small power transfer is already made. Small Load type harvesters make up 

the bulk of energy harvesting devices. 

Optimal Load type energy harvesters are those which harvest as much energy at any given 

instance as the source can sustain. Here, the influence of energy conversion rivals the power of the 

source system. The source is impeded somewhat, though not enough to compromise its 

functioning. Since the impedances are matched in an optimal load system, power transfer is the 

highest possible. This type of energy harvester is employed in commercial power generation 

systems, like hydroelectric power plants and windmills.  

Overload type energy harvesters are those which attempt to harvest more energy than the 

source can sustain. This situation has a clamping effect on the system, which tends to slow the 

source system down. Therefore, the source cannot maintain its original power level (i.e. power 

level without the energy harvester), and subsequently there is less energy available to be harvested. 

Examples of this type of harvester include regenerative braking systems in cars, and door closer 

mechanisms (which prevent a door from slamming shut by dictating the rate of closing). 

To give an illustration of how each type of system would look in a given application, the 

illustrations in Figure 1.2 were prepared to show the systems in the context of a wind turbine. The 

optimal load case is the situation which looks most familiar, as this is the form which has been 

optimized over time. The system could become overloaded if too many blades were used. In such 

a configuration, the turbine would act more like a wall, impeding airflow. In a small load 

configuration, the blades would be made too small, not capturing much of the airflow. 
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Figure 1.2 ï Illustration of how each classification of energy harvester (by load placed on source) 

would look in the application of a wind turbine. 

 

There is also a fourth classification of energy harvesters in the form of Decoupled systems. 

In these systems, energy is collected and stored in a medium of the same type of energy which was 

collected, before being converted into electricity. In this way, the source is decoupled from the 

energy conversion process, which tend to acts as a damper on the system. Collecting energy in the 

same form as the source of the energy acts as a force (like a spring in mechanical terms) on the 

source system, rather than a damper. At a later time, the stored energy is converted into electricity. 

Therefore, the harvesting and conversions can take place at different regions on the power transfer 

curves. In this way, the energy collection can be done such that it has the desired effect on the 

system, and the conversion (transduction) process can be performed ideally under optimal load 

conditions.  

Examples of decoupled energy harvesters include the Solar One installation in the Mojave 

Desert, collecting the thermal energy of the sun from a mirror array, and storing the thermal energy 

in molten salt, the heat energy from which is later used to power a steam turbine-generator.[5] 

Here, the solar energy collection is a small load type, as it hardly has any effect on the sun. The 

conversion process is under optimal load condition. Another example is the SOLO-TREC ocean 
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thermal energy harvester, which utilizes a phase change material to gather energy from the thermal 

gradient in the ocean waters as it rises and sinks. The phase change material expands as it changes 

phase, increasing the pressure in an oil, which is released through a turbine-generator.[6] Here, 

energy is also stored in a thermal to thermal small load application (the SOLO-TREC does not 

affect the temperature of the ocean) while converting to electricity under optimal load conditions. 

While decoupled type energy harvesters can be of great effectiveness, not all systems can 

be decoupled. Therefore, it is good to utilize decoupled systems wherever possible, though they 

must fit into niche applications. 

The classification of energy harvesters according to their load on an energy source is 

summarized in Figure 1.3. 

 

 

Figure 1.3 ï Description of the possible types of energy harvester, classified by the load the energy 

harvester places on the source. 

 

1.3   Overview of Energy Harvesting Transduction Techniques 

There are many transduction techniques in energy harvesting, or ways of converting one 

type of energy into another. Most commonly this is a mechanical energy to electrical energy 

conversion. In this dissertation, two techniques, piezoelectric and electromagnetic induction, are 

employed in the forthcoming designs, and discussed in detail here, to convert the various types of 

mechanical motions in, on, or around the human body, into electricity. Other transduction 
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techniques, such as electrets, thermoelectrics, and photovoltaics, are mentioned in the forthcoming 

literature and technology overviews for each chapter, but not discussed in detail. 

Piezoelectricity and electromagnetic induction are discussed in detail here to give the 

reader a basic understanding of the principle to be applied in each chapter. In this way, the content 

can be more easily followed, what are the intended consequences and progression of the research 

and subsequent proposed designs. 

1.3.1 Piezoelectric 

Piezoelectric materials are those which exhibit the behavior of generating electric fields in 

response to being strained. The reverse of this effect is also true. When an electric field is applied 

to the piezoelectric material, it will strain. This response is called the converse piezoelectric effect, 

which is used in actuator applications. In energy harvesting applications the direct piezoelectric 

effect is use to convert mechanical energy into electricity. The piezoelectric effect arises due to 

the asymmetric crystalline structure of the typically ceramic material (though there are types other 

materials exhibiting piezoelectricity) belonging to specific point groups. The crystal structure 

causes a spatial disparity in the centers of positive and negative charges, resulting in a dipole 

moment. If these moments are made to align in a single direction, through the application of a 

large DC electric field, then the material is considered to be ñpoledò. In this way, the charges 

created by each dipole can add across all domains to yield a significant voltage in response to 

applied strain. 

An illustration of the piezoelectric effect is given in Figure 1.4. The representative material 

block in the neutral state has no charge across the material electrodes, with the charge centers in 

their neutral position. When the material either undergoes compression (Left) or tension (Right), 

it causes a deformation of the crystal domain, physically displacing the dipoles and inducing a 

potential. This potential creates an electric field and subsequent voltage across the material 

electrodes. 
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Figure 1.4 ï Conceptual illustration of the piezoelectric effect, whereby the relative displacement 

of charge centers due to material deformation (exaggerated) generates a voltage across the 

electrodes of the material, driving current flow. 

 

The voltage generated by the piezoelectric material is 

ὺ ὫὝὸ   ȟ (1.3) 

where ὺ is the static voltage produced in response to applied stress Ὕ, with Ὣ the piezoelectric 

voltage constant, and ὸ the thickness of the material in the poling direction. Voltage produced is 

naturally dependent on the direction of the applied stress. As Figure 1.5 illustrates, if force is 

applied in the direction of poling, this is called the 33 mode. However, if force is applied 

perpendicular to the direction of poling, this is called the 31 mode. Piezoelectric properties are 

generally two to three times larger in the 33 mode than the 31 mode. This disparity in properties 

arises because of the Poissonôs ratio of materials, or the thickness-wise contraction due to length-

wise expansion. This is the reason that even though stress is applied perpendicular to the poling 

direction in the 31 mode, there results a proportionally smaller stress in the 33 direction, which 

still produces a voltage. 
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Figure 1.5 ï Illustration of directionality convention whether force is applied in the poling 

direction (33 mode) or perpendicular to the poling direction (31 mode). 

 

Despite lower properties, the 31 mode is often the chosen mode for energy harvesting, due 

it lending itself better to integrating with mechanical amplifiers, which can increase the energy 

density of the energy harvester due to the amplified stress in the piezoelectric layer. Direct 

application of stress on a piezoelectric material is not often practical and rarely effective. 

Therefore, a mechanical amplifier is most often used. Whereas, piezoelectric materials are 

applicable to many situations, the mechanical amplifier should be tailored to the energy harvesting 

source. Typically, these energy sources are either thought of as high-force-low-frequency (HFLF) 

or low-force-high-frequency (LFHF), and there are mechanical amplifiers advantageous for each. 

Low-force-low-frequency (LFLF) sources are not possessing enough energy to make a worthwhile 

energy harvesting application, and high-force-high-frequency (HFHF) sources push the 

mechanical limits of engineering materials, making energy harvesting often inaccessible. An 

example of a HFLF mechanical amplifier is shown in Figure 1.6(a-b) in a cymbal transducer. 

Cymbal transducers, like the one shown, amplify compressive vertical forces applied to the end 

caps (typically metal) before transferring it to the piezoelectric layer as tensile stress. This 

transducer has found applications in harvesting energy from human gait, a HFLF motion. An 

example of a LFHF mechanical amplifier is shown in Figure 1.6(c-d) in a cantilever beam 

transducer. Cantilever beam type transducers are attached to an energy source (base excitation) 

and utilize the inertia of a tip mass (at the free end) to bend the beam at resonance, stressing the 

piezoelectric layer near the fix end. This transducer has been well studied and has found many 

applications and variations, such as vibrations from machinery and buildings. 
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Figure 1.6 ï (a) Cymbal transducer suitable for high-force-low-frequency, (b) loaded cymbal 

transducer converting vertical compressive forces into horizontal tensile stress in the piezoelectric 

layer, (c) cantilever transducer suitable for low-force-high-frequency, (d) bending response to base 

excitation (vibrations) shown with tensile stress in the piezoelectric layer. Both (b) and (d) utilize 

the piezoelectric in the 31 mode.  

 

The current produced by a piezoelectric is given as 

Ὥ ὅ
Ὠὺ

Ὠὸ
   ȟ (1.4) 

where ὅ is the capacitance of the piezoelectric material. It is no surprise that a piezoelectric 

material behaves as a capacitor, as the transduction mechanism requires displacement of separated 

charges. The fact that current is only produced when voltage is changing, means current is only 

produced when stress in the material is changing. This is a principal reason why piezoelectrics 

have found application in vibration energy harvesting. The capacitance of a piezoelectric is 

ὅ
ὑ‭ὃ

ὸ
   ȟ (1.5) 

where ὑ is the relative dielectric constant of the material, ‭ is the permittivity of free space 

(8.85×10-12 F/m), ὃ is the surface area of the piezoelectric material, and ὸ is the thickness of the 

piezoelectric layer. Here it can be seen that a broad but thin piece of piezoelectric material yields 

the highest capacitance, which also lends well to vibration energy harvesting, as cantilever beams 
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are most often broad but thin beams. The bending stress in the cantilever beam, like the one shown 

in Figure 1.7, causes the length-wise expansion or contraction of the piezoelectric (31 mode). 

 

 

Figure 1.7 ï Illustration of piezoelectric cantilever, with labeled parameters used in model. 

 

In general, bending stress is calculated as 

Ὕ
ὓώ

Ὅ
   ȟ (1.6) 

where the stress, Ὕ, is a function of bending moment, ὓ, distance from the neutral axis, ώ, and 

moment of inertia, Ὅ. The bending moment at a location along the beam, ὼ, is given as 

ὓ άὫὰ ὼ  ȟ (1.7) 

where the equivalent mass, ά, is 

ά
σσ

ρττ
ά ά  (1.8) 

and Ὣ is the acceleration due to gravity (9.81 m/s2). The distance from the neutral axis in the part 

of the beam without the piezoelectric layer is ὸȾς. However, interest is in the part of the beam 

with the piezoelectric layer. Figure 1.8 illustrates how the neutral axis is found. 

 

 

Figure 1.8 ï Illustration of location neutral axis, Ὤ, and distances from the neutral axis to the center 

of area of each layer in the composite. 

 



13 

  

Assuming the piezoelectric layer is well bonded to the beam, the two share the same 

curvature when bending, meaning, 

π Ὁώὃ Ὁώὃ   Ȣ (1.9) 

Here, Ὁ is the Youngôs modulus and ὃ is the cross-sectional area. To avoid charge cancelations 

due to opposing signs of stress, it must be the case that the neutral axis is in the beam. For this to 

be the case, Ὤ must be less than ὸ, resulting in Equation (1.9) becoming 

Ὁ
ὸ

ς
ὸὦ Ὁ

ὸ

ς
ὸὦ   ȟ (1.10) 

and simplifying to 

Ὁὸ Ὁὸ   Ȣ (1.11) 

Additionally, 

Ὤ
ὸ

ς
ώ   ȟ   Ὤ ὸ

ὸ

ς
ώ   Ȣ (1.12) 

Applying the Equations (1.12) into Equation (1.9) the neutral axis location is found from the 

expression: 

Ὁ Ὤ
ὸ

ς
ὸὦ Ὁ Ὤ ὸ

ὸ

ς
ὸὦ   ȟ (1.13) 

which simplifies to 

Ὤ
Ὁὸ ςὉὸὸ Ὁὸ

ςὉὸ Ὁὸ
   Ȣ (1.14) 

Finally, the moment of inertia of the section of the beam without piezo is simply, ρȾρςὦὸ. 

Similarly, the moment of inertia of the composite section of the beam can be found by parallel axis 

theorem, 

Ὅ
ρ

ρς
ὦὸ ὸὦώ

ρ

ρς
ὦὸ ὸὦώ  (1.15) 

From Equation (1.11), one can design the beam such that the piezoelectric layer is best 

used. Though, since such beams are most often used in vibration energy harvesting, the vibration 

performance must also be considered. The key characteristic of the vibration energy harvester is 

the resulting natural frequency. The natural frequency is given as, ‫ ὯȾά , where Ὧ is the 

stiffness of the beam. Thus,  
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‫
σὉὍ

άὰ
   Ȣ (1.16) 

From this analysis itôs learned that the key parameters are the thicknesses of the beam and 

piezoelectric layers, as well as, the overall length of the beam. These terms are either squared or 

cubed in the stress or natural frequency calculations. 

1.3.2 Electromagnetic Induction 

In contrast to piezoelectric materials, where a change in strain field creates an electric field 

in the material, in electromagnetic induction a change in magnetic field creates an electric field in 

a closed circuit of conductive material. The result of both transduction mechanisms is that a voltage 

is induced and subsequently current is driven across a load. Just like piezoelectrics, the induction 

effect is inversible. One can provide an electric field to an inductor, creating a magnetic field, or 

one can give a changing magnetic field and generate an electric field. The latter effect is how 

nearly all electrical energy is generated in the world today. 

The electromotive force produced by electromagnetic induction is described by Faradayôs 

law of induction, 

꜡
Ὠɮ

Ὠὸ
   ȟ (1.17) 

where ɮ  is the magnetic flux through a conducting loop. The current produced is then 

Ὥ
꜡

Ὑ
   ȟ (1.18) 

where Ὑ is the electrical resistance of the conducting loop. The magnetic flux is the magnetic field 

(ὄ) through an area (ὃ),  

ɮ ὄὃ   Ȣ (1.19) 

To achieve a change in flux, either the magnetic field and/or the area of the conductor must be 

time variant, otherwise no voltage will be generated. There are several possibilities for varying 

both magnetic field strength and/or conductor area. Theoretically, the perimeter of the conductor 

could be deformed, thereby changing the area. However, typically the conductor loop is realized 

in a coil of wire wrapped around some form, making it impractical to deform. Magnetic field can 

become time variant if a permanent magnet is traversed through a coil, such as in a vibration energy 

harvester. Though, typically electromagnetic generators are realized in a rotating fashion.  
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The two most common implementations of a rotary induction generator are shown in 

Figure 1.9 below. Figure 1.9(a) illustrates a rotating conductor in a fixed magnetic field. Here, the 

normal vector to the magnetic field changes effective area of the conductor relative to the magnetic 

field, realizing the time variant behavior. While the magnetic flux is highest when the face normal 

is collinear with the magnetic field vector, voltage production is the time derivative of the flux. 

Thus voltage production is greatest when the conductor rotates orthogonal to the magnetic field 

lines. In (b) the same behavior is observed, though this time by rotating a permanent magnet in 

proximity to a stationary conductor. Here, field strength is greatest through the conductor when 

either the North or South poles point toward the face normal of the conductor. As the magnet 

rotates the magnetic field lines are no longer parallel to the face normal of the conductor, altering 

the magnetic flux. Note the voltage produced by either method is the same. 

