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Abstract  

Harvesting kinetic energy from mechanical vibrations via piezoelectric materials is nowadays of 

great interest. Piezoelectric transducers offer not only the ease of direct conversion from kinetic 

into electrical energy with high power density but, also offer a simple implementation that is 

attractive for miniaturization and volume-limited applications. Of the many piezoelectric 

materials available, Lead Zirconate Titanate (PZT) piezoelectric ceramics are often employed in 

energy harvesting applications due to their high piezoelectric strain (d) and electromechanical 

coupling (k) coefficients. During the last decade, piezoelectric MEMS harvesters fabricated using 

various film deposition techniques (e.g. sputtering, epitaxial growth, sol-gel, and screen 

printing) have been developed; however, these films provide lower piezoelectric and 

electromechanical coupling coefficients than commercially available bulk materials. In order to 

take advantage of high quality bulk PZT, in this thesis, inertial and impact-type piezoelectric 

MEMS harvesters based on thinned bulk PZT to harvest energy from low-frequency vibration 

sources were developed. 

Piezoelectric harvesters are often implemented as inertial devices oscillating at their resonant 

frequencies. Fabricating MEMS scale devices with low resonant frequencies (< 100 Hz) using 

bulk PZT requires thinning of the piezoelectric layer. Utilizing a high precision mechanical 

grinder, the first wafer level fabrication of thinned bulk PZT (PZT thickness of 20 µm) 

harvesters with an electroplated nickel proof mass is presented. This process eliminates the 

need for individual bonding of PZT layers and proof masses, while still maintaining the 

excellent properties of bulk PZT. In order to obtain a more detailed description of the 

electromechanical behavior of the harvesters, an electromechanical model was developed in 

ANSYS to estimate power output at given input vibration. Harvesters were designed to provide 

sufficient power for an Ultra-Wideband (UWB) sensor node. A single fabricated harvester with 

an effective volume of 47.82 mm3 is capable of generating a normalized power density of 3346 

µW cm-3 g-2 with an average power of 1.6 µW (11.8 kΩ) under an excitation of 0.1 g (100 Hz) (1 

g = 9.81 m s-2), and 1723 cm-3 g-2 with an average power of 82.4 µW (9.5 kΩ) at 1 g (96 Hz). 

Thinned bulk PZT exhibits high power and a useable voltage while maintaining a low optimal 

resistive load, demonstrating the potential of high performance piezoelectric MEMS energy 

harvesters using bulk PZT sheets fabricated at the wafer level. 
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Natural frequencies of many ambient vibration sources are distributed at the lower end of the 

spectrum: typically ≤ 10 Hz for human motion and ≥50 Hz for machine-induced vibrations, 

usually accompanied by considerable frequency variation over time. With their average output 

(or generated?) power dropping significantly at low-frequencies, resonant-type devices do not 

present a viable option. To efficiently harvest energy from low-frequency vibrations, 

mechanical frequency up-conversion technique, in which low-frequency input vibration is 

converted into high frequency vibration to improve the electromechanical coupling of the 

transducers, is one of promising solutions. 

This thesis also investigates plucking-based frequency up-conversion to harvest energy from a 

rotating gear using an AFM-like piezoelectric MEMS cantilever based on bulk PZT. In this 

approach, one or several cantilevers can be placed directly above or below the rotating gear, in 

order to keep system as compact as possible, such that the tip at the end of the cantilever 

extends down between the vertically extending gear teeth and is plucked as each tooth passes. 

With this vertical configuration, a low-profile, compact, wearable energy harvester could be 

mounted in a watch or bracelet. Subsequent analytical and FEM modelling of the harvester were 

also carried out and found to be in good agreement with experimental results. Harvester 

outputs were studied by investigating the effect of plucking speed, of the tip depth, and of the 

addition of a proof mass to the harvester on the output energy as well as conversion efficiency.  

In order to evaluate the conversion efficiency, a novel methodology using a rotational flywheel 

was implemented. The experimental results revealed that free oscillation after plucking 

contributed significantly to the output energy and efficiency of the system. Furthermore, the 

longevity of the proposed concept was investigated highlighting the importance of the materials 

used and gear and tip shape.  Finally, a rotational, compact, and wearable piezoelectric on-body 

energy harvesting system utilizing a thinned bulk PZT cantilever and an eccentric mass from 

common wrist watch is presented.  The energy produced by each pluck of a single cantilever, 

occupying approximately 1.35 mm3, is 545 nJ, corresponding to a maximum output power of 11 

μW for continuous plucking, demonstrating the potential of an autonomous kinetic compact 

MEMS piezoelectric micro-power generator. 

Keywords: vibrational energy harvesting, piezoelectric energy harvester, low-frequency, 

resonant, impact, wafer level fabrication, lead zirconate titante (PZT), bulk PZT, thinned PZT, 

plucking, frequency up-conversion, rotating gear, oscillating mass-gear system. 
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Résumé 

La récupération de l'énergie cinétique de vibrations mécaniques par des matériaux 

piézoélectriques est aujourd’hui d'un grand intérêt scientifique. En effet les transducteurs 

piézoélectriques offrent non seulement une facilité de conversion directe de l’énergie cinétique 

en énergie électrique avec une densité de puissance importante, mais procurent également la 

possibilité d’une mise en œuvre simple pour leur miniaturisation. Le Titano-Zirconate de Plomb 

(PZT), une céramique piézoélectrique, est couramment utilisé dans des applications de 

récupération d'énergie mécanique, dû à des coefficients de déformation piézoélectrique (d) et 

de couplage électromécanique (k) très élevés. Toutefois, les films de PZT déposés en utilisant 

diverses techniques présentent des coefficients de couplage piézoélectriques et 

électromécaniques qui sont typiquement inférieurs aux céramiques épaisses disponibles dans 

le commerce. Donc, afin de mettre à profit les très bonnes propriétés des céramiques PZT 

épaisses, des micro-récupérateurs d’énergie piézoélectriques résonants et à impacts, opérant à 

basse fréquence, furent fabriqués à partir de feuilles de PZT amincies. 

Les micro-récupérateurs d’énergie piézoélectriques sont souvent utilisés en tant que dispositifs  

oscillant librement à leurs fréquences de résonance. La fabrication de MEMS ayant une faible 

fréquence de résonance (typiquement < 100 Hz) nécessite l'amincissement de la céramique 

piézoélectrique de PZT. La fabrication intégrée au niveau des substrats de silicium, de micro-

poutres récupératrices d’énergie piézoélectriques, est ici présentée pour la première fois. Elle 

implique l'utilisation d'une ponceuse mécanique de haute précision pour amincir le PZT (à une 

épaisseur de 20 µm) et le dépôt par électrodéposition d’une masse de nickel. Le procédé de 

fabrication élimine la nécessité de reporter individuellement les pièces de PZT et les masses 

métalliques sur chaque micro-poutre. Les micro-poutres ont été désignés avec le support d’une 

modélisation électromécanique par éléments finis pour fournir une puissance suffisante pour 

alimenter un nœud de capteur sans-fils (Ultra Large Bande : ULB). Un micro-récupérateur 

d’énergie piézoélectrique avec un volume effectif de 47.82 mm3 génère, sous une excitation de 

0.1 g (à 100 Hz) (1 g = 9.81 m-2.s), une puissance moyenne de 1.6 µW (résistance de charge de 

11,8 kOhms) correspondant à une densité de puissance normalisée de 3346 µW cm-3.g-2, et 

produit 82,4 µW en moyenne (résistance de charge de 9,5 kOhms), soit une puissance 

normalisée de 1723 µW cm-3.g-2 sous une excitation de 1 g (à 96 Hz). La céramique de PZT 
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amincie présente donc une grande densité de puissance tout en générant une tension utile pour 

une valeur de résistance de charge faible.  

Les fréquences propres de nombreuses sources de vibrations ambiantes sont regroupées à 

l’extrémité inférieure du spectre : typiquement ≤ 10 Hz pour un mouvement humain, et ≥ 50 Hz 

pour des vibrations induites par des machines.  Avec leur puissance moyenne générée 

diminuant considérablement à basse fréquence, les récupérateurs d’énergie de type résonant 

ne sont donc pas une solution viable.  Par ailleurs, pour récupérer efficacement l'énergie de 

vibrations à basse fréquence, il est avantageux de convertir la vibration ambiante à basse 

fréquence en une vibration à haute fréquence afin d’améliorer le couplage électromécanique 

des transducteurs. De ce fait, cette thèse étudie un système de conversion, de basses vers les 

hautes fréquences, en exploitant le couplage d’un mouvement de rotation d’une roue dentée à 

basse fréquence actionnant ponctuellement par choc successif une poutre en PZT ayant une 

micro-pointe à son extrémité. Cette configuration verticale permet ainsi de maintenir le 

système aussi compact que possible,  pour son montage dans une montre ou un bracelet. A 

chaque passage d’un cran de la roue sur la pointe du levier, celui-ci sera mis en mouvement. Les 

modélisations de cet actionnement, effectuées de manière analytique et par  éléments finis ont 

montré une bonne concordance avec les résultats expérimentaux. La puissance de sortie et 

l’efficacité de conversion du récupérateur d’énergie ont été étudiées en fonction de la vitesse 

d’impact du cran sur la pointe du levier, de la pénétration de la pointe et de la masse ajoutée sur 

le levier. Il a été montré qu’une oscillation libre de la poutre après impact contribue de façon 

significative au niveau d’énergie générée et à l’efficacité du système. Afin d'évaluer 

expérimentalement l'efficacité de la conversion électromécanique, une nouvelle méthode 

utilisant la dissipation de l’énergie cinétique d’une roue-libre en rotation a été mise en œuvre. 

De plus, l’étude de la fiabilité sur le long terme a illustré l'importance de la vitesse d’impact 

ainsi que du choix des matériaux ou de la forme de la pointe utilisés. Enfin, un système de 

récupération d'énergie, basé une poutre piézoélectrique couplée à une roue dentée actionnée 

par une masse oscillante provenant d’un mouvement horloger, a été réalisé. L’énergie produite 

par l’impact d’une seule poutre occupant un volume de 1.35 mm3 est de 545 nJ, ce qui 

correspond à une puissance de 11 µW lors d’une opération continue. 

Mots-clés: récupérateur piézoélectrique d’énergie, vibrations, basse fréquence, résonant, 

impact, fabrication au niveau des plaques,  Titano-Zirconate de Plomb (PZT), céramique PZT 

aminci, conversion de la fréquence vers le haut, masse oscillante couplée à une roue dentée. 
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Chapter 1: Introduction  

There have been rapid developments in integrated circuit technology resulting in the reduction 

of size and power consumption of electronic devices and various types of sensors while 

increasing the performance and utility of such devices. The low-power requirements of new 

devices have led to an increase in the research effort pursuing a sustainable energy source for 

reliable operation and energy-autonomous system.  Conventional low-power electronic devices, 

such as wireless sensor nodes, are typically designed to run on batteries. The use of batteries, 

however, renders several drawbacks including the limited energy storage capacity, finite 

lifespan requiring periodic recharging or replacement, as well as the cost of battery 

replacement. Wireless sensor nodes are usually deployed in remote locations or even 

embedded in host structures which are sometimes impossible or difficult to access. Harvesting 

ambient energy surrounding these devices can provide a feasible solution to create 

autonomous, self-powered systems that do not rely on battery for their operation. 

Energy harvesting, also known as energy scavenging, is the approach that collects the waste 

energy available from the environment and converts it into usable electrical energy through the 

various transduction mechanisms of particular materials. Materials include those with 

photovoltaic properties to convert solar energy (light) to electrical energy, thermoelectric 

properties to convert temperature gradients into electrical energy, and electromechanical 

properties to convert kinetic energy from mechanical motions into electrical energy. Due to the 

vast range of applications for wireless sensor nodes, it is difficult to specify one particular 

energy harvesting solution that can be used in each environment.  The location of the devices in 

the environment has an influence on the choice of waste energy available for harvesting and 
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also the type of energy transduction mechanisms to be implemented. However, a comparison of 

energy and power sources has been reported by Roundy et al. [1]-[3], as illustrated in table 1.1. 

Table 1.1: Energy and power sources comparisons (Adapted from [1]-[3]). 

Power source Power 

(µW/cm3) 

Energy 

 (J/cm3) 

Secondary 

storage needed? 

Voltage 

regulation? 

Primary battery 45 2880 No No 

Fuel cells (Methanol) 280 N/A Maybe Maybe 

Ultracapacitor N/A 50-100 No Yes 

Heat engine 1×106 3346 Yes Yes 

Solar (outside) 15,000* 1640 Usually Maybe 

Solar (inside) 10* N/A Usually Maybe 

Temperature 40*# N/A Usually Maybe 

Human power 330 N/A Yes Yes 

Airflow 380## N/A Yes Yes 

Pressure variation 17ϯ N/A Yes Yes 

Vibrations 375 N/A Yes Yes 
*   Measured in power per square centimeter rather than power per cubic centimeter. 
*#  Demonstrated from 5 0C temperature differential. 
## Assumes an air velocity of 5 m/s and 5 percent conversion efficiency. 
ϯ   Based on 1 cm3 closed volume of helium undergoing a 10 0C change once a day. 

 

As table 1.1 shows, solar devices can produce relatively high power densities in good light 

conditions. However, they are unsuitable for applicative environments where light intensity is 

low or inexistent such as in implantable applications. Thermal devices require a temperature 

gradient to generate electrical energy which is difficult to obtain with small dimensions 

available in miniaturized devices. Harvesting energy kinetic energy presented in the form of 

motions or vibrations has garnered interest recently due to the ubiquitous presence of 

environmental motion. The kinetic energy found in vibrations compares well to other potential 

energy harvesting sources and conventional batteries in terms of power density, therefore, 

making them an interesting energy source to consider for harvesting.  

1.1. Vibration-to-electricity conversion 

Vibration energy harvesting or motion-driven involves the conversion of kinetic energy to 

electrical energy using electromechanical transducer. Vibration-to-electrical energy can be 

divided into two categories; the direct application of a force and the use of inertial forces acting 

on a proof mass [4]. The principle of the direct-force generator is illustrated in figure 1.1(a). The 

force f(t) acts directly on a proof mass m supported on a suspension with a spring constant k 

with a damping element c present to provide a force opposing the motion resulting in a 
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displacement z(t). When the damper is implemented to oppose the motion by an appropriate 

transduction mechanism, energy is converted from mechanical to electrical form. Generally, 

direct-force generators make mechanical contact with two structures moving relative to each 

other and thus applying the force on the damper. 

 

 

(a)                                                              (b) 

Figure 1.1: Generic models of (a) direct-force generator and (b) inertial generator. 

 

In the case of an inertial generator (figure 1.1(b)), the inertia of the proof mass causes it to 

move relatively to the generator with a displacement z(t), when the frame, with a displacement 

y(t), undergoes acceleration. Inertial energy within the generator is converted when work is 

done against the damper that opposes the motion of the proof mass in the frame, and then the 

differential equation of motion is described as [5] 

  ( ) ( ) ( ) ( )mz t cz t kz t my t+ + = − ɺɺɺɺ ɺ                                                          (1.1) 

The force on the mass is equal to the force on the mass-spring-damper, that is  

( )F my t= − ɺɺ                                                                           (1.2) 

The power transfer in the mass, P(t), is the product of the force on the mass and its velocity as 

given by  

[ ]( ) ( ) ( ) ( )P t my t y t z t= − +ɺɺ ɺ ɺ                                                               (1.3) 

When damping is present, due to the electromechanical transducers, there is a transfer of 

mechanical into electrical power. Assuming the frame is excited by a sinusoidal vibration, y(t) = 

Y0cos(ωt), the power dissipated within the damper, i.e. extracted by the transduction 

mechanisms, is given by  
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Where ζT is the total damping ratio (ζT = c/2mωn), ωn is the resonant frequency, Y0 is the 

amplitude of vibration, and ω is the frequency of vibration. The maximum power can be 

obtained when device is operated at ωn (ω = ωn) and in this case the generated power can be 

given by  
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Equation 1.6 uses the acceleration level which is simply derived form A = ωn
2Y0. In principle, the 

generated power would be infinite if the damping ration is zero. The ζT is generally greater than 

zero, which means that the generated power is finite and depending on the design of 

electromechanical transducers. A more detailed discussion on the theory is given in chapter 4. 

In order to generate electrical power, the damper has to be implemented using a suitable 

electromechanical transduction mechanism, capable of converting kinetic energy into electrical 

form. Three main mechanisms of vibration-to-electrical energy conversion are generally 

applied, namely electromagnetic, electrostatic, and piezoelectric transduction.  

1.1.1. Electromagnetic transduction 

Electromagnetic power conversion is the generation of electric current i(t) in a conductor 

within magnetic field according to Faraday’s law of induction, which defines that a change of 

magnetic flux through a conductive loop will cause a voltage to be induced in that loop. A simple 

system illustrated this principle using one coil and one magnet is given in figure 1.2. Electrical 

energy is generated either by the relative motion z(t) of magnet and coil, or a change in 

magnetic flux. In a simple case of a coil moving through a perpendicular constant magnetic field, 

the induced open-circuit voltage is given by 
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oc

dz
V NBl

dt
=                                                                    (1.7) 

where N is the number of the turns in the coil,  B is the magnetic field strength l is the length of 

one coil turn, and z is the distance of the coil moving through magnetic field. 

 

Figure 1.2: Electromagnetic transduction. 

 

Electromagnetic generators are commonly used as a source of energy for the power grid from 

power levels of a few watts (wind turbine system) to several hundred megawatts (generators in 

power plants). Recently, they have been implemented in miniaturized systems, centimeters-

scale, with a product commercialized by Perpetuum1 in the UK. It is possible to implement 

microgenerator based on the same principle. However, some practical issues related to MEMS 

electromagnetic generator remain challenging. The number of coil turns obtainable in MEMS 

scale is limited resulting in low output voltages. Moreover, the integration and alignment of 

permanent magnets into the system is likely to be required. 

1.1.2. Electrostatic transduction 

The operating principle of electrostatic conversion is shown in figure 1.3. It consists typically of 

two conductive plates which are electrically isolated by air, vacuum, or an insulator (i.e. 

capacitor). As the conductive plates move relative z(t) to each other, the energy stored in 

capacitor changes. For a simple parallel plate capacitor, the capacitor is defined by C=εoεrA/d 

where εo is the permittivity of free space, εr is the relative dielectric constant, A is the 

overlapping area of the plate, and d is the gap between the plate. The voltage across the 

capacitor is V=Q/C where Q is the stored charge. Work is done by employing mechanical 

                                                           
1
 www.perpetuum.com 
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movement or vibration against the electrostatic force between two opposite charged plate and 

thus provides the harvested energy. If the voltage is constrained, the charge can be increased by 

an increase in capacitance (reduce d and increase A). 

 

Figure 1.3: Electrostatic transduction. 

 

On the other hand, if the charge is fixed the voltage can be increased by reducing capacitance 

(increase d and reduce A). In both cases, the energy stored in capacitor is increased. In general, 

energy density of electrostatic generator can be increased by decreasing the gap between the 

plates [6]. For this reason, the electrostatic generators are efficient at smaller scale and well 

suited to MEMS fabrication. An issue of electrostatic generators is that they require a precharge 

voltage from external voltage source to be charged up to an initial voltage for their operation.  

This issue can be addressed by the use of electret materials that contain quasi-permanent 

charges on one (or two) plate(s) which provides the necessary voltage bias eliminating the need 

for an external voltage source [7]-[9]. An issue of electrets is their charge stability. Since 

electrets are not perfect insulator, implanted charges can move inside the material and can be 

compensated by other charges or environmental condition and finally disappear resulting in 

the reduction of the electret-base electrostatic generator lifetime. 

1.1.3. Piezoelectric transduction 

Certain types of crystal materials become electrically polarized, electric charges appearing on 

the surfaces, when they are mechanically strained or deformed by the application of an external 

stress, and conversely they can deform by applying external electric field. These types of 

materials are referred as piezoelectric material. Piezoelectric generators utilize this property, 

piezoelectricity, of these materials to transform mechanical strain into electrical charges as 

shown in figure 1.4 with two modes (31 and 33) of operation. This transduction mechanism 

offers the simplest approach, whereby kinetic energy from structural vibrations or 
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displacements is directly converted into electric output with a relatively high power density 

and no requirement of having complex geometries and additional components. Another major 

advantage is that the piezoelectric transduction is particularly well suited for miniaturization 

using microfabrication techniques. However, integration of high quality piezoelectric functional 

layer into microsystems remains challenging due to issues related to their deposition as well as 

the limitation of the film thickness. Typically, piezoelectric materials are brittle ceramic and are 

required to be strained directly for energy harvesting application, and thus the performance, 

efficiency, and lifetime will be limited by their mechanical properties.  

 

 

                             31 mode                                                                                         33 mode 

Figure 1.4: Piezoelectric transduction. 

1.1.4. Comparison of the different transduction methods 

Although these three transduction mechanisms govern the literature on vibration energy 

harvesting, other are, however, possible such as electrostrictive [10]-[11] and magnetostrictive 

effect [12]. While each type of transduction has its benefits for certain kind of applications, a 

quick comparison of each mechanism is possible by considering the energy density of each type 

of transducers. A summary of maximum energy densities of three kinds of transducers has been 

reported by Roundy et al. [2], as shown in table 1.2. 

Table 1.2: Energy storage density comparison.  

Type Practical maximum 

(mJ/cm3) 

Aggressive maximum 

(mJ/cm3) 

Electromagnetic 24.8 400 

Electrostatic 4.0 44 

Piezoelectric 35.4 335 
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Of these transduction mechanisms in table 1.2, piezoelectric materials have received the most 

attention due to the simplicity of their transduction, the ease of implementation into a variety of 

applications, and high energy densities [3], [6], [13]. Unlike electrostatic transduction, which is 

unable to function without the application of an initial voltage, piezoelectric materials 

spontaneously generate usable voltage when strained or deformed by external force. Unlike 

electromagnetic devices which are quite difficult to fabricate at MEMS scale, piezoelectric 

devices do not suffer by such problems, making them well suited for miniaturization. Moreover, 

piezoelectric energy harvesters exhibit a wider operating range, at low-frequencies than 

electromagnetic devices, allowing them to be efficiently deployed to harvest energy from 

common environmental vibrations [14].  Further discussions on wide band energy harvesting 

can be seen in chapter 2. 

1.2. Motivation 

Piezoelectric vibration energy harvesting is an attractive technology for providing power to 

various low-power electronic devices. The type of piezoelectric material selected for energy 

harvesting applications will have an influence on the characteristics and performances of the 

harvester. Polycrystalline lead zirconate titanate (PZT) piezoelectric ceramics are the most 

commonly used in power harvesting applications due to their high piezoelectric coefficients 

[13], [15]-[17]. Piezoelectric MEMS harvesters, using two operational modes (d31 and d33), 

fabricated using various thin and thick PZT film deposition techniques have been developed by 

several research groups. Techniques such as sputtering [18]-[19], epitaxial growth [20]-[21], 

sol-gel spin-on [17], [22]-[23], and screen printing [24]-[25] have all been used. However, each 

of these techniques has their own challenges; for example, issues related to the high 

temperature deposition or sintering, limitation in the maximum film thickness, uniformity, and 

process reliability in order to obtain reproducible high quality films. Recently, preparing high 

quality PZT films on silicon using wafer bonding of bulk PZT has been proposed [26]-[29]. Bulk 

PZT is readily available and offers not only a high piezoelectric coefficient and high 

electromechanical coupling when compared to deposited PZT films and screen printed PZT 

[29], but piezoelectric energy harvesters would also benefit from a thicker film in order to 

generate a sufficient output power [28], [30]. Moreover, commercially available PZT sheets do 

not require high temperature firing or poling after deposition.  
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Since natural frequencies of many ambient vibration sources are distributed at the lower end of 

the spectrum: typically ≤ 10 Hz for human motion and ≥50 Hz for machine-induced vibrations 

[31], the harvesters must, therefore, operate in such low-frequency range which is not 

commonly achieved using microfabrication of silicon wafers. In this matter, this thesis presents 

a new piezoelectric MEMS energy harvesting technology based on micromachining and 

processing of high quality bulk PZT at the wafer level by developing a standard and reliable 

fabrication method, in order to take advantages of their properties. Harvesting energy from 

such low-frequency vibrations using both inertial and direct-force principles are described for 

the energy autonomous applications. 

1.3. Research context and objectives 

The work of this thesis was part of the Materials with Novel Electronic Properties (MaNEP) 

network and the Technology Transfer initiative under the National Centre of Competence in 

Research (NCCR) program of the Swiss National Science Foundation (SNSF) that were launched 

in 2001 and 2012, respectively. One of the sub-projects in MaNEP focused on the realization of 

energy harvesting demonstrators based on piezoelectric materials with enhanced properties. 

Research activities at EPFL-SAMLAB involved the development of piezoelectric MEMS harvester 

based on high quality piezoelectric materials designed to operate at low-frequency, which were 

the main goals of this thesis. 

On the other hand, a novel approach using an AFM-like piezoelectric MEMS cantilever to extract 

the energy from a rotating gear through the physical impact has been proposed. A patent on this 

concept was filed by EPFL in June 2011 [32]. To exploit the achievements of this research, the 

knowledge that SAMLAB has accumulated on piezoelectric energy harvester was combined 

with industrial partner (ASULAB) expertise in mechanical watch movements in order to couple 

impact-type piezoelectric harvester to an oscillating mass of mechanical watch creating an 

autonomous kinetic compact piezoelectric MEMS power generator. In order to achieve these 

goals, the main objectives addressed in this thesis were as follows: 

• Implement piezoelectric MEMS harvesters based on high quality bulk PZT to harvest 

energy from low-frequency vibration sources.  
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• Develop reliable techniques to integrate bulk PZT on silicon wafers as well as thinning 

process at wafer scale in order to take advantage of their excellent piezoelectric 

properties. 

• Develop finite element (FE) models to study the electromechanical behavior as well as 

to support the design of low-frequency operation of resonant-type piezoelectric MEMS 

harvesters. 

• Develop a novel fabrication process for the bulk piezoelectric MEMS harvester at the 

wafer level and investigate its capability and limitations. 

• Implement a compact configuration to harvest energy from a rotating gear using a 

contact type frequency up-conversion mechanism presenting in the form of an AFM-like 

piezoelectric MEMS cantilever plucked by the teeth of the rotating gear driven by an 

oscillating mass. 

• Develop models (analytical and FE) used to analyze the motion and design for optimum 

power of plucked piezoelectric harvester. 

• Develop a novel methodology to determine the efficiency of the impact-type energy 

harvesting configuration. 

• Investigate the effect of plucking speed, of the tip depth, of the addition of a proof mass 

to the harvester, and coupling geometry between the harvester and the inertial mass in 

terms of the output energy and conversion efficiency. 

• Investigate the longevity of the proposed concept 

• Demonstrate applicative systems based on the developed bulk-PZT harvesters: 

- An autonomous Ultra-Wideband (UWB) sensor node powered by an inertial 

piezoelectric energy harvester. 

- On-body energy harvesting using plucked piezoelectric cantilever coupled to 

a rotational oscillating mass. 

1.4. Structure of the thesis 

Following the main goals of this work, the thesis is divided into six chapters. Chapter 2 gives a 

brief introduction into piezoelectricity as well as the fundamentals of using piezoelectric 

material for energy harvesting. Moreover, the techniques used to integrate piezoelectric 

materials into microsystems are investigated and the literature overview of the state-of-the-art 

on piezoelectric energy harvester is also given in this chapter. 
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Chapter 3 presents the integration of bulk PZT sheet on silicon substrate using a low-

temperature bonding technique in order to avoid depolarization and to reduce the detrimental 

effects of residual stress caused by a thermal mismatch between the PZT sheet and silicon. 

Structuring the bonded stack with standard microfabrication techniques at the wafer level 

including fast, precise thinning of the bulk PZT sheet using mechanical grinding as well as 

electrodeposition to deposit a thick nickel proof mass is described.  

The development of resonant-type piezoelectric harvester based on thinned bulk PZT sheets is 

demonstrated in chapter 4. An overview of required specification, target applications, and finite 

element models used to design and optimize the harvester are presented and validated with a 

prototype harvester based on bulk PZT. Based on the results obtained from the prototype, the 

proof of concept of an autonomous ultra-wideband (UWB) sensor node powered by a 

piezoelectric harvester is first demonstrated.  Finally, the characterization of the thinned PZT 

sheet harvesters fabricated at wafer level including their dynamic behavior, electromechanical 

coupling coefficient, and electrical characteristics (e.g. voltage, power, and optimal load) are 

investigated. The device performance is then compared with the current state-of-the-art. 

In chapter 5, a focus is dedicated to the development of a compact piezoelectric harvesting 

system to harvest energy from a rotating object based on a plucking mechanism. A concept to 

extract energy from a rotating gear using mechanical up-conversion technique on an AFM-like 

piezoelectric MEMS cantilever is presented. Analytical and finite element models are proposed 

to analyze the motion and the electrical output power of a plucked piezoelectric harvester. 

Performance of the harvesters (i.e. voltage, power, and optimal load) is experimentally 

investigated. Furthermore, the evaluation of efficiency and longevity of the plucking system 

using an AFM-like MEMS cantilever coupled to a rotating gear have been studied. Finally, a 

complete prototype of wearable piezoelectric on-body harvesting system that uses a small 

eccentric mass from a commercial watch movement is demonstrated. 

 

The final chapter presents a summary of the results of the research performed in this thesis, 

and provides an outlook on the future work. 
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Chapter 2: Fundamental and state-of-

the-art  

This chapter introduces the vibrational energy harvesting using piezoelectric materials that are 

explored throughout this thesis. A brief introduction of the piezoelectric effect is first given in 

order to identify the properties required for materials to be used in energy harvesting 

applications. Using a figure of merit that relates material properties and their energy 

conversion ability, the piezoelectric materials of interest are then compared. Of these, PZT is the 

most used material in energy harvesting because of it large electromechanical coupling 

coefficient. In the next part, techniques as well as the manufacturing processes to integrate PZT 

functional layer into microsystems are detailed.  The last section provides an overview of 

current state-of-the-art of piezoelectric harvesters for both direct-force and inertial generator 

principles as well as issues related to the piezoelectric MEMS harvesters. 

2.1. Piezoelectricity 

The term piezoelectric comes from the Greek “piezo or piezien” meaning “to press or squeeze” 

which has led to the general description of the piezoelectric response of the materials as 

“pressure” electricity. Piezoelectricity refers to the generation of electric polarity in dielectric 

crystals when subjected to mechanical stress and conversely, the generation of stress in such 

materials responding to an applied voltage. Piezoelectricity was originally discovered by Pierre 

and Jacque Curie in 1880, who found that electrical charges were developed on the surface of 

quartz and certain types of crystals when they were mechanically stressed. This phenomenon is 
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referred to as the direct piezoelectric effect; however, in many application, the reverse effect of 

piezoelectric materials are also applied, i.e., the deformation (strain) of a material when 

exposed to an applied electric field. This response is called the converse piezoelectric effect or 

indirect piezoelectric effect.  

 

Figure 2.1: (a) The direct and (b) the indirect piezoelectric effects: (i) contraction; (ii) expansion. The 

broken lines indicate the original dimensions (adapted from [33]). 

 

If a piezoelectric plate (figure 2.1) polarized in direction denominated by P, carries electrodes 

over its two flat surfaces (top and bottom), then a compressive stress causes an electric current 

flowing in the external circuit; a tensile stress creates current in the opposite sense (figure 

2.1(a)). On the contrary, the application of an electric field produce a negative strain in the 

crystal; a converse electric field will then cause a positive strain (figure 2.1(b)). The changes in 

the polarization accompanying the direct piezoelectric effect manifest themselves in the 

appearance of charges on the crystal surface and, in the case of a closed circuit, in an electric 

current [33].   

A variety of piezoelectric relations are used to describe the electromechanical responses of 

these materials under a variety of boundary conditions according to the selected independent 

variables (stress, strain, polarization, and electric field).  However, the choice of stress (T) and 

electric field (E) as the independent variables is a common method to describe the constitutive 

relations. The constitutive equations [34] that are used to describe the electric displacement (D) 

developed when the material is subjected to a change in stress (direct piezoelectric effect), or 
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the resulting strain (S) developed under an applied electric field (converse piezoelectric effect) 

are: 

TD dT Eε= +                                                                        (2.1) 

ES s T dE= +                                                                         (2.2) 

Where d is piezoelectric strain coefficient, εT is the permittivity at constant stress, and sE is the 

elastic compliance at constant electric field (electrodes shorted). 

While equations (2.1) and (2.2) illustrate the fundamental relationships for the direct and 

converse piezoelectric effects describing the response of a piezoelectric material to a change in 

external mechanical or electrical boundary conditions as well as response direction is required. 

To consider the direction of the response of piezoelectric materials, the orientation of a 

piezoelectric material can be defined using the method illustrated in figure 2.2. When applied to 

mechanical behavior, the subscripts, 1, 2, and 3 define normal stress (or strain) directions in the 

material, whereas the subscripts, 4, 5, and 6 define shear stresses (strains) according to the 1, 2 

and 3 axes, respectively. For single crystals, the polar axis is taken as the 3 direction. For poled 

polycrystalline bodies, the poling direction is taken to be the z or 3 direction. Frequently in the 

use of these materials, electrodes are applied to the z crystal face, which is perpendicular to the 

3 direction and an electric field (E3) is applied parallel to the polar axis, i.e., the 3 direction  

 

Figure 2.2: Notation of axes for piezoelectric materials including single crystals and poled polycrystalline 

bodies [35]. 

 

A subscript notion is included in the above equations, 2.1 and 2.2, to describe completely the 

response of piezoelectric materials through the following expressions: 
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T

i ij j ii iD d T Eε= +                                                                      (2.3) 

E

j ij j ij iS s T d E= +                                                                       (2.4) 

The piezoelectric coefficient dij indicate the electromechanical response of the material showing 

the electrical output for a given mechanical input in equation 2.3, and mechanical output for a 

specific electrical input in equation 2.4. The (i) subscript represents the electrical direction and 

the (j) subscript represents the mechanical direction. The i may have values of 1, 2, or 3 and j 

may have integral values between 1 and 6, indicating normal (1, 2, or 3) or shear (4, 5, or 6) 

stresses. For instance, d31 is the piezoelectric strain coefficient correlating the applied electric 

field in the 3-direction to the strain response in the 1-direction, and conversely d33 means that 

the applied electric field and strain response are along the polarization axis (3-direction) as 

illustrated in figure 2.3. These are the two most commonly used modes in many piezoelectric 

devices and also in energy harvesting applications.  

 

                                      31 (transverse) mode                           33 (longitudinal) mode 

Figure 2.3: Illustration of piezoelectric properties using the 31 and 33 modes of operation as examples. 

 

2.2. Piezoelectric materials, figure of merit, and energy conversion 

Piezoelectric materials are of interest for vibration energy harvesting due to the simplicity of 

piezoelectric transduction and the ease of implementation of piezoelectric systems into a wide 

range of applications compared to electromagnetic and electrostatic transduction. The type of 

piezoelectric materials selected for energy harvesting application can have a major influence on 

the characteristics and performance of the harvester. To date, many different piezoelectric 
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materials are available while the materials of interest in MEMS technology are non-ferroelectric 

aluminium nitride (AlN), zinc oxide (ZnO), and ferroelectric lead zirconate titanate (PZT). The 

difference between non-ferroelectric and ferroelectric materials is the possibility of reorienting 

the internal polarization upon application of an electric field which is possible in ferroelectric, 

but not present in non-ferroelectric. Typical piezoelectric properties of these piezoelectric films 

are summarized in table 2.1 by introducing the effective piezoelectric coefficients e31, f and d33, f 

to describe the piezoelectric coefficients of the clamped piezoelectric films on a composite 

structure, usually silicon substrate [36].  

Table 2.1: Properties of piezoelectric films [36]. 

Parameter ZnO AlN PZT 

e31, f (C m-2) -1.0 -1.05 -8 to - 12 

d33, f (pm V-1) 5.9 3.9 - 5.5 60 - 130 

ε33 (dielectric constant) 10.9 10.5 300 - 1300 

Tan δ (105 V m-1) 0.010-0.100 0.003 0.010 - 0.030 

 

The effective piezoelectric coefficient is not inherent property of the piezoelectric material, but 

a property taking into account the handling substrate. The effective piezoelectric coefficients 

are given as [37] 

31

31,

11 12

f E E

d
e

s s
=

+

                                                                     (2.5) 

13

33, 33 31

11 12

2
E

f E E

s
d d d

s s
= −

+
                                                            (2.6) 

Another important characterization property of piezoelectric materials is the electromechanical 

coupling coefficient, kij, which is the dimensionless and describes the efficiency of the 

conversion of electrical to mechanical energy (or mechanical to electrical energy). The coupling 

factor may be expressed in general term as [33] 

2 electrical energy converted to mechanical energy
k

input electrical energy
=                            (2.7) 

2 mechanical energy converted to electrical energy
k

input mechnical energy
=                            (2.8) 
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Since the generation of electrical energy is affected by the electromechanical coupling 

coefficient, thus this term can be used for comparison of different piezoelectric materials in 

terms of their energy transduction ability. Typically, most of conventional piezoelectric 

transducers are operated using 31-mode in which a piezoelectric layer is sandwiched between 

top and bottom electrodes. The electromechanical coupling coefficient in this mode is given by 

[38] 

2

2 31 31 31

31

33 11 11

T E E

d d g
k

s sε
= =                                                                  (2.9) 

33 33 0

T
ε ε ε= where ε33 is the relative dielectric constant at constant stress and ε0 is the 

permittivity in free space (F/m). g31 is the piezoelectric voltage constant and is directly 

proportional to d31 via the relative dielectric constant of piezoelectric layer as given by 

31

31

33 0

d
g

ε ε
=                                                                       (2.10) 

Using an equation 2.9, one can define the following figure of merit as [39] 

2

31,

33

~
fe

Figure of merit
ε

                                                          (2.11) 

As proposed in [40], electrical losses, represented by dielectric loss tangent (tan δ), can be also 

accounted for defining an energy harvesting figure of merit give as (d31×g31)/(tan δ). However, 

these losses are usually quite low and can thus be neglected. Using the figure of merit given in 

equation 2.11, a comparison of different piezoelectric materials is given in table 2.2. 

Table 2.2: Comparison of different piezoelectric materials. 

Piezoelectric materials Figure of merit (
2

31, 33
/fe ε ) 

ZnO 0.09 

AlN 0.10 

PZT 0.11 – 0.14 

 

One of the most interesting features of piezoelectric ZnO and AlN films lies in the fact that they 

are fully compatible with the standard CMOS technology [41] although these films exhibit small 
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piezoelectric coefficient. Since the piezoelectric coefficient is not the only material property of 

interest, other properties such as the dielectric constants and dielectric losses are also 

important, which has an influence to the performance in different applications. For instance, a 

low value of dielectric loss angle (tan δ) can be found in AlN. Thus it is a good candidate for 

sensor applications where an excellent signal-to-noise-ratio is required. Furthermore, AlN thin 

films have low permittivity allowing higher voltage generation which is quite attractive for 

energy harvesting application [42]. 

Of these materials presented in table 2.2, AlN and PZT are considered as candidate materials 

used in power harvesting application because of the large electromechanical coupling 

coefficient. Although the piezoelectric coefficient of the AlN films are lower than those of the 

PZT thin films, the figure of merit for AlN is comparable to the one of PZT due to their lower 

dielectric constant. However, at the end, AlN exhibits still a lower electromechanical coupling 

compared to the bulk PZT materials. Considering that the generated voltage from piezoelectric 

material (V3i) is proportional to the thickness of the piezoelectric layer or the distance between 

the electrodes (ti), to the piezoelectric voltage constant (g3i), and to the applied stress (σxx) as 

described in [43], its expression is 

3 3i xx i iV g tσ=                                                                       (2.12) 

The power produced under a cyclic stress can be then estimated by [44] 

2

3

1

2
iP CV f=                                                                      (2.13) 

C is the capacitance of the piezoelectric material which can be calculated by 33 0

i

A
C

t

ε ε
= where A 

is the area of electrodes and f is the number of the cyclic stress. By replacing the capacitance (C) 

expression, and equations 2.11 and 2.12 in 2.13 the power generation can be defined by 

2

31

33 0

1

2
xx i

d
P t Afσ

ε ε
=                                                                (2.14) 

Equation 2.14 is a guideline of piezoelectric materials for vibration energy harvesting. Under 

given conditions of fixed electrode areas and applied stress, the generated electrical power 

depends on the ratio of piezoelectric coefficient over the dielectric constant (figure of merit), 

and also on the thickness of the piezoelectric materials. The generated power becomes smaller 
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as the thickness of piezoelectric layer drops. To achieve a sufficient and powerful energy 

harvester, it is, however, desirable to use thicker piezoelectric films. AlN are typically deposited 

in the form of thin film by sputtering with a maximum film’s thickness of about 2 µm [45]. This 

results in the common use of PZT in power harvesting applications  because of its high 

electromechanical coefficient and the fact that it can be processed in a variety of the film/sheet 

thicknesses, from a few µm to several hundreds of µm. 

2.3. Lead zirconate titanate (PZT) piezoelectric materials 

PZT is polycrystalline ferroelectric materials with the perovskite crystal structure –

tetragonal/rhombohedral structure very close to cubic. Perovskite materials have a general 

formula A2+ + B1+ O2-
3 (ABO3) where A denotes a large divalent metal cation (Pb), B is 

tetravalent metal cation (Ti or Zr). Above a temperature known as the Curie point these 

crystalline structure present a cubic symmetry, as shown in figure 2.4(a).  

 

                                                 (a)                                                                     (b) 

Figure 2.4: (a) Cubic lattice (above Curie temperature). (b) Tetragonal lattice (below Curie temperature). 

 

Pb atoms locate at the corners, Ti, Zr atoms are at the centre and oxygen occupies the center of 

the six faces. This structure is centrosymmetric with positive and negative charge sites 

coinciding. Consequently, there are no dipoles present in the materials. However, below the 

Curie point, the crystal structures have a tetragonal symmetry where the positive and negative 

charge no longer coincide (Figure 2.4(b)). Thus, the structure has an electric dipole which may 
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be switched to certain directions by the application of an electric field. Such materials are also 

known as ferroelectric as discussed in section 2.2. 

In general, the PZT piezoelectric materials, polycrystalline structure, consist of many domains. 

Each domain has a polarization, one end is more positively charged and another end is more 

negatively charged. Assuming that the polarization is an imaginary line running through the 

center of both charges located randomly in the domain, as illustrated in figure 2.5, in order to 

achieve a net polarization in the materials, the polarization of all domains has to be aligned in 

one direction. This process is called poling. The poling is the process in which the ferroelectric 

materials, such as PZT, are subjected to a high electric field in order to force the randomly 

oriented dipoles into alignment. After poling, the piezoelectric effect becomes apparent in the 

piezoelectric materials 

 

Figure 2.5: Poling process to generate piezoelectric effect. 

2.4. Integration of PZT layer into microsystems 

A key challenge that has to be considered for the design and fabrication of piezoelectric MEMS 

devices is the integration of functional piezoelectric layers, PZT in this work, onto silicon 

substrate. In general, PZT layers can be integrated onto silicon substrate in three main forms: 

thin films with the thickness less than 3 µm; thick films with the thickness ranged from several 

µm up to 50 µm, and bulk sheets with the thickness greater than 100 µm [46]. There are several 

processes available. However, the main deposition techniques used in the literature are 

sputtering of PZT thin films, sol-gel (spin-coating) of PZT thin films, screen printing of PZT thick 

films, and wafer bonding of bulk PZT sheets. 
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2.4.1. PZT sputtering 

Sputtering is a well-known deposition technique for thin film fabrication in MEMS due to its 

simple fabrication process, possible integration with silicon technology and low processing 

temperature. In particular, low-temperature deposition of ferroelectric thin films can prevent 

the degradation of ferroelectric/metal/semiconductor interfaces caused by thermal stress 

issues and interrelated diffusion [47]. In addition, the films deposited by this technique are 

properly oriented and they do not require the poling procedure in order to reorient the internal 

polarization. PZT thin film is generally deposited using radio-frequency (RF) magnetron 

sputtering with stoichiometric single oxide target on silicon substrate. The substrate 

temperature during the deposition is typically in the range of 450 oC to 650 oC. High 

piezoelectric properties can be achieved by increasing the substrate temperature as annealing 

treatment in order to crystallize the perovskite phase in the final PZT thin film. However, the 

final film may suffer from thermal damage and mutual diffusion of Pb caused by high 

temperature treatment. Using sputtering method, the film thicknesses of PZT films are normally 

less than 4 µm [48]. In order to obtain high quality film, the optimization of several deposition 

parameter is required, for example, the target composition, substrate temperature, buffer layer 

and materials used as bottom electrode, RF input power, chamber and gas pressure, deposition 

rate, and other sputtering variable parameters.  

Furthermore, epitaxial PZT thin films with c-axis orientation grown directly on silicon substrate 

have received a lot of interest recently; especially their excellent properties are ideal for MEMS 

energy harvesters because the c-axis orientation of the tetragonal PZT results in large 

piezoelectric coefficients and low dielectric constant [21], [49]. Moreover, substrates used to 

grow epitaxial films, such as SrTiO3 or MgO, are not usually suitable for the production of 

unimorph cantilevers due to their brittleness and difficulty of microfabrication [20], [50]. A few 

studies have investigated the microfabrication process of the epitaxial PZT MEMS on STO and 

silicon substrates [51]-[53]. It has been shown that the development of appropriate fabrication 

processes to realize micromachined structures is a crucial technological step towards the 

development of novel MEMS devices, especially MEMS energy harvesters [21], [51]. 
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2.4.2. PZT sol-gel 

The sol-gel process may be described as the formation of oxide network through 

polycondensation reactions of a molecular precursor in liquid. A sol is a stable dispersion of 

colloidal particles or polymer which may be amorphous or crystalline in a solvent. A gel 

consists of a three dimensional continuous network enclosing a liquid phase. In a colloidal gel, 

the network is formed by incorporation of colloidal particles. The idea behind sol-gel process is 

to dissolve the compound in a liquid and bring it back as a solid in a controlled manner. 

Initially, sol-gel is one of the most popular and well suited for depositing high quality PZT thin 

films with good uniformity, since it offers low-cost and fast processing, suitable for mass 

production. Moreover, it is easy to control the stoichiometric chemical composition of PZT films. 

This is very important, since the physical properties of the PZT strongly depend on the precise 

control of the chemical composition [54]. However, some challenges remain to be overcome. 

The first is the presence of cracks from the mismatch of coefficient of thermal expansion (CTE) 

between PZT ceramic and metal electrodes. As a result thermal stresses develop between PZT 

and its electrodes during the sintering process. Cracking can cause not only aging and fracture 

of PZT films, but it can also cause a shortcut between top and bottom electrodes. The second is 

the limit of its film thickness. Current PZT sol-gel thin film technology offer a crack free area of 

about 1 mm2 [54] with film thickness ranging from 15-100 nm. Achieving film thickness larger 

than 1 µm requires multiple coating steps. However, multiple coating has drawbacks of time-

consuming and considerably increases the possibility of cracks formation. Other challenges are 

related to the stability of electrodes and the diffusion of Pb out of the film caused by high 

sintering temperature resulting in a degradation of the piezoelectric properties [55].  