 

 

Figure 1.9 ï Illustration of time varying magnetic flux and subsequent electromotive force 

produced by (a) alternating area of coils in a magnetic field, and (b) alternating magnetic field in 

a stationary coil. 
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For a rotating system where the magnetic flux is changing with time, like Figure 1.9(b), 

Equation (1.17) becomes 

꜡ ὃ
Ὠὄ

Ὠὸ
   Ȣ (1.20) 

Here, 

ὄ ὄ ÃÏÓ‫ὸ   ȟ (1.21) 

where ὄ  is the maximum value of magnetic field and is the rotation speed. This results in ‫  

꜡ ὃὄ ‫ÓÉÎ‫ὸ  Ȣ (1.22) 

 

1.4 Layout of Dissertation 

Due to the interrelationship between individuals and assistive electronic devices, it is 

examined in this dissertation whether the actions (human motion) themselves can be used to power 

the electronic devices assisting those very actions. Such functionality results in a synergistic 

interaction, illustrated in the design synergy diagram of Figure 1.10, rare in energy systems, where 

trade-offs are pervasive. These interactions are studied in the context of the three types of solution 

spaces in implantable (inside the body), wearable (on the body), and peripheral (outside the body) 

devices, also illustrated in summary in Figure 1.10. Specifically, it is studied whether heartbeats 

can power the pacemakers regulating the heartbeat; whether walking can power the portable 

communication equipment guiding the path; and whether movement within a smart building can 

power the occupancy measurement in automatic occupancy-driven lighting and climate control 

systems making the building habitable yet energy efficient. Novel energy harvesting solutions are 

developed for each category, with the impetus on harvesting sufficient energy to perform the 

desired function without encumbering the body. 

To not encumber the body, small load and decoupled systems are proposed, where little to 

even a beneficial effect on the human body is anticipated.  
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Figure 1.10 ï (Left) Design synergy diagram, illustrating the dependence on each human motion, 

energy harvester, and assistive action. (Right) Overview of three solution spaces explored in this 

dissertations. 

 

In each chapter, the topic application is introduced, followed by a review of the pertinent 

technology and literature. Next, the energy harvesting strategy is selected, before the novel 

research contributions achieved are chronicled. Results are sumarized in each chapter, as well as 

in the conclusions section. 
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2 POWERING IMPLANTED MEDICAL DE VICES: PACEMAKER S 

2.1 Introduction  

In recent decades, advances in medical technologies have resulted in an array of 

implantable devices to provide medical treatments and augmentations. Implantable medical 

devices are those which provide assistive function to the body, with all or part of the device being 

embedded inside the body. These assistive functions can range from restored or augmented 

sensing, in the case of cochlear and retinal implants; stimulation and regulation of body processes, 

in the case cardiac pacemakers, gastric stimulators, and muscle stimulators to address such 

conditions as dropped foot and Parkinson's; and medicine delivery systems, in the case of insulin 

pumps.[7]  

Indeed, implanted medical devices provide increased longevity and quality of life. There 

are various hindrances, however, in the implementation of implantable devices, none-the-least of 

which is the addition of a foreign object to the body. There are limited materials available to 

package these implantable devices such that they will not be rejected by the body, which limits 

design freedom. This can lead to increased device size, which is an encumbrance to the patient 

receiving such an implanted medical device. The other key hindrance is the fact that since the 

device must be self-contained, for the sake of biocompatibility, necessitates that the power supply 

for the device must also be encapsulated with the rest of the electronics. There is subsequently an 

inherent lifetime associated with the device before it exhausts its stored energy.  

It would therefore be quite advantageous if there was an approach by which energy could 

be derived from inside of the body by the device to power itself, preferably indefinitely. Any 

derivation of energy from inside the body, though, would need to be small so as to not disturb body 

functions. Consequently, any implanted device which would be sought to be powered by harvested 

energy would need to be a low power (small load type) device. Of the three classes of implantable 

devices; restored and augmented sensing, stimulation and regulation of body processes, and 

medicine delivery systems; sensing and/or stimulation devices inherently consume the least power.  

Of all the implantable devices, the one where energy harvesting from inside the body could 

be of greatest direct use may be the cardiac pacemaker. A variety of conditions causing irregular 

heartbeat cycles are treated with a cardiac pacemaker. Over 700,000 new pacemakers are 

implanted in patients across the world each year, of which over 225,000 are in the United States 



19 

  

alone.[8] A pacemaker is an implanted device which delivers electronic pulses to stimulate the 

contraction of the heart to maintain a regular performance. The typical placement of the pacemaker 

relative to the heart, with typical dimensions and component layout is illustrated in Figure 2.1.  

 

 

Figure 2.1 ï Typical dimensions, installation location, and component schematic for a cardiac 

pacemaker. 

 

As is evident in Figure 2.1 above, a large area (about half) of the typical pacemaker 

enclosure is occupied by the battery. Currently these batteries are lithium-based and can last from 

5 to 10 years, with the entire device weighing between 12.5 to 15.5 grams.[9] The volume enclosed 

by the battery is approximately 26 mm × 26 mm × 6 mm. This volume will be taken to be the 

approximate size available for an energy harvester appropriate for implementation in a pacemaker. 

A harvester of this size would not displace any of the sensor and circuitry components which 

perform the pacing regulation, and would provide area for a small battery, which would be trickle 

charged by the energy harvester. 

The basic design and size of the pacemaker has been largely unchanged since it was first 

put into practice decades ago, with incremental improvements in circuit design and battery lif e. 

Recently, however, a new class of leadless pacemakers has been researched and developed for 

direct implantation into the ventricle, rather than running in a wire lead. These 2.5 to 4 cm long 

cylindrical designs (approximately 6 mm diameter) include the Micra Transcatheter Pacing System 
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and Nanostim leadless cardiac pacemaker.[10] These designs have shown promising initial trials, 

but would significantly change the allowable size of associated energy harvesters in the future. 

The goal of this chapter is to develop an energy harvesting solution which can be 

incorporated into the current pacemaker design, allowing it to operate indefinitely by deriving 

energy from the body. To this end, several key requirements have to be taken into consideration: 

¶ To avoid biocompatibility issues, the harvester must be sealed within the 

pacemaker housing. Circuitry components and electrodes should not be displaced, 

so the harvester will occupy some of the battery area, with a smaller conformal 

battery around the harvester in the remaining area. 

o To fit within the housing the harvester must be smaller than approximately 

27×27×5 mm. 

¶ Sufficient power must be produced to justify removal of battery volume, ideally 

powering the pacemaker indefinitely. 

o Approximately 100 µW on average must be produced. 

To ascertain what technologies could meet these requirements, a review of the current 

implantable energy harvester technology was conducted. 

 

2.2 Review of Implantable Energy Harvesters 

As mentioned earlier in this chapter, most implanted devices are battery powered, due to 

the simplicity and robustness batteries can offer, and the practical necessity of the inclusion of a 

power source in the implant. However, powering implantable devices with batteries imposes the 

need for periodic replacement of these batteries, which requires additional surgery for the patient. 

This replacement procedure can be anywhere from annoying, for otherwise healthy patients, to life 

threatening, for more elderly patients. To avoid the need to perform periodic additional surgeries 

on the patient, it is proposed that the implantable device can derive (harvest) energy from various 

sources to power its operation. In this way, the lifetime of the device has the potential to become 

indefinite, increasing the quality of life of the patient. 

External energy sources that have been studied include kinetic energy from human 

movements, thermal energy from human body, solar energy from ambient lighting, or even 

ambient acoustic or electromagnetic waves. These external energies are harvested with an energy 
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harvester outside of human body, and then transmitted to the implanted device via electromagnetic, 

ultrasonic, infrared, etc. waves.  

Other on-going research attempts to exploit available energy inside of human body. Most 

commonly studied is the feasibility to harvest energy from movements of cardiovascular system 

(e.g. the expansion and contraction of arteries).  Chemical energy within human body could also 

be exploited via fuel cells. Due to high availability of glucose in body fluids, fuel cells that use 

glucose as a reactant have been extensively investigated. For implanted devices located at joints, 

kinetic energy from the forces in the joints are harvested to power the device directly. 

The techniques mentioned are discussed individually and described in some detail in the 

following sections. 

2.2.1 External Energy Sources 

Many energy harvesting techniques have been employed to harvest energy present in the 

ambient of the human body. Depending upon the location, mechanical, thermal, acoustic, and 

electromagnetic radiation energies can all be available in the near of the human body. The work 

conducted by Niu et al. [11] provides an example of how a piezoelectric harvester could harvest 

mechanical energy from walking and transmit it to the implant devices within human body. In 

sections 2.2.1.1 and 2.2.1.2, primary methods for remote powering are discussed, including 

wireless electromagnetic energy transmission and ultrasonic energy transmission. The name 

ñtransantaneous energy transfer (TET)ò is more commonly used in publications. In section 2.2.1.3, 

other ongoing research on remote powering are presented, including powering via infrared energy 

and low-frequency magnetic field coupling. In section 2.2.1.4, some direct-powering methods 

from ambient energy that have been developed for implanted devices are discussed. 

2.2.1.1 Remote Powering from Electromagnetic Energy Sources 

Electrical signals with frequency in the range of 10 kHz to 30 GHz are termed as Radio 

Frequency (RF) signals. Transmitting RF signals wirelessly as electromagnetic energy is a 

common method for remote powering of implanted devices. Based on the different attributes of 

the received electromagnetic wave, a link could be categorized as a near-field inductive link or a 

far-field antenna link. An illustration of an inductive link, with a power coil and receiver coil 
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embedded just under the skin to power implants is shown in Figure 2.2. Currently, for wireless 

device charging, there are óQiô and óA4WPô standards. 

 

 

Figure 2.2 ï Illustration block diagram of inductive link. 

  

An energy harvester, a conventional generator, or mains power is the source of the energy 

to be transferred. This energy is used to generate high amplitude RF signal for transmission. 

Electromagnetic fields are generated by the RF signal at the primary coil inductor, and it is then 

coupled to the secondary coil inductor under the skin. An alternating current (AC) is generated at 

the secondary receiving coil inductor, which is rectified with power management circuit to convert 

it into direct current (DC) for powering the implanted device. The power management circuit also 

regulates the DC voltage in response to the changing load required by the implant device.  

The inductive link between the two coils can be modeled as a transformer between two 

RLC circuits [12]. RLC circuits act as a band pass filter, transferring power efficiently only within 

a narrow frequency band around its resonant frequency. Therefore, the two sides of the inductive 

link must share a common resonance frequency, which must also be the excitation frequency, to 

transfer power effectively. The link can be classified as óNear Fieldô or óFar Fieldô.  

Near field inductive link typically works in a lower frequency range. Operating frequency 

of published devices range from 20 kHz [11] up to 500 MHz [13]. In order to design the system to 

have its resonance frequency in this range, and for efficient energy transfer, inductance should be 

relatively large, around several ɛH to tens of ɛH [11, 14, 15]. In consequence, the size of the 
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receiving inductor coil is often relatively large, around several centimeters in diameter [14, 15]. 

Naturally, for an implanted device, it is desirable to have device size minimized in order to also 

minimize the impact/encumbrance on the person. Nevertheless, near field inductive link is still a 

feasible design for powering artificial hearts [11], or within the stomach for esophageal impedance 

monitoring [14], but would, however, impose difficulties for clinical implementations like 

intraocular applications (inside the eye). The physiology of the eye limits antenna (inductor) size. 

Maximum size for implantation in the eye is determined by the size of the intraocular lens, which 

is approximately 10 × 6 mm [16]. 

Due to the aforementioned requirement of size, far field inductive links are advantageous 

for their smaller in sizes. Operation frequency is often higher, at ultra-high-frequency (UHF) in 

the range of 850MHz-950MHz [16], or up to 5.2GHz [17]. A most common form of antenna design 

is a quarter-wave monopole, in which the antenna is approximately 1/4th of the wavelength of radio 

waves. With operation frequency of 5.2GHz and working intraocular with high permittivity, a 

monopole could be of the dimensions 1.5 × 3.2 mm2 [17]. An electrically small antenna (length < 

1/5th of the wavelength) could also be carefully designed to resonate at a desired frequency [16]. 

However, far field antenna link has a disadvantage in terms of high transmission loss. The available 

power at the receiving antenna is given as, 

ὖ ὖὋ
‗

τ“Ὑ
 (2.1) 

where ὖ is the transmitted RF signal power, Ὃ is the transmitting antenna gain, ‗ is the 

wavelength of transmitted signal, and Ὑ is the transmission distance between the transmitting 

antenna and the receiving antenna. From the Equation (2.1), a higher frequency signal (shorter 

wavelength) will observe higher transmission loss. Therefore, increasing operation frequency for 

smaller antenna is burdened by the operational power requirement.  

Additionally, to power an implanted device, the power received must be processed to a DC 

form at a suitable voltage level. To this end, several methods of antenna design [17], signal 

rectification (in the forms of diode [18], passive MOS transistor [15], and active MOS transistor 

synchronous switch [19]), and voltage multiplier [13, 17, 19], have been discussed in the literature. 
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2.2.1.2 Remote Powering from Ultrasonic Energy Sources 

RF link has the disadvantage of high attenuation per distance. Recently, a new type of 

energy transfer was suggested by Ozeri and Shmilovitz [20], based on the transmission of 

ultrasonic energy rather than electromagnetic energy. Ultrasonic Transcutaneous Energy Transfer 

(UTET) uses an external transmitting transducer attached to the skin surface facing an implanted 

receiving transducer. An electrical power source energizes the transmitter, which converts the 

electrical energy into travelling pressure waves (sound). The travelling pressure waves carry the 

energy through the tissue towards the implanted receiver positioned within the transmitter 

radiation lobe, as illustrated in Figure 2.3. The receiver uses a piezoelectric transducer, an 

electrostatic transducer, or an electromagnetic-harvester based system to convert the acoustic 

vibration back into electric energy to power the implant. 

 

 

Figure 2.3 ï Illustration block diagram of ultrasonic energy transfer. 

 

A piezoelectric transducer could be used for converting acoustic energy back to electrical 

energy via the piezoelectric effect. A piezoelectric model includes a voltage source in series with 

a complex impedance network, in which the frequency-dependent reactance vanishes when the 

receiver operates exactly at the resonance frequency. If the receiver does not vibrate exactly at its 

resonance frequency, the frequency-dependent reactance can be either positive or negative, so the 

overall equivalent source impedance may be either inductive or capacitive [20]. The resonance 

frequency of piezoelectrics can be easily designed to be in the tens of kHz (the ultrasonic range) 

by varying the dimensions. 
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An electrostatic transducer is also one of the alternatives for a UTET link [21]. The 

structure proposed by Zhu et al. is a two degree-of-freedom (DOF) energy harvester which absorbs 

vibration energy in any in-plane direction. Electrostatic comb variable capacitors CX and CY collect 

X and Y vibration contributions separately, and flow the currents into the external load. The 

capacitors are biased with a 100 V DC voltage. 

Thirdly, an electromagnetic-based device could also be used to harvest the vibration energy 

caused by the ultrasonic sound waves of a UTET link. It is designed based upon Faradayôs law of 

induction. By having a time varying magnetic flux pass through a coil of conductive wire, a current 

in the circuit is generated. The magnetic field that is required for the transducer can be provided 

by either integrated microfabricated magnet(s) or bulk magnet(s) [22]. The vibrations move the 

magnet(s), thus changing their relative position to the coil, varying the magnetic flux through coil. 

In order to minimize the size of the three types of UTET based energy harvesters described 

above, they are often fabricated using microelectromechanical systems (MEMS) technology. An 

example of a MEMS electromagnetic energy harvesters, whose size is 2.7 × 2.2 mm, is presented 

in Ref. [22], while the electrostatic-based harvester has been described in Ref. [21] with fabricated 

dimensions of 2 × 2 mm. MEMS technology enables vibration harvesting devices  to be integrated 

into implanted devices. 

Ozeri and Shmilovitz recommend that an UTET link works best in the frequency range of 

200 kHzï1.2 MHz for feasible deployment in implanted devices [20]. This recommendation takes 

into account the factors of signal transmission attenuation in soft tissue, the Rayleigh distance (area 

of natural focus at transition point between near and far field wave propagation), and transducer 

thickness. However, frequencies around 40 kHz are a common choice of operation frequency due 

to availability of off-the-shelf ultrasonic transmitters [21, 22]. Since an AC signal is received, the 

rectification and power management circuits for UTET link devices are be similar to a RF link.  

Although the results presented in Ref. [20] show output power around tens of milli-watts 

with tens of volts of input signal, the other studies reported in literature show only nano-watts of 

output. This indicates that ultrasonic energy transmission is a promising field for development, but 

still need much improvement for actual implementation in implanted devices. 
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2.2.1.3 Other Remote Powering Methods 

Apart from RF and UTET links, there are some other remote powering techniques 

including infrared radiation to photodiode array, low-frequency magnetic field to move implanted 

magnetic rotor, etc. [23].  