The sol-gel process is mainly based on spin-coating technology. First step involves the 

deposition of the bottom electrode on silicon substrate. Then a liquid precursor solution, 

including insoluble Pb, Zr, and Ti nanoparticles, is spun-coat on the substrate. Spinning speed is 

adjusted to provide the desired film thickness depending on viscosity, and sol composition of 

PZT sol-gel. As the solvent evaporate from the sol by initial drying at room temperature, the 

hydrolysis and condensation process enables cross-linking of particles in PZT sol resulting in 

the sol-gel transition. The PZT/silicon is then sintered at high temperature (600-700 oC) to 

remove organics and form the crystalline phase. Finally, the PZT film thickness can be increased 

by repeating the spin-coating and heating cycles. Since sol-gel derived PZT is polycrystalline, 

poling process of the final films is required in order to obtain a net polarization of the PZT layer. 
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2.4.3. PZT screen printing 

Low-temperature PZT thin film technology, such as sputtering and sol-gel, require excessive 

deposition time and are limited in the film thickness. An alternative solution to make PZT films 

thicker than 10 µm is screen printing. Screen printing is a printing technique that uses a screen 

or mesh to handle an ink-blocking stencil to achieve the desired structure. The attached stencil 

consists typically of masked areas preventing the ink from passing through and unmasked areas 

allowing the ink or printable materials to be imprinted on the substrate by using a fill blade or 

squeegee.  

PZT thick film layers have been successfully printed on silicon substrate during the past few 

years [56]-[57]. In this process, the screen printing ink is made by the mixing of PZT powder to 

be deposited with an organic vehicle to form an ink allowing the flow of the powder through the 

screen. An active material (PZT powder) determines the piezoelectric properties of the films. It 

must be as high as possible, typically 80-95 % weight of the ink. After printing, the ink can be 

dried at room or low-temperature (150 oC) in order to remove the solvent. Finally, it is sintered 

at a temperature of 800-950 oC avoiding Pb diffusion into the silicon substrate and oxidation of 

metal electrode layers [58]-[59] and the polarization of the PZT layer can be achieved by 

performing the poling process. 

In general, screen printing of PZT offers advantages of fast processing in directly producing 

patterned and integrated thick films. However, the films are not well crystallized since the 

processing temperature for the complete sintering of PZT is above 1200  oC [58]. In addition, the 

films cannot shrink densely during the sintering because the films are bounded to the silicon 

substrate which is not sufficient to withstand large applied pressure. As a result the thick films 

obtained are not as dense as bulk sheet, and their piezoelectric properties are not as good as 

those of bulk PZT ceramic.  

2.4.4. Wafer bonding of bulk PZT 

Bulk PZT is readily available and offers not only a high piezoelectric coefficient and high 

electromechanical coupling when compared to deposited PZT films and screen printed PZT [29] 

but piezoelectric energy harvesters would also benefit from a thicker transducer film in order 
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to generate a sufficient output power [28], [30]. Moreover, commercially available PZT sheets 

do not require high temperature firing or poling. 

In recent year, a useful technique for preparing PZT thick films on silicon substrate using wafer 

bonding of bulk PZT has been investigated. A key challenge in the wafer bonding of bulk PZT is 

the low-temperature bonding of the piezoelectric layer onto the silicon substrate. If a 

piezoelectric material is heated to its Curie temperature, the domains become disordered and 

the material will be completely depolarized. For the piezoelectric material to remain polarized, 

temperatures well below the Curie point must be used during processing, especially for long 

process steps. A safe functioning temperature is about half way between 0 oC and the Curie 

point [60]. In addition, bonding at low-temperature can reduce the residual stress due to the 

difference in thermal expansion between bulk PZT sheet and silicon substrate [26]. In addition, 

the thickness of the intermediate layer should be as thin as possible (< several µm) in order to 

obtain a good mechanical coupling and retain the mechanical properties of the final devices. For 

realization of MEMS devices based on bulk PZT, especially MEMS energy harvester to be 

operated at low-frequency, it is necessary to fabricate mechanically flexible structure at the 

required miniaturized scale. Therefore, it is highly desirable to thin the bulk PZT form a 

thickness value of hundreds of microns down to the range of 5-50 µm [29]. Generally, it is 

difficult to thin down the ceramic plate to have thickness less than 50 µm because of its 

brittleness [28]. Recently, bulk PZT with the thickness of about 20 µm or less can be achieved by 

lapping polishing followed by wet etching process [26], [28], [61]-[62]. However, both methods 

are time-consuming process and can result after wet etching in a PZT with a high surface 

roughness which could influence the later fabrication processes. In summary, comparison of 

available processes for the integration of PZT layer to microsystem is given in table 2.3. 

Table 2.3: Comparison of different processes to the integration of PZT layer to MEMS. 

Reference Material d31 (pC/N) ε33
 Thickness (µm) Process 

temperature (oC) 

[48] Sputtered PZT 150 700 2-4  500-650 

[63] Sol-gel PZT 100 560 5  800  

[64] Screen printed PZT 89 825 30  800  

[65] Bulk PZT 320 3800 > 100  - 
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2.5. Literature review of vibration energy harvesting using 

piezoelectric materials 

The review is split into two sections; presenting first the work performed on direct-force 

generator principle, followed by the work on inertial generator. 

2.5.1. Direct-force generator (non-resonant) 

Perhaps one of the first reported work using direct-force generator appeared in a patent from 

Enger [66]. In his work, a health monitoring system was powered by a piezoelectric bimorph 

which can be driven by the movement of body tissue. The earliest example of a piezoelectric 

harvester extracting energy from impact in academic literature was reported by Umeda et al. 

[67]. Initial work analyzed the power generation from the impact of a steel ball on a 

piezoelectric beam, clamped at both ends, with the aim of investigating the efficiency of 

electrical energy generation. The efficiency was found to be 9.4 % with most of energy being 

returned to the ball which bounces off the beam after the inertial impact. The simulation 

predicted that the efficiency could raise to 50 % if an inelastic collision occurred in which the 

ball sticked to the beam on impact. Later research explored the feasibility of storing the charge 

on a battery or a capacitor [68].  

Xu et al. [69] investigated the electrical power generation characteristics of PZT ceramics 

responding to slow mechanical stress as well as to impact stress. The compressive loading 

involved a cycle of applying compressive stress of up to 28 MPa over a 2 s period while the 

impact was generated by dropping a steel ball onto a clamped piezoelectric. In practice, 

although the voltage levels were comparable, the impact stressing of piezoelectric ceramic 

produced less energy than the slowly applied stress due to their brittle nature and the poor 

efficiency of the mechanical energy transfer between the impact and the sample.  

Paradiso et al. [70] from the MIT media lab investigated the use of piezoelectric materials to 

harvest energy from human applications by coupling the direct straining or impact applied from 

human motions on piezoelectric elements. Firstly, a stack of PVDF was used as an insole in a 

shoe where the weight of the wearer strains the PVDF stacks producing electrical energy during 

the human gait. A second approach involved the use of compressible PZT unimorph attached to 



 27 | Chapter 2 

 

curved steel plates which flexes under pressure from the heel strike as illustrated in figure 2.6. 

The piezoelectric generators were capable of producing average power of 1.3 mW and 8.4 mW 

from the sole and heel generator respectively at a frequency of a footfall of 0.9 Hz. 

 

Figure 2.6: Piezoelectric shoe-mounted energy harvesting [70]. 

 

Renaud et al. [71]-[73] presented more detailed analysis dedicated to the impact energy 

harvesting for human applications and a hand-held prototype was implemented for harvesting 

energy from large amplitude and low-frequency excitations. The harvester was excited by 

shaking it from side to side, thereby causing a steel missile to impact one of two piezoelectric 

bimorphs positioned at each end of the container. 

Piezoelectric energy harvesting for medical application was explored by Ramsy and Clark [74]. 

The motivation of this work was the feasibility of using piezoelectric materials in a power 

supply for in vivo application. The design used a square plate of a piezoelectric material to 

extract energy from the fluctuating pressure in a blood vessel. A typical blood pressure of 40 

mmHg at a frequency of 1 Hz was used to calculate the output power from the square plate with 

a thickness ranging from 9 µm to 1100 µm and a width from 1 mm to 1 cm. By maximizing area 

and minimizing the plate thickness, the maximum calculated power of 2.3 µW was achieved. 

A technology, “Piezoelectric windmill”, for generating the electrical power from the wind energy 

was explored by Priya [75]. Piezoelectric windmill consisted of piezoelectric bimorphs 

cantilever arranged along the circumference of the mill. Using the camshaft gear mechanism, an 

oscillating torque was generated through the flowing wind and applied on the piezoelectric 

cantilevers. In this work, an average power of 7.5 mW was obtained at the wind speed of 10 

mph. Woias et al. [76] demonstrated energy-autonomous wireless temperature monitoring 

powered by air from a foot-pump acting on a piezoelectric membrane. The impact-type 
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membrane consisted of three stacks of the PZT sheet bonded to a circular steel substrate.  PDMS 

spacers were inserted between each stack acting as the stopper. In addition, the PDMS spacers 

were also used to transfer the impact from the top to the bottom stack.   The maximum output 

power from the generator was found to be 120 µW at normal operation of the air compressor. 

In addition to direct-force generator, a technology called impact coupled or plucking based 

frequency up-conversion technique has received significant interest. Using this approach, the 

piezoelectric transducer is impacted or plucked by an inertial object which is excited at low-

frequency before it is left to freely oscillate at its resonant frequency. A more detailed 

description including the state of the art and the fundamental of this technology will be given in 

chapter 5. 

2.5.2. Inertial generator (resonant-type) 

Many vibrational piezoelectric energy harvesters are resonant-type devices operated by 

oscillating at their resonant frequencies, which are designed to closely match the motions of the 

surrounding environment. Significantly less work has been reported on the non-resonant type 

generators than the resonant type. This is possibly because in the case of direct-force generator, 

mechanical strain or impact are directly applied to the harvester. This may cause damage to the 

brittle piezoelectric ceramics and especially if they are integrated with MEMS technology. 

Unlike the direct-force generator, inertial generator utilizes the relative movement of the mass 

respect to the frame, and thus there is no contact on the harvester making them well suited for 

MEMS technology. However, inertial generators get damage when exposed to high acceleration 

as well as shock excitations. 

Since piezoelectric ceramics exhibit high Young’s modulus and thus it is difficult to strain them 

by directly stretching or compressing the material.  An alternative and easier solution is to bend 

the piezoelectric structure in order to generate large strain. Several type of bending elements 

are available to produce the generator (e.g., cantilevers, bridges, diaphragms, etc.). However, 

the cantilever structure has received the most attention for several reasons. Firstly, most of 

ambient vibrations present at low-frequency (˂ 200 Hz) and the cantilever is the most 

compliant structure for a given size. Thus, it is easier to design a low-frequency generator using 

the cantilever beam. Furthermore, the output power of the piezoelectric harvester is 

proportional to the average strain developed on the structure and the cantilever can also 
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generate the highest average strain for a given input force. In addition, the cantilever beam is a 

simpler structure than the others which offers the ease of implementation.  

Therefore, the resonant-type generators usually take the form of a cantilever structure. 

Typically a piezoelectric cantilever used in energy harvesting application consists of one or two 

piezoelectric layers, which will be discussed in the next section. 

2.5.2.1 Unimorph and bimorph piezoelectric cantilevers 

A piezoelectric unimorph cantilever consists of a piezoelectric layer attached to an elastic 

support layer, usually made of silicon in MEMS application as shown in figure 2.7. 

 

 

Figure 2.7: Piezoelectric unimorph cantilever. 

 

If the cantilever consists of only a piezoelectric layer, the strain neutral plane will be located in 

the middle of the layer thickness. Above and below the neutral plane, the stress and strain has 

the same magnitude but opposite sign. Therefore the net strain on the piezoelectric layer is zero 

and no net charges can be collected (charge cancellation). The elastic support layer is used to 

bring the neutral plane away from the center of piezoelectric layer thickness making non-zero 

net strain. In order to minimize charge cancellation, the neutral plane should be located outside 

the piezoelectric layer such that the strain within piezoelectric layer is of the same sign. 

Unlike the unimorph, a piezoelectric bimorph cantilever, acting as the spring, is formed by two 

piezoelectric layers with a shim in the middle as illustrated in figure 2.8. Typically, two 

piezoelectric layers are the same material properties and dimensions. Thus, the neutral plane 

will be positioned in the center of the total cantilever thickness. 
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(a)                                                                                      (b) 

Figure 2.8: Bimorph cantilever showing (a) series connection and (b) parallel connection of beams. 

 

The shim or intermediate layer is normally used as a mechanical support and also electrical 

connection. If the piezoelectric layers are poled from the center outwards (or from the surfaces 

inwards),the resulting polarities will be in opposite directions and the voltages generated on 

the outer electrodes by bending will be additive (series connection in figure 2.8(a)). 

Alternatively, if the piezoelectric layers are poled in the same direction, charges output from the 

bending can be obtained between the outer electrodes, which are connected together and the 

center electrode (parallel connection in figure 2.8(b)), and the current will be sum up. The 

bimorph configuration, however for MEMS energy harvester, is not preferable due to the high 

complexity of the fabrication process.  

2.5.2.2 Cantilever-based piezoelectric generator 

The cantilever-based piezoelectric generator was introduced by Glynne-Jones et al. [77]. In this 

work, a tapered beam was developed as shown in figure 2.9. 

 

Figure 2.9: Schematic of tapered thick PZT film generator [6], [77]. 
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The generator was fabricated using screen printing a piezoelectric paste based on PZT powder 

onto a 0.1 mm thick hardened AISI 316 stainless steel. A steel beam was tapered to ensure the 

uniform strain in the piezoelectric film along the length of the beam for a given displacement. 

The PZT was printed on both side of the beam in order to maximize the generated power. The 

approximate total beam volume was 0.125 cm3 with the resonant frequency of 80 Hz. At a very 

high input acceleration of 230 m s-2, the generator produced the average power up to 3 µW. 

Roundy et al. [1]-[3] developed another composite piezoelectric cantilever beam generator 

based on bimorph configuration. The cantilever was a constant width in order to simplify the 

analytical model and also fabrication of the generator but results in non-uniform strain 

distribution along its length. The fabricated device was made from a two layers sheet of PZT 

with a steel center shim. A cubic proof mass (made from a relatively dense alloy of tin and 

bismuth) was attached to the free end of the cantilever in order to increase the average strain 

on the cantilever and also reduce the resonant frequency of the harvester as illustrated in figure 

2.10.  

 

Figure 2.10: Schematic of piezoelectric bimorph cantilever developed by Roundy et al. [3]. 

 

Given a total volume constraint of 1 cm3, a prototype produced maximum average power of 

375µW with an input acceleration of 2.5 m s-2 at 120 Hz. This work summarized that the output 

power from the generator is proportional to the mass attached to the cantilever and this should 

be maximized while maintaining other constraints such as resonant frequency and strain limits. 

Sodano et al. [78] also investigated the amount of generated power through the vibration of a 

PZT plate (62×40×0.27 mm3) bonded to an aluminum plate (80×40×1 mm3).  The composite 

piezoelectric aluminum plate was excited with both resonant and random excitation signals. It 

was found that a maximum power of 2 mW was produced from the plate when excited at its 



32| Chapter 2 

 

resonant frequency. Further experiment demonstrated that the output power from the 

piezoelectric material was capable of recharging a fully discharge battery. This work suggested 

that batteries were the best option for storing energy for continuous power supply application 

and Capacitors were better suited to duty cycle applications requiring a periodic power supply 

[79]. 

Lu et al. [80] presented analysis and modelling of the influence of a load resistance on the 

output power of piezoelectric bimorph. The optimal load for different piezoelectric harvesters 

can be estimated as 

33
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Where t is the thickness of a piezoelectric layer, ω is the resonant frequency of the composite 

beam, b is the beam width, L is the length of the beam, ε33 is the dielectric constant, and Cp is the 

capacitance of piezoelectric element. 

Ng et al. [81] studied the merits of unimorph and bimorph piezoelectric generators. The merits 

of configuration depended on the resonant frequency and load resistance. The unimorph 

configuration was generally suitable for low-frequencies and resistive load. The maximum 

power was generated when the bimorph with PZT layers were connected in series. However, it 

was operated at higher frequencies and load resistances. These values depended on the design 

of the generators. However, the bimorph in series was better suited for the largest range of 

frequencies and load resistances. 

Following the work by Glynne-Jones et al. [77], a further developed prototype of the thick film 

piezoelectric generator was presented by Stamos et al. [82]. Stamos’s work set out to provide a 

self-powered wireless sensor node by improving piezoelectric properties of PZT ink. 

Furthermore, a novel tungsten based polymer ink was developed to form the proof mass 

enabling the device to be completely fabricated using the screen printing process. The bimorph 

cantilever prototype (figure 2.11(a)) base on screen printed 70 µm thick of PZT on 100 µm 

thick stainless steel substrate, with an approximate volume of 0.2 cm3, produced a maximum 

power of 117 µW with acceleration of 6.9 m s-2 at 70 Hz. An improvement of this generator is a 

T-shape generator developed by Zhu et al. [24]. A T-shape cantilever condenses the proof mass 

along the direction of the width of the cantilever rather than the direction of the length of the 
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cantilever. Thus the tip displacement can be reduced within the size constraints as shown in 

figure 2.11(b).  

     

                                   (a)                                                                                          (b) 

Figure 2.11: (a) A conventional cantilever [82]. (b) A T-shape cantilever [24]. 

 

Compared to the conventional PZT bimorph cantilever, the improved T-shape generator has a 

larger PZT area as well as the proof mass, thus it will generate more power under the same 

excitation. The T-shape generator, occupying approximately 0.3 cm3, was capable of producing 

average power of 240 µW at input acceleration of 3.9 m s-2 with a frequency of 67 Hz. 

The piezoelectric harvester based on thinned high-density bulk PZT (HD PZT) was recently 

presented by Colin et al. [62]. In order to utilize superior properties of bulk PZT for 

piezoelectric harvester, a high-density bulk PZT (HD PZT) with thickness of 75 µm was bonded 

to the steel foil before it was thinned down to the desired thickness of 50 µm using the 

mechanical polishing technique. Using these fabrication processes, production of unimorph and 

bimorph thinned bulk PZT can be achieved.  

 

                                            (a)                                                                                                               (b) 

Figure 2.12: (a) A Bimorph cantilever at the end of fabrication process. (b) Mounted cantilever on the 

test clamping with a tungsten proof mass [62]. 
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In their experiment, the length of the bimorph was defined by the clamping and it was found to 

be 21 mm and a tungsten proof mass, weighing 1.5 g, was added to the tip of the cantilever to 

further decrease the resonant frequency of the structure as illustrated in figure 2.12. The 

harvester with dimension given in figure 2.12(b) was able to produce average power of 3 µW 

with an acceleration of 10 mg (1 g = 9.81 m s-2) at resonant frequency of 16 Hz demonstrating a 

potential of using bulk PZT for high performance piezoelectric harvester. 

2.5.2.3 Development of piezoelectric MEMS harvester 

Typically, inertial piezoelectric harvesters require a compliant structure to resonate at low- 

frequency matching with the ambient vibration, In order to fabricate a flexible structure at 

MEMS scale, thin piezoelectric functional layers are favorable. However, bimorph piezoelectric 

cantilevers are less implemented at MEMS scale since it is a harder configuration to implement. 

For instance, most of PZT MEMS devices are mostly based on spin coated PZT, which makes it 

difficult to deposit the PZT on the top and bottom of a cantilever. As a result, MEMS cantilevers 

are mostly based on a unimorph configuration. 

A MEMS version of silicon micromachined piezoelectric AlN unimorph cantilever with a proof 

mass was developed by Marzencki et al. [83]-[84]. The device, shown in figure 2.13, consisted of 

800 µm × 800 µm seismic mass deep reactive ion etched (DRIE) from a silicon-on-insulator 

(SOI) wafer attached to a beam of 400 µm in length. Furthermore, the AlN thickness was 1 µm 

and the thickness of cantilever beam was equal to 5 µm. The volume of the generator occupied 

approximately 0.4 mm3 with the resonant frequency of about 1.5 kHz. At an input acceleration 

of 2 g, the generator produced the average power up to 0.8 µW. Report from the same group on 

the comparison of different beam shape, in order to reduce the resonance frequency and 

improve strain distribution was presented by Defosseux et al. [85].  The optimized beam shape 

was determined using the finite element analysis. It was found that circularly filleted and 

trapezoidal beam was able to spread spatially maximum stress at the clamping. Using this 

configuration, the tolerance to high acceleration of the device was increased. A fabricated 

device, with volume of 2.8 mm3, harvested 0.62 µW at 215 Hz and input acceleration of 0.25 g 
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Figure 2.13: A piezoelectric MEMS generator based on AlN thin film developed by Marzencki et al. [83]. 

 

Development of thin film MEMS vibration energy harvesters based on AlN as piezoelectric 

material was also presented by Elfrink et al. [86]. The parasitic damping and the energy 

harvesting performance of unpackaged and packaged devices were investigated in this work. It 

was found that the vacuum packaging, as shown in figure 2.14, was significant to maximize the 

output power. However, the vacuum packaged devices experienced some leakages over time. 

Their final unpackaged device, occupying 28 mm3, generated output power of 85 µW with an 

input acceleration of 1.75 g at 325 Hz. 

 

Figure 2.14: Vacuum-packaged vibration energy harvester developed by Elfrink et al. [86]. 

 

The use of d31 mode for the PZT thin film harvesters cannot often provide high enough voltage 

to activate power management circuits. Alternatively, energy harvesters based on PZT thin 

films deploying d33 mode have been developed by Jeon et al. [43]. The cantilever was formed 

from a membrane made by layers of SiO2 and SiNx, and sol-gel deposited of ZrO2 as a buffer 

layer. The top PZT layer was finally deposited using sol-gel spin coating process to the final 

thickness of 0.48 µm thick. The innovation of this work was mainly the use of interdigitated 
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electrodes formed by e-beam evaporation of Ti/Pt and patterned using a lift-off procedure as 

shown in figure 2.15.    

                 

Figure 2.15: Schematic of d33 piezoelectric device (left) and SEM image of final cantilever beam 

developed by Jeon et al. [43]. 

 

The use of interdigitated electrodes configuration was to take advantage of the larger d33 and 

g33 coefficient, typically 2-2.5 times higher than d31 and g31. The capacitance could be optimized 

by tuning the gap between electrodes. A proof mass made of SU-8 photoresist could be added to 

the tip of the beam. Finally, the beam was released using a silicon vapour etch by XeF2 to avoid 

the stiction effects. The generator reached 1 µW and 2.4 V across 5.2 MΩ resistive load at its 

resonant frequency of 13.9 kHz and input based displacement of 14 nm (corresponding to ~10 

m s-2 acceleration).  

Utilizing interdigitated electrode to achieve higher voltage from piezoelectric MEMS harvester 

was also presented by Muralt et al. [18]. Piezoelectric laminated cantilever with proof mass 

consisted of 2 µm thick spin coated PZT films on 5 µm silicon. The gap between interdigitated 

fingers amounted to 6 µm occupying the first 400 µm length from the clamped end of 1200 µm 

long and 800 µm wide cantilever. The remaining part from the cantilever was used for proof 

mass formed by the wafer thickness below this area. In the characterization, an electro 

mechanical coupling constant was calculated to be 5 % indicating a good potential of using PZT 

with interdigitated electrodes for MEMS energy harvesting. At optimal load impedance of 10 

kΩ, a voltage of 1.6 V and an output power of 1.4 µW were achieved by exciting the harvester at 

2g and 870 Hz.  