A near-infrared power supply system has been proposed by Goto et al. [24]. Near-infrared 

light from a laser diode is received at the photodiode of the implanted device. It is then converted 

to electric power for charging and powering the device. The photodiode array consists of eight 

Silicon PIN photodiodes which occupy an area of 5.5 × 4.8 mm each, resulting in 28 × 20 × 3 mm 

total size. Power management circuit is not needed if the generated infrared is carefully controlled. 

The device was placed 0.8mm under the skin. It was claimed that after 17 minutes of charging 

time with 22 mW/cm2 irradiation power, the power supplied was sufficient for a cardiac pacemaker 

to operate for 24 hours. 

A method to power implanted device via low-frequency magnetic field has been proposed 

by Suzuki et al. [25]. A rotor outside of the body (rotor 1) couples together with an implanted rotor 

(rotor 2). Rotor 2 rotates synchronous to rotor 1, due to coupled alternating magnetic fields (like 

magnetic gearing), and thus electrical power is generated for an implanted device, due to coils 

being placed around rotor 2. The implanted device (rotor 2) was 10 cm3 in size. By choosing the 

appropriate number of magnetic pole pairs for each rotor, the implanted rotor speed can be 

accelerated. Moreover, a single-phase and multi-polarized generator was applied to multiply the 

output voltage frequency. With a full-bridge rectifier implemented, the maximum output power 

could be reached up to 1.9 W for a 2 cm distance between the two rotors and a 70.5 Hz rotation 

speed of rotor 2. The measured efficiency of the power transfer link was 20%, which is the ratio 

of input and output power. 

2.2.1.4 Self-powering from External Energy Sources 

There are some specific devices that are implanted at locations open to ambient energy. 

Thus, no deliberate powering or power transfer scheme is necessary. Retina prosthesis are 

subjected to some amount of ambient lighting, and acoustic energy is available to cochlear 

implants. These devices could be designed to harvest energy directly from external energy source, 

which they are trying to measure, without the need of a deliberate energy transfer link. 
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Retina prosthesis consists of photodiodes fabricated in CMOS technology for energy 

harvesting [26]. In a typical semiconductor image sensor, a reverse biased PN junction diode 

(photodiode) is used to sense the incident light. Voltage (or current) signals on the photodiodes are 

read, processed, and digitized for reconstructing images falling on the focal plane of the 

photodiode array. On the other hand, if the photodiode in each pixel is forward biased, it could 

also work as a micro solar cell. One pixel of the implemented photodiode array is the energy 

harvesting and imaging (EHI) pixel. Transistors are used to switch the photodiodes between 

harvesting and sensing modes by alternating between forward or reverse bias. The incident lighting 

generates a current that could be transferred to the load or storage device. Upon switching, the 

received light information is then read out to the image processing circuit, powered by the 

harvested energy. At the maximum power point (MPP), the 54×50 EHI pixel array produces 380 

mV and 8.75 µA, resulting in 3.35 µW of power delivered to the load for 60 klux illumination. 

Delivered power drops to 2.1 µW and 1.0 µW for 20 klux and 10 klux illuminations, respectively. 

Measured energy harvesting efficiency of the EHI pixel was around 9.4% for illuminations 

between 10 and 60 klux. 

A cochlear implant that harvests acoustic energy has been proposed in [27]. Cochlear 

implants are used to restore hearing of those with hearing loss. Conventional cochlear implants 

include power hungry components such as microphone, sound processor, transmitter, and implant 

transducer. The concept was to implement an array of cantilever piezoelectric elements with 

different resonance frequencies within the human hearing band (~20 Hz - 20 kHz). When the 

cantilevers vibrate due to impinging acoustic sound, energy is generated to stimulate 

corresponding nerves via implanted electrodes. The proposed cantilevers were fabricated using 

MEMS technology. For the stimulation of the auditory nerve, it is important to generate required 

electrical potential from the vibrations of the eardrum. Therefore, bulk piezoceramic was chosen 

as a piezoelectric material due to its higher voltage output among other alternatives (such as sol-

gel and screen-printed PZT). Measurement showed that with vibration of 0.1g (claimed typical 

vibration level of the eardrum), the cantilever could generate sufficient voltage to stimulate the 

auditory nerve.  
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2.2.2 Internal Energy Sources 

Devices implanted into the body can be powered not only by external energy sources, but 

also energy sources internal to the body. An implanted electronic device can harvest energy within 

human body from sources including the expansion and contraction of muscles and arteries in the 

cardiovascular system, forces in joints and muscles, and chemical reactions. It is favorable to 

produce energy for implanted devices internal to the body, so that no deliberate actions need be 

taken on behalf of the patient. This is a similar strategy to self-powered devices, however, all 

energy is derived from sources internal to the body. The energy available in the body is large, 

however, an implanted device can only take advantage of a small portion of this energy, local to 

the device. 

2.2.2.1 Cardiovascular System 

Kinetic energy in the cardiovascular system arises via the displacements caused during the 

actuation of muscle tissue or pulsing of arteries by heartbeats. These types of energy are harvested 

by electromagnetic induction, and piezoelectric polymers or crystal based transducers. 

In the case of induction, an oscillating mass, most commonly a permanent magnet, is driven 

through the displacements of muscles in the body, namely the heart. The oscillation of the mass 

comes by virtue of its inertia, as it tends to lag the motion of the heart. This phase lag creates 

relative motion between magnet (free to oscillate) and coils (fixed relative to the heart), thus 

inducing current flow via Faradayôs law. Naturally, this relative motion is then frequency 

dependent and the dynamics of the harvester must match that of the heart, for highest performance. 

Piezoelectrics can also take advantage of this relative motion by using beams or membranes with 

piezoelectric elements, which are free to oscillate while their bases are fixed to the heart. 

Piezoelectrics can also be stressed directly (in phase) via pressure in expanding arteries. 

Deterre et al. [28] reported a typical frequency spectrum of the heart. The acceleration 

spectrum of the heart can be derived by taking the Fourier transform of the time series of 

acceleration data at a point on the heart surface. The spectrum shows the greatest peak around 1-

1.5 Hz with a magnitude of around 0.27 g (2.65 m/s2). This is intuitive as this is the primary beat 

frequency of the heart. It is difficult for small energy harvesters to achieve such low frequencies. 

Though, the spectrum reveals a broadband plateau between 21-27 Hz of an amplitude around 0.1 

g (0.98 m/s2), that could be advantageous to target for an energy harvester. The peak at lower 
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frequency is regarded as too impractical to target, especially for MEMS devices as the volume and 

mass needed would be be too great for a small implantable device. Deterre et al. also noted the 

wide profile of the 21-27 Hz plateau making it ideal for a low quality factor or significantly damped 

energy harvesting system. It was then proposed by Deterre et al., although not fabricated or tested, 

a design whereby a linear transducer is used, which could power a pacemaker consuming 50 ɛJ 

per heart beat or around 100 ɛW. This performance is accomplished by utilizing a configuration 

that outputs 30 ɛW per gram of seismic mass, necessitating the use of a 3.5g tungsten mass. 

Tungsten was chosen so that the dimensions of the mass could remain small enough to fit in a 500 

mm3 harvester. 

Zurbuchen et al. [29] characterized the motion of a sheepôs heart as an analog to the human 

heart. They measured the motion of heartôs surface in three-dimensions and used this information 

to find an energetically favorable spot to place a pendulum motion based energy harvester, 

consisting of the mechanism from a commercially available self-charging wrist watch. With the 

generator composed of a self-charging wristwatch mechanism, it was reported to provide an 

average power output of 16.7 ɛW or 11.1 ɛJ per heart beat when the generator was sewn in-vivo 

to a sheepôs heart, which was beating at 90 beats per minute. Without any optimization of the 

device, it was claimed to be able to power the latest pacemaker, when not considering losses in the 

subsequent storage and control circuitry. 

The longitudinal (in-plane) and radial (out-of-plane) displacements of the heart provide a 

solution space for many distinct mechanisms of inductive and piezoelectric energy harvesting, as 

reported by Khaligh et al. [30]. As the displacements on the surface of the heart are complex and 

three-dimensional in nature, both types of harvesters utilizing in-plane and out-of-plane motion 

are feasible for use in powering implantable devices. 

For piezoelectric energy harvesting in the cardiovascular system, Polyvinylidene fluoride 

or PVDF is used due to its high piezoelectric properties and compliant nature [30-36]. In these 

applications the PVDF is wrapped around expanding/contracting arteries and muscles to harness 

the deformations or placed as a membrane adjacent to the blood flow to harness oscillating pressure 

differentials in veins as illustrated in Figure 2.4(a) and (b) respectively. 
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Figure 2.4 ï Illustration of blood vessel (artery) (a) wrapped in PVDF film and (b) with attached 

PDVF membrane, for the harvesting of radial stresses and oscillating blood pressure, respectively, 

due to heart beats. 

 

In the case where PVDF is wrapped around an artery, the pulsing blood flow and 

subsequent pulsing blood pressure causes the artery to expand and contract radially due to the 

compliance of the blood vessel. Both Potkay and Brooks [32], and Fadhil et al. [33], adopted 

similar designs. These designs involve embedding PVDF thin film inside a silicon cuff that is 

placed around the artery. Both studies demonstrated that power output can be increased by making 

PVDF cuff thinner, thus increasing the strain in the piezoelectric. The power can also be increased 

by increasing the length along the artery which the cuff runs. Experimentation was conducted by 

attaching the PVDF cuff around 12.7 mm Latex tubing and pulsing pressure through the tube. 

Potkay and Brooks achieved a power output of 16 nW across a 125 Mɋ resistance with a 28 ɛm 

PVDF film. Fadhil et al. utilized the same method, however, thinning the piezoelectric down to 17 

ɛm in thickness where they predicted a 30 nW of power per layer of PVDF across a 125 Mɋ 

resistance. Blood pressure inside the artery reaches 120/80 mmHg during normal circumstances 

and can reach up to 250/150 mmHg while in hypertension. Naturally, the level of harvested power 

is directly proportional to the blood pressure and resulting strain at the arterial wall. Thus, the 

harvester maximizes energy output at higher blood pressures, however, one would not expect high 

blood pressure to be maintained indefinitely and power estimates for this type of device should be 

given at resting/normal pressure.  
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Deterre has also investigated the use of PVDF membrane actuated by blood pressure [34]. 

In this work, a PVDF membrane was located at the end of a branch of an artery, resembling a ñTò 

connector. In this way the membrane does not impede blood flow and is actuated by changes in 

static pressure at the membrane. Detailed examination was conducted on the effects of various 

methods of energy extraction from the piezoelectric polymer. These methods are namely classical 

AC, classical DC, and active charge extraction method also known as synchronous switch 

harvesting on inductor.  

Deterre et al. have reported on using the stagnation pressure of a diaphragm inside the heart 

as blood flow again the device [31, 35]. The proposed device would be placed within a cavity in 

the heart, utilizing the turbulent nature of the blood flow in the heart to rapidly oscillate the 

harvester. Fluctuations in pressure are transferred through a flexible diaphragm with corrugated 

micro-bellows and rigid shaft to a spiral spring with patterned electrodes and piezoelectric 

bimorph. Circuitry similar to that reported by Deterre et al. used in Ref. [29] converts the AC 

power produced by the oscillating piezoelectric in to DC power, with a small amount of energy 

lost due to deformation of the packaging (micro-bellows). The energy density of the fabricated 

device was reported to be 3 ɛJ/cm3/cycle, while for a concept design it was predicted to be 6 

ɛJ/cm3/cycle. 

Wang et al. have demonstrated PolyȤdimethylsiloxane (PDMS) films that exhibit both 

piezoelectric and electret type properties, allowing for d33 charge coefficients much higher than 

that of PVDF films [36]. These cellular PDMS films have an elastic modulus up to 32% lower 

than solid PDMS. These materials could provide further opportunity to improve the performance 

of flexible harvesters. 

2.2.2.2 Muscles and Joints 

Kinetic movements of the body are among the most powerful sources of energy available 

for harvesting devices. There are a myriad of external kinetic energy harvesters, however, 

implantable devices are rarer. An interesting implantable energy harvester is the knee implant 

designed by Almouahed et al. [37]. In this work, multilayer piezoelectric stack elements are 

inserted into the base (tibial component) of an artificial knee implant and are stressed by an 

intermediate plate, which supports the femoral component and thus the weight of the body. With 

such a setup, forces ranging from 1000 to 2500 N were applied during the gait motion in 
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experimental trials. A model for predicting open circuit voltage output was provided which 

matched well with the experimental trials. The RMS power output from this implant was on the 

order of several milliwatts under optimal load resistance conditions. 

Implanted bio-compatible material could generate energy from tension in the attachment 

of muscle tendon to the bone as proposed by Lewandowski et al. [38]. In this work, a piezoelectric 

generator is affixed between the bone of a rabbit and the attached tendon (Fig. 28). Apart from 

harvesting the energy from movement, the device also stores energy for use by other devices, but 

also uses some of the harvested power to stimulate the muscle. Lewandowski et al. demonstrated 

that sufficient energy is harvested to continue the process of stimulating the muscle and harvesting 

the movement, as the animal is adding work each time from its metabolism. A power output 

between 150 and 300 ɛW was observed depending upon the applied load (60-100 N), duration 

(0.25 s), and displacement (2-23 ɛm). As with the knee implant, a relatively high power is 

observed, due to the large forces involved. The power output from this work is unregulated and 

Lewandowski et al. highlight the need for additional regulatory circuitry to be able to ensure that 

the stimulation pulse given to the muscle is kept to the minimum necessary to produce the desired 

twitch force. 

Using piezoelectric nanowires, it is also possible to harvest energy from small and delicate 

areas of the body. The expansion/contraction of the lungs in breathing is another kinetic motion 

which has been investigated by Li et al. [39]. The lungs of a rat were used to stress a single-wire 

generator (SWG), or a single strand of piezoelectric wire. It was found that on average 3mV and 

30pA (90 fW) could be produced. Similarly, Falconi et al. examined the modeling and integration 

of piezoelectric nanowires throughout the body [40]. In this study it was also reported that the 

energy production is on the order of femto-joules. Power production is low in these cases due to 

the small capacitance of piezoelectric nanowires. 

2.2.2.3 Chemical Energy Fuel Cells 

Chemical energy could be directly harvested in the body by use of a fuel cell. Glucose fuels 

cells have shown promising results in energy harvesting from sugar in the body [41-43]. The 

glucose fuel cell operates by oxidizing glucose into gluconic acid, releasing two electrons. The 

released electrons then flow across a load resistance. The structure of a glucose fuel cell and 

chemical reaction are illustrated in Figure 2.5. 
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Figure 2.5 ï Illustration of structure and chemical reactions of an abiotically catalyzed glucose 

fuel cell. 

 

The concept requires that the fuel cell be placed in some proximity to blood flow, such that 

blood glucose could be reacted in the fuel cell. The power output from such fuel cell devices is 

reported to be in the range of microwatts per square centimeter. Kerzenmacher et al. also reported 

that after 50 days in a ñphysiological glucose solutionò their device was still operating stably, 

indicating it is a good candidate for long term energy harvesting as compared to the short lifespan 

of devices based on enzymatic catalysts.[43] A glucose fuel cell was designed by Southcott et al. 

for the purpose of powering a pacemaker. Their fuel cell was 100 mm × 40 mm × 3 mm in 

dimension, so it would not fit in their pacemaker (Affinity DR 5330L, St. Jude Medical). The study 

demonstrated that fuel cell can, however, produce approximately 600µW which is enough to 

nominally power the pacemaker, t the dimensions are large.[44] 

 

2.3 Selection of Energy Harvesting Strategy: Vibrations 

While electromagnetic harvesters have shown that they can meet the size and power 

requirements for implantable pacemaker applications, there have yet to be studies available that 

include their interaction with existing pacemaker measurement and control circuitry. The question 

of whether the strong magnetic fields of the generatorôs permanent magnets or electromagnets will 

interfere with the functioning of the device needs to be addressed in future studies. After all, those 
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who received implanted cardiac pacemakers and instructed not to linger near high-voltage power 

lines or microwave ovens, which both radiate electromagnetic fields. 