Due to the high quality c-axis orientation, the epitaxial PZT thin film exhibited large 

piezoelectric coefficient and a low dielectric constant which is highly desirable for piezoelectric 

energy harvesting. Piezoelectric MEMS harvesters based on epitxial PZT thin films were 

20 µm 
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realized by Isarakorn et al. [21]. In this work, the epitaxial PZT cantilevers with proof mass 

were successfully fabricated through optimized micro-patterning technique as shown in figure 

2.16. 

 

Figure 2.16: Epitaxial piezoelectric MEMS harvester with proof mass developed by Isarakorn et al. [21]. 

 

The harvester consisted of 500 nm deposited epitaxial PZT on silicon through more than oxide 

layer made of STO. With the volume of about 0.15 mm3, the optimized epitaxial PZT harvester 

produced a normalized power, current, and voltage of 13 µW g-2, 48 µA g-1, and 0.27 V g-1, 

respectively, at the resonant frequency of 2.3 kHz. Epitxial PZT harvester developed in this 

work exhibited large power and current density while low voltage was generated. The low 

generated voltage was mainly due to the limit of its film thickness which is 500 nm in this work. 

Thicker epitaxial film thickness would be preferable to realize a high performance piezoelectric 

MEMS harvester. 

 

Figure 2.17: Photograph showing both top and bottom side of a fabricated thick PZT film energy 

harvester developed by Lei et al. [30]. 

 

MEMS vibrational energy harvester based on a PZT thick film deposited using screen printing 

technique was recently reported by Lei et al. [30]. Since more power piezoelectric energy 

harvester could benefit from the thicker piezoelectric layer, 15 µm of PZT was screen printed on 

the SOI wafer. The piezoelectric cantilevers with integrated proof mass were formed by wet 

3 mm 



38| Chapter 2 

 

silicon etching using mechanical front side protection in KOH. Using this fabrication, yield as 

high as 90 % was achieved. A fabricated harvester device (figure 2.17), occupying effective 

volume of 13 mm3, produced average power of 14 µW with an input acceleration of 1 g at 235 

Hz. 

Further development of MEMS harvester based on screen printed PZT thick film was presented 

by Xu et al. [25]. The idea was to replace a non-piezoelectric layer, which is silicon, by another 

PZT layer forming like a bimorph cantilever. With the absence of an inactive mechanical 

support, all stress induced by vibrations will be harvested by the active piezoelectric element 

expecting an increase of power output. The piezoelectric bimorph with an integrated silicon 

proof mass cantilever was fabricated by double steps screen printing of 20 µm thick PZT on the 

SOI wafer as shown in figure 2.18 

 

Figure 2.18: A cross-section SEM image of the PZT/PZT bimorph cantilever (left) and PZT / PZT thick 

film bimorph MEMS energy harvester developed by Xu et al. [25] (right). 

 

At each screen printed layer, the PZT was treated under high pressure in order to improve the 

density of the film. After high pressure treatment, all silicon and oxide layers were etched 

except the pre-patterned silicon proof mass in order to release the PZT/PZT bimorph 

cantilever. The harvester with active volume of about 21 mm3and the thick PZT bimorph 

connected in series was able to generate 33.2 µW with an input acceleration of 1 g at 243 Hz. 

Although thick PZT films can be clearly deposited using screen printing technique. The main 

issue is the not enough high temperature for their sintering [26], resulting in properties such as 

piezoelectric coefficient and dielectric constant are poorer compared to those of bulk PZT. 

Therefore, bulk piezoelectric ceramics offer a promising solution to fabricate high performance 

piezoelectric energy harvester. 
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Recently, Aktakka et al. [61] presented the design, fabrication, and characterization of 

vibrational energy harvester based on thinned-bulk PZT sheet on silicon in order to take 

advantage of high quality bulk PZT. The fabrication of the harvesters utilized the local 

placement and the low-temperature bonding process (200oC) of pieces bulk PZT sheet by 5 µm 

of Au/In intermediate layer on silicon wafer. The bulk PZT pieces were then thinned to the 

thickness of about 20 µm using mechanical lapping/polishing technique. The proof mass can be 

either silicon or tungsten piece, the latter being integrated at the die-level as illustrated in 

figure 2.19. 

         

Figure 2.19: Schematic of the cross-section of the final package harvester (left) a packaged thinned-PZT 

vibrational energy harvester developed by Aktakka et al. (right) [61]. 

 

An unpackaged harvester with a tungsten proof mass, active device volume of 27 mm3 can 

produce 205 µW with an input acceleration 1.5 g at 154 Hz. 

An useful parameter metrics for comparing these MEMS devices includes materials, volume, 

resonant frequency, harvested power, and power densities in volume or area. Table 2.4 

summarizes the state of the art of piezoelectric MEMS energy harvesters. 
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Table 2.4: Comparison of current state of the art of piezoelectric MEMS energy harvesters. 

References Material 

Films 

thickness 

(µm) 

Effective 

volume 

(cm3) 

Accel. 

(g) 

Freq. 

(Hz) 

Power 

(µW) 

Power 

densities 

(mW cm-3) 

 

Normalized 

Power 

densities 

(mW cm-3 g-2) 

[17] 
Sol-Gel 

PZT, d31 
1 6.5×10-4 2.0 461 2.2 3.30 0.82 

[18] 
Sol-Gel 

PZT, d33 
2 4.8×10-4 2.0 870 1.4 2.92 0.73 

[21] Epi-PZT 0.5 1.5×10-4 1.0 2300 13 86.67 86.64 

[22] 
Sol-Gel 

PZT, d31 
1.6 1.3×10-3 1.0 608 2.2 1.71 1.71 

[25] 

Screen 

printing 

PZT, d31 

20/20  

Bimorph 
1.3×10-2 1.0 243 33.2 2.55 2.55 

[30] 

Screen 

printing 

PZT, d31 

15 1.3×10-2 1.0 235 14 1.08 1.08 

[43] 
Sol-Gel 

PZT, d33 
0.5 2.4×10-5 13.2 1390 1 41 0.24 

[61] 

Thinned

- bulk 

PZT, d31 

20 1.8×10-2 1.5 154 205 11.40 5.07 

[84] AlN 1 3.4×10-4 2.0 1500 0.8 2.35 0.59 

[85] AlN 2 2.8×10-4 0.25 214 0.6 2.20 5.72 

[86] AlN 0.8 3.2×10-2 1.75 325 85 2.69 0.88 

[87] 
Sol-Gel 

PZT, d33 
1 1.0×10-3 0.39 528 1.1 1.10 7.23 

 

From the date presented in table 2.4, piezoelectric MEMS harvester based on epitaxial PZT 

presented an outstanding performance in terms of power and normalized power densities 

because of its high quality c-axis orientation as previously discussed. However the point to be 

addressed was the lowering of its resonant frequency and improvement of structure design in 

order to generate more voltage. Besides the device based on epitaxial PZT, the MEMS harvester 

based on thinned bulk PZT sheet exhibited both high power output and power densities while 

operating at low-frequency compared to the others. This demonstrates a potential of this novel 

technology to fabricate high performance piezoelectric micro power generator. 

2.5.3. Issues in piezoelectric MEMS harvester 

The main issue of operating the piezoelectric MEMS harvester by direct-force principle is the 

reliability. Due to the physical nature of both piezoelectric material and silicon substrates, high 
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stress or large deformation can easily cause damage to the devices. Therefore, flexible 

piezoelectric materials such as polyvinylidene fluoride (PVDF) and polymer based piezoelectric 

nanocomposite are promising solution [88]. Moreover, replacing silicon substrate by more 

durable material such as steel, and polymer is possible.  

An important issue in resonant piezoelectric harvester, which is based on a linear mass-spring 

resonator, is that the best performance of the device is limited to a narrow bandwidth around 

the fundamental resonant frequency. If the environmental vibration frequency deviates from 

the harvester resonance, the power output from the harvester will be drastically reduced. 

Various attempts to improve the frequency response have been actively studied recently. The 

simplest solution in order to improve the bandwidth of the harvester is to decrease the 

mechanical quality factor (Q), but this deteriorate the peak power response of the harvester. To 

overcome this issue, the use of harvester array with different resonant frequencies, and 

nonlinear or bistable oscillators have been proposed as alternative solutions [89]-[91].  

Ferrari et al. [92] presented multi piezoelectric harvesters with different resonant frequency 

forming into array. These harvesters were rectified individually and fed to a single storage 

capacitor. This method allowed increasing the bandwidth without any affecting to the Q factor. 

For a given frequency, however, only single harvester contributed to the generated power 

affecting to the generated power density. The MEMS version of this concept was reported by Liu 

et al. [93].  

 

Figure 2.20: Wideband piezoelectric MEMS harvester using multi-frequency array of PZT cantilever 

developed by Liu et al. [93]. 

 

The array based PZT cantilever with nickel proof mass, as shown in figure 2.20, produced the 

output power of 3.98 µW at 0.5 g. The excitation frequency was 229 Hz achieving a bandwidth 

of 8 Hz. 
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An alternative solution to overcome the narrow bandwidth is to use nonlinear resonator. Unlike 

linear system, nonlinear resonators present different dynamic response and the bandwidth can 

be improved by hardening or softening the resonant characteristics of the beam structure. 

Nonlinearity can be induced by constraining mechanical structures using a magnetic field. 

Ferrari et al. [90] presented the use of the magnetic force between two permanent magnets at 

the tip of cantilever and external magnet to create a nonlinear spring. The nonlinearity was 

determined by the strength of the magnets and the gap between two magnets creating a 

bistable system. Under proper conditions, the system jumped between two stable states in 

response to random excitation, which improved energy harvesting capability for wide-

spectrum vibration. The obtained results revealed that the performance of the harvester in 

terms of output voltage was improved when the system was made by bistable and excited by 

random vibrations. Bistable oscillator could be possibly made by exerting axial compression 

and forming a buckled configuration to achieve wide bandwidth piezoelectric energy harvester 

[94]. 

Hajati et al. reported on MEMS based nonlinear resonant harvester [95]. The design was based 

on four of double clamped beams which were connected to the external mass. Four of these 

harvesters were arranged perpendicular to each other forming one energy harvester as shown 

in figure 2.21. During the deflection of proof mass, a net stretching results in the change of 

dynamic response creating the nonlinearity. The nonlinear resonance based energy harvester 

exhibited an ultra-wide bandwidth of more than 20 % of the center frequency with the 

generated power of 22 µW. 

 

Figure 2.21: Ultra-wide bandwidth piezoelectric MEMS harvester based on nonlinear resonance 

developed by Hajati et al. [95]. 

 

Besides for environmental reasons due to the toxicity of Pb, the lead-free piezoelectric material 

is desirable for medical implants and human use of energy harvester.  KNN is considered to be a 
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promising lead-free piezoelectric material owning to its, high electromechanical coupling 

coefficient (k31 ~ 0.33-0.44), high Curie temperature (300-500 oC), and can be deposited on 

silicon substrate by sputtering [96]-[97]. Recently, a nonlinear micro energy harvester based on 

a lead-free potassium sodium niobate (K, Na)NbO3 was developed by Minh et al. [98]. The 

harvester was densely integrated with a quatrefoil-shaped proof mass suspended by four 

KNN/Si composite clamped-clamped beams in order to induce nonlinear behavior due to a hard 

spring effect under large deflection, as shown in figure 2.22. 

 

Figure 2.22: Schematic of the proposed nonlinear micro energy harvester (left) and SEM images of the 

fabricated harvester developed by Ming et al. [98]. 

 

The harvester presented wide bandwidth of 253 Hz at input acceleration of 6 m s-2. The 

maximum output of 8.6 µW with a power density of 1623 µW cm-3 was achieved demonstrating 

high performance wideband piezoelectric MEMS energy harvester.  

2.6. Conclusion 

In this chapter, the piezoelectric effect was described and the ability of piezoelectric materials 

of interest for the generation of electrical energy was explored using the figure of merit in terms 

of their energy transduction ability. Of these, AlN and PZT were considered as candidate 

materials used in power harvesting application because of their large electromechanical 

coupling coefficient. Although, the figure of merit for AlN was comparable to the one of PZT due 

to their lower dielectric constant, however, at the end, AlN exhibited still a lower 
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electromechanical coupling compared to the bulk PZT materials. The main deposition 

techniques, including sputtering, sol-gel spin coating, screen printing, and bonding of bulk 

sheet, that were used to integrate the functional PZT layer into microsystems was discussed. It 

was found that each technique has their own challenges and has to be considered when it 

comes to the fabrication of MEMS piezoelectric harvesters.  

This chapter also discussed on the current stat-of-the-art of piezoelectric harvesters. Operating 

piezoelectric MEMS harvester using direct-force principle was difficult to achieve due to the 

reliability issue related to the large force or deformation applied to the harvester. This indicates 

that the available force from mechanical vibrations is the most important parameter in order to 

operate the piezoelectric MEMS harvester by this principle. 

Most of piezoelectric MEMS harvester were operated using inertial principle in which the 

harvesters were resonated at their resonant frequency in order to generate the maximum 

power. The key attributed to the fabrication of high performance piezoelectric MEMS 

harvesters include its compactness, operating frequency, input vibration level, output voltage 

and power, bandwidth, and also the cost of the fabrication. Among these, higher power 

densities and wider bandwidth are main challenges. Considering current state-of-the-art, the 

MEMS harvester based on epitaxial PZT thin film exhibited an outstanding performance in 

terms of power densities. However, the low output voltage due to its film thickness and high 

frequency operation remain issues. Piezoelectric MEMS harvester based on bulk PZT presented 

a high power density while operating at low-frequency. The high output voltage can be tuneable 

by varying its film thickness using thinning process. This demonstrates the potential of these 

novel technologies to fabricate high performance piezoelectric micro power generator. 

However, there are issues related the establishment of a standard and reliable fabrication 

process. Key challenges and solutions for the wafer-level fabrication of bulk piezoelectric MEMS 

harvester including bonding and thinning of bulk PZT sheet will be presented in the next 

chapter. 
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Chapter 3: Integration of bulk PZT on 

silicon  

Instead of growing PZT films by using deposition techniques on silicon substrate, this chapter 

focuses on the development of a fast and reliable process to transfer bulk PZT sheet onto silicon 

wafer with the goal to preserve its excellent properties. The process relies to the bonding and 

thinning of commercially available bulk PZT sheets on silicon at wafer scale. Several bonding 

techniques, for the transfer of PZT on silicon locally or at the wafer level, and their issue are 

reviewed. In this work, low-temperature bonding techniques, including spin coating of non-

conductive epoxy, and lamination of dry film photoresist, are evaluated by investigating the 

electromechanical coupling coefficient on prototyping harvester excited electrically and 

mechanically. The technique was implemented in a transfer process of bulk PZT sheets onto 

standard silicon wafer enabling the fabrication of piezoelectric MEMS harvesters at the wafer 

scale.  

To fabricate the MEMS harvester based on bulk PZT to be operated at low-frequency, it is 

necessary to thin the bulk PZT sheet down to tens of microns in order to obtain mechanically 

flexible structure at required miniaturized scale. A grinding process is proposed since it is a 

very fast process at wafer level with no thermal and chemical treatments of the PZT layer. In 

addition, good surface roughness and uniformity can be achieved. Furthermore, the patterning 

of thinned bulk PZT is investigated using wet chemical etching. Wet etching is used in this 

studied since it is cost-effective, fast and parallel process which is desirable in manufacturing. 

Finally, the ferroelectric properties of thinned bulk PZT are investigated by measuring the 

remnant polarization after processing. 
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3.1. State-of-the-art for bonding bulk PZT on silicon substrate 

A key enabling step for the fabrication of microdevices based on bulk PZT is the bonding of PZT 

ceramics to the silicon wafer. Generally, the fabrication requires that the thickness of the 

intermediate adhesion layer should be minimized to a few micrometers in order to achieve a 

good mechanical coupling. The bonding temperature should be as low as possible to avoid 

depolarization of the PZT and reduce the residual stress due to the difference in thermal 

expansion between PZT and silicon. A variety of bonding techniques used to bond the bulk PZT 

on silicon substrate has been presented and explored during the last decades and will be 

reviewed.  

Gold (Au) eutectic bonding of PZT ceramics on silicon was investigated by Tanaka et al. [26]. In 

this work, a thin Au film of about 1 µm was deposited using vacuum evaporation as an 

intermediate layer on the optically polished PZT sheet (20 × 30 mm2) and silicon wafer with a 

thickness of 380 µm and 500 µm, respectively. PZT and silicon wafers were diced into 5 × 5 

mm2 and 10 × 10 mm2 pieces respectively, then the Au layer on both surfaces of the PZT and 

silicon pieces were gently contacted together while on a hotplate. A pressure of 0.8 MPa was 

applied on the PZT/Au/silicon stack at a temperature of 550 oC for a duration of up to 10 h. The 

pressure was released when the temperature returned to the room temperature. The bonding 

strength of more than 20 MPa was attained using this method. More experiments revealed that 

the PZT and silicon could not tightly bond if the thickness of the Au was less than 0.8 µm. Au 

eutectic bonding presented a good bonding strength and a very thin intermediate layer which is 

desirable for the fabrication of PZT-based MEMS devices. However, there are issues related to 

residual stress at wafer scale due to the high temperature, > 500 oC, of the process and 

depolarization of the PZT at bonding temperature of 550 oC. In addition, the surface of both PZT 

and silicon need to be initially polished in order to obtain a good bonding. The fabrication cost 

of using thick layer of Au could be another issue for the mass production. Nevertheless, there 

was no report on the subsequent processing step of the wafer PZT/Si, such as thinning or 

patterning of the PZT sheet after bonding. 

To overcome these issues, Xu et al. [27] investigated a bonding technique using a 2-4 µm film of 

Ag-based conductive epoxy resin as an intermediate adhesion layer. In that work, the epoxy 

resin was first screen printed onto one surface of the PZT (PT400-10, Kunshan Jingfeng 

Electronic) wafer and then placed in contact with the silicon wafer. A uniform pressure was 
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then applied to PZT/epoxy/silicon wafer using two aluminum blocks on top and bottom of the 

bonded stack. The applied pressure was controlled by adjusting the torsion of the screw place 

at the center of the top aluminum blocks, and a torsion of 5 N.m was used. During the applied 

pressure process, the epoxy was cured at 40 oC for 2 h. Then the temperature was increased to 

100 oC and hold for 3 h to obtain a complete curing. The bonding strength of test samples 

obtained from the wafer was evaluated to be more than 10 MPa and the thickness of the 

intermediate layer varied in the range of 2-4 µm. The use of conductive epoxy resin offered 

advantage of low-temperature bonding as well as the fast and low-cost processing. However, 

the voids in the epoxy formed during sample preparation affected to the thickness uniformity 

and reduced the bonding strength of the stack. After bonding the PZT was thinned down to the 

thickness of 40 µm using both wet chemical etching and mechanical polishing technique to 

reduce the surface roughness of the PZT after wet etching. This demonstrates the potential of 

using of a conductive epoxy resin as an intermediate layer for processing bulk PZT sheets at 

wafer scale. 

Recently, low-temperature bonding of bulk PZT on silicon using gold-indium (AuIn) diffusion 

solder was developed by Aktakka et al. [29]. Using this technique, the bonding can be 

performed at die and wafer level. The Au thickness of about 4 µm used as a parent metal was 

sputtered on both surfaces of PZT-5A and silicon wafer. A diffusion interlayer made by 2 µm of 

In was evaporated on the sputtered Au on the silicon wafer. The PZT wafer was then placed in 

contact with the silicon wafer using a wafer bonder with an applied pressure of 0.75-1.5 MPa at 

200 oC for 30-60 min. As the temperature increased, the In interlayer diffused into and reacted 

with the parent metals on both sizes forming the bonded layer after cooling down to the room 

temperature. The final bonded layer was measured to be 5-9 µm. The bonding strength of 

process was investigated through the shear strength. The average shear strength of AuIn was 

measured to be 4.5 MPa. An issue related to these bonding techniques is the presence of O2. 

Since In quickly formed a hard oxide layer at temperatures above 120 oC in air [99], the bonding 

strength would be reduced.  However, the AuIn bonding layer was able to withstand the 

subsequent step thinning of PZT process by mechanical polishing. Furthermore, it was 

experimentally investigated that the ferroelectric properties of high Curie temperature (> 300 

oC) PZT-5A was also preserved.  

The benefit of using the conductive materials as an intermediate layer is the ease of access to 

the bottom electrode of PZT layer. Using conductive bonding layer, the bottom electrode can be 
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easily reached on top of the silicon wafer. However, the issues related to high temperature 

processing (Au eutectic, and soldering of AuIN), and non-uniformity of bonding layer 

(conductive epoxy resin) have to be accounted for the post processing steps. 

To overcome these issues, the use of a polymer-based adhesive (non-conductive) material as 

intermediate layer for bonding of bulk PZT on Si wafer was presented by Wang et al. [46]. The 

objective was to develop a low-temperature and the fast processing bonding technique with a 

good uniformity and chemical resistance of the intermediate layer. The material was a spin on 

polymer-like adhesive (CYTOP) because of its chemical resistance to several etchants used in 

microfabrication such as TMAH, KOH, 49 % HF, Cr and Au etchants as well as Acetone. In this 

work, a 300 µm thick PZT plate with diameter of 90 mm was bonded to a 100 mm SOI wafer. 

The bonding was performed using a wafer bonder at 160 oC under a pressure of 3 bar for 30 

min. The resulting thickness layer was 5 ± 1 µm with a bonding strength of 4.3 MPa. Although 

this technique presented the advantages of being performed at low-temperature, with fast, 

good uniformity and chemical resistance using spin-on method. After bonding, the bonded PZT 

wafer was thinned down to 20-40 µm using both wet chemical etching and chemical mechanical 

polishing (CMP). This demonstrates the potential of using a polymer-based adhesive as an 

intermediate layer. The only drawback of such a configuration is having limited access to 

bottom electrode In that case, the through holes needed to be patterned before bonding of the 

PZT layer.  An overview of the bonding processes used to bond bulk PZT sheet on silicon is 

presented in table 3.1 

Table 3.1: Overview of the techniques used in the bonding of bulk PZT sheets onto silicon substrates. 

Reference Bond layer 
Thickness 

(µm) 

Bonding 

temperature (oC) 
Challenges 

[26] Gold (Au) 2 450-550 
Residual stress, depolarization, 

and fabrication cost issues. 

[27] 
Conductive 

epoxy-resin 
2-4 40-100 

Non-uniform bond layer 

thickness. 

[29] AuIn 5-9 200 
Indium form oxide layer 

reducing the bonding strength. 

[46] Cytop 4-6 160 
Required access to the bottom 

electrode of the PZT.  

 

The results in table 3.1 show that each technique has their own drawback that has to be 

overcome in order to obtain a good bonding process. In this chapter, the development of low-

temperature and reliable process will be presented. 
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3.2. Comparison of bulk PZT ceramic properties  

PZT ceramics are usually divided into two groups which are “soft” and “hard” doped PZT. The 

difference between hard and soft PZT refers to the ferroelectric properties, i.e. the mobility of 

the dipoles or domains, and thus the polarization/depolarization behavior.  

Small amounts of a donor dopant, e.g. Niobium (Nb5+), added to a PZT formulation create metal 

(cation) vacancies in the crystal structure. The enhancement on the piezoelectric properties of 

the PZT ceramic refers as the soft PZT. Soft PZT ceramics are characterized by large 

electromechanical coupling and piezoelectric coefficient, high dielectric constants resulting in 

high dielectric losses, low mechanical quality factors, and poor linearity. In general, soft PZT 

exhibits large hysteresis and low Curie points (below 300 °C), and thus are more susceptible to 

depolarization. Large values for dielectric and dielectric losses restrict the soft PZT from the 

applications that require the combinations of high electric field and high frequency input. As a 

result, soft PZT are suitable in sensing applications. 

An acceptor dopant, e.g. Ferrite (Fe3+), in a PZT formulation creating oxygen (anion) vacancies 

in the crystal structure refers as hard PZT. The characteristics of hard PZT are generally at the 

opposite of those of soft PZT, including high Curie points (above 300 °C), small 

electromechanical coupling and piezoelectric charge constants, and large mechanical quality 

factors. Hard PZT are typically more stable than soft PZT. They are also more difficult to 

polarize or depolarize. Since they exhibit small dielectric constant and dielectric losses, 

therefore hard PZT are more compatible with the applications that for which voltage and high 

mechanical load are required.  

When choosing the PZT for a particular application, for example, in energy harvesting, it is 

useful to consider the general classification and specific characteristics of each type of PZT. An 

overview of commercially available soft and hard PZT is given in table 3.2.  

Table 3.2: Comparison of piezoelectric properties of the commonly used and commercially available PZT. 

Materials ε33 k31 
d31 

(pC/N) 
Qm 

tan δ 

( 105 V m-1) 

TC 

(oC) 

s11
E 

(pm2 N-1) 

FoM 

(e2
31, f/ ε33) 

Soft PZT-5A [65] 1800 0.35 -190 80 0.01-0.03 350 15.1 0.14 

Soft PZT-5H [65] 3800 0.44 -320 32 0.01-0.03 230 16.1 0.19 

Hard PZT-4 [100] 1650 0.32 -130 1200 0.005 270 12.6 0.14 

Hard PZT-8 [100] 1200 0.32 -120 2000 0.003 330 11.8 0.18 
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The data presented in table 3.2 shows that soft PZT-5H exhibit high electromechanical coupling 

and piezoelectric coefficient as well as a high figure of merit desirable for piezoelectric energy 

harvesting. However, its Curie temperature as low as 230 oC, was an important issue that needs 

to be considered. Although soft PZT-5A presents a lower electromechanical coupling coefficient 

than PZT-5H, its figure of merit is comparable to PZT-5H while exhibiting higher Curie 

temperature of 350 oC. Thus, both PZT-5A and 5H were investigated in this study.  

As discussed in section 2.4.4, a key challenge in the wafer level fabrication of piezoelectric 

devices based on bulk PZT, especially for piezoelectric MEMS energy harvesters, is the low-

temperature bonding of the piezoelectric layer onto silicon substrate. The temperature at which 

a piezoelectric material is going to be post-processed is the most important parameter to 

consider in order to specify a bonding technique. As a rule of thumb, the processing and 

operation temperature should not surpass about half way between 0 oC and the Curie 

temperature of the piezoelectric materials since the materials cannot sustain their polarization 

at a temperature above the Curie point. Moreover, the thickness uniformity of the intermediate 

layer should very good in order to well control the thinning process pf PZT sheet and obtain 

reproducible harvester’s characteristics. Thus, in this thesis, low-temperature and cost-effective 

bonding techniques, including spin-on polymeric adhesive (DELO 4552), and lamination of dry 

film photoresist (PerMX3014), was investigated through the electromechanical coupling 

coefficient of a prototype harvester based on bulk PZT. This evaluation can be used as a 

guideline for the development of low-cost, reliable and reproducible wafer level fabrication of 

bulk PZT energy harvesters, and for piezoelectric MEMS in general. 

3.3. Investigation of the proposed bonding techniques 

3.3.1. Test structure at die level 

In order to specify the optimal bonding process, the proposed bonding techniques were studied 

by investigating the electromechanical coupling coefficient (
2

effk ) of the first generation (1st 

Gen.) harvester based on bulk PZT fabricated at die level. The 1st Gen. harvester was based on 

unimorph cantilever with proof masses at the free end. The supporting layer and a proof mass 

were made from the silicon substrate. To further decrease the resonant frequency, another 

heavy proof mass made by stainless steel was added directly on top of the silicon proof mass. As 
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a proof of concept, the 130 µm-thick PZT-5A was first used as piezoelectric element and located 

on the top of silicon cantilever operated in transverse (d31) mode.  

 

Figure 3.1: Schematic of a unimorph cantilever with proof mass piezoelectric energy harvester. 

 

The 1st Gen. harvester was designed to operate at a frequency below 200 Hz. A more detailed 

description on the design of the harvester is given in chapter 4. The design parameters of the 

thick PZT sheet harvester are given in table 3.3. 

Table 3.3: The 1st Gen.  harvester design parameters. 

Piezoelectric layer 

volume (mm3) 

(Wb × Lb × tp) 

Silicon beam 

volume (mm3) 

(Wb × Lb × ts) 

Mass (Si) 

volume (mm3) 

(Wm × Lm × tm(Si)) 

Mass (stainless steel) 

volume (mm3) 

(Wm × Lm × tm(St)) 

Cantilever base 

volume (mm3) 

(Wb × l × t) 

3 × 8.50 × 0.13 3 × 8.50 × 0.13 7 × 7 × 0.53 7 × 7 × 1.40 3 × 6.50 × 0.53 

 

 

Figure 3.2:  Fabrication of process flow of the 1st Gen harvester at die level: (a) DRIE. (b) Deposition of 

silicon nitride and RIE on backside. (c) KOH etching on the backside. (d) Bonding of PZT with metallic 

electrodes. (e) Bonding of steel proof mass. 
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The fabrication process of the 1st Gen. harvester is illustrated in figure 3.2. The process started 

from a 100 mm in diameter and 525 µm-thick silicon substrate. The shape of the cantilevers 

was first patterned from the top side by DRIE (figure 3.2(a)). A 200 nm-thick LPCVD silicon 

nitride film was then deposited on both side for electrical isolation and used as masking layer 

during the KOH etching of silicon. Backside openings in the silicon nitride were defined using 

UV lithography followed by RIE etching (figure 3.2(b)). The exposed silicon areas were wet 

etched in a KOH solution to complete the formation of the silicon cantilever with proof mass 

(figure 3.2(c)). The diced 130 µm-thick PZT beams covered with nickel electrodes were bonded 

using the manual placement of each PZT pieces onto the silicon cantilevers using DELO 4552, 

and dry film photoresist layers (figure 3.2(d)). These bonding layers investigated in this study 

will be further discussed in the next section. Finally, a stainless steel proof mass was bonded on 

top of the silicon mass by using epoxy (figure 3.2(e)). 

3.3.2. Adhesive layers 

3.3.2.1. Spin on polymeric adhesive 

Light-activated adhesive, DELO-KATIOBOND® 4552 from DELO Industrial Adhesive, was first 

investigated. Thanks to the low-viscosity of DELO 4552, the thickness of the adhesive can be 

controlled using spin on process. The special feature of DELO 4552 is that they can be 

preactivated. It is therefore possible to bond opaque materials as DELO 4522, which is not only 

processed at a room temperature, but also exhibits high bonding strength, up to 24 MPa, 

without external applied pressure. However, the bonding strength depends on the final 

thickness of the layer, the cleaning of the bonding surfaces as well as the materials to be 

bonded. Due to the low-viscosity of 1300 mPa.s, an adhesive layer thickness of less than 10 µm 

could be achieved by controlling the spinning speed. In addition, bonding process using DELO 

4552 should be performed within 1-2 min, after its activation by UV. The time available may be 

useful for the alignment of PZT onto the target substrate. During this time the adhesive is still 

removable using DELOTHEN or acetone and thus the open access to the bottom electrode of the 

PZT could be created. After these 1-2 min, the adhesive became harder and difficult to remove. 

In the practical experiments, DELO 4552 was spun onto pieces of a diced PZT sheet at a speed of 

3000 rpm in order to obtain a layer thickness less than 10 µm. After spinning, the adhesive was 

cured with UV light at a wavelength of 390 nm and intensity of 55mW cm-2. The PZT face 
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covered with DELO 4552 was then bonded to the silicon cantilever without applied pressure. 

The DELO 4552 covering through hole was removed using acetone to provide access to the 

electrical contact on the bottom electrode. The curing time to reach final strength was 24 h at 

room temperature. 

3.3.2.2. Lamination of dry film photoresist 

Dry film photoresist (DP) PerMX3014 (14 µm-thick) from DuPont was also applied  as a 

bonding layer since it provides a defined thickness, a bonding process temperature as low as 85 

oC, good adhesion to different materials (metal, glass, silicon, and plastic substrates), and high 

tensile strength [101].  

The transfer process started by the lamination of the dry film photoresist PerMX (14 µm-thick) 

onto the diced PZT beams. One should note that the length of the DP was defined to be not 

covered the through holes in order to get access to the bottom electrode of the PZT. The 

lamination was performed using a semi-automatic double-roller laminator at 85 °C, 2 bars and 

2 mm/min. After a post-lamination bake (5 min @ 85 °C), the DP/PZT stack was exposed to UV 

light (250 mJ cm-2) in order to polymerize the DP [101]. Finally, a post-exposure bake (10 min 

@ 60 °C) was performed in order to finalize the cross-linking process. Next, the PZT/DP stack 

was aligned and bonded to the silicon cantilever substrate using 8 kPa of pressure at 85 °C for 

10 minutes. In order to obtain good adhesion between the layers and to achieve the flexible 

mechanical properties of the DP, the stack was hard-cured at 85 °C for 1 hour in a convection 

oven [101].  

3.3.3. Eletromechanical coupling measurements 

In experiment, the electromechanical coupling coefficient of the 1st Gen. harvester was 

measured by exciting the harvester electrically and mechanically in order to investigate both 

converse and direct piezoelectric effect. The converse piezoelectric effect was measured using 

an Agilent 4294A Precision Impedance Analyzer to excite the harvester electrically, and then 

measure the harvester impedance magnitude and phase. Figure 3.3 gives an example of 

impedance measurement on the prototype based on the DELO 4552 bonding layer. The 

outcome from the impedance measurement was the resonant (fr) and antiresonant (fa) 

frequencies. In this case, the coupling coefficient is given by 
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Figure 3.3: Impedance and phase of the 1st Gen. harvester at its resonance with an applied voltage of 500 

mV from the impedance analyzer. 

 

It should be noted that the coupling coefficient 
2

effk is not the material constant value of the PZT 

(k31) layer, but depends on the geometry and other elastic materials [18]. From figure 3.3, the 

2

effk for the DELO 4552 was calculated to be 5.5 %. With the prototype based on dry film 

photoresist, the 
2

effk was found to be 4 %. 

The direct piezoelectric effect was investigated using an electromagnetic shaker (Brüel & Kjær 

type 4811) driven by a vibration exciter control (type 1050) and a power amplifier (type 2712) 

to apply mechanical oscillations at several accelerations while varying the frequency. 

Experimentally, the harvesters were mounted on the shaker and connected directly to various 

resistive loads (RL). The AC current (Irms) passing through a resistive load under various 

acceleration levels was recorded on a multimeter (Agilent 34411A) as shown in figure 3.4. The 

optimal power transfer that can be calculated using Pave = I2
rms RL from the harvester to external 

load occurs at a specific load value termed the optimal load. The power as a function of the 

input vibration frequency in the open circuit and short circuit conditions were measured with a 

resolution less than 0.1 Hz per point (the frequency range was chosen to have span around the 

resonant frequency obtained from the previous impedance measurement). The open circuit was 

simulated using a very high resistance RL ≥ 1 MΩ and the short circuit was simulated with RL ≤ 
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100 Ω. The dynamic electromechanical coupling coefficient ( 2

effk ) of each device was 

experimentally determined from the frequencies shift between open circuit and short circuit 

conditions [102]. The 2

effk  can be calculated using the equation as follows 

2 2
2 . . . .

2

. .

o c s c
eff

s c

f f
k

f

−
=                                                                         (3.2) 

where fo.c. and fs.c. are the open circuit and short circuit resonant frequencies, respectively. 

 

 

Figure 3.4: (a) Optical images of the fabricated harvester mounted on the shaker. (b) Electrical 

measurement scheme. 

 

The resonant frequency of the thick PZT harvester made using DELO 4552 and lamination of 

dry foil photoresist are found at 164.1 ± 5 Hz and 167.8 ± 4 Hz, respectively. Figure 3.5(a) gives 

an example of the measured output power as function of the frequency from the device made 

using DELO 4552 at open circuit (RL = 1 MΩ) and short circuit (RL = 100 Ω) conditions. The 

calculated 2

effk for all devices are given in figure 3.5(b). 



56 | Chapter 3 

 

 

                                              (a)                                                                                                  (b)                                                                    

Figure 3.5: (a) The average output power of the harvester as a function of excitation frequency in the 

short circuit (RL = 100 Ω) an open circuit (RL = 1 MΩ) conditions at an acceleration of 1 g. (b) Calculated 

electromechanical coupling coefficient (
2

effk ) of the bulk PZT harvester with different bonding layers. 

 

The harvester based on the spin coated epoxy (DELO 4552) exhibited a good electromechanical 

coupling of about 6 ± 0.2 % compared to 5 ± 0.4 % obtained from the devices based on the DP. 

The result obtained was in close agreement with the result from impedance measurement 

exhibiting a well characterized in their material properties provided from the commercial bulk 

PZT.  Furthermore, the electromechanical coupling obtained from both DP (5 %) and DELO 

4552 (6%) were higher than the results obtained from the piezoelectric harvester based on 

screen printed PZT (2%) [25], [30]. This indicated the potential of using bulk PZT in energy 

harvesting application. 

One possible reason to the difference in coupling coefficient on both DLEO 4552 and DP is that 

the thickness of the epoxy resin (~ 10 µm) was smaller than the thickness DP (~ 14 µm), which 

can result in different mechanical properties [27]. Another possibility is that the bonding of the 

PZT sheet on silicon was done at a die level, therefore the DP/PZT stack could have not been 

strongly bonded to the silicon with the used process and lamination machine. Furthermore, 

with an increased thickness of intermediate layer, the stiffness of the structure was increased 

leading to a reduction of the strain acting on the piezoelectric material [103] which resulted to 

small output power generation as shown in figure 3.6. 
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Figure 3.6: Average output power produced by the harvester as a function of input acceleration at the 

optimal load resistance of 218 kΩ. 

 

It was observed that the output power obtained from the harvesters made by spin-coating of 

epoxy resin was slightly higher than the harvesters made by DP. This confirms that the 

electromechanical coupling coefficient is an important parameter that has to be considered in 

the fabrication of piezoelectric harvester. An expanded discussion on relevant parameters on 

the design of the 1st Gen. harvester as well as the electrical characterization is given in chapter 

4. Finally, using the power response at short circuit condition (figure 3.5(a)), the mechanical 

damping ratio can be defined using the half-power bandwidth method [104]. The measured 

damping ratio value can be used as an input to the development of a finite element model as 

described in chapter 4. 

3.4. Bulk PZT bonding, thinning, and patterning at wafer level 

3.4.1. Bonding of bulk PZT at wafer level 

A good electromechanical coupling coefficient can be achieved using the spin coating of DELO 

4552 process at room temperature as bonding layer. Moreover, layer thickness less than 10 µm 

can be achieved. However, an important issue is to get access to the bottom electrode of the 

PZT. After its final curing, the DELO 4552 becomes a harder material and it is difficult to remove 

using any chemical solution. This issue may be the limitation for fabricating the harvester based 

on bulk PZT at wafer level. Using dry film photoresist as a bonding layer at wafer level requires 
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a step of photolithography in order to define the position of the through holes. Removing 

photoresist by developer may reduce the bonding strength between bulk PZT and the silicon 

wafer. Furthermore, the delamination of PZT from the dry film photoresist could occur due to a 

mismatch of the thermal expansion coefficients for PZT/dry film photoresist laminated over a 

large area.  

To fulfill these conditions, low-temperature, as low as 110 oC, bonding using a spin-on 

polymeric adhesive WaferBOND® from Brewer Science, Inc. as an intermediate layer was 

developed in this work. It offers the advantages of being a low-viscosity solution (1050 mPa.s), 

providing a thin (≤ 10 µm), and planar layer after its spinning. Moreover, it is also thermally 

stable up to 220 oC and resistant to acids, bases, and most solvents, making it compatible with 

all of the subsequent microfabrication steps. It is, however, dissolvable in WaferBOND® 

remover and dimethylbenzene (Xylene) which is required in order to provide access to the back 

electrical contact of the final piezoelectric devices when operated in d31 mode. 

As discussed in chapter 2, piezoelectric harvester would benefit from a high electromechanical 

coupling coefficient in order to generate a high output power. Thus, bulk PZT-5H was material 

of interest for the design and fabrication of piezoelectric harvester due to its high 

electromechanical coupling coefficient. However, PZT-5A could also be used in piezoelectric 

harvester due to its lower dielectric constant and a higher Q factor compared to PZT-5H. More 

discussion is given in chapter 4. 

In this study, a low Curie temperature PZT-5H, as low as 230 oC, was used to evaluate bonding 

process using WaferBOND® at wafer scale. If the original properties of PZT-5H can be preserved 

using this technique, thus the WaferBOND® can be applied to other low Curie temperature as 

well as high Curie temperature PZT. The low-temperature bonding process overview including 

WaferBOND® coating and PZT mounting is presented in figure 3.7.  
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Figure 3.7: Low-temperature bonding process of a bulk PZT sheet on silicon using polymeric adhesive 

WaferBOND®.   

 

To bond a complete as-purchased square PZT sheets with Ni electrodes, 72.4 × 72.4 × 0.130 

mm3 (figure 3.8), on 100 mm silicon wafer, WaferBOND® was spun onto one side of the PZT 

sheet at a speed of 2500 rpm for 30 seconds. 

 

Figure 3.8: Commercially available PZT-5H from Piezo Systems, Inc. 

 

The spinning parameters were based on data found on the material data sheet provided by 

Brewer Science, Inc., with the goal of obtaining a bonding layer thickness of 8 to10 µm as shown 

in figure 3.9. Achieving thinner layer of WaferBOND® may be possible by increasing the 

spinning speed. However, the bonding strength can be reduced. A soft bake was done on a 
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hotplate at 100 oC for 2 minutes to evaporate the solvent and planarize the layer. The PZT sheet 

with a layer of WaferBOND® was then bonded to the silicon wafer at 110 oC for 2 minutes with 

an applied pressure of 0.1 MPa using an in-house bonder consisting of two thermally and 

mechanically controlled plates along with force sensor in order to accurately control the 

applied pressure. 

 

Figure 3.9: Spinning speed curve for 30 s provide by Brewer Science, Inc. 

 

Finally, the PZT/silicon wafer stack was cooled down to room temperature while maintaining 

the applied pressure. Figure 3.10 shows a PZT/Si wafer stack and the SEM image of the cross-

section of wafer after bonding process. The bonding strength and the observation of 

ferroelectric properties will be discussed in section 3.5. 

 

 

Figure 3.10: Optical image of the PZT/Si stack on 100 mm silicon wafer bonded at the wafer level (left) 

and SEM image of the cross-section of the wafer stack (right). 
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It was observed that the thickness of the WaferBOND® was measured to be around 7 µm. This is 

maybe because of the high surface roughness of initial PZT. Some of the WaferBOND® were 

penetrated to the very rough surface of initial bulk PZT resulting in the reduction of 

WaferBOND® thickness. More results on the surface roughness are given in section 3.4.3.  

3.4.2. Bulk PZT thinning 

Commercially available PZT sheets typically have thicknesses greater than 100 µm. In order to 

fabricate a mechanically flexible structure, leading to a low resonant frequency at MEMS scale, 

the PZT sheet which is already bonded on a silicon wafer must be thinned down to a thickness 

of less than 50 µm. Thinning of PZT sheet can be achieved using several subtractive methods 

such as by purely wet-chemical etching [27]-[28], and abrasive lapping or chemical mechanical 

polishing (CMP) [29], [62], [105].  

Wet etching of PZT is one of the most favored methods due to its cost-effectiveness process. 

However, it is more suitable for patterning PZT thin films (< 5 µm) because of lead (Pb) halide 

residue [106]. This chemical residue appears on the exposed surface and prevents the PZT 

exposition to the etchant causing locally a decreased in the etch rate. In addition, the PZT 

cannot be etched perfectly and this can result in a high surface roughness. When using wet 

etching to thin bulk PZT, a multiple-step procedure of etching and removing the residues have 

to be followed in order to efficiently etch the PZT to the desired thickness. The lapping or CMP 

is an alternative solution. It provides fast, wafer-scale, and capability of parallel processing. 

However, thinning process using CMP on 100 mm sized wafer suffers from a variation in 

material removal rate from the edges to the center of the wafer [105], [107] causing 

nonuniformity in the final film thickness. Recently, Arai et al. [107] reported on thinning of PZT 

ceramics using mechanical grinding. In grinding process, a relative displacement between the 

grinding wheel and the workpiece materials (materials to be ground) leads to a variation of the 

actual cutting depth. Using this technique, good average surface roughness of about 80 nm and 

surface flatness of ± 3 µm can be achieved. However, fractural damage that is induced in the 

surface area is an important issue. In order to reduce the damage of the PZT surface, the 

technical parameters such as the feed rate of the wheel, spindle speed as well as abrasive grit 

size, have to be optimized. In this study, mechanical grinding is adopted as it provides a very 

fast processing at the wafer level with no thermal or chemical damage to the final thinned PZT 
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layer. By using a very fine grit size, a good surface roughness, flatness as well as less fractural 

damage on the PZT could be achieved. 

The PZT sheet is thinned using an automatic surface grinder DAG810 from DISCO Corporation 

at EPFL-Center of Micronanotechnology (CMi), as shown in figure 3.11. To facilitate handling 

and improve the surface quality during the grinding process, UV activated polymeric tape was 

used to handle the wafer containing the bonded PZT sheet before clamping it to a rotating 

vacuum chuck as shown in figure 3.12. A synthetic diamond grinding wheel sweeps across the 

center of the vacuum chuck that removes material from the PZT sheet.  A constant flow of 

deionized water is used to clean and cool the wafer during the grinding process. 

 

 

 

 

 

 

 

Figure 3.11: Schematic of grinding mechanism (left) and automatic grinder DAG810 from DISCO 

Corporation, Japan (right). 

 

 

Figure 3.12:  Schematic of the cross-section of PZT/Si stack wafer describing the grinding process. 

 

Automatic Grinder DAG810 

(Photo courtesy: DISCO Corporation) 
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Precise control of the vertical displacement of the grinding wheel with respect to the position of 

the vacuum chuck provides a flat surface with a specified total thickness variation (TTV) of 1 

µm. The grinding process is divided into 2 or 3 grinding steps depending on the starting and 

final thicknesses of the material to be ground (figure 3.12). Initially, a high feed rate (µm s-1) of 

the grinding wheel is used in which the bulk of the material is removed. As the desired 

thickness is approached, the feed rate of the grinding wheel is decreased to diminish the load on 

the sample. The grinding speed depends on the rotational speed (rpm) and the feed rate of the 

grinding wheel. This is determined based on the materials to be ground, the final thickness to 

be achieved, and the grit size of the grinding wheel. Grit or abrasive grain is the element that 

actually performs the cutting activity in the grinding process. The size of the abrasive grain is 

expressed by the size of the screen opening through which the grains are sifted or sorted. For 

instance, a grain or grit which goes through a screen 24 mesh or openings per linear inch is 

called 24 grain which is roughly twenty fourth of an inch across. The higher the grit size 

numbers the finer particles. The choice of abrasive grit size depends on the material to be 

ground.  In order to achieve a very fine surface roughness as well as to reduce the surface 

damage, a very fine grit size (no. 2000 with diamond grain of about 2 µm from DISCO), which is 

normally used for brittle materials and a smooth finish, was used. With this wheel, grinding 

speed as high as 15 µm per minute for PZT-5H has been achieved. Using a very fine grit size, an 

average surface roughness less than 100 nm can be achieved. The final PZT thickness after 

grinding was designed to be 20 µm. Thinning PZT sheet by grinding to the thickness less than 

20 µm may be difficult to achieve due to the rough surface of initial PZT sheet (˃ 5 µm peak-to-

valley), as discussed in section 3.4.3, as well as the extra stress provided by the vacuum chuck. 