The human body is an excellent source of energy and there exist numerous approaches to 

harvest these energies to power implantable devices to increase quality of life. Solar energy and 

acoustic vibration can be harvested by retina prosthesis and cochlear implant, respectively. Knee 

prosthesis could harvest movements of knee joint. Remote powering of devices could be done by 

means of electromagnetic energy (including light energy) or ultrasonic vibration. Internally 

available energy could be obtained from cardiovascular systemôs movements or thru chemical 

reaction with body fluid. 

It has been demonstrated that energy harvesting devices of various forms have the potential 

to derive appreciable amounts of energy. However, remote powering link loss or low output power 

is the main challenge of this particular application. As all implanted devices should remain small 

in size, advances in material selection, transducer design, and fabrication could be direction for 

future study. It remains to be seen whether energy harvesting can be done without significantly 

altering the performance of the body, or being noticeable by the wearer. Any device which causes 

the user to deviate from their normal activity will not be generally accepted.  

There is the need for these devices to be tackled as a system design problem, since all parts 

(transducer, circuitry, sensors, human body, etc.) are all coupled and should not be considered 

alone. For example, if transducer interferes with sensor function, it is of little merit whether 

sufficient energy is produced, as the device will not function properly. This is true of energy 

harvesting devices in general, but is exceedingly important for implantable devices as the source 

of energy has feelings and is affected by the inclusion of harvester. 

From the various forms of energy harvesting techniques presented here, it can be concluded 

that attempting to power pacemakers through the displacements (vibrations) caused by the beating 

of the heart would be the best option. This is largely due to their ability to fit within the size 

requirements of the pacemaker housing. Vibration harvesters are mostly higher aspect ratio and 

thin devices, the dimensions of which match well with the space available, as well as, being 

promising in their level of harvested power.  

Like the review of implantable energy harvesters, a review of the state-of-the-art in 

vibration energy harvesters is now given. 
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2.4 Review of Vibration Energy Harvesters 

Low frequency excitation sources, such as automobiles, the human body, industrial 

machines, electronic devices, and domestic appliances, are source of mechanical energy in the 

form of vibrations, that can be scavenged to power or recharge the low power devices such as cell 

phones, MEMS components [45, 46], pacemakers [47], cameras [48], wireless sensors and 

actuators [49, 50]. The demand for energy harvesters for battery charging or replacement exists in 

scenarios where maintenance is expensive and time consuming [51, 52]. Wasted mechanical 

energy can be converted into usable electrical energy through transduction mechanisms, such as 

electromagnetic [53], electrostatic [54], or piezoelectric [55-57]. It has been shown by Marin et al. 

that the piezoelectric transduction becomes relevant at the smaller size scales in the vicinity of 1 

cm3[58].  

A significant impediment in the deployment of vibration-based piezoelectric energy 

harvesting devices has been the limitation that most of the low frequency transducers, usually in 

the form of unimorph or bimorph cantilever beams, extract energy in a very narrow bandwidth 

around the transducerôs fundamental frequency. In such devices, slight deviation from the 

fundamental frequency causes a significant reduction in the level of harvested power, in some 

cases by orders of magnitudes. Because the ambient energy sources can include multiple and time 

varying frequencies, this impediment has directed the research in designing structures whose 

resonant frequency can be actively modulated to match the frequency of ambient vibrations. 

Recent strategies for conforming the frequency response of an energy harvester to its 

vibration source are based on exploiting nonlinearities through harvester geometry, boundary and 

loading conditions to tune the resonance frequency and broaden the bandwidth. Ben Ayed et al. 

modeled the frequency response and power output of linear and quadratic geometrically tapered 

piezoelectric cantilevers [59]. Masana and Daqaq characterized the effect of axial loading of the 

natural frequency of pre-critical buckling load beams [60]. A study by Challa et al. determined the 

response of a cantilever beam with permanent magnet tip mass, to attractive and repulsive forces 

from external magnets by varying proximity to the beam [61]. In the study conducted by Mann 

and Sims, a low frequency system was designed using two fixed magnets to levitate a center 

oscillating magnet [62]. Investigations by Shahruz [63], and Sari et al. [64], show that wide 

bandwidth response can be achieved by creating arrays of geometrically varying cantilevers. Tang 
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et al. as well as Twiefel and Westermann have compiled reviews of other notable broadband 

vibration energy harvesting techniques [65, 66]. 

Vibration-based energy harvesters have recently received significant interest in order to 

operate low-power electronics and replace small batteries that require expensive and time 

consuming maintenance. Several investigations have been performed to design high power density 

energy harvesters from unused mechanical vibrations [48, 51, 52, 56, 67, 68]. These designs vary 

from simple beam and beam-mass systems [60, 68-71] to more complex structures including 

bending-torsion, zigzag, and spiral systems [72-74]. The objective of these diverse harvesters is to 

enable the harvesting of energy at specific frequencies from wasted mechanical energy in the given 

environment through various transduction mechanisms. Examples include electrostatic [56], 

electromagnetic [75], and piezoelectric [56, 68-70]. As mentioned earlier, the piezoelectric option 

has gained prominence at small-scale, especially when the dimensions are in the range of few cubic 

millimeters.  

A piezoelectric cantilever beam, subjected to harmonic or random vibrations, is the most 

common concept used in the literature. For these types of energy harvesters, resonant responses 

are obtained when the excitation frequency matches the natural frequency of the harvester. These 

resonant motions result in maximum deflection of the structure, straining the piezoelectric material 

and producing electrical charge, which can be channeled as an alternating current across an 

electrical load resistance. Different strategies and techniques have been applied to design efficient, 

low-frequency, piezoelectric energy harvesters, such as considering different shape geometries 

[72-74, 76-79], developing bistable configurations [62, 80], and including magnetic coupling [68, 

71]. As for shape geometries, simple and complex systems have been proposed in order to design 

energy harvesters that can operate effectively at an excitation frequency that matches their resonant 

frequency. In general, passive tunable harvesters have been designed by using cantilever, spiral, 

or zigzag configurations. However, a comparative analysis in terms of the efficiency of these 

simple and complex energy harvesting designs is missing. 

Piezoelectric energy harvesting has long made use of the cantilever beam due to its ability 

to transfer a high amount of strain to the attached piezoelectric layers, frequency tunability, and 

ability to generate closed form analytical modeling.[81-85] However, the shortcomings of the 

cantilever structure, including narrow bandwidth and the need for large tip mass and/or 

impractically high aspect ratio to reach low resonance frequencies have been well established. 
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Surmounting these deficiencies in the one-dimensional cantilever-based vibration energy harvester 

has been a major focus in the literature, where techniques such as inducing nonlinearity using 

magnetic coupling configurations[47, 65, 68, 86], axial loading,[60, 65] and mechanical 

stoppers,[87, 88] varying cross-sectional geometry,[76, 77, 89] and employing two-dimensional 

geometries[47, 78, 79, 90-100] have been examined. In this study, a ó1Dô cantilever is defined as 

a structure that has constant cross-section, ó1.5Dô as a structure whose cross-section varies along 

a single axis, and a ó2Dô geometry as a structure where the cross-section curves or meanders in a 

plane. It has been shown that 2D beam shapes can outperform 1D beams in terms of power density 

and low resonance frequency for a given surface area.[99] 

Vibration energy harvesters are designed most often to operate at resonance, where the 

resonant frequency of the energy harvester matches that of the dominant frequency of the vibration 

source. This matching of source and harvester mechanical impedances allows for the most efficient 

transfer of power from the source to the harvester. Therefore, having more power available to the 

harvester, more power can be transduced. The tragic consequence of such designs is that outside 

the narrow resonant frequency band, little power is converted. Addressing vibration energy 

harvester bandwidth, and increasing power output have been the major pursuits of researchers in 

this field for many years. To this point, several review and comparison articles have been written 

chronicling and categorizing the various strategies developed.[57, 65, 81-84, 101-104] 

For any vibration energy harvester, it is paramount that the harvesterôs frequency response 

match that of the source. Figure 2.6 below shows the level of excitation (base acceleration) 

received by a pacemaker due to the beating of the heart, with data derived from the work of Deterre 

et al.[28] Here the largest acceleration is around 1-2 Hz, which is caused by the primary beating 

frequency of the heart. Additionally, there is a broader peak between 20-30 Hz. This peak is caused 

by soft tissue resonance (or ringing) around the heart in response to the width of the impulse of 

each beat.  
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Figure 2.6 ï Excitation level of vibrations received by a pacemaker as a function of frequency. 

Data derived from Ref. [28]. 

 

For a vibration energy harvester of the dimensions necessary to fit within the pacemaker 

housing, a 1-2 Hz resonance frequency would prove quite difficult to effectively achieve. 

Therefore, the broader 20-30 Hz peak will be targeted as a more realistic goal. Additionally, since 

the level of excitation at this broad beam is around 0.1 G, all studies on power output are conducted 

at this level of excitation. 

From this review, it is evident that 2D vibration harvesters show promise, but have yet to 

be compared directly to their 1D or 1.5D counterparts in terms of output power and bandwidth. 

For this reason, the design of a vibration energy harvester suitable in terms of form factor, 

frequency response, and level of harvested power is first explored by comparing the merits of 1D 

and 2D vibration harvesters. To capture the broad resonance peak, a means of increasing the 

resonant bandwidth of vibration harvesters is then explored. Finally, studies on optimizing 

vibration harvester mode shapes for maximizing power output are conducted. 
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2.5 Comparative Analysis of One-Dimensional and Two-Dimensional Beam 

Shape Vibration Energy Harvesters 

2.5.1 Introduction  

In this section, focus is placed on comparing the performance between classical (one-

dimensional) piezoelectric energy harvesters (beam-mass system) and complex (two-dimensional) 

piezoelectric energy harvesters (zigzag system). Experimental measurements are performed for 

these two types of piezoelectric energy harvesters with the same footprint (surface area) to quantify 

the power density and tunability. First the designs for each harvester are established, based on their 

most common configuration; the bimorph configuration for the cantilever harvester and the 

unimorph configuration for the zigzag piezoelectric energy harvester. The dimensions were chosen 

for each design, as shown in schematics in Figure 2.7, such that the zigzag would have 25.4 x 25.4 

mm2 area (approximately the area available in the pacemaker housing) and the cantilever would 

have approximately the same surface area. In this way, conclusions can be drawn about the 

performance of both of these structures and identify the regions where one has advantages over 

the other.  

 

 
Figure 2.7 ï (top) Schematic of a bimorph piezoelectric cantilever energy harvester (PZT on 

aluminum substrate), and (bottom) Schematic of unimorph piezoelectric zigzag energy harvester 

(PZT on steel substrate). 
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The same piezoelectric material was used in both configurations to allow for reasonable 

comparisons to be made between the output power density and overall magnitude of the power. 

The piezoelectric material utilized was APC 850 PZT with a ïd31 value of 175pC/N and a ïg31 

value of 12.4×10-3Vm/N.  

2.5.2 Fabrication 

The energy harvesting prototypes were constructed by first cutting the beam substrate 

shapes from larger sheets of material (Aluminum and Steel for the cantilever and zigzag 

configurations, respectively) via CNC machining. Different substrates were chosen for this 

comparison so that the frequency response characteristics of the two harvesters might be brought 

closer together, allowing for reasonable comparisons to be made. Since the zigzag structure is 

naturally more compliant than the classical cantilever, steel was chosen as the substrate making it 

stiffer. Thus, the two harvesters would have overlapping frequency regions when paired with 

appropriate tip mass, due to the relation to the natural frequency given in Equation (1.16). The 

piezoelectric elements were then bonded to the substrate at the areas of highest strain concentration 

in order to harvest the greatest amount of power without significantly increasing the stiffness and 

consequently the resonance frequency of the system. The bonding was accomplished using Loctite 

120HP epoxy and allowing a cure of no less than 24 hours at room temperature before testing. The 

fabricated prototypes are shown in measurement setups in Figure 2.8. 
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Figure 2.8 ï Constructed (a) cantilever bimorph and (b) zigzag prototypes mounted in shaker 

clamp with labeled points of interest. 

 

2.5.3 Experimental Setup 

The constructed prototypes have reflective stickers (of negligible mass) placed in a pattern 

in the case of the zigzag configuration and at the beam tip in the case of the cantilever configuration 

to allow the use of a laser Doppler vibrometer to monitor the velocity at those points. Note that the 

point labels were overlaid on the picture for illustration purposes and were not present on the 

physical stickers, thus not altering their reflectivity. The experimental setup and specific 

measurement equipment are displayed in Figure 2.9.  
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Figure 2.9 ï Experimental setup for cantilever and zigzag piezoelectric energy harvester tests, 

with key components labeled. 

 

The measurement system was controlled via desktop computer interfaced with the SigLab 

module. The SigLab produces a specified excitation voltage signal (sinusoidal wave in this case) 

at low current, which was then passed through the HP power amplifier, increasing the current of 

the signal, to power the TJ-2 shaker. The acceleration of the base of the energy harvesters (clamp) 

and velocity of the various points on the beam (Figure 2.8) were read by the SigLab from the PCB 

accelerometer and PDV100 vibrometer, respectively. The voltage output from the piezoelectric 

material was also recorded (across varying load resistances) by the SigLab. All measurements were 

done atop a vibration isolation pillar, which by virtue of its mass and location, was largely 

uninfluenced by the vibration of the surroundings (i.e. building, floor, persons walking, machinery, 

etc.). All cables used were BNC type, to provide shielding from any external electromagnetic noise 

sources. As can be seen in Figure 2.8, the BNC cable was not directly attached to the piezoelectric 

elements in each harvester rather it was attached via copper tape (~51ɛm thickness) and thin (44 

gauge) wire. This approach was implemented for several reasons. Thin wire was used so that the 

attachment of wire(s) will not add any significant mass or stiffness to the piezoelectric energy 

harvesters and thus not alter their dynamics. The wires were first soldered to the copper tape and 

then adhered to the piezoelectric surface. In this way, one can avoid exposing the piezoceramic to 

high local temperatures associated with the direct application of molten solder. The poling 

directions and wire attachments used are shown in Figure 2.10. 
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Figure 2.10 ï Poling direction and wire connection diagram for (a) zigzag unimorph harvester, 

and (b) cantilever bimorph harvester with piezoelectric elements were wired in parallel. 

 

2.5.4 Experimental Analysis & Results 

Analysis is begun by examining the frequency response dynamics of both the systems. This 

is accomplished by applying a uniform white noise vibration input to each system and examining 

the Fourier transform of the cross-correlation between the base acceleration and beam tip velocity. 

In this way, all frequencies are subjected to the same spectral energy and the curves in Figure 2.11 

can be regarded as the transfer functions of their respective systems. These measurements are taken 

for both connecting the piezoelectric elements in short-circuit and open-circuit configurations. One 

would expect, as is evident in Figure 2.11, that connecting the piezoelectric in short circuit-

configuration allows the most charge to flow, effectively reducing the natural frequency by 

increased damping. For the zigzag case, a smaller volume of piezoelectric material is utilized than 

in the cantilever bimorph case and thus no measureable difference in frequency response between 

open- and shortïcircuit configurations is observed. For this reason, only the open circuit cases for 

the zigzag configuration are plotted.  
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Figure 2.11 ï Frequency response of (a) cantilever and (b) zigzag piezoelectric energy harvester 

for varying tip mass and electrical connection. There is no measureable difference between open 

and short circuit response for the zigzag harvester, thus only the open circuit response is shown. 

 

In addition, tip masses of 0 g, 0.94 g and 1.88 g are employed to examine their effects on 

the natural frequency of the harvesters. It should be noted that increasing the tip mass for both the 

systems results in a decrease in the natural frequency and an increase in the amplitude of 

harvesterôs vibration. A plot of the variation of the fundamental frequency as a function of the tip 

mass is presented in Figure 2.12 where for all tip mass cases the zigzag configuration has a lower 
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fundamental frequency. The difference between the two systems is exceedingly evident at 0 g tip 

mass, when the harvesterôs shape was mostly responsible for its frequency response characteristics. 

 

 
Figure 2.12 ï Variation of harvesterôs fundamental frequency as a function of tip mass for 

cantilever and zigzag systems. 

 

A comparison between the deflections of the two configurations at their respective first 

natural frequencies is performed for the case of zero tip mass. Note that all further tests are 

conducted at 0.1 G base acceleration (where 1 G = 9.81 m/s2). In Figure 2.13, it is observed that 

the deflections of the two systems at their respective natural frequencies are similar, with the 

cantilever system exhibiting a greater deflection at resonance. The displacement plots in Figure 

2.13 show the relative displacement of the respective positions labeled in Figure 2.8 and are 

realized by integrating the laser vibrometer velocity data at each point and averaging over several 

(at least 10) periods. The base displacement, which is integrated from the base acceleration, is then 

subtracted, leaving only the relative deflection of the respective points. Finite Element Analysis 

illustrations of the first natural frequency for each shape are also shown in Figure 2.13 in order to 

clarify the shape of each of the beams when excited at their respective fundamental frequencies. 
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Figure 2.13 ï Deflections of the point(s) shown in Figure 2.8 at the first bending frequency of the 

(a) cantilever and (b) zigzag piezoelectric energy harvesters at a base acceleration of 0.1G. 

Cantilever frequency is ~156Hz, with max deflection ~66ɛm, and zigzag frequency is ~86Hz, with 

a maximum deflection of ~57ɛm. Insets show FEA results for fundamental mode shape for clarity. 

 

Next, the effects of the electrical load resistance on the performance of the harvesters were 

identified as shown in Figure 2.14. Here, the electrical load resistance is varied while exciting the 

system at a fixed frequency and for a given tip mass. The frequency was varied across a range near 

that of the measured fundamental frequency of each system. It is shown that a similar power output 

is obtained from both systems, despite their different form factors. In addition, an increase in the 

tip mass is accompanied by an increase in the harvested power for both systems. However, the 

more tip mass is increased, the less effective it becomes in lowering the fundamental frequency 

and increasing the harvested power. 
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Figure 2.14 ï Average power output as a function of frequency, electrical load resistance, and tip 

mass for (a)(c)(e) cantilever and (b)(d)(f) zigzag harvesters, at a base acceleration of 0.1G. 
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From Figure 2.14, it is clear that the dynamics of the system changes for different electrical 

load resistances. In fact, there is a shift in the peak frequency to the right when increasing the load 

resistance. At higher load resistances, current is reduced and higher values of the generated voltage 

are obtained. Furthermore, varying the electrical load resistance impacts the amplitude of the 

average harvested power indicating that some optimum electrical load resistance must exist, 

whereby the most power can be derived from the piezoelectric element(s). To determine this 

optimal electrical load resistance, the excitation frequency is fixed to either the short- or open-

circuit fundamental frequency for the cantilever configuration or simply the open circuit case for 

the zigzag configuration and the electrical load resistance varied, as shown in Figure 2.15.  

 

 

Figure 2.15 ï Average harvested power as a function of the electrical load resistance and tip mass 

at a base acceleration of 0.1G, where for (a) the excitation frequency of the cantilever harvester is 

equal to the short- or open-circuit frequency, and for (b) the excitation frequency of the zigzag 

harvester is equal to the open-circuit frequency. These frequencies were found from the FRFôs in 

Figure 2.11. 
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Figure 2.15 illustrates that the optimum electrical load resistance for the cantilever system 

is in the range of 50-100 kÝ, depending on the tip mass value, and in the 500-700kÝ range for the 

zigzag system. The high optimum load resistance of the zigzag configuration is why there is no 

observable difference between open and short circuit conditions, as the optimum condition is 

already very near open circuit. The difference in optimal load resistance values between the 

cantilever and zigzag results from the size of the piezoelectric layer(s) and the considered 

connection between these layers. These two main factors determine, along with material 

properties, the capacitance of each harvester. The optimal load resistance can be approximated by 

the complex impedance of the piezoelectric, or 1/(ɤC), where C is the capacitance of the 

piezoelectric layer(s) and ɤ is the excitation frequency in rad/s. Here, it can be seen how a larger 

capacitance for the cantilever piezoelectric energy harvester with parallel connection and its higher 

natural frequency for different tip masses result in a smaller optimum load resistance values for all 

considered cases. 

With the information gathered, a final comparison of power density or power per unit 

volume is presented in Table 2.1. The volume of the cantilever harvester is 0.51 cm3 and the 

volume of the zigzag harvester is 0.195 cm3. Table 2.1 summarizes the first bending frequencies 

and power densities of the cantilever bimorph and zigzag piezoelectric vibration energy harvesters 

for different tip masses. Clearly, depending upon the available excitation frequency, the zigzag 

harvester is always significantly better in terms of low natural frequency and power density.  

 

Table 2.1 ï Summary of 1D cantilever bimorph and 2D zigzag unimorph piezoelectric energy 

harvesters power density as function of excitation frequency and tip mass at 0.1G base 

acceleration.  

Shape 

Tip 

Mass 

 (g) 

Natural 

Frequency 

(Hz) 

Power 

Density 

(ɛW/cm3) 

Cantilever 

0.00 157.50 0.73 

0.94 69.00 6.67 

1.88 48.75 10.60 

Zigzag 

0.00 85.78 2.13 

0.94 44.84 31.31 

1.88 32.34 65.08 
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2.5.5 Summary 

In summary, two piezoelectric energy harvesters (bimorph cantilever and unimorph zigzag 

shape) were developed (surface <7 cm2). The results showed that tuned energy harvesters can be 

designed to harvest energy at low frequency excitation (<100 Hz) and levels of harvested power 

was on the order of micro-Watts from different configurations with an input acceleration of 0.1 G. 

Depending upon the available excitation frequency, the tip mass and load resistance can be 

changed to harvest maximal amounts of power. It was demonstrated that the zigzag piezoelectric 

energy harvester can be a means of increasing power density for a given harvester area (footprint). 

 

2.6 Increasing Bandwidth Using Preloaded Freeplay Boundary Condition 

2.6.1 Introduction  

In order to design the low-frequency and broadband energy harvesters a drastically 

different approach was investigated. This approach was established by inducing a second degree-

of-freedom (termed here as preloaded freeplay), which has a resonant frequency near the natural 

frequency of the harvester, the interaction between which creates a broader resonant plateau rather 

than a sharp peak.  In order to verify this approach, the concept was implemented on two different 

structures. Firstly, a unimorph zigzag piezoelectric energy harvester was designed that consisted 

of steel substrate and piezoelectric layer. Secondly, a conventional bimorph cantilever energy 

harvester consisting of aluminum and piezoelectric layers was utilized. These harvesters were 

subjected to direct vibration excitations and measurements were performed to determine the effects 

of tip mass and electrical load resistance on the performance of these harvesters with and without 

the preloaded freeplay effects, using the experimental setup and experimental methods of section 

2.5.  

For vibrating systems, besides the physical structure of the system, the condition of the 

boundaries plays the greatest role in the dynamics of the system. In general, more free boundaries 

yield lower frequency behavior, and more fixed boundary conditions yield higher frequency 

behavior. This performance comes about because of the boundary conditionôs effect on the 

stiffness of the vibrating system. Since most ambient vibration sources are relatively low 

frequency, in energy harvesting applications one of the boundary conditions is almost always a 
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free condition. Typically the free end is considered to be the tip of vibrating beam and is where 

mass is placed to alter resonant frequencies and amplitude of vibrations. 

The other end of the beam, the base, typically has some form of clamping or fixation. For 

vibrations occurring in one dimensional translation, beams can have both translational and/or 

rotational degrees-of-freedom. Thus, for each degree-of-freedom there can be various levels of 

clamping or freedom. Illustration of the three most common types of vibration boundary conditions 

are shown in Figure 2.16. Pendulums allow free rotation but do not allow for (or clamp) translation. 

Pendulums offer very low frequency performance thanks to the freedom at the boundary, since the 

only restoring force is gravity. Clamped beams, or cantilevers, do not allow rotation or translation 

of the beam at the boundary. Cantilevers have relatively higher frequency performance due to the 

fixed boundary, with the stress in the beam providing a restoring force. The hybrid between 

Pendulums and Clamped boundaries is the Freeplay boundary condition. In freeplay, translation 

is free, however, rotation is fixed. The vibration response due to such a boundary condition can be 

nonlinear and chaotic. 

 

Figure 2.16 ï Illustration of the three most common types of vibration boundary conditions in 

Pendulum (free rotation, clamped translation), Clamped (clamped rotation, clamped translation), 

and Freeplay (clamped rotation, free but bounded translation). 
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Pendulums do not lend themselves well to piezoelectric energy harvesting since the beam 

is not stressed. Indeed, since rotation is free, there is nothing to cause bending stresses to be 

transduced by the piezoelectric layer. Rather, they find application in electromagnetic harvesters, 

not discussed here. Due to this reality, clamped cantilevers are nearly exclusively employed in 

piezoelectric vibration energy harvesting applications. Freeplay boundaries can allow some 

relative motion between the beam and vibration source. When the beam translates against the 

bounds of the freeplay, an amplified bending occurs since the base of the beam has an initial 

velocity condition. This dynamic can aid in energy harvesting and harvester bandwidth, but is 

inherently chaotic.  

Combining the clamped and freeplay boundary conditions, into the so-named ñpreloaded 

freeplayò boundary condition was shown to significantly increase the harvester bandwidth without 

creating chaotic vibration behavior.[105] 

2.6.2 Concept Description  

The characterization of freeplay has been studied in the context of aeroelastic vibrations, 

where it is considered a negative effect, since it can create instabilities and make it difficult to 

control aircraft [106]. However, in this section, I propose to utilize freeplay as a positive effect in 

energy harvesting. 

We start by proposing a clamp which is connected to the vibration source (shaker) by a 

screw with threads that are slightly mismatched with those on the shaker adapter. Through this 

modification, the screw is still able to be tightened and secure the clamp to the shaker as shown in 

Figure 2.17(a). However, there is a larger than normal air gap between the external threads of the 

clamp screw and internal threads of the shaker adapter as shown in Figure 2.17(b). The preloaded 

(tightened) screw with the clamp acts as a spring-mass system as shown in Figure 2.17(c). When 

this spring-mass system resonates, there is enough force to overcome the applied force due to the 

preload condition. This phenomenon causes a freeplay to occur between the clamp-screw and 

shaker adapter, creating a second degree-of-freedom. Therefore, there is a degree-of-freedom 

caused by the stiffness of the PEH (kbeam) and another degree-of-freedom between the clamp and 

the vibration source (kscrew). It is important to note, that this freeplay condition and subsequent 

second degree-of-freedom only exists in the frequency band where the clamp-screw system 

resonates and at all other times it can be considered as a single degree-of-freedom system. By 
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tuning the natural frequency of the clamp-screw system near the natural frequency of the PEH 

system, a broadband frequency response is created. Hence, the electrical performance of the device 

was maintained at the optimum level across a larger range of frequencies. This principle will be 

demonstrated on two different structures and use the results to discuss the physical basis behind 

the enhancement. 

 

 

Figure 2.17 ï Representations of the preloaded freeplay phenomenon: (a) a physical representation 

of the piezoelectric energy harvester (PEH), clamp, and shaker system, in which the clamp and 

shaker are held together by (b) a preloaded (tightened) screw with slightly mismatched threads 

allowing a larger than normal air gap between threads. When the excitation frequency is at the 

fundamental frequency of the clamp-screw system, (c) the response is enough to overcome the 

preload force and induce a second degree-of-freedom, with one degree due to the stiffness of the 

PEH (kbeam) and one due to the proposed preloaded freeplay (kscrew). 

 

The effect of the proposed preloaded freeplay boundary condition on energy harvesting 

capabilities was investigated for one-dimensional (1D) cantilever (Figure 2.18(a)) and two-

dimensional (2D) zigzag (Figure 2.18(c)) PEHs. These two structures were chosen, as it has been 

shown that 1D and 2D beam shapes can have advantages over one another in certain situations, 

and it was sought to examine the different effects, if any, freeplay would have on these PEH beam 

shapes [99, 107]. The dimensions were chosen for each design, as shown in the schematics in 

Figure 2.18(a) and (c), such that the zigzag would have 25.4mm x 25.4mm in cross-sectional area 

and the cantilever will also have same surface area. In this way, a comparative analysis can be 

performed independent of the area of the harvester. These are the same beams used in the 

experiments of Section 2.5. The piezoelectric material and the base excitation (0.1 G (9.81 m/s2)) 

were kept at the same level in all cases to allow for the reasonable comparisons to be made between 
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the power outputs of the two harvester structures. The properties of the piezoelectric material are 

listed in Table 2.2.  

 

 

Figure 2.18 ï Schematic (dimensions in millimeters) and constructed prototypes mounted in a test 

clamp attached to shaker, for cantilever (a) and (b), and zigzag in (c) and (d). Note that both the 

configurations have a surface area of approximately 645mm2. 

 

Table 2.2 ï List of piezoelectric material properties. 

Supplier American Piezoceramics 

Material APC 850 (PZT) 

-d31 (pC/N) 175 

-g31 (mVm/N) 12.4 

 

2.6.3 Experimental Results 

We start our analysis by comparing the deflections of the two configurations. Deflection 

of the beam tips were measured at their respective first resonant frequencies by integrating laser 

vibrometer data with respect to time. A detailed description of experimental procedure and 

equipment information is provided in the supplementary document. It was found that the tip 

deflections of the two configurations were quite similar, with the cantilever and zigzag 
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piezoelectric energy harvesters having maximum deflections of approximately 66ɛm and 57ɛm 

respectively, at 0.1G base acceleration and 0g tip mass.  

In Figure 2.19, it is shown that the deflections of the two systems shown in Figure 2.18 at 

their respective natural frequencies were similar, with the cantilever system exhibiting a slightly 

greater deflection at resonance. The displacement plots in Figure 2.19 show the relative 

displacement of the respective beam tips, and were obtained by integrating the laser vibrometer 

velocity data at each point over several periods, and averaging them together into one period. The 

base displacement, integrated from the base acceleration, was then subtracted leaving only the 

relative deflection of the respective points. 

 

 

Figure 2.19 ï (Left) Deflection of beam tip at the first bending frequency of the cantilever 

piezoelectric energy harvester (~156 Hz) at a base acceleration of 0.1 G. Max deflection ~66 ɛm. 

(Right) Deflection of beam tip at the first natural frequency of the Zigzag piezoelectric energy 

harvester (~86 Hz) at a base acceleration of 0.1 G. Max deflection ~57 ɛm. 

 

Next, tip masses of 0 g, 0.47 g, 0.94 g, 1.42 g and 1.88 g were employed to examine their 

influence on the frequency response. It is observed that for both systems increasing the tip mass 

results in a decrease in natural frequency and increase in the amplitude of vibration. Figure 2.20(a) 

shows the variation of the fundamental frequency as a function of the tip mass. Clearly, for all tip 

mass cases, it can be noted that the zigzag harvester has the lower fundamental frequency. The 

difference between the two systems is exceedingly evident at 0 g tip mass, where the harvesterôs 

shape was mostly responsible for its frequency response characteristics. The natural frequency of 
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the clamp-screw, designated as the spring frequency, is not a function of the tip mass. For each tip 

mass case, a frequency response function was generated. As Figure 2.20(b) and (c) show, whenever 

the natural frequency of the PEH is near the spring frequency, a broadband effect was observed as 

the resonant peaks of the harvester and spring frequencies combined, maintaining an elevated level 

of beam deflection across a wider band of frequencies. It is important to note that for the other 

cases, where the natural frequency of the PEH is tuned to a frequency not near the spring 

frequency, the system behaves as a simple single degree-of-freedom system. 

 

 

Figure 2.20 ï Dynamics of systems subjected to preloaded freeplay effects. (a) Dependency of 

ñSpringò (preloaded freeplay) frequency, cantilever and zigzag natural frequencies on tip mass. 

Note the natural frequency of the piezoelectric energy harvesters (PEH) is inversely proportional 

to the tip mass, while the spring frequency is largely independent of the tip mass. Frequency 

response functions for cantilever (b) and zigzag (c) for each point in (a), measured in arbitrary 

decibel units, showing the induced broadband effects due to the interaction of the two degrees of 

freedom as the fundamental frequency of the PEH approaches the spring frequency.  