To achieve thinner layers than 20 µm, a hybrid method of mechanical grinding and wet etching 

can be deployed. A hundred microns thickness of PZT can be thinned down by mechanical 

grinding to the thickness about of 20 µm. Then, a wet etching process can be used to further 

thin down to the desired thickness (< 20 µm). Furthermore, one side of PZT sheet should be 

ground or polished before being bonded to the substrate in order to improve the uniformity of 

the thinned PZT layer at the thickness of < 10 µm. Figure 3.13 shows the PZT/silicon stack 

wafer after grinding to the final PZT thickness of about 20 µm. 
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Figure 3.13:  Optical image of the PZT/Si stack wafer after grinding (left) and SEM image of the cross-

section of PZT/WaferBOND®/Si stack wafer (of about 20 µm of PZT). 

3.4.3. Thinned bulk PZT characterization 

The bonding strength between the PZT and the silicon, the surface roughness of the PZT, the 

thickness uniformity of the piezoelectric layer over the entire wafer, and the polarization of the 

PZT were all experimentally investigated after thinning. 

3.4.3.1. Bonding strength 

The bonding strength of PZT/WaferBOND®/silicon stack has been measured on 1 cm × 1 cm 

samples using a tensile test (INSTRON 3344). Figure 3.14 illustrates the experimental setup for 

the bonding strength test. The bonded chips were fixed to the clamping sample holder tools 

using a glue epoxy. The clamp was then pulled apart under a certain speed of 0.01 mm s-1. The 

tensile data was recorded using provided controlling software. 

The measured average tensile strength was 11.5 MPa with a standard deviation of 2.5 MPa 

(11.5 ± 2.5 MPa). This was done by pulling a sample apart from the clamps and observing the 

broken WaferBOND® layer. This results show that WaferBOND® is mechanically robust for the 

processing of the PZT on silicon. In addition, the bonding strength is sufficient to operate the 

device as a piezoelectric actuator [26]. 
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Figure 3.14:  Schematic diagram of experimental setup for the tensile strength test (left) and photograph 

of the pull tester INSTRON 3344.  

3.4.3.2. Surface roughness and thickness uniformity 

The surface roughness of both original 130 µm-thick bulk PZT and thinned bulk PZT after 

grinding was measured using a white light interferometer (WYKO). 

 

Figure 3.15: Measured surface roughness of initial 130 µm-thick bulk PZT sheet using white light in- 

terferometer (WYKO NT1100 optical profiling system) (left) and SEM image of the surface of the initial 

PZT with nickel electrode on top. 

 

The root-mean-squared surface roughness (Rq) of a fresh purchased bulk PZT-5H sheet was 

measured to be 565 nm with a maximum peak-to-valley difference (Ry) of about 5 µm as 

illustrated in figure 3.15. After grinding, the Rq was reduced to 28 nm with Ry of 235 nm as 
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shown in figure 3.16. The results revealed that a good surface roughness is achieved which is 

acceptable for most microfabrication processes. 

 

Figure 3.16: Measured surface roughness of thinned bulk PZT-5H (of about 20 µm-thick) after grinding 

(left) and SEM image of the surface of the thinned bulk PZT indicated 3-4 µm grain size (right). 

 

As shown in figure 3.13, the measured value of the actual PZT and intermediate bonding layer 

at the end of the process was found to be 23 µm and 7 µm, respectively. The thickness variation 

of the PZT and intermediate bonding layer across the wafer was observed by performing a 

thickness mapping using a mechanical profilometer (Nikon DIGIMICRO MFC-101). The 

variation was found to be ± 0.3 µm across the entire PZT sheet as shown in figure 3.17. 

 

Figure 3.17: The thickness uniformity of the full PZT sheet (and the bonding layer) after grinding. 
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3.4.4. Patterning of thinned bulk PZT 

For application in MEMS sensors and actuators the patterning of PZT films is a key step in the 

fabrication of devices. Various dry etching processes such as ion beam etching (IBE) [108], and 

reactive ion etching (RIE) [109] have been studied to define patterns on ferroelectric materials. 

Among these, IBE is a dry etching technique that enables to etch PZT films with no 

undercutting. However, the poor selectivity of PZT etching over photoresist masks and also 

bottom electrode materials is still an issue. In this thesis, a wet chemical etching process was 

studied. The wet etching of PZT has gained considerable attention in MEMS since it is 

economical and effective method compared to dry etching. Moreover, it is fast process with the 

etch rate of about 1 µm/minute [106] that can be combined with photoresist as masking layer. 

Since PZT material made of the following compounds of PbO, ZrO2, and TiO2, a mixture of 

chemicals is needed for PZT etching.  In recent years, a combination of HF and HCl has been the 

most used solution for etching PZT. Among these, HF is a necessary element since ZrO2 can be 

effectively etched using only HF. However, the main problems of this solution are the remaining 

of Pb-rich-residues and heavy undercutting due to the interaction of HF with the photoresist 

mask. In order to minimize these issues, Zheng et al. [106] proposed a different etchant for PZT 

wet etching using BHF: HCl: NH4Cl:H2O solution. 

HF was replaced by BHF in order to diminish the interaction with the photoresist, which can 

result in loss of adhesion between the photoresist mask and the PZT film. HCl mainly 

contributed to the etching of PbO and TiO2. To reduce the undercutting of the achieved PZT 

patterns, NH4Cl was introduced as an additive solution. In our experiments, the etchant was 

prepared at room temperature as follows: 38% HCl, saturated NH4Cl, and deionized water were 

added to the BHF solution at a volume ratio of BHF: HCl: NH4Cl:H2O = 1: 2: 4: 4. During the 

etching process, however, it was found that chemical residues (PbClF) [106] appeared on the 

PZT layer which are unsolvable in deionized water and can prevent the PZT exposition to the 

etchant as shown in figure 3.18.  The reaction process between PZT and HF + HCl can be given 

by 

2 2 2

3 6 6 4 2( , ) [ ] [ ] [ ] [ ]( )Pb Ti Zr O H F Cl TiF ZrF PbCl PbClF s H O+ − − − − −+ + + → + + + +         (3.1) 
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In order to remove the PbClF residues, a solution composed of 2 HNO3: 1H2O was introduced 

since a high concentration HNO3 is able to dissolve lead halides [106]. This additional etching 

process can be described as 

2

3 2 3PbClF HNO PbCl Pb NO HF+ −+ → + + +                                              (3.2) 

To etch 23 µm-thick PZT, the process was therefore divided into two main steps as follows: 10 

minutes for etching the PZT in the etchant solution and 5 minutes for removing the residues in 

HNO3. By repeating these steps twice, the 23 µm-thick PZT was completely etched. PZT 

patterning was achieved after 30 minutes as shown in figure 3.18. 

 

 

Figure 3.18: Optical image of the residues on the nickel bottom electrode (left) and the pattern of 

thinned bulk PZT with undercutting after wet etching (right). 

 

As shown in figure 3.18, an unexpected heavy undercutting, as high as 40: 1 (lateral undercut to 

etch depth ratio), was found at the edge of the pattern due to the over etching time. The 

photoresist was attacked by HF and it was then delaminated from the PZT. Optimizing the 

process time to reduce this interaction is still required. Another possible method to reduce the 

undercutting is to divide the process into multiple steps of lithography and wet etching. In that 

case, only a part of the PZT thickness will be etched at once, the photoresist will be stripped off 

and replaced by the a layer for the next etching step. The total undercut will be then limited to 

the maximum undercut obtained at one of these cycles [29]. Other techniques can be also used 

to pattern the PZT thin film such as laser ablation [61], [110] and Ion beam milling [111]. 

However, each method presents issues related to micro crack from heat generated, long 

processing time, fabrication cost, or limited potential for batch manufacturing. 
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3.5. Observation of ferroelectric properties 

After bonding, thinning, and patterning, the ferroelectric properties of the thinned bulk PZT 

were verified by measuring the remnant polarization and the coercive field of the piezoelectric 

layer. This measurement was supported by Dr. Stefano Gariglio from Condensed Matter Physics 

Department at the University of Geneva. The corresponding polarization was determined at 

room temperature using a ferroelectric tester (TF analyzer 2000) on the thinned bulk PZT layer 

with Cr/Ni top and bottom electrodes of 1500 × 1000 µm2. Figure 3.19 shows the hysteresis 

loops measured at 100 Hz before and after the thinning process. The remnant polarization (Pr) 

of the thinned bulk PZT layer was measured to be 36.5 ± 1.6 µC/cm2 and the coercive field was 

2.2 ± 0.2 kV/mm. The Pr of the initial bulk PZT sheet was measured to be 38.2 µC/cm2. This 

confirms that the ferroelectric properties of the PZT are conserved and that the low-

temperature bonding, mechanical grinding, and wet etching process do not influence the 

properties of the PZT. That being said, the coercive field of the thinned bulk PZT did increase 

compared to the initial PZT sheet due to the reduction of the film thickness 

 

Figure 3.19: Ferroelectric hysteresis loop measured from the processed wafer. 

3.6. Conclusion 

Unlike many of thin film deposited materials, most of the commercially available bulk PZT have 

already their material properties well characterized, such as the piezoelectric coefficient, 

dielectric constant, elastic properties, etc., from sheet to sheet. This allows repeatability and 

reliability in the fabrication and also more accurate and faster analysis and simulation for the 
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design of piezoelectric MEMS harvesters. While most of other PZT films deposition techniques 

such as sputtering, and sol-gel are limited in their films thickness to a few µm, a variety of PZT 

thickness ranged from 20 to 100 µm can be achieved using technologies developed in this 

chapter, including low-temperature bonding and precise thinning at wafer level.  

The process used to transfer bulk PZT sheet to silicon substrate for the microfabrication of 

piezoelectric energy harvesters was first studied by investigating the electromechanical 

coupling coefficient of 1st Gen. harvester. Two Different low-temperature bonding techniques 

based on spin coating of non-conductive epoxy and lamination of dry film photoresist were 

deployed for the fabrication of the harvester prototypes. The prototypes based on the spin 

coating epoxy (DELO 4552) technology provided a slightly better coupling coefficient which 

resulted in a relatively higher output power. The potential of using this adhesive for the 

microfabrication of piezoelectric harvester based on high quality bulk PZT was demonstrated. 

However, at the wafer scale, using the spin coating of DELO 4552, there was still an important 

issue related to the access to bottom electrode of the PZT. Removing the DELO 4522 after final 

curing was difficult due to the physical nature of the epoxy. The dry foil photoresist required a 

further photolithography step in order to pattern the through holes, while still having 

fabrication issues due to the induced strain during the lamination on the full silicon wafer. Thus, 

the implementation of a spin coated polymeric adhesive, WaferBOND®, was proposed. 

WaferBOND® offers not only a low processing temperature as low as 110 oC, which unavoid the 

depolarization of the bulk PZT, but also exhibits a good bonding strength, and is therefore 

mechanically robust for the subsequent fabrication step (grinding) and operation. 

In order to fabricate a mechanically flexible structure, with a low resonant frequency at MEMS 

scale, the PZT sheet bonded on silicon wafer was thinned down to a thickness of 20 µm using 

mechanical grinding at wafer level. The grinding process provided a fast processing with no 

thermal or chemical damage to the final thinned PZT layer. Furthermore, good average surface 

roughness of about 30 nm and uniformity of ± 0.3 µm were achieved. However, achieving PZT 

thickness less than 20 µm still required some optimizations. Wet chemical etching process was 

used for patterning of thinned PZT sheet. The thinned PZT-5H can be etched by a combination 

of HF and HCl with the etch rate as high as 1 µm/min. However, the Pb residues and 

undercutting were still issues that have to be considered. 

After bonding, thinning, and patterning, the ferroelectric properties of thinned PZT-5H was 

investigated by measuring the remnant polarization of the thinned PZT. It was found that the 
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ferroelectric properties of bulk PZT-5H were preserved demonstrating the potential of this low-

temperature bonding process using WaferBOND®. The processes developed in this chapter will 

be used for the fabrication of piezoelectric MEMS harvesters based on high quality bulk PZT to 

be presented in chapters 4 and 5.  
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Chapter 4: Resonant piezoelectric 

MEMS harvester based on bulk PZT and 

its application in an UWB wireless 

sensor node 
 

As discussed in chapter 2, bulk PZT is readily available and offers not only high piezoelectric 

and electromechanical coupling coefficients when compared to other deposited thick or thin 

PZT films techniques, but more powerful piezoelectric energy harvester would also benefit 

from a thicker film. Chapter 3 presented the technology developed for preparing high quality 

bulk PZT on silicon substrate which was capable of conserving the original properties of PZT. 

This chapter focuses on the realization of piezoelectric MEMS resonant harvesters based on the 

bulk PZT with the goal to operate at a low-frequency of less than 100 Hz. 

In this chapter, a general vibration to electricity model is first presented in order to highlight 

important parameters that have to be accounted for the design of piezoelectric harvesters. In 

this thesis, the design of bulk PZT harvesters is supported by the finite element analysis (FEA) 

method. Using coupled piezoelectric-circuit FE simulation in ANSYS, the electromechanical 

behavior as well as the dynamic response of the piezoelectric harvester are studied. A first 

prototype of bulk piezoelectric MEMS harvesters was then fabricated, using manual placement 

on individual PZT pieces as well as a heavy metal proof mass on silicon cantilever, in order to 

validate the FE simulation model. Using the results obtained from the harvester prototype, a 

self-powered ultra-wideband impulse radio (UWB-IR) data transmission using harvested 

vibrational energy is demonstrated. 
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In last part of the chapter, a fully wafer level microfabrication process for the production of 

unimorph MEMS energy harvester based on thinned bulk PZT is presented. This process 

eliminates the need for the individual bonding of PZT pieces and proof mass at the chip level.  

Implementing this fabrication process, twenty MEMS harvesters with nickel proof mass based 

on thinned bulk PZT were fabricated in parallel and characterized. Finally the results were then 

compared to the current state of the art. 

4.1. Theory on resonant generator and piezoelectric energy 

conversion 

4.1.1. Generic resonant generator model 

A general model for the conversion of kinetic energy from a vibration to electrical power based 

on mass-spring damper system was proposed by Williams and Yates [5] as illustrated in figure 

4.1. 

 

 

Figure 4.1: A simple model of a linear, inertial generator. 

 

A typical inertial generator consists of a rigid frame with a seismic mass (m) suspended by a 

spring (k) in side. The working principle is that the inertial mass moves relative to the frame, 

with a displacement z(t), in response to an external applied displacement y(t). Energy losses 

within the system, consisting of parasitic losses by mechanical viscous damping (cm), and 

electrical energy extracted by the transduction mechanism (ce), are represented by the damping 

coefficient c. Therefore, c can be defined as c = cm + ce. Assuming that the mass of the vibration 

source is significantly greater than that of the seismic mass, therefore it is not affected by the 
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seismic mass and movement of the harvester. Using the description above, the differential 

equation of motion is given by 

( ) ( ) ( ) ( ) ( )m emz t c c z t kz t my t+ + + = − ɺɺɺɺ ɺ                                              (4.1) 

Due to the fact that this model is linear damper to the mass-spring system, it is considerably 

accurate model for the electromagnetic transducers as analyzed by Williams and Yates. For the 

piezoelectric transducers, however, this model may not be accurate since the effect of electrical 

system on mechanical system is not necessarily linear. Furthermore, piezoelectric coupling 

adds not only electrical damping into the system but also the electrical compliance. However 

this model can be used to provide a simplified comprehension of the generated mechanical 

motion and power. 

The power removed from mechanical system is converted to electrical system by ce electrical 

damping. The electrical damping force (Fe) can be defined by e eF c z= ɺ  [2]. The extracted power 

is the product of the force (Fe) and velocity (v) if they are constant. If they are not constant, the 

power is given by 

0

v

eP F dv= ∫                                                                        (4.2) 

By replacing e e eF c z c v= =ɺ  in equation 4.2, then it becomes 

2

0

1

2

v

e eP c vdv c v= =∫                                                                 (4.3) 

Replacing v with the equivalent zɺ , the power equation is given by  

21

2
eP c z= ɺ                                                                         (4.4) 

Assuming the frame is excited by a sinusoidal vibration, y(t) = Ycos(ωt) where Y0 is the source 

motion amplitude, the transfer function of an input base displacement to the output deflection 

can be derived by taking a Laplace transform in equation 4.1.  

2

2 ( )m e

ms
Z Y

ms c c s k

−
=

+ + +
                                                        (4.5) 
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where Z is Laplace transform of the mass deflection, Y is the Laplace transform of the input 

displacement, and s is the Laplace variable (note: dz/dt = sZ) equivalent to jω. 

Equation 4.4 can be now rewritten as  

2 21

2
eP c s Z=                                                                       (4.6) 

Here, ωn is the resonant frequency of the mass-spring system, k = m ωn
2 is the spring constant, 

and ζm and ζe are unitless mechanical and electrical damping ratios corresponding to cm = 

2mζmωn, and ce = 2mζeωn, respectively. Substituting these descriptions in equation 4.5 and 4.6, 

thus, the power can be given by the following equation 

3

2 2

2 22

1 2

e n

n

T

n n

m Y

P

ω
ς ω ω

ω

ω ω
ς

ω ω

 
 
 =

      
 − +     
      

                                                       (4.7) 

where ζT is the combined damping ratio (ζT = ζm+ ζe).  

When the resonant frequency of the mass-spring system is matched with the excited vibration 

frequency (ω = ωn), and the acceleration level can be derived using A = ω2Y, equation 4.7 can be 

rewritten as 

2

24 ( )

e

n m e

m A
P

ς
ω ς ς

=
+

                                                                   (4.8) 

As described in equation 4.8, the power is optimized for ζm as low as possible, and the power is 

maximized when ζe is equal to ζm. Some parasitic damping is unavoidable and, however, it may 

be useful to be able to vary the damping levels in order to maintain the mass displacement z(t) 

within limits. Furthermore, if sufficient acceleration is provided, increasing damping effect (ζT) 

will result in a wider bandwidth response and the generator will become less sensitive to the 

frequency variation. Since the bandwidth (Δω) over the power generated by the generator is a 

function of its quality factor (Q) and can be given as Δω = ωn/Q, and the Q is also inversely 

proportional to the damping ratio, Q = 1/2ζT. Thus, the generator with high damping exhibit 

larger bandwidth but low power output. In contrary, the low damping ratio leads to large 

power output but sensitiveness to the input frequency. It is clear that both the frequency and 
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the damping level of the generator should be designed to match a particular application in 

order to maximize the output power. If the acceleration magnitude of the vibration is kept 

constant, the power output is inversely proportional to the resonant frequency of the harvester. 

Therefore, the harvester should be designed to have a low resonant frequency. Finally, the 

output power varies linearly with the increasing mass, thus the generator should have a proof 

mass as large as possible within the given size constraints in order to maximize the electrical 

output power. 

4.1.2. Piezoelectric energy conversion 

Assuming that the basic configuration of a piezoelectric generator is composed of a cantilever 

beam with a proof mass attached to its end (figure4.2(a)), a convenient single degree of 

freedom (DOF) electromechanical modeling of a 31-mode piezoelectric generator using 

constitutive equations of piezoelectricity (equation 2.1 and 2.2) was developed by Roundy et al. 

[112]. The conversion of mechanical to electrical energy was modeled as a transformer with an 

equivalent turns ratio of n within a mechanical strain to electrical current model as illustrated in 

figure 4.2(b) 

 

 

(a)                                                                                            (b) 

Figure 4.2: Typical configuration of a piezoelectric generator and equivalent electrical modeling 

presented by Roundy et al. [112]. 

 

In mechanical domain, σin is an equivalent input stress developed by the input vibration. Inertial 

mass (m) is represented by an inductor. The mechanical damping (cm) and the stiffness (k) is 

shown as the resistor and capacitor, respectively. On the other side (electrical), Cp is the 
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capacitance of piezoelectric layer, RL is the load resistance. By applying Kirchoff’s Voltage Law, 

the input stress can be derived by  

  in m cm k eσ σ σ σ σ= + + +                                                                  (4.9) 

As discussed in chapter 2 the piezoelectricity constitutive equations are given by  

TD d Eσ ε= +                                                                        (4.10) 

ES s dEσ= +                                                                         (4.11) 

The transformer involves stress (T represented by σ) to electric field (E) at zero strain, or 

electric displacement (D) to strain (S) at zero electric field. Thus, the equations for the 

transformer directly behave from the piezoelectric constitutive relationships and can be 

expressed as 

PE

dE
dY E

s
σ = − = − ⋅                                                                 (4.13) 

PD d dY Sσ= = −                                                                    (4.14) 

The turns ratio for the transformer is then -dYP, where d is the piezoelectric strain coefficient 

and YP is the Young’s modulus of the piezoelectric element. Then the charge (q) generated from 

the piezoelectric element operated in 31-mode can be calculated using the total dielectric 

displacement produced on the electrode area (A) as given by 

      31 31AV P AVD d d Y Sσ= − = −  (C m-2)                                                   (4.15) 

31 p AVq A D d Y S A= ⋅ = − ⋅  (C)                                                          (4.16) 

The parameters σAV and SAV denote the average stress and strain developed in the piezoelectric 

layer. Considering that the capacitance of the piezoelectric layer is given by P

p

A
C

t

ε
=  where ε = 

ε33ε0 and tp is the thickness of piezoelectric layer, thus the generated charge can be rewritten as 

31 P p p

AV

d Y C t
q S

ε

−
=                                                                 (4.17) 
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As a mechanical strain changes, the current generated from the piezoelectric element can be 

calculated using  

31 ( )( )
( ) P P P AVd Y C t dS tdq t
i t

dt dtε
−

= = ⋅                                                    (4.18) 

Assuming that the external excitation is harmonic, by solving the steady state solution the 

voltage across the resistive load RL can be defined by 

31 31

2

2

1 1( )
( )

P P P P
Peak AV Peak AV

L P
L P

j d Y t d Y t
V S V S

j
R C R C

ω ω

ε ω ε ω

−
= → =

 + + 
 

               (4.19) 

Finally, the generated electrical power dissipated on the resistive load can be simply defined by  

                                                                
2 2( / 2)

2

Peak Peak
rms

L L

V V
P

R R
= =                                                         (4.20)  

The optimal load resistance, at which the maximum power is transferred, can be found by 

differentiating equation 4.20, substituted by equation 4.19, in respect to RL. As described in the 

mechanical force equilibrium equations 4.1 and 4.5, the deflection of the beam was affected by 

the electrical damping, which is partly defined by the electrical load. At maximum power 

generation, the electrical damping ratio ζe will be equal to the mechanical damping ratio ζm. 

Therefore, the optimal load depends not only on the impedance matching to the capacitance of 

the piezoelectric layer, but also on the mechanical damping in the system as given by  

2 2

31

21

4

m
opt

P

R
C k

ς
ω ς

=
+

                                                           (4.21) 

As shown in equation 4.19, the generated voltage as well as the output power are function of 

the average strain. This can be considered as a crucial design parameter. The coefficient used to 

describe to relation between the average strain and the deflection of the proof mass is defined 

by 

*

2

(2 )3

3
(2 )

2

AV b m e

b
b m

S l l lb
b

Z l
l l

+ −
= = ⋅

+
                                                      (4.22) 
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where b is the distance from the neutral strain axis to the center of piezoelectric layer, lb is the 

length of the cantilever beam, lm is the length of the mass, and le is the length of the electrode 

covering the piezoelectric layer. The coefficient b* should be as high as possible in order to 

maximize the output power. For simplification, however, the equation assumes that the load on 

the proof mass of the beam is applied on a single point rather than on a distributed area, and 

the distance to the neutral axis presents a uniform strain along the beam length. In order to get 

more precise model, the finite element analysis (FEA) simulation was developed in this thesis 

for the design and optimization of the harvester. This approach yields high accuracy and is 

beneficial for the design of complex structures. 