 

After finding the frequency regions where the broadband effect was observed, sweeps of 

frequency and electrical load resistance were conducted to locate the maximum power point. In 

Figure 2.21, it can be seen that the regions where the beam dynamics are broadband (Figure 2.20) 

are also resulting in a larger frequency region whereby power output was maintained at a high 

level (dashed lines), as compared to a fix boundary condition single degree-of-freedom system 

(solid lines). What is interesting is that for the normal case, the average power output has a higher 
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peak than the spring case for the range of 55.2 Hz and 56.2 Hz (around 1 Hz difference). On the 

other hand, including the spring effect is very beneficial for all frequencies outside the resonant 

range (55.2 Hz - 56.2 Hz). In the approximate range of frequencies between 54 Hz and 58 Hz, a 

broadband response of the harvester takes place. In fact, any variation in this range yields almost 

the same level of average harvested power. This result is the same for all electrical load resistances.  

 

Figure 2.21 ï Power output as a function of frequency and electrical load resistance in the 

broadband interaction range for cantilever (a) and zigzag (b) systems, with the solid lines with 

filled points corresponding to the ñnormalò (clamped) boundary condition and the dashed lines 

with non-filled points corresponding to the ñspringò (preloaded freeplay) boundary condition.  

 
Similar to the zigzag geometry, for the normal case of the cantilever piezoelectric energy 

harvester, the average power output has a higher peak than the spring case. On the other hand, 

including the spring effect is beneficial only for certain frequencies outside the resonant range. In 

the range of frequencies between 64 Hz and 71 Hz, a broadband response of the harvester takes 

place. Unlike the zigzag energy harvester, the classical cantilever beam case is better than the two 

degree-of-freedom (ñSpringò) case when the excitation frequency is larger than 66.5Hz. For lower 

values of excitation frequency, maximum harvested power is obtained when including the spring 

effect.  

We can conclude that if the available excitation frequency is in the resonant frequency 

range, the energy harvesters with fixed boundary condition are better than the harvesters with 

preloaded freeplay boundary condition. Outside the resonant range, including the spring effect 
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results in higher values of the power output, as shown in Figure 2.22(c,d). The preloaded freeplay 

clamp spring broadband effect was shown to be very beneficial for the zigzag system but less 

effective for the cantilever bimorph system because of the greater compliance of the zigzag 

structure, making it more sensitive to the induced second degree-of-freedom. This is evident in 

Figure 2.22(a,b) where the increase in half-power bandwidth is larger for the zigzag structure than 

the cantilever bimorph. Additionally, from Figure 2.22, it is shown that PEH half-power bandwidth 

is largely unaffected by load resistance, and power output displays the normal parabolic trend 

(when plotted on log-log scale) with or without the preloaded freeplay effect. 

 

Figure 2.22 ï Half-power bandwidth and power output at as function of electrical load resistance 

for cantilever (a,c) and zigzag (b,d) systems. 
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2.6.4 Tuning the Preloaded Freeplay Effect 

Tuning the frequency and amplitude at which the preloaded freeplay phenomenon occurs 

is accomplished by controlling the mass of the clamp and tightness of the connection (preload). 

As Figure 2.23(a) demonstrates, adding mass to the clamp both lowers the spring frequency and 

causes an increase in amplitude. Here, the ñNormalò case is taken to mean when the freeplay effect 

is not introduced. The ñScrewò case is when the freeplay (spring) effect is introduced and the 

ñScrew + Massò case is adding approximately 35g of additional mass to the 400g clamp. In 

addition, tightening the connection between the clamp and vibration source has little effect on 

spring frequency (Figure 2.23(c)), but proves to reduce the amplitude of freeplay effect, as preload 

is increased. Here, ñSnugò refers to a preload whereby the clamp and vibration source are securely 

connected and ñFully Tightenedò refers to a preload whereby the screw cannot be tightened any 

further by hand with a 5cm hex wrench. Figure 2.23(b) and (d) show a qualitative illustration of 

the effects seen in Figure 2.23(a) and (c) respectively. The shaded regions below the ñPreload 

Lineò represent the area where the response of the clamp is not large enough to overcome the 

preload of the tightened screw and the system remains a single degree-of-freedom system. Above 

this region the response is large enough to overcome the preload and induce a second degree-of-

freedom. A combination of adjustments in clamp mass and tightening of the clamp screw can move 

the effects of the freeplay condition to a frequency range which are near to the harvester dynamics. 

This tuning capability is demonstrated for the 0.42 g tip mass case of the zigzag harvester and 

0.94 g tip mass case of the cantilever harvester, where the spring frequency was adjusted to 

approximately 65.5 Hz and 57 Hz respectively, to broaden the existing peaks of the harvester 

response. 
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Figure 2.23 ï Effect of clamp mass (a) and screw tightness (c) on frequency and amplitude of 

preloaded freeplay effect. Illustrations (b) and (d) offer a qualitative depiction of the effects seen 

in (a) and (c) respectively and when one degree-of-freedom (DOF) or two are present. 

 

2.6.5 Summary 

In conclusion, a two degrees-of-freedom piezoelectric energy harvester was proposed 

based on the modification of the beamôs boundary conditions described as ñpreloaded freeplayò 

condition, rather than fixed. The results showed that tuned broadband energy harvesters can be 

designed using a preloaded freeplay clamp spring for a spring-bending coupling effect, combining 

the bandwidth of the two degrees-of-freedom. Depending upon the available excitation frequency, 



61 

  

the tip mass and spring frequency can be designed to induce broadband effects. A comparative 

analysis was performed between both cantilever bimorph and zigzag unimorph harvesters to 

deterministically establish the advantages of the preloaded freeplay boundary condition. While 

both harvesters benefited, in terms of broadband response, the effects of preloaded freeplay were 

greater on the zigzag harvester due to it being more compliant than the cantilever bimorph. Using 

this approach, it was demonstrated that the coupled degree-of-freedom dynamics results in an 

approximately 4-7 times increase in PEH half-power bandwidth, over the fixed boundary condition 

case, as shown in Figure 2.22. 

This increased frequency range comes with the compromise of peak harvested power, as 

can be seen in Figure 2.21. Indeed, no spectral energy (integrated area under the curves) is gained 

via the preloaded approach. Rather, it is spread out over a much larger range instead of 

concentrated in a narrow band. Though, some energy is even lost through the freeplay. 

Nevertheless, this technique is best suited for, and provides advantages in, applications where 

excitation frequency is broad, such as in impact/impulse loading (ex. human gait, heart beats) and 

noisy environments (ex. structural vibration), or where excitation frequency is time varying, such 

as in rotating machinery which do not maintain a constant operating rotation speed. 

 

2.7 Increasing Power Generation Using Two-Dimensional Concentrated Stress 

Structures 

2.7.1 Introduction  

In this section, a more optimized 2D beam shape was pursued, with the goal of increasing 

electrical power production, while confining the harvesters to a 25.4×25.4mm2 area. This form 

factor allows for applications in implantable technologies (ex. pacemakers) and mobile electronics 

(ex. laptop computers, and cell phones). 

Previous studies have focused on using 2D beam shapes to lower the resonance frequency 

to match the low frequency sources, using zigzag/meandering,[79, 92, 93, 96-100], spiral,[94, 95, 

108] and circular arc[78, 90, 91] shapes. These geometries are effective at lowering the vibration 

resonance frequencies by reducing the stiffness of the 2D cantilever structure. However, in the 

pursuit of low natural frequency, it has been overlooked that lowering beam stiffness is being 
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accomplished by distributing stress throughout the structure, which reduces the beamôs ability to 

stress the piezoelectric element(s), and subsequently decreases the electrical harvested power. 

Situations may demand this compromise in order to match the harvesterôs dynamics to the source 

dynamics, nonetheless, in many other scenarios power density needs to be improved. Here it is 

sought to improve the electrical response using the proposed 2D beam shapes while simultaneously 

seeking to maintain the low frequency dynamics. 

2.7.2 Concept Generation 

Upon reflection of the results of the experiments of Section 2.5, it became apparent that, 

for 2D beam shapes, the resonance frequency itself does not tell the whole story for a particular 

shape in terms of output power. For this reason, many new beam shapes were designed that could 

be made in the same 1 in2 area. Table 2.3 through Table 2.7 tabulate simulation results for several 

new beam shapes. For all simulations, 6061 Aluminum was used as the constituent material. For 

the fundamental mode shape simulations, arrows indicate the proposed location(s) of tip masses, 

however a tip mass of zero was used in simulation of mode shapes. The coloration is on a scale of 

displacement and all figures are of the same scale. For the stress analysis, a unit tip mass was used 

in each simulation. This means that for shapes that required two tip masses to be symmetrically 

loaded, the two tip masses summed to the mass used for the shapes where only one tip mass 

location was used. In this way, all systems retained the same total mass. All stress analysis figures 

are on the same arbitrary stress scale. 

It is also important to note that all of these simulations are for the beam only and do not 

take into account the additional piezo ceramic that will be bonded to the beams. The piezo will 

affect the dynamic characteristics of each beam in its own way and is something that will need to 

be analyzed more carefully on a case by case basis. The stress analysis is for a static load, which 

is sufficient for describing the fundamental mode shape. 

The beams share a standard span width of 4.28mm and spacing of 1mm, which was to be 

used as standard dimensions for all subsequent designs. Interestingly, the Zigzag and Spiral 

showed the same fundamental resonance frequency. As is evident from the stress distribution of 

these two shapes, the Spiral has lower stress, making it more susceptible to stiffness changes 

brought about by the additional of piezo segments. It was then examined, the effect of rotating the 

Zigzag pattern along with making a revered spiral. These designs are shown in Table 2.3. 
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Table 2.3 ï Beam shapes of interest (Zigzag and Spiral) 

Name Schematic Fundamental Mode Shape Stress Analysis 

Zigzag 

  

Ὢ ψς Ὄᾀ 
 

Spiral 

 
 

Ὢ ψς Ὄᾀ 
 

Rotated 

Zigzag 

 
 

Ὢ ωω Ὄᾀ 
 

Spiral 

Revert 

 
 

Ὢ ψω Ὄᾀ 
 

 

Next the effect of combining the Zigzag and Spiral designs was investigated with the goal 

to combine the favorable properties of both. These efforts resulted in the Sidewinder and Sidecart 

designs, shown in Table 2.4. 
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Table 2.4 ï Beam shapes of interest (Combination Spiral-Zigzag) 

Name Schematic Fundamental Mode Shape Stress Analysis 

Sidewinder 

 
 

Ὢ ψς Ὄᾀ 
 

Sidecart 

 
 

Ὢ ψς Ὄᾀ 
 

 

After reviewing the designs presented in Table 2.3 and Table 2.4, it became evident that 

the Zigzag and Spiral based designs always distributed the stress across the structure. In this way, 

lower natural frequencies are achievable, however, since the stress is distributed so much, one runs 

into the conflict of percentage of piezo covering the structure to harvest energy and negatively 

affecting the dynamics. A design was then pursued that would effectively concentrate the stress in 

the structure to a particular span. In this way, a small area covered by a piezoelectric layer would 

be more fully stressed and the dynamics of the beam less affected by its presence. The results of 

these efforts brought about the Elephant, Curl, Flex and Twist designs, shown in Table 2.5. One 

will notice that the resonance frequency for these designs are higher than the Zigzag and Spiral 

designs. This is because the stress is concentrated instead of distributed, resulting in higher 

resonance frequency. However, as mentioned previously, this does not tell the whole story 

because, for this design, less piezo can be used to achieve the same result in power. 

 

 

 

 

 

 



65 

  

Table 2.5 ï Beam shapes of interest (Stress concentration) 

Name Schematic Fundamental Mode Shape Stress Analysis 

Elephant 

 
 

Ὢ ρσω Ὄᾀ 
 

Curl 

 
 

Ὢ ρφυ Ὄᾀ 
 

Flex 

 
 

Ὢ ρυψ Ὄᾀ 
 

Twist 

 
 

Ὢ ρφυ Ὄᾀ 
 

 

In a further attempt to stress a particular span of the beam, designs that maximized the 

length of the span coming from the clamped end to the first turn of the beam were conceived, 

resulting in the Spartan, Leia and Mopar designs, available in Table 2.6. These designs yield 

interesting results, with resonances in between the previous groups and unique stress distributions 

and concentrations. 
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Table 2.6 ï Beam shapes of interest (Longest initial span) 

Name Schematic Fundamental Mode Shape Stress Analysis 

Spartan 

 
 

Ὢ ρσπ Ὄᾀ 
 

Leia 

 
 

Ὢ ρσπ Ὄᾀ 
 

Mopar 

 
 

Ὢ ρυυ Ὄᾀ 
 

 

A simple cantilever beam of length and width standard to the other designs presented 

earlier is shown in Table 2.7 for the sake of comparison. It should be noted that all of the 2D beam 

shapes show between a 2-4 fold decrease in fundamental frequency. 

 

Table 2.7ï Comparison to equivalent size cantilever beam 

Name Schematic Fundamental Mode Shape Stress Analysis 

Simple 

Cantilever 

 
 

Ὢ τπς Ὄᾀ 
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The designs with 180 degree turns prove more favorable than those which incorporate 90 

degree turns. This is due the fact that right angle turns in the beam creates a moment arm on the 

previous beam span, inducing torsion. This torsion leaches from the desired bending stresses, since 

the cross-section of the beam is a wide, flat rectangle, which resists torsion. This is another reason 

why the Zigzag design tends to outperform the Spiral design as the 180 degree turns minimized 

these torsion inducing moment arms. 

2.7.3 Concept Evaluation 

In order to validate the simulations shown in the previous section, four of the more 

promising beam shapes were manufactured. The designs chosen for manufacturing were the 

Zigzag, Spiral Revert, Elephant and Flex designs. For each design, a beam was fabricated without 

a piezoelectric layer, to validate the vibration model simulation, and a beam with a piezoelectric 

layer, to observe the effect of adding stiffness to the structure. The fabricated test specimens are 

shown below in Figure 2.24. All specimens were cut (CNC mill) from the same sheet of 0.305ò 

thick mild steel. Identical pieces of piezo (APC 850) were also cut to custom fit the dimensions of 

the beamôs spans, and bonded to the beam. Fabrication steps follow those of section 2.5.2. 

 

 

Figure 2.24 ï (Left) Beam specimens without piezoelectric layer. (Right) Beam specimens with 

piezoelectric layer. 

 

The first beam to undergo testing was the Elephant design (without piezoelectric layer). 

The test specimen was first subjected to random base excitation frequencies ranging from 0-

500 Hz (using the same experimental setup described in section 2.5.3). The laser vibrometer 

measured the velocity of key positions on the beam, shown as P1-P8 in Figure 2.25. The silver 



68 

  

circles at each measurement position are dots of reflective tape of negligible mass, which improves 

the resolution of the vibrometer data by reflecting the laser directly back to the vibrometer instead 

of having it scattered by the dull metal surface of the beam. The Fourier transform of the cross-

correlation of the vibrometer measurement and the base acceleration (accelerometer mounted to 

clamp) was then used to establish a frequency response for the beam, also shown in Figure 2.25. 

 

Figure 2.25 ï (Left) Measurement positions on the beam with (Right) corresponding frequency 

response functions. 

 

As is evident in Figure 2.25, regardless of the location of the vibrometer measurement, the 

measured resonance frequencies were the same and were Ὢ ρσρȢυ Ὄᾀ and Ὢ σπσȢρ Ὄᾀ. 

Since all points yielded the same frequency peaks, all subsequent measurements for frequency 

response were taken at P5, where the response for the first natural frequency was the largest. Tip 

masses were then placed on the outermost span of the beam in increasing amounts, as shown in 

Figure 2.26. 
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Figure 2.26 ï Pictures of how tip masses were added to the beam during testing. 

 

The resulting frequency responses are shown in Figure 2.27, and first two resonance frequencies 

in Table 2.8. 

 

                           

Figure 2.27 ï Frequency response for increasing tip masses. 
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Table 2.8 ï First and second resonance frequencies as a function of increasing tip mass, for beam 

without piezo 

mtip = 0 mtip = 470 mg mtip = 920 mg mtip = 1380 mg mtip = 1870 mg 

Ὢ ρσρȢυ Ὄᾀ Ὢ ψψȢσ Ὄᾀ Ὢ χρȢςυ Ὄᾀ Ὢ φρȢω Ὄᾀ Ὢ υτȢυ Ὄᾀ 

Ὢ σπσȢρ Ὄᾀ Ὢ ςωψȢψ Ὄᾀ Ὢ ςωχȢσ Ὄᾀ Ὢ ςωφȢφ  Ὄᾀ Ὢ ςωυȢς Ὄᾀ 

 

One will notice that the fundamental frequency predicted in Table 2.5 was 139 Hz, and the 

experimentally measured fundamental frequency was 131.5 Hz. This is in good agreement with 

the model and the lower measured frequency can be explained by the fact that the model had the 

structure clamped right on the border of the one inch square, where in reality a small amount of 

space is given between the edge of the square and the clamp, so that they do not come in contact 

while vibrating. This effectively lengthens the center span of the Elephant, resulting in the lower 

frequency. It is also worth noting that the second resonance frequency is largely unaffected by the 

lowering of the fundamental frequency with this tip mass configuration. This phenomena is further 

explored in Section 2.8. 

Integrating the velocity data, obtained by the vibrometer, at each point P1-P8, the mode 

shape of the beam can be verified. Figure 2.28a shows the averaged displacement of the 

measurement points across one period and corresponding schematic of measurement positions 

(Figure 2.28b). These two were then overlaid to create an animation of the beam vibration, of 

which the maximum deflection is shown in Figure 2.28c and compared to simulation (Figure 

2.28d). The measured experimental first mode shape matches well with the predicted simulation 

first mode shape. 
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Figure 2.28 ï a) Averaged measured displacements for one period. b) Schematic of measurement 

locations. c) Measured first mode shape isometric view. d) FEA simulated first mode shape 

isometric view. 

 

2.7.4 Effect of Piezoelectric Layer 

The same experimental steps were followed as in the previous case to examine the effect 

of adding the piezoelectric layer to the beam. Figure 2.29 shows frequency response for the 

Elephant beam with PZT for increasing tip masses, while Table 2.9 summarizes the measured 

natural frequencies as a function of tip mass. 
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Figure 2.29 ï (Left) Frequency response function for increasing tip mass. (Right) Measurement 

point for the Elephant beam with piezoelectric layer. 

 

Table 2.9 ï First and second resonance frequencies as a function of increasing tip mass, for beam 

with piezoelectric layer 

mtip = 0 mtip = 470 mg mtip = 920 mg mtip = 1380 mg mtip = 1870 mg 

Ὢ ρφπȢσ Ὄᾀ Ὢ ρπψȢπ Ὄᾀ Ὢ ψφȢσχ Ὄᾀ Ὢ χυȢπ Ὄᾀ Ὢ φυȢυ Ὄᾀ 

Ὢ σσυȢω Ὄᾀ Ὢ σσπȢυ Ὄᾀ Ὢ σςψȢω Ὄᾀ Ὢ σςψȢφ Ὄᾀ Ὢ σςφȢχ Ὄᾀ 

 

The addition of piezo, as expected, increased the resonance frequencies as stiffness was 

added to the system. This effect is not dramatic, however, and the addition of a small tip mass 

quickly brings resonance below 100 Hz. As before the displacement was integrated from the 

velocity measurements and used to illustrate the fundamental mode shape, as shown in Figure 

2.30. 
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Figure 2.30 ï a) Averaged measured displacement for one period. b) Schematic of measurement 

locations. c) Measured first mode shape of Elephant beam with PZT isometric view. 

 

The overall shape of the first mode is largely unaffected by the addition of the piezo, 

however, the amplitudes of the displacements are approximately halved, due to the increased 

stiffness. With the knowledge that simulations do not differ significantly between simulating with 

or without the piezoelectric layer, the other fabricated beam shapes were evaluated for what is 

ultimately the most important parameter, the power output. 

2.7.5 Further Explanation of Design and Predicted Performance Increase 

I begin by examining the current standard for 2D beam shapes, the Zigzag beam shape 

shown in the schematic drawing of Figure 2.31(a). Since stress transfer from the beam to the 

piezoelectric material is of principal importance, a finite element stress analysis of the Zigzag beam 

shape was conducted, as presented in Figure 2.31(b), for the first bending mode, found in Figure 

2.31(c). Figure 2.31(b) shows the distributed nature of the stresses in the undeformed Zigzag 

shape, colored with stress magnitudes resulting from first bending mode vibrations, where warm 

colors represent tension, cold colors represent compression, with green representing zero stress.  
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Simulations are done in the Stress Analysis environment of Autodesk Inventor Professional 

2013. The simulations takes into account the forces of gravity and of the tip mass. The tip masses 

are treated as point force for simplicity. This is a valid approach as the tip masses only add a 

constant force to the end of the beam, and since the beams undergo small deflections. Simply 

assuming beam stresses by adding point forces to the tip is not sufficient to describe the distributed 

mass of the beam, which is why gravitational forces are also considered in the simulations, which 

take into account the distributed mass of the beam in stress calculations.  

Distributing stress makes for a more compliant (i.e. less stiff) beam, with low natural 

frequency. However, this creates a problem when determining where to place the piezoelectric 

layer(s). If the piezoelectric material is placed throughout the beam, it must be separated and poled 

in opposition to adjacent segments, as discussed by Berdy et al.,[79] due to the alternating sign of 

stress, as shown  in Figure 2.31(b). Furthermore, the closer one gets to the free-end of the beam, 

the lower the magnitude of stress. This results in the situation where each successive segment of 

piezoelectric becomes less effective and connecting like-poled segments in parallel leads to 

detrimental charge redistribution and loss of efficiency[109, 110]. For this reason, it was chosen 

to place the piezoelectric material only on the first segment of the Zigzag harvester, where stress 

is the highest. 

 

 

Figure 2.31 ï Dimensioned drawing, finite element stress analysis for first bending mode, first 

mode shape, and picture of the fabricated device in test setup for Zigzag (a-d), Flex (e-h), and 
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Elephant (i-l) beam shapes, respectively. Coloring of (b,f,j) are all with respect to the same 

arbitrary stress scale, and coloring of (c,g,k) are all with respect to the same arbitrary modal 

displacement scale. 

 

In order to solve the problem of distributed stress in 2D beam shapes, it is next sought to 

create a structure whereby stress is focused onto a single beam segment, upon which the 

piezoelectric material may be most effectively placed. Another problem to consider is the presence 

of torsional forces in the Zigzag design. Torsional stresses are not readily harvestable by the flat 

rectangular profile of these planar 2D beam shapes, due to the resulting orthogonality of electric 

field to the material polarization and electrodes, and are therefore undesirable [97, 111]. Harvester 

performance should increase if these forces are removed or ideally transformed into bending 

forces. Torsional forces are also present in spiral and arc-segment based designs [78, 90, 91, 94, 

95, 108]. Berdy et al.,[79] have addressed this problem by connecting two Zigzag beam shapes at 

their free-ends, creating a fixed-fixed configuration. Exploiting symmetry to reduce the onset of 

torsional forces is valuable; however, a cantilever configuration is a better performing option to a 

fixed-fixed configuration. Therefore, the symmetric zigzag cantilever, termed óFlexô, is introduced 

and presented in Figure 2.31(e). It can be noted that the stress in this design is more concentrated 

in the first segment near the fixed end, as shown in Figure 2.31(f). This is due to the decrease in 

torsional forces by symmetry, allowing for a more pure bending motion to occur. In this case, 

rather than placing a unit force on the tip of the beam, as in Figure 2.31(b), a half unit force is 

placed on both terminating free ends of the Flex beam shape. The bending motion is also reflected 

in the mode shape of Figure 2.31(g). 

With the Flex design, torsional forces are still present due to the two ends being free (i.e. 

unsupported). It does seem counterintuitive; the merit of the cantilever is the fixed-free 

configuration, however, in the 2D case, the presence of the free-end not being collinear with the 

fixed-end, creates undesirable torsional effects. It is in the spirit of eliminating free-ends, but 

somehow maintaining a cantilever-like configuration, the closed-circuit symmetric meandering 

configuration, termed óElephantô, displayed in Figure 2.31(i), was developed. In Figure 2.31(j), a 

high concentration of stress can be observed in the first beam segment, due to the optimally pure 

bending motion of the mode shape, rendered in Figure 2.31(k). This is accomplished by joining 
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the meanders on either side of the plane of symmetry at the top of the beam, forming a closed-

circuit, whereby torsional effects are forced to cancel out. 

2.7.6 Experimental Setup 

To validate the findings of the finite element analysis and quantify the merits of the given 

concentrated stress structures, experimental investigations were conducted on a series of fabricated 

test specimens. These test specimens were constructed, according to the dimensions given in 

Figure 2.31(a,e,i), with the substrate being mild steel and the piezoelectric layer being American 

Piezoceramics APC850 PZT. Attached to each harvester were also 1.88g tip masses, consisting of 

four 6.35×3.175×3.175mm neodymium magnets, chosen for their ease of installation and 

reconfigurability. The fabricated test specimens are shown in Figure 2.31(d,h,l), while the 

experimental setup is pictured in Figure 2.32.  

 

 

Figure 2.32 ï Experimental setup for characterizing the harvesters fabricated in this section. 

 

Individual harvesters were then placed into a custom clamp and attached to a TMC Solution 

TJ-2 modal shaker, which was placed upon a Newport ST series Smart Table vibration isolation 

table, as picture in Figure 2.31(d,h,l). Reflective dot stickers (of negligible mass and stiffness) 

were applied to various spots on the beams to provide points to shine a Polytec PDV 100 laser 
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Doppler vibrometer onto, so that beam vibrations and mode shapes may be measured. Using an 

alignment shim, the edge of the harvesters were made parallel to the clamping face with an offset 

of approximately 300ɛm, so that the beams would not rub the clamp during vibration. To measure 

base excitation, a PCB Piezotronics model 352C67 accelerometer was adhered to the clamp, using 

adhesive wax, with output conditioned through a PCB Piezotronics model 482A165 amplifier. 

Electrical load resistance across the piezoelectric layer was varied using an IET Labs RS-201 

resistance substituter. Data acquisition was accomplished using DSP Technology SigLab Model 

20-42, and National Instruments 9234 and 9929 cDAQ cards. It is important to note that any 

voltage measurement takes place across some internal resistance (typically 1Mɋ). Therefore, the 

true load experienced by the harvester is the combination (usually in parallel) of the given 

resistance and the internal resistance of the measurement equipment. This fact seems to be 

overlooked in some of the literature, which can significantly impact the reported optimal load 

value. This error would not change the level of reported power, as the actual resistance given to 

the system is what it is, though the value given is not what is reported. 

2.7.7 Experimental Results 

The designed harvesters were subjected to varying frequency input (base excitation) and 

load resistances. Base excitation was held constant at 0.1g acceleration across all frequencies. Both 

frequency and resistance were varied manually until maximum values were located. The predicted 

mode shapes were experimentally validated. Mode shapes are measured by mapping magnitude 

and phase information from transfer function taken at each point (reflective dots in Figure 

2.31(d,h,l)), referenced to the accelerometer at the base, to its corresponding physical location in 

space. The amplitude in arbitrary modal units is the magnitude of the transfer function, divided by 

the maximum value of the transfer functions of all the considered points. The amplitude is then 

multiplied by the sine of the phase angle to obtain the sign of the amplitude. Figure 2.33 shows the 

experimentally measured mode shapes compared against the predicted mode shapes from the 

Finite Element Analysis. 
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Figure 2.33 ï Experimentally measured mode shapes (a,c,e) compared against their predicted 

shapes (b,d,f) for the (a,b) Zigzag, (c,d) Flex, and (e,f) Elephant beam shapes. 

 

Figure 2.34(a-c) show the experimental results for each of the three 2D beam shapes, 

excited at their first bending frequency, and maximum power/load resistance. It follows from 

Figure 2.34(a) that the Zigzag harvester is capable of producing 2.93 ɛW across 0.75 Mɋ at 

65.6 Hz. Inspecting Figure 2.34(b), the Flex harvester produced 32.2 ɛW across 1 Mɋ at 62.0 Hz 

base excitation frequency. In both designs, the electromechanical coupling is quite small, as no 

frequency shift was observable between the short-circuit (Ὑå103 Ý) and open-circuit (Ὑå107 Ý) 

frequencies. However, for the Elephant harvester, itôs noted a substantial shift between short-

circuit and open-circuit frequencies, as well as, a large power output of 81.3 ɛW across 1 Mɋ at 

68.125 Hz, as shown in Figure 2.34(c). From these findings, the merits of the Elephant design, and 

how it is beneficial towards efficient low-frequency piezoelectric energy harvesting are clear.  
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It should be noted that while the dimensions of the piezoelectric elements for all three 

designs are identical, the Elephant has a shorter fixed-end segment, so piezoelectric element is 

mounted slightly closer to the clamped boundary as compared to the other two designs, giving it 

access to slightly higher stresses. This bias does not alter the superiority of the Elephant design. 

Rather, the relative performance of the Zigzag and Flex designs may be marginally closer to that 

of the Elephant design, had the piezoelectric elements been bonded closer to the clamped 

boundary. 

 

 

Figure 2.34 ï Experimental results for average power production as a function of frequency and 

electrical load resistance for (a) Zigzag, (b) Flex, and (c) Elephant configurations, with (d) average 
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power as a function of electrical load resistance at each harvesterôs respective resonance frequency. 

All input vibrations were at 0.1g base acceleration. 

 

2.7.8 Modeling 

In addition to the numerical and experimental analyses, a single-degree-of-freedom model 

is applied to all considered harvesters in order to gain additional understanding of the phenomena 

involved in their performance. To this end, further testing was conducted, including determining 

the damping ratio, ‒, and short-/open-circuit frequencies, ‫  and ‫  respectively.  

Damping ratios were found by imposing an initial displacement to the tip of each beam by 

making a plucking motion at the beam tip with the broad side of a small flat head screwdriver and 

recording the amplitude of vibration (via vibrometer) as it decayed, while the piezoelectric layer 

was in short-circuit configuration (to null electromechanical effects). The damping ratios were 

calculated using the method of logarithmic decrement by averaging calculations from several 

different peaks in each decay, and then averaged across five redundant trials, yielding a range of 

ratios that could be used in the model. 

To find the difference in short-circuit versus open-circuit frequencies, that could not be 

readily observed when varying frequency manually, the harvesters were subjected to random base 

excitation in both short-circuit (wire leads connected) and open-circuit (wire leads apart) 

configurations, while monitoring beam tip vibrations (via vibrometer). The transfer function 

between base acceleration and tip vibration was then examined to find the disparity in short-circuit 

and open-circuit resonant peaks. Finding such subtle changes in peak frequency required 

measuring for around 300 seconds and employing 4-5 averages, yielding a frequency resolution of 

approximately 0.012-0.015 Hz; where the resolution of a discrete transfer function is the number 

of averages divided by the measurement period. With this fine frequency resolution, the frequency 

shifts for all proposed harvesters were determined. 

For a digital transfer function, the frequency resolution is the number of averages taken 

divided by the measurement period. Thus, dividing 4 or 5 by approximately 300 seconds is where 

the 0.012-0.015 Hz resolution comes from. The exact measurement period varied slightly between 

harvesters due to the measurement being manually started, and stopped when it was observed the 
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desired time was passed. 4 or 5 averages were used depending on the signal quality for each of the 

experiments. 

Values used in the model can be found in Table 2.10, where ὓ  and ὓ  are the mass of 

the beam and mass of tip mass respectively (via A&D EJ-300 scale), ὅ is the capacitance of the 

piezoelectric layer (via Fluke 179 Multimeter), ɡ is the electromechanical coupling factor 

(calculated), and ὥ the base excitation acceleration.  

 

 

 

 

Table 2.10 ï Analytical model parameters. 

 

 

 

Figure 2.35 ï Representation of single-degree-of-freedom model used in analytical modeling. 