4.1.3.  Maximizing power output 

Towards a better understanding of the design parameters having an influence on the output 

power, the term of maximum transmission coefficient (λmax) of the transducers was used to 

determine the maximum output power generated by a piezoelectric transducer [113]. 

Considering the piezoelectric transducer is a linear two-port system as shown in figure 4.3. 

 

Figure 4.3: Linear two-port system of a piezoelectric transducer presented by Roundy et al. [113]. S and 

T are input across and through variables. D and E are output variables. 

 

The maximum transmission coefficient is defined by the ratio of maximum energy stored at the 

output port (Umax) to the total input energy (Uin) as given by 

max

in

U

U
λ =                                                                        (4.23) 

Using the constitutive equation of piezoelectricity from chapter 2, the fundamental equation of 

the two-port system can be defined as 

S s d T

D d Eε
     

=     
     

                                                               (4.24) 
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The subscript indicating the orientation of applied stress and electric field are ignored to 

simplify this analysis. The maximum output energy and input energy are given by 

2
2

max

1

4

d
U T

ε
= −                                                                 (4.25) 

2
2( )

2
in

d
U s T

ε
= −                                                                   (4.26) 

As described in chapter 2, the coupling coefficient term can be expressed as 

2
2 d

k
sε

=                                                                           (4.27) 

By substituting k2 into equations 4.26 and 4.27, the maximum transmission coefficient yields 

2

max 24 2

k

k
λ =

−
                                                                    (4.28) 

This result indicates that the maximum transferred energy is only a function of the 

electromechanical coupling coefficient. The maximum output power can be calculated using 

Pmax = dUmax/dt. Assuming that the excitation is sinusoidal and recalling equation 4.3, the 

maximum power can be expressed as 

max max inP Uλ ω=                                                                  (4.29) 

Referring to figure 4.1, the piezoelectric generator incorporates restoring spring (k). The mass 

will exert some force (F) on the generator, given by ( ) ( )F t mz t= ɺɺ . The magnitude of this force 

can be F mQA= , where Q is the quality factor and A is the amplitude of input acceleration. 

Therefore, the stress in the piezoelectric element can be calculated using /T F a=  where a is 

the cross section area of the beam. Then input energy Uin (equation 4.26) can be rewritten as 

2 2( )
(1 )

2
in

P

k QA
U

Y a
= −                                                            (4.30) 
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where YP is the Young’s modulus of the piezoelectric element and YP = 1/s. The spring constant 

ksp = YP a/t = mω2 where t is the total thickness and m is the mass.  Then ω2 = YP a/tm. Therefore, 

the input energy can be rewritten as 

2 2

2

( )
(1 )

2
in

k QA m
U

taω
= −                                                         (4.31) 

The term t × a is the volume of the piezoelectric beam, therefore for a given volume of the 

generator, the maximum power can be summarized as 

2 2

max

( )

4

k m QA
P

ω
∝                                                             (4.32) 

In order to maximize the output power from a piezoelectric generator, the use of a piezoelectric 

material exhibiting a high electromechanical coupling coefficient (e.g. bulk PZT), of a high 

density materials as a proof mass, and the implementation of a design for lower structural 

damping and vacuum packaging are required.  Furthermore, target applications for which the 

vibrational excitation is at low-frequency and with a high amplitude will generate higher output 

power. 

4.1.4. Effect of electromechanical coupling 

The above described analytical models were simplified from the structure point of view and 

helpful in defining relevant parameters for the harvested power using piezoelectric materials. 

Furthermore, the displacement amplitude of the piezoelectric was assumed to be independent 

from the impedance value of the externally connected load, as example a resistive load. 

However, a piezoelectric harvester device utilizes high electromechanical coupling coefficient to 

convert mechanical energy into electrical energy. In reality, the generated electrical energy 

affects the displacement amplitude through a high electromechanical coupling term. Therefore, 

the governing equation of a piezoelectric harvester can be rewritten as [114] 

( ) ( ) ( ) ( ) ( )Pmz t cz t kz t my t V t+ + = −Θɺɺɺɺ ɺ                                              (4.33) 

( ) ( ) ( )P P Pz t C V t Q tΘ − =                                                            (4.34) 

where Θ represents the effective electromechanical coupling coefficient of a piezoelectric 
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structure, Vp(t) and QP(t) are the voltage across the piezoelectric electrodes and the generated 

charges on the electrodes, respectively. 

For a configuration where the piezoelectric generator is directly connected to a resistive load 

(RL), the relationships between the output of the piezoelectric generator and the input to the 

load can be defined by  

( ) ( ) ( )
L LP R R LV t V t I t R= =                                                           (4.35) 

( ) ( )
LR PI t Q tω=                                                                    (4.36) 

It is obvious from equations 4.33 to 4.36 that ( )z t , ( )
LR

V t  and ( )
LR

I t  are all effected by Θ and RL.  

4.1.5. Current status on analytical modelling 

An alternative strategy adopting a distributed parameter model was proposed by Erturk and 

Inman [115]. This model is based on the study of the deflections induced by the dynamic 

bending of the cantilever using the Euler-Bernoulli beam equation. In addition, a feedback from 

the electrical to mechanical domain through piezoelectric coupling, known as back-coupling 

effect or backward coupling, is included in the distributed parameters model in order to 

accurately predict the dynamic behavior (e.g. resonant frequency) and output power of the 

harvester when it is connected to the applied resistive load. By accounting for point proof 

masses and back-coupling effect, several analytical models, as well as distributed parameter 

models, were developed in order to describe the mechanical and electrical behavior of 

piezoelectric cantilevers [116]-[118].  

Recently, a hybrid model presented by Vásquez Quintero et al. [119] was proposed taking into 

account a distributed mass at the free end of the cantilever, the back coupling effect, and the 

additional stress-charges generated in the anchor region. The hybrid model is a combination of 

analytical calculation based on the Euler-Bernoulli beam equation and a simulated correction 

factor from FEA simulation by COMSOL. The correction factor includes the extra-charges 

generated in the anchor electrode area that are excluded in the analytical calculation.  

The models mentioned above are dependent on the parameters, m, k, c, and Θ. Structures with 

different geometry and mass location will alter these parameters, and the theoretical derivation 
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of each individually designed structure could be a very time-consuming task. Since piezoelectric 

energy harvester has been receiving much attention, a simpler method is needed to overcome 

this issue and facilitate harvesters design.  

4.2. Finite element model (FEM) 

Numerical modeling using finite element analysis (FEA) is an alternative solution. FEA is an 

advanced and reliable numerical modeling method that is available to calculate the static and 

dynamic responses of the system under general force, displacement, and base excitation. For 

this reason, finite element model (FEM) is promising to simulate the electromechanical 

behavior of the piezoelectric harvester. Several commercially available FEA software, such as 

COMSOL, ABAQUS, and ANSYS, allow for the modeling of piezoelectric transducers as actuator 

and generator (i.e. energy harvester).  

Kamel et al. [120] introduced an analytical model used to estimate the total charge generated 

from the piezoelectric material when it is subjected to mechanical strain. This model was based 

on the distributed strain along the top surface of the cantilever beam. In order to verify this 

model, COMSOL was used to simulate the strain distribution. Moreover, the resonant frequency 

and the tip displacement of the cantilever under given excitation can be also simulated. A 

coupled FEM using ABAQUS and circuit simulation SPICE approach for analyzing piezoelectric 

energy harvester was presented by Elvin et al. [116]. This approach allowed for coupling of the 

mechanical (ABAQUS) and electrical (SPICE) physics domain and was able to analyze the energy 

generated form the piezoelectric generator through the electrical loads.  

Instead of using multi-software, a coupled piezoelectric-circuit finite element model (CPC-FEM) 

developed in ANSYS was introduced by Zhu et al. [114]. Since basic linear circuit elements, such 

as capacitor, inductor, and resistor, are available in the elements library of ANSYS, the 

maximum power dissipated in linear circuit element can be estimated. CPC-FEM is not only 

capable of predicting the generated output power form the harvester, but also simultaneously 

calculating the effect of the load resistor value on the resonant frequency as well as tip 

displacement of the harvester. Using available functions and elements provided by ANSYS, the 

effects of electromechanical coupling (back-coupling effect) on the displacement, voltage, 

current, as well as the output power can be simulated using a coupled-field electromechanical 
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model. In this thesis, the modal, static, and dynamic analysis were performed using FEM in 

order to obtain a more detailed description of electromechanical behavior of the system. 

4.2.1. FEM approach and methodology  

The finite element method fundamentally applies classical analysis methods to smaller 

subdomains, or elements that are connected to each other in a finite number of points called 

nodes [121]. The working principles of finite element methods are performed as in the following 

steps: 

• Governing equations of the system are identified, and approximation is derived; 

• The system is divided into a finite number of elements of geometrically simple shape 

and these elements are connected in a finite number of nodes; 

• An approximation of dependent variables is introduced to each node; 

• The integral form equation is evaluated for each node and the solutions of each node are 

collected as a matrix equation; 

• Finally, values of interest can be solved from the solution of the matrix; 

Using this methodology, a piezoelectric harvester finite element model is introduced in the next 

section. 

4.2.2. Implementation of FEM for piezoelectric harvester 

A typical design for a piezoelectric harvester consists of one or more piezoelectric layers 

supported by an elastic cantilever beam on which a proof mass is suspended. Commercially 

available PZT sheets are normally poled for their use in the d31 mode in which a PZT layer is 

sandwiched between the top and bottom electrodes and the polarization direction of the 

piezoelectric layer is through the film thickness, perpendicular to its surface. Operating in the 

d33 mode requires de-poling of the PZT layer, patterning interdigitated electrodes on top of the 

PZT layer and then re-poling the piezoelectric layer. Thus, the design of the harvester used in 

the FEM investigations was based on a d31 unimorph cantilever with a thick silicon proof mass 

at the end of the cantilever. To further decrease the resonant frequency and increase the 

average strain for a given vibration amplitude,  a heavy proof mass made of steel was attached 
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directly on the top side of the silicon proof mass, providing an additional proof mass to the tip 

of the cantilever, as illustrated in figure 4.4 

 

Figure 4.4: 3D modeled geometry of the simple unimorph piezoelectric cantilever beam with proof 

masses used for the optimization of various parameters. 

 

where tp is the thickness of the piezoelectric layer, ts the thickness of silicon beam, W is the 

width of the beam, Lb is the length of released beam, and Lm is the length of the proof mass, 

respectively. 

In FEM, the coupled-field electromechanical FE model was developed by commercial ANSYS 

12.0, a multiphysics FEA simulation tool. A 3D model based on SOLID 5 elements was used for 

the piezoelectric element, and SOLID 45 elements, which have capabilities of stress stiffening 

and large strain/deflection modeling, was used for the intermediate layer, silicon substrate, as 

well as the additional proof masses. The physical and piezoelectric properties of the materials 

used in the simulation are given in table 4.1 and 4.2. 

Table 4.1: Physical and piezoelectric properties of the materials used in the simulation. 

# Cantilever Additional proof mass Adhesive 

Physical 

properties 
PZT-5A PZT-5H 

Silicon 

(Si) 

Nickel 

(Ni) 

Stainless 

steel 

DELO 

4552 
WaferBOND® 

Density (g cm-3) 7.80 7.80 2.33 8.91 8.03 1.10 1.10 

Young’s Modulus 

(GPa) 
66.0 62.0 169.0 200.0 211.0 1.1 1.1 

Poisson’s ratio 0.28 0.28 0.22 0.30 0.29 0.29 0.29 
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Table 4.2: Piezoelectric properties of PZT-5A and PZT-5H from Piezo Systems, Inc.  

Piezoelectric properties PZT-5A PZT-5H 

Dielectric constant 1800 3800 

Quality factor 80 30 

Piezoelectric strain 

coefficient  (d31) (pC/N) 
-190 -320 

Coupling coefficient (k31) 0.35 0.44 
 

The geometrical optimization was performed using a numerical calculation in ANSYS. The 

modal analysis was first implemented using the Block Lanzcos mode excitation method in order 

to calculate the resonant frequency of the designed harvester geometry. Other simulation 

results, such as mechanical stress, displacement of the harvester, the open circuit voltage under 

a steady inertial loading condition can be determined using static analysis. To study the 

electromechanical behavior related to the vibration characteristics of the designed harvester, a 

dynamic (harmonic) analysis was then performed by connecting a load resistor across the 

electrodes via the electric circuit elements CIRCU94.  In harmonic analysis, the piezoelectric 

harvesters were excited by applying a constant sinusoidal acceleration at the clamped position 

of the harvester. Hereafter, the output power was calculated through the voltage across the 

resistive load. The optimal value of the load connected to the harvester can be analytical 

approximated by 

1
opt

n P

R
Cω

=                                                                        (4.37) 

where ωn is the resonant frequency of the harvester, and CP is the capacitance of the 

piezoelectric element. 

The tip displacement was also extracted from the simulation results. In the developed model, 

the dielectric constant loss from the piezoelectric layer was ignored but the mechanical loss was 

accounted for. The model includes viscous damping with damping matrix c given by 

PZT PZT Si Sic k kβ β= +                                                                (4.38) 

where βPZT and βSi are stiffness matrix multiplier for PZT and silicon substrate, kPZT and kSi are 

stiffness matrix of PZT and silicon, respectively. The β was calculated from the mechanical 

quality factor Q and resonant frequency of the device as [122] 
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1

Q
β

ω
=                                                                          (4.39) 

Here the simulation results are used for one-to-one design comparison in order to determine 

the optimum points. Thus, the simulated electrical outputs, e.g. energy and voltage, are 

normalized with respect to their peak value in order to avoid any misinterpretation.  

As discussed in chapter 3, bulk PZT-5 was the material of interest for the design and fabrication 

of piezoelectric harvester due to its high figure of merit. However, both PZT-5A and PZT-5H 

were investigated in this chapter. Although PZT-5H exhibited the highest figure of merit, PZT-

5A could also be used in the design of the harvester.  Due to the lower dielectric constant, PZT-

5A demonstrates potential to generate higher voltage than PZT-5H. Furthermore, higher Q 

factor from PZT-5A is advantageous as it reduces the damping ratio leading to large power 

output. However, a larger Q factor will result in a narrow bandwidth of the harvester and 

sensitiveness to the excited vibration frequency. Thus, PZT-5A was used for the optimization of 

the harvester geometry in the FEM. 

One of the critical parameters that can be optimized for higher output power is the PZT to 

silicon layer thickness ratio. This is an important parameter since it defines the position of 

neutral strain axis and its distance to the PZT layer. Thus, the polarity and the amplitude of 

generated strain as well as the charge within the PZT layer regarding to the tip deflection is 

mainly determined by this ratio. The initial thickness of bulk PZT-5A sheet was 130 µm with a 

10 µm-thick adhesive (DELO4552). By keeping the total beam thickness as a constant, the 

analysis indicated that the optimum PZT/Si thickness ratio should be close to 1 in order to 

maximize the electrical energy converted by the mechanical vibrations, as shown in figure 4.5.   

The generated energy was calculated using the following expression  

21

2
PE C V=                                                                     (4.40) 

where V is the voltage generated by the piezoelectric harvester.  
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Figure 4.5: Optimization of PZT/Si thickness ratio simulated using the FEM in ANSYS at input 

acceleration of 1 g (1 g = 9.81 m s-2). 

 

Using other materials than silicon as a support layer might change this optimal ratio due to the 

changes in material elasticity and density resulting in a shift of the position of the neutral strain 

axis in the beam. Next optimization was performed regarding the size of the proof masses for a 

constant beam length. The width and thickness of both steel and silicon proof masses were also 

kept constant in the simulation.  The mass/beam length ration (Lm/L) was increased from the 

free end of the cantilever to the clamped end of the beam. The output energy and the resonant 

frequency were then calculated over this range. A larger proof mass length allow higher 

mechanical coupling of the vibration energy into the beam resulting in an increase of strain, 

output power, and decrease of the resonant frequency [61]. The output power reaches a 

maximum value and the resonant frequency falls to a minimum value for a ratio of about 0.5 

due to the trade-off between stiffness and the mass of the cantilever. However, after this 

optimal point, increasing stiffness caused by released reduction of the beam length becomes an 

influent factor. This limits the dynamic deflection of the beam and thus results in a reduction of 

the output power, as shown in figure 4.6. 
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Figure 4.6: Optimization of the proof masses (Si and Steel) length using FEM in ANSYS at 1 g. 

 

By keeping the optimal mass length ratio of 0.5, the influence of total beam length (L) to output 

energy and generated voltage was simulated by varying the total beam length as illustrated in 

figure 4.7. 

 

                                         (a)                                                                                               (b) 

Figure 4.7: Comparison at 1 g (a) the resonant frequency, output energy, and (b) output voltage as a 

function of the total beam length. 

 

A longer beam increases the output energy (figure 4.7(a)), the output voltage (figure 4.7(b)), 

and reduces the resonant frequency of the harvester. However, this could affect the mechanical 

integrity of the beam due to the fracture caused by both an increase in mass and larger beam 

deflection. Furthermore, if the thickness, length of the beam and proof masses were kept 

constant, a wider beam enhanced the output power due to an increase in area and mass of the 

device, whereas the resonant frequency of the device remained almost constant or slightly 
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changed. This can be assumed that after the thickness and length values are determined for the 

desired resonant frequency, the width of the harvester can be adapted to add a given volume in 

order to maximize the output power without any significant changes in the operation 

frequency, as shown in figure 4.8. 

 

                                           (a)                                                                                            (b)                

Figure 4.8: Simulation at 1 g (a) the resonant frequency, output energy, and (b) output voltage as a 

function of the beam width. 

 

Here, a trade-off was identified between the size of the device and the output energy, and thus 

the optimal value depended on the application of interest. In addition to the beam width, if the 

width (Wm), proof mass length ratio, the thickness of the beam, and the thickness of both proof 

masses were kept, the resonant frequency, output energy, and voltage of the harvester were 

significantly affected by the reduction of beam width (Wb), as shown in figure 4.9 

 

                                          (a)                                                                                        (b) 

Figure 4.9: Simulation of the released beam and proof mass width ratio (Wb/Wm) at 1 g (a) the resonant 

frequency, output energy, and (b) output voltage as a function of the beam width ratio. 
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As illustrated in figure 4.9(a), the resonant frequency was reduced when the beam width was 

decreased due to the reduction of the beam stiffness. However, the output energy was also 

reduced because of less area to collect the generated charges. Conversely, the output voltage 

(figure 4.9(b) was increased by reducing the beam width due to a decrease capacitance of the 

piezoelectric layer. This demonstrated the ability to modulate the resonant frequency and 

output voltage of the harvester for a given volume, although, the expense of the reduction in 

output energy. However, if the beam width and beam length ratio are kept constant, the 

resonant frequency will be greatly affected by the dimensions of the proof masses since the 

resonant frequency can be defined by [123] 

1

2
res

eff

k
f

mπ
=         where         0.24eff beam proof massm m m= +                           (4.41) 

It should be noted that the optimization results achieved in this section mainly depend on the 

density and elasticity of PZT and silicon. Using other different materials as the piezoelectric and 

the support layers, the optimization steps have to be repeated. 

4.3. Die level bulk PZT harvester: design and characterization 

4.3.1. Design of the bulk PZT harvester 

Considering that most vibration sources present in the environment typically range from 0.2 to 

10 m s-2 in amplitude at frequencies from 60 to 200 Hz [112], the harvesters must, therefore, 

optimally operate in such a low-frequency range. To demonstrate a proof of concept of bulk PZT 

harvester operating at this low-frequency range as well as to validate the FEM model, the first 

generation (1st Gen.) based on PZT-5A, was fabricated at die level by following the results and 

design recommendations from the harvester geometrical optimization, as illustrated from 

figures 4.5 to 4.9. Based on the initial thickness of bulk PZT-5A of 130 µm, the thickness of the 

silicon support layer was designed to the optimal of 130 µm. In order to design the harvester 

for an operation frequency below 200 Hz while maintaining the compactness of the harvester, a 

T-shape like cantilever was chosen as shown in figure 4.10. 
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By fixing an area of 2 cm2, the 1st Gen. of bulk PZT MEMS harvester was designed to have the 

dimensions as given in table 4.3 in order to satisfy to operation at frequency lower than 200 Hz. 

 

 

Figure 4.10: Geometry of the bulk PZT/silicon T-shape cantilever beam with proof masses. 

 

Table 4.3: The bulk PZT MEMS harvester design parameters. 

Piezoelectric layer 

volume (mm3) 

(Wb × Lb × tp) 

Silicon beam 

volume (mm3) 

(Wb × Lb × ts) 

Mass (Si) 

volume (mm3) 

(Wm × Lm × tm(Si)) 

Mass (stainless steel) 

volume (mm3) 

(Wm × Lm × tm(St)) 

Cantilever base 

volume (mm3) 

(Wb × l × t) 

3 × 8.50 × 0.13 3 × 8.50 × 0.13 7 × 7 × 0.53 7 × 7 × 1.40 3 × 6.50 × 0.53 

 

The beam width and length were designed to be 3 mm and 8.5 mm respectively and the 

resonant frequency of 185.8 Hz was obtained from the simulation. As an example, in figure 4.11 

are shown the first four modes of vibration of the harvester at short circuit condition 

(respectively at 189.0, 868.7, 2248.0, and 2418.8 Hz – values close to these can be obtained for 

the other shapes as well). It is useful that the sequence of computed eigenmodes in the 

frequency domain includes a second torsional mode. It was clearly seen that the fundamental 

resonant frequency (1st mode) was well separated from the section torsional mode. Therefore, 

external vibrations well below 200 Hz can be clearly applied to the first eigenmode without 

exciting torsional vibrations which is undesirable due to charge canceling effect.  

To simulate the generated power on the studied geometry, a harmonic (forced dynamic) 

analysis was implemented. A sinusoidal form excitation was applied to the cantilever at the 

clamped end with a constant acceleration amplitude while maintaining the frequency to be 

equal the resonant frequency of the harvester. By using a coupled electromechanical analysis, 
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the tip displacement of the cantilever was computed providing information on the distribution 

of the stress and charges on the piezoelectric layer. This allowed the estimation of generated 

voltage and power from the harvester. 

 

Figure 4.11: First four vibration modes of the designed prototype of bulk PZT harvester. 

 

Using the electric circuit elements CIRCU94, the computation of the variation of voltage and 

power distributions were performed by varying the applied resistive loads as shown in figure 

4.12. 

 

Figure 4.12: Coupled-field finite element model of unimorph bulk PZT harvester. 
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Figure 4.13 shows the simulated frequency response for the open circuit output voltage as a 

function of mechanical damping ratio (figure 4.13(a)) and input acceleration (figure 4.13(b)).   

          

                                               (a)                                                                                           (b)  

Figure 4.13: Simulated open circuit (RL = 1 MΩ) voltage generated by the harvester (a) as a function of 

the mechanical damping ratio and (b) at different levels of acceleration for the mechanical damping ratio 

of 0.015. 
 

The resonant frequency of this simulation was 189 Hz, and the frequency of input vibrations 

was varied from 160 to 220 Hz. Figure 4.13(a) clearly shows that low mechanical damping is 

able to produce higher output voltage at 1 g of acceleration. However, this voltage is sensitive to 

the excitation frequency. Only a small difference between the natural frequency and the 

frequency of the input vibrations, the output voltage significantly dropped. A lightly damped 

system still has the potential to produce a high output voltage and less sensitiveness to the 

input vibration frequency. The voltage, however, drops off quickly as the input vibrations move 

far away from the resonant frequency. The simulation of the output voltage as a function of 

input acceleration at the damping of 0.015 is given in figure 4.13(b). It is obvious that bulk PZT 

harvester is able to generate high output voltage that could be useful for efficient rectification. 