 

The governing equations of a single-degree-of-freedom piezoelectric vibration energy 

harvester, shown in Figure 2.35, are given by: 

Parameter unit

Mb g 1.51 1.51 1.51

Mtip g 1.88 1.88 1.88

Cp nF 3.1 3.1 3.1

ɕ 0.00611 0.00365 0.00374

ɤnoc rad/s 2ˊ(65.6000)2ˊ(62.8467)2ˊ(68.1250)

ɤnsc rad/s 2ˊ(65.5888)2ˊ(62.7976)2ˊ(67.7705)

Ū ɛC/m 20.0515 41.0868 114.8154

a m/s
2 0.981 0.981 0.981

Zigzag Flex Elephant
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ὓ ύὒȟὸ ὅ ύὒȟὸ ὑ ύὒȟὸ ɡὠὸ ὓ ύ ὸ ὓ Á ÃÏÓ  ὸ (2.2) 

and 

    
ὠὸ

Ὑ
ὅὠὸ ɡύὒȟὸ π   Ȣ (2.3) 

where ύ is the relative displacement of the beam, with ύὒȟὸ being the relative displacement of 

the beam tip, and ύ ὸ ύÃÏÓ  ὸ is the base displacement. ɱ is the base excitation frequency, 

ύ  is the amplitude of the base displacement, and ὥ ύɱ  is the base acceleration.  ὑ  is the 

effective stiffness of the 2D beam shape (as if it were a linear spring) which is defined as:  

    ὑ ‫ὓ    ȟ (2.4) 

where ‫  is the natural frequency of the beam, and ὓ  is the equivalent mass (as if all mass were 

considered at the tip), defined as, 

 

    ὓ
σσ

ρτπ
ὓ ὓ    ȟ (2.5) 

where ὓ  is the mass of the beam, and ὓ  denotes the mass of the tip mass. Furthermore, the 

effective damping is described by, 

    ὅ ς‒‫ὓ    ȟ (2.6) 

where ‒ is the damping ratio. Furthermore, Ὑ is the load resistance across the piezoelectric layer, 

with ὠὸ representing the generated voltage across Ὑ, while ὅ is the capacitance of the 

piezoelectric layer. Finally, the electromechanical coupling factor can be calculated using the 

relation, 

    ɡ ὓ ὅ ‫ ‫    ȟ (2.7) 

where ‫  and  ‫  are, respectively, the open- and short-circuit resonant frequencies. Next, a 

state vector, ὢ, is defined as, 

    8
ὢ
ὢ
ὢ

ύὒȟὸ
ύὒȟὸ
ὠὸ

  ȟ (2.8) 

and the governing Equations (2.2) and (2.3) are written in state space form as, 
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Equation (2.9) can be analytically solved through a closed-form solution analysis or numerically. 

The average power output is then defined as, 

    0
ὠ

Ὑ
   ȟ (2.10) 

where ὠ  denotes the root mean square of the generated voltage. 

It should be mentioned that the electromechanical coupling coefficient exhibited by the 

Elephant harvester is larger than its counterparts. This results in a strong increase in the level of 

the harvested power. Also noteworthy is the large observed damping ratio of the Zigzag design. 

This in part is responsible for the lower observed power, and comes from the higher number of 

segments distant from the fix end, causing more sign changes of the stress, observed in Figure 

2.31(b). The Zigzag design has four segments away from the fixed end while the Flex and Elephant 

have two, resulting in approximately twice as much damping. 

Figure 2.36 shows the comparisons between the results of the analytical model and the 

experimental measurements for the three beam geometries when Ὑ=106ɋ. Looking at the 

coefficient of determination, R2, there is an excellent fit for the Elephant geometry, a good fit for 

the Flex geometry, and a poor fit for the Zigzag geometry. This is because the model is suited for 

describing bending. The influence of torsional effects is not captured in the model, which is the 

major cause of discrepancy between the model and measurement results. These results further 

prove how the proposed Elephant 2D beam shape eliminates torsional effects, increasing harvester 

performance by giving an optimally pure bending motion. 
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Figure 2.36 ï Comparison of analytical single-degree-of-freedom bending model and 

experimental results for the case of 106Ý load resistance. 

 

Of additional note is the fact that above in Figure 2.36, the black curves representing the 

model are above the experimental results. If one were to argue that a model does not attribute some 

energy to a system, then one would expect the model predicted power to be less than the 

experimental results, which naturally include all influences. This would perhaps indicate that the 

presence of torsion not only does not contribute to energy harvesting, but may also hinder it in 

some way. While the effects of torsion on two-dimensional beams may be more confounding than 

what is explained here, the fact remains that optimizing a harvester for bending yields dramatically 

better power production. 

2.7.9 Relative Non-dimensional Harvester Performance Figure of Merit 

To compare the harvesters proposed in this work to those in the literature, a methodology 

of comparison is proposed. As the applications and design strategies of piezoelectric energy 

harvesters are vast, it necessitates a dimensionless parameter comparison. Indeed, those modeling 
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vibration energy harvesters frequently examine their designs with dimensionless parameters; 

however, this strategy has escaped the comparison of experimental studies. With this impetus, I 

present the Relative Non-dimensional Harvester Performance Figure of Merit, ה, defined as, 

ה 3ί3ίὛ ί Ὓί   Ȣ (2.11) 

where the upper-case letters indicate relative dimensionless parameters, with lower-case letters 

being weighting coefficients, where the sum of the weighting coefficients equals to unity. The 

individual dimensionless Figures of Merit are defined as, 

3
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Ὕ
 (2.12) 

where Ὓ is the dimensionless power, Ὓ  represents the dimensionless material, Ὓ  denotes the 

dimensionless band-width, and Ὓ is the dimensionless volume Figure of Merit, respectively. ί  

is the compliance of the piezoelectric material, or ρȾὣ , where ὣ  is the Youngôs Modulus. ‭ is 

the permittivity of the material, or ὑ‭, where ὑ  is the relative dielectric constant and ‭ is the 

permittivity of free space (8.85×10-12 F/m). ɝ  is the half-power bandwidth of the average power 

versus frequency curve. Finally, ὒ, ὡ, and Ὕ are the length, width, and thickness of the harvester, 

respectively (including all tip masses, materials, circuitry, etc.), as if the harvester was encased in 

a cuboid. Each dimensionless parameter is made relative (and normalized to unity) by dividing the 

calculated parameter value for each harvester by the maximum value of each parameter set . 

Additional dimensionless parameters may be suggested and weighting coefficients adjusted 

according to individual application needs. For example, if the harvester were to be placed on a 

large machine vibrating at an unvarying frequency, the weighting coefficients ί  and ί could 

be made small. It is also suggested that ί ί , since the two are coupled. Compared to the cited 

experimental works, it is noted, in Figure 2.37, that the relative performance of the proposed 

Elephant harvester is the highest one, where all parameters are given equal weighting, which shows 

the effectiveness of the designed 2D concentrated stress structures. 
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Figure 2.37 ï Relative Non-dimensional Harvester Performance Figure of Merit with equal 

weighting to all constituent non-dimensional parameters, comparing proposed harvester designs 

to several literature references. 

 

2.7.10 Summary 

In summary, it has been shown how the current strategy of using highly compliant 2D beam 

shapes to harvest energy from low frequency vibrations creates performance reducing torsion. A 

characteristic Zigzag shaped beam was created to compare against the two proposed 2D beam 

shapes. The proposed 2D beam shapes, termed as óFlexô and óElephantô, were created with the 

goals of realizing a concentrated stress structure, whereby stress in the beam is concentrated in a 

small area where a piezoelectric layer may be placed, rather than distributed throughout the beam, 

while also maintaining a low resonance frequency. Through analytical and finite element 

modeling, and experimental measurements, it has been shown that the Elephant harvester was able 

to provide a significant increase in power production with only a minimal change in resonance 

frequency, compared to the Zigzag harvester. Moreover, the Elephant harvester has a large 

effective beam tip whereby large tip mass may be placed while retaining a low-profile, resulting 

in a low volume harvester, and subsequently large power density. Finally, a strategy for comparing 

piezoelectric energy harvesters using relative non-dimensional parameters was introduced, where 



87 

  

the performance of the Elephant harvester was observed to be higher than that of the considered 

literature references. 

 

2.8 Mode Shape Combination of Elephant Beam Shape 

Vibration energy harvesters are most often designed to operate at resonance, where the 

resonant frequency of the energy harvester matches that of the dominant frequency of the vibration 

source. This matching of source and harvester mechanical impedances allows for the most efficient 

transfer of power from the source to the harvester. Availability of more power to the harvester thus 

results in higher transduction. The drawback of such designs is that outside the narrow resonant 

frequency band, little mechanical power is transduced. Addressing vibration energy harvester 

bandwidth and increasing power output have been the major focus areas of research. Several 

review and research articles have addressed the strategies towards achieving higher power density 

and broad bandwidth.[57, 65, 81-84, 101-104] 

A promising area with respect to vibration energy harvester design that has received less 

attention is the mode shapes of the considered dynamic systems. The vast majority of harvester 

designs employ some variation/modification of a single-degree-of-freedom one-dimensional 

cantilever beam, and the mode shapes of such beams are well known. This is especially true for 

the first bending mode, which is almost exclusively the chosen vibration mode for harvesting. 

Here, the term óone-dimensionalô implies emphasis on a specific dimension, typically the length, 

along which the only variations in geometry, materials, mass, etc. occur. One-dimensional designs 

are not conducive towards mode-shape optimization. Thus, two-dimensional beam shapes (those 

that curve, meander, spiral, etc. in a plane) have gained research interest as they offer the ability 

to modify the vibration characteristics, in order to achieve the desired performance. 

Wu et al. have proposed a two-degree-of-freedom design, by folding a two mass cantilever 

back on itself, thereby creating a ócutout cantileverô.[112] This design improves on the continuous 

cantilever with two masses by effectively altering the stiffness matrix, which was demonstrated 

through a lumped parameter model. This architecture allowed bringing two bending modes closer 

to each other resulting in a broadband response. One promising design for enhancing the 

performance of vibration-based energy harvesters, by using a two-dimensional beam shape, was 

recently proposed.[113] This shape, termed óclosed-circuit symmetric meandering configurationô, 
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or óElephantô, showed improved power generation (over an order of magnitude) compared to a 

óZigzagô shaped beam by engineering the beam shape for an optimized first bending mode and 

stress concentration in the piezoelectric section. 

2.8.1 Theorized Combined Mode Shape 

In the prior section, the Elephant beam shape was examined only in its first bending mode. 

With further examination, it was found that the second bending mode of the Elephant configuration 

possesses an intriguing mode shape relative to the first bending mode. For the harvester geometry 

shown in Figure 2.38(a), the first and second bending modes are rendered in Figure 2.38(b) and 

(c), respectively. Inspection of these mode shapes indicates that they are nearly opposite of each 

other. In the first bending mode, the section of greatest deflection is furthest from the clamped 

section in the y-direction, while small deflection is observed in the sections closest to the clamped 

section in the y-direction. In contrast, the highest deflection in the second bending mode is 

observed in the sections closest to the clamped section in the y-direction, and very little deflection 

is observed in the section furthest from the clamped section in the y-direction. 

 

 

Figure 2.38 - (a) Dimensioned schematic of óElephantô two-dimensional vibration energy 

harvester, (b) 1st bending mode of Elephant, (c) 2nd bending mode of Elephant, and (d) proposed 

combined mode shape. 
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The fact that the first two mode shapes do not share areas of common deflection, at least 

to a significant degree, implies that they are nearly orthogonal to each other. It follows then, that 

the modal frequencies of each shape could be adjusted independently, namely through mass 

loading structural modification. This theory was inspired by observation of Figure 2.29, were it 

can be seen that when ótip massô was added, the first modal frequency decreases, however, the 

second modal frequency remained nearly unchanged. This is an unusual observation, because 

typically the addition of mass to a simple vibrating system lower all modal frequencies.  

Modifying the beam structure through mass loading has the effect of lowering the natural 

frequency associated with each mode, as ‫ ὯȾά  , where Ὧ and ά  are the equivalent 

stiffness and mass associated with each mode, resulting in modal frequency -In a single-degree .‫

of-freedom system, this mass loading takes the form of ótip massô or óproof massô, and is used to 

tune the harvester dynamics to that of the source dynamics for the most efficient power transfer. 

As a secondary effect, power output is also increased as kinetic energy is increased due to the 

presence of more moving mass in the system. 

It is then hypothesized, that there must exist a modified structure, whereby mass is added 

at the points of highest deflection of each mode (to have the greatest effect), resulting (by virtue 

of near orthogonality) in the shifting of second bending modal frequency near enough to that of 

the first bending modal frequency to create the combined mode shape depicted in Figure 2.38(d). 

Combining these opposite modes would result in the entire beam vibrating in phase. This mode 

shape is desirable for energy harvesting because the entire mass of the structure is in motion and 

moves in phase, thereby increasing kinetic energy, and subsequently stress in the piezoelectric 

layer. Based upon this hypothesis, it is proposed that this combined mode shape would yield higher 

power output. 

The simulations in Figure 2.38(b) and (c) were generated using the Modal Analysis tool in 

the Stress Analysis environment of Autodesk Inventor 2016. Figure 2.38(d) was generated using 

the Static Analysis tool in the Stress Analysis environment of Autodesk Inventor 2016. Therefore, 

this ócombinedô mode shape was not revealed via FEA, but rather prescribed through the point 

forces throughout the beam and distributed load to yield the mode shape hypothesized in this study, 

as shown in Figure 2.39. 
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Figure 2.39 ï Creation of Figure 2.38(d) by prescribing point and distributed loads in the Static 

Analysis tool in the Stress Analysis environment of Autodesk Inventor 2016. 

 

Further information about the FEA simulations is provided in Figure 2.40. Here, it is also 

predicted from the modal analysis the presence of a torsion mode, shown in Figure 2.40(d), 

occurring between the first and second bending modes. This mode is not useful for energy 

harvesting, but influences the other modes, as is discussed later. 
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Figure 2.40 ï Additional information on FEA simulations. (a), (b), and (d) are predicted modes 

using Modal Analysis, while (c) is prescribed, as Figure 2.39 shows, using Static Analysis, both 

in the Stress Analysis environment of Autodesk Inventor 2016. 

 

2.8.2 Effect of Mass Loading on Modal Frequencies 

To observe the conditions where this mode combination could occur, masses were added 

to the points on the beam corresponding to the highest deflection in the first and second bending 

modes, labeled as óMass Mode 1ô and óMass Mode 2ô in inset of Figure 2.41. The subsequent 

transfer functions generated from each configuration were observed to find the modal frequencies 

plotted in Figure 2.41. 
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Figure 2.41 ï 1st and 2nd bending modal frequencies as functions of mass loading on the areas of 

highest deflection for each respective mode shape, with inset showing mass placement location(s). 

 

From Figure 2.41, it can be seen how the two modes are largely independent of one another. 

By keeping mass constant at one location and increasing mass at the other location, the mode 

associated with the mass being kept constant does not significantly change modal frequency. It is 

at the same time observed, the expected inversely proportional decay in modal frequency of the 

mode upon which mass is being increased. The exception to this observation is the case when there 

is no added mass on óMode 1ô (the first bending mode) and mass is added to óMode 2ô (the second 

bending mode). Here, the curves are drawn near to each other, as if they would cross, but then 

diverge. Indeed, the curves cannot cross (i.e. the second bending mode becomes the first) for this 

system, due to the presence of an anti-resonance between these two modes. As the curves diverge, 

it can be said that sufficient mass has been added, such that a new system is created. Because the 

curves of Figure 2.41 are nearest when there is no mass at the area of highest deflection of the first 

bending mode while mass is added to the area of highest deflection of the second bending mode, 

in all subsequent experiments, mass will only be added to the area of highest deflection of the 

second bending mode. 
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To further clarify the experiments associated with Figure 2.41; the planes depicted are the 

peaks of transfer functions generated while sequentially adding mass to the specified locations. 

Transfer functions are the crossed power spectral density from the base acceleration signal to the 

voltage output of the piezoelectric layer, while subjected to white noise excitation for 

approximately 100 seconds and sampling at 2000 Hz. Mass placements are depicted in Figure 

2.42, with subsequent transfer functions given in Figure 2.43. 
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Figure 2.42 ï Mass placement for the experiment in Figure 2.41.  

 














































































































































































































































































































































































