To further evaluate the effect of the connected resistive load value on the performance of the 

harvester, figure 4.14(a) gives the simulation of the short circuit (RL = 100 Ω) and the open 

circuit condition (RL = 1 MΩ) at an acceleration of 1 g as described in section 3.3.3. The 

observed shift in the simulated resonant frequencies arises due to the backward coupling effect, 

an electrical effect induced in the piezoelectric layer due to the converse piezoelectric effect. 

The elastic modulus of the piezoelectric material increases due to the electric field generated 
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across the piezoelectric layer; therefore, the resonant frequency of the harvester increases as 

the connected load increases [91]. 

 

                                       (a)                                                                                           (b) 

Figure 4.14: (a) Simulated short circuit (s.c.) (RL = 100 Ω) and the open circuit (o.c.) (RL = 1 MΩ) and (b) 

generated voltage and current as function of load resistance at input acceleration of 1 g. 

 

Furthermore, the electromechanical coupling coefficient of the harvester ( 2

effk ) can be 

calculated from these frequency shifts between the short and open circuit conditions, as 

described in chapter 3 by using the following equation 

2 2
2 . .

2

.

o c s c
eff

s c

f f
k

f

−
=                                                                 (4.39) 

The calculated coupling coefficient obtained from the simulation was found to be 5.5 % 

corresponding to the measured results from chapter 3. Simulated output voltage and current as 

a function of load resistance are given in figure 4.14(b). Using this relation, the average power 

distributed to the resistive loads can be calculated by 

2
2

ave L

L

V
P I R V I

R
= = = ⋅                                                         (4.40)  

The maximum output power was calculated to be 210 µW at the optimal load resistance of 200 

kΩ, as shown in figure 4.15. However, the calculated value by using 1/opt n PR Cω= , where CP = 

5.8 nF, was 150 kΩ. Since the complete representation of the coupled electromechanical effect is 

actually a transformer, ignoring backward piezoelectric coupling and using optimum load as 
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1/opt n PR Cω= for the maximum power is not accurate [124]. However, this expression can be 

used as an approximation for the optimal load resistance of the harvester. 

 

  (a)                                                                                                 (b) 

Figure 4.15: (a) Simulated output power and tip displacement as a function of load resistance and (b) 

output power distributed at the optimal load as a function of frequency at 1 g. 

 

The tip displacement was simulated as a function of the load resistance. It was found in figure 

4.15(a) that the tip displacement at the maximum power was reduced. The load resistance 

reduces the motion amplitude at the short circuit condition up to the optimal power and 

enlarges the motion amplitude at the open circuit condition. The reduction in the tip 

displacement can be explained by the electrically damped mass motion. At short circuit 

condition, no electric power is consumed, only mechanically damping is present. As the 

connected load resistance approaches the optimum value, the mechanical energy is partially 

transferred to electrical energy. The harvested electrical energy is considered as an electrical 

damping which is added to the system leading to the reduction in the tip-mass displacement 

[79], [121]. Figure 4.15(b) gives an example of the simulated output power at the optimal load 

as a function of frequency. 

4.3.2. Characterization 

The 1st Gen. of bulk PZT harvester was fabricated at die level using the process described in 

chapter 3. The energy harvesting performance of the fabricated harvester was also 

characterized using the experimental setup presented in chapter 3. The resonant frequency of 

the harvesters was found to be 164.1 ± 5.0 Hz. The measure value was lower than the result 

0 200 400 600 800 1000

150

160

170

180

190

200
 

 Displacement

 Power

Load resistance (kΩ)

D
is
p
la
c
e
m
e
n
t 
(µ
m
)

0

50

100

150

200

250

P
o
w
e
r (µ

W
)

160 170 180 190 200 210 220

0

50

100

150

200

250

 

 

P
o
w
e
r 
(µ
W
)

Frequency (Hz)

Output power @ 1g



98 | Chapter 4 

 

obtained from simulation because of the size of a steel mass on the fabricated prototype. The 

actual size of the steel mass was found to be 7.6 × 7.6 × 1.4 mm3, which is larger than the 

volume used in the simulation, resulting in lower resonant frequency. The root-mean-square 

(rms) open circuit voltage generated from the harvesters as a function of excitation frequency 

was measured under several vibration amplitudes from 0.1 to 1 g. The harvesters were capable 

of producing an open circuit voltage up to 10 V at acceleration of 1 g, as shown in figure 4.16(a). 

 

                                            (a)                                                                                            (b) 

Figure 4.16: (a) The open circuit voltage generated from the harvester as a function of excitation 

frequency at several input vibration levels. (b) Output power and output voltage as a function of load 

resistance. 

 

It is further observed that the resonant frequency decreased with increasing acceleration. This 

decrease was due to nonlinear response of PZT under large stress. With increasing acceleration, 

therefore stress, the Young’s modulus was decreased. The decrease in Young’s Modulus directly 

reduced the spring constant of the structure, and thus reduced the resonant frequency [125]. 

The output power of about 2.2 µW was achieved at the optimal load resistance of 218 kΩ at 

input acceleration of 0.1 g. as shown in figure 4.16(b). At this maximum power condition, the 

output voltage was found to be 0. 8 V. This high voltage output regulated with medium output 

impedance (on the order of hundreds of kΩ) is compatible with standard rectification schemes 

when the harvester is to be integrated with the power management circuitry. 

The electromechanical coupling coefficient ( 2

effk ) of the harvester was experimentally 

determined from the frequencies shift between open circuit and short circuit conditions (figure 

4.17) as demonstrated in chapter 3. The 2

effk was found to be 5.3 %. 
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Figure 4.17: The average output power of the harvester as a function of excitation frequency in the short 

circuit (RL = 100 Ω) an open circuit (RL = 1 MΩ) conditions at an acceleration of 1 g. 

\ 

Using the output power at short circuit condition (The damping ratio can be estimated using ζ = 

(f2-f1)/2fr, where f2-f1 is the frequency difference at which the displacement amplitude is 0.707 

times the resonant amplitude and fr is the resonant frequency. The mechanical damping ratio 

was thus determined to be 0.0165 at an input acceleration of 1 g. 

Figure 4.18(a) illustrates the output power at its optimal load of 218 kΩ as a function of 

frequency under different levels of acceleration. The harvester can produce an average output 

power of 177 µW at 1 g. This result is of interest for practical applications, for instance for 

implementation in wireless sensor nodes. The application of autonomous wireless sensor node 

powered using a piezoelectric material will be discussed in the next section. The output power 

of the harvester was normalized with respect to the volume of the composite cantilever beam, 

the silicon proof mass, the stainless steel proof mass (the so-called effective volume) and the 

square of vibration amplitude (g2). The effective volume was calculated to be 113.5 mm3 

(0.1135 cm3). The prototype bulk PZT harvester exhibited normalized power densities of 3.17 

mW cm-3 g-2 at 0.1 g (166.1 Hz) and 1.55 mW cm-3 g-2 at 1 g (160.6 Hz). Further development of 

the bulk piezoelectric MEMS harvester which is able to be operated at even lower frequency 

with higher power densities will be presented in the last section of this chapter.  

Finally, in order to evaluate the FE model, the as-fabricated parameters obtained from the 

fabricated the 1st Gen. of bulk PZT harvester were inserted into the FE model. The numerical 

simulations and the experimental results were found to be in good agreement with a 15% 

difference in output power while at the optimal load as shown in figure 4.18(b).  
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(a)                                                                                           (b) 

Figure 4.18: (a) The output power as a function of frequency at different input acceleration. (b) 

Comparison of the FE numerical simulation with measurement. 

 

4.4. Realization of an autonomous wireless sensor node powered by 

a piezoelectric harvester 

This section demonstrates self-powered ultra-wideband impulse radio (UWB-IR) data 

transmission using harvested vibrational energy from the 1st Gen. of bulk PZT harvesters. 

Experimentally, it was observed that the node is able to transmit bursts of 100 pulses every 110 

seconds, from an input vibration of 0.45 g, consuming an average power of 8.2 µW 

demonstrating the potential for the development of sub 10 µW autonomous wireless sensor 

nodes. 

4.4.1. Introduction 

Wireless communication has become an essential technology in our environment. It not only 

provides flexibility and mobility but it vastly reduces the bulky, and difficult integration 

required by wired systems [126]. One of the key challenges for vast wireless sensors networks 

is the identification of a sustainable power source for reliable operation. Wireless sensor nodes 

are typically powered by conventional batteries which have a limited lifetime and must be 

replaced or recharged periodically. As the number of sensor nodes in the network increase and 

the devices decrease in size, the replacement of exhausted batteries becomes impractical and 
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costly. To overcome this drawback, self-powered wireless sensor nodes using harvested energy 

from the surrounding environment provides an alternative solution. As discussed in chapter 1, 

harvesting kinetic energy presented in the form of mechanical vibrations is a promising 

solution for wireless sensor nodes due to the ubiquitous presence of environmental motion. To 

convert this motion into useable energy, piezoelectric transduction is commonly used due to its 

high conversion efficiency and simple integration. An example of a self-powered wireless 

sensor node using harvested energy from piezoelectric vibrations was reported in [24].  For a 

short-range communication, using a ZigBee wireless protocol, 90 bits of data are transmitted 

every 798 seconds requiring power from a piezoelectric harvester capable of generating 240µW 

at the vibration frequency of 67 Hz and the peak amplitude of 0.4 g. In this thesis, faster 

transmission with reduced power requirement is presented. 

Recently, there has been significant research into UWB radios which exhibit the potential for 

ultra-low power wireless communication. UWB signals, unlike conventional-narrow band 

systems, use short energy pulses spread over a wide frequency range resulting in a low power 

spectral density. Shortening the transmission period reduces the power dissipated per data rate 

making ultra-low power and high data rate communication systems possible [127]-[128]. In 

collaboration with EPFL-ESPLAB, this thesis focuses on the development of an autonomous 

sensor system integrated with a custom made ultra-low power UWB transmitter (UWB-Tx) 

powered by a piezoelectric harvester. Feasibility of the wireless sensor node developed in this 

thesis was first demonstrated using discrete components from which the electronics will be 

combined into a single integrated chip in the next phase. 

4.4.2. System description 

Figure 4.19 shows the system diagram of the proposed autonomous UWB sensor node. It 

consists of a power management unit (PMU), a microcontroller unit (MCU), an ultra-wideband 

transmitter (UWB-Tx) and a piezoelectric vibration harvester. 
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Figure 4.19: System block diagram of the autonomous UWB sensor node. 

 

PMU (U1) and MCU (U2) 

The proposed PMU (U1) converts the AC input voltage supplied by the piezoelectric harvester 

into a DC signal using a rectifier and a buck controller/ converter (LTC 3588-1). The buck 

converter allows charges to accumulate on an input capacitor (C1) until it can efficiently 

transfer a portion of the stored charges to the output capacitor (C2). To minimize the setting 

time from a cold start condition, the quiescent and leakage currents of all components in the 

PMU are reduced by introducing switches SW1 and SW2. 

When the output voltage at C2 reaches 3.3 V, switch SW1 is closed by the ‘power good’ (PGOOD) 

pin of U1 and the MCU (U2) begins managing the power provided to UWB-Tx through SW2. The 

MCU is used to control the timing of the power supply (UWB_PWR) and the trigger of the UWB-

Tx to maintain a sustainable pulse repetition rate based on the energy provided to the sensor 

node. The deep sleep mode of the PIC24F16KA102 in the MCU reduces consumption to only 

550 nA by the 31 kHz RC oscillator and the active watchdog timer. The extremely low power 

consumption of the MCU is the key for reducing the system recovery time in the system. The 

proposed node uses a temperature sensor which is built into and interfaces directly with the 

MCU. It could be easily replaced by other types of sensors depending on the application. 
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UWB transmitter (UWB-Tx) 

EPFL-ESPLAB has previously reported on an ultra-low power application specific integrated 

circuit (ASIC) UWB-Tx to demonstrate the feasibility of UWB technology applied to ultra-low 

power communication for indoor positioning applications [128]. The UWB-Tx is a state-of-the-

art transmitter realized in 0.18 µm CMOS that consumes very low power making it suitable for 

our proposed application (range ~ 10 m and ~ KHz data rate). The schematic of the UWB-Tx is 

shown in Fig. 4.20. The ring oscillator sets the center frequency to 4.1 GHz while the triangular 

pulse generator is used to define the bandwidth of the UWB pulse. 

 

 

 

 

 

 

 

Figure 4.20: Block diagram of the UWB transmitter and the associated PCB (inset). 

 

Due to the linear regulators on the UWB-Tx PCB, the supply voltage is fixed at 3.3 V. Therefore, 

a high input voltage for U1 is needed. Since the buck converter requires 5 VDC after the 

rectifying stage, this translates to more than 15 VPP (5.5 Vrms) that must be provided by the 

piezoelectric harvester. The current consumption is 25 mA during pulse transmission (TTx ~ 2.5 

ns) and 2 mA during the short setup period (TUWB_ON ~ 1 ms). More details on the operation and 

implementation of the UWB-Tx are discussed in [128].  

Piezoelectric harvester 

Using the developed harvester in the previous section (4.3), the harvester was able to produce 

an open circuit voltage of 5.5 Vrms when excited at 0.45 g (4.4 m s-2), as shown in (Fig. 4.21(a)). A 

peak power of 54 µW was measured across an optimal load of 218 kΩ at 163 Hz. The results 

demonstrate that the power generated from the piezoelectric harvester was able to provide the 
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voltage required by the PMU. A comparison between numerical simulation and measurements 

of the open circuit voltage is given in Fig. 4.21(b) as a function of frequency. A good agreement 

is achieved in the frequency range of interest.  

 

                                            (a)                                                                                                    (b) 

Figure 4.21: (a) Open circuit voltage and output power as a function of acceleration. (b) Comparison 

between FEM simulation and experimental results. 

4.4.3. Experimental results 

A proof of concept experiment was performed by mounting the1st Gen. of bulk PZT harvester on 

a PCB as shown in figure 4.22(a). Next, the harvester was connected to the PMU and UWB-Tx 

(figure 4.22(b)). The harvester was then excited with a sinusoidal acceleration of 0.45 g at 163 

Hz using an electrodynamic shaker. 

 

                                                 (a)                                                                    (b) 

Figure 4.22: (a) Optical image of the piezoelectric harvester mounted on the PCB. (b) The proposed UWB 

sensor node with 3 layer (45 × 45 × 40 mm3). 
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The voltage output (Vout in figure 4.19) generated by the PMU was recorded using a digital 

multimeter with a sampling period of 100 ms as shown in figure 4.23.  

 

Figure 4.23: PMU output voltage as a function of time from the start and different states of the PMU. 
 

State 0: [Cold start / Steady state phase] This stage is controlled by the buck converter. As long 

as PGOOD is zero, the MCU remains off. Power is only consumed by the deep sleep mode of the 

MCU. In this mode, only the RC oscillator and the watchdog timer are active. The total duration 

is 290 s. 

State 1: [Wait phase] The power consumption is from UWB-Tx standby power (2 mA). It was 

observed from the measurement that the UWB-Tx block has a setting time (TUWB_ON) of ~ 1 ms. 

Thus, it must be powered for 1 ms before the pulse trigger is provided as shown in figure 4.24 

(inset). 

State 2: [UWB transmission phase] This phase is characterized by a large pulse of current (25 

mA) due to the short duration (2.5 ns) of data transmission. A measured pulse from the UWB-

Tx was recorded using a 40 GSa/s digital oscilloscope as shown in figure 4.24. The value of the 

sensor was embedded in this signal. 

State 3: [Recover phase] Here, the system returns to steady state operation after the pulse is 

transmitted. The recovery phase (TREC) takes around 54 s which means the system can send 

bursts of 100 pulses every 54 s. However, due to the resolution of the watch-dog timer in the 

microcontroller, the duration between two pulse bursts is set to 110 s (TSLEEP ~ 56 s). The main 

current (5 µA) is therefore carried by the buck converter and the leakage in the capacitors. 
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Figure 4.24: Measured UWB transmitted pulses and MCU control signal (inset). 

 

Table 4.4 shows the energy consumption and time duration of each phase described above. The 

energy consumed in the transmission phase is 20.6 pJ. This is negligible compared to the energy 

consumed in either the wait (6.6 µJ) or the recovery (891 µJ) phases. During transmission, 

bursts of 100 pulses (10 bits) repeat every 110 seconds consuming an average power of 8.2 µW 

((6.6 µJ + 0.0206 µJ  + 891 µJ) / 110 s). The system is able to transmit data potentially twice as 

fast as a previously reported self-powered wireless node [24] while requiring less power from 

the harvester during its operation. 

Table 4.4: Current, time and energy of each phase at 3.3 V.  

State 0 1 2 (100 pulses) 3 (REC) 3 (SLEEP) 

Current - 2 mA 25 mA 5 µA - 

Time 290.0 s 1.0 ms 2.5 ns 54.0 s 56.0 s 

Energy - 6.6 µJ 20.6 nJ 891 µJ - 
 

Since the energy supplied to the UWB pulse has to be provided by C2, the capacitance of C2 is 

determined by the energy consumption during state 2 and 3. A value of 220 µF was calculated 

using the energy stored in the capacitor. This is the minimum value of the capacitance that can 

be used as a storage capacitor. 

An autonomous UWB sensor node powered by a piezoelectric harvester was presented in this 

work. It exhibits excellent potential for high speed and low power wireless communication.  

Integration of the PMU and the UWB-Tx on a single integrated chip is ongoing in order to 
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increase the compactness of the system and to reduce the necessary supply voltage that would 

allow an operation of the autonomous wireless UWB sensor node at lower vibration levels.  

4.5. Wafer level fabrication of piezoelectric MEMS harvester based 

on thinned bulk PZT sheet 

As the first generation of bulk PZT harvester presented in section 4.3, piezoelectric harvesters 

designed to take advantage of the high quality piezoelectric properties of bulk PZT have been 

fabricated using local placement and bonding of PZT pieces and large proof masses at the chip 

level. In order to avoid the individual placement of PZT pieces and proof masses on each chip, 

this thesis proposes a novel wafer level process to fabricate vibrational piezoelectric MEMS 

harvesters to be operated at low-frequency (< 100 Hz), a characteristic that is not often 

achieved using microfabrication of silicon wafers. This was achieved by transferring a PZT sheet 

onto a silicon-on-insulator (SOI) wafer, mechanically thinning the piezoelectric layer to the 

desired thickness, and growing thick nickel proof masses via electrodeposition all in parallel at 

the wafer level. The design of the piezoelectric harvesters was supported by the finite element 

method (FEM) model developed in section 4.2 that allowed an electrical load to be coupled to 

the piezoelectric harvester to study the electromechanical behavior. Finally, the performance of 

the fabricated harvesters was experimentally tested and compared to the current state-of-the-

art. 

4.5.1. Design concept 

The design of thinned bulk PZT harvester was based on a unimorph plate operating in the d31 

mode with suspended heavy mass made of nickel and silicon as illustrated in figure 4.25. The 

advantages of using commercially available bulk PZT d31 mode have already discussed in 

section 4.2. Thanks to the plate-like design, the harvester chips can be readily released from the 

wafer by standard dicing tool eliminating the need to pattern the PZT after bonding. 

As discussed in chapter 2, the maximum power generated by a piezoelectric harvester was 

governed by the ratio e2/ε, which is the electromechanical coupling for piezoelectric actuation, 

where e is the effective piezoelectric coefficient and ε is the dielectric constant of the 

piezoelectric material. The piezoelectric material chosen for this fabrication was PSI-5H4E 
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(PZT) commercialized by Piezo Systems, Inc. [65]. This material presents a high coupling 

coefficient compared to PZT-5A as shown in table 3.2, another piezoelectric ceramic 

commercially available in the form of thick sheets and commonly used for piezoelectric energy 

harvesting. Moreover, enlarging the bandwidth of the harvesters could be benefit from a lower 

quality factor of the piezoelectric material. 

 

 

Figure 4.25: The geometric shape of the designed harvester to be fabricated at wafer level. 

 

The design of the harvester was developed in ANSYS using the material properties presented in 

table 4.1 and 4.2. The harvesters were designed to provide a sufficient amount of power for the 

next generation of an autonomous Ultra-Wideband (UWB) wireless sensor node [129] while 

maintaining a resonant frequency below 100 Hz and functioning under low input accelerations 

(< 0.3 g). For a single data transmission, the sensor node consumes a power of 8.2 µW. Since the 

power management system of the UWB node requires 500 mVDC after the rectifying stage, this 

translates to more than 2 VPP (0.7 Vrms) that must be provided by the harvester.  

In order to obtain a resonant frequency in the range of 100 Hz, the length and the total 

thickness of the beam had to be optimized. Due to the limitation of PZT thinning process 

performed by mechanical grinding as discussed in chapter 3, the thickness of PZT was designed 

to be 20 µm. By following the results and design recommendations obtained from section 4.2, 

the dimensions of the harvester are given in table 4.5. The beam dimensions were designed to 

be 11.50 × 10.80 × 0.05 mm3 with a silicon proof mass (5.75 ×10.80 × 0.50 mm3) and a nickel 

proof mass (5.75 × 10.80 × 0.17 mm3) occupying half of the length of the beam in order to 

maximize output energy as well as minimize the resonant frequency of the harvester. 
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Table 4.5: The designed dimension of the thinned bulk PZT MEMS harvester. 

Energy harvester dimension  

  Length of the beam (Lb) 5.75 mm 

  Length of the mass (Lm) 5.75 mm 

  Width (W) 10.80 mm 

  Thickness of PZT 0.02 mm 

  Thickness of Si beam 0.02 mm 

  Thickness of intermediate layer 0.01 mm 

  Thickness of Si mass 0.50 mm 

  Thickness of Ni mass 0.17 mm 
 

 

Figure 4.26(a) shows the resonant frequency of the first mode (86 Hz) in the short circuit 

condition. Figure 4.26(b) gives an example of the simulated open circuit voltage (RL = 1 MΩ) at a 

resonant frequency of 98 Hz. The observed shift in the simulated resonant frequencies between 

short and open circuit conditions arises due to the backward coupling effect as discussed in the 

section 4.2. 

 

                                            (a)                                                                                               (b) 

Figure 4.26: (a) Simulation of the first mode shape and the short circuit (RL = 0) resonant frequency of 

the harvester. (b) The open circuit (RL = 1 MΩ) voltage generated by the harvester at 98 Hz simulated 

using ANSYS. 

 

With the designed dimensions, twenty piezoelectric energy harvesters can be fabricated in 

parallel on a standard 100 mm wafer as shown in figure 4.27. 
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Figure 4.27: Design layout of the harvesters on silicon wafer. 

4.5.2. Fabrication 

The thinned bulk PZT vibrational energy harvesters were fabricated at the wafer level using 

standard silicon micromachining techniques. A 72.4 × 72.4 mm2 PZT-5H sheet was first bonded 

to an SOI wafer using a low-temperature process. The SOI wafer precisely defines the thickness 

of the silicon support layer and the buried oxide layer served as a convenient etch stop for both 

dry and wet etching. The PZT sheet was then thinned down to the designed thickness using 

mechanical grinding and the handle silicon layer of the wafer was etched in a bath of potassium 

hydroxide solution (KOH). A nickel mass was then electrodeposited directly on top of the 

thinned PZT layer. Dicing was used to release the rectangular harvesters. 

4.5.2.1. Wafer level bonding of PZT and silicon and bulk PZT thinning 

As described in chapter 3, the low-temperature bonding using WaferBOND® was developed in 

this thesis in order to preserve the original properties of high quality bulk PZT. WaferBOND® 

offers the advantages of low-temperature process as low as 110 oC and of being a low-viscosity 

solution, which provides a thin (≤ 10 µm-thick) film and planar surface after spinning. 

Furthermore, the WaferBOND® is able to dissolve in WaferBOND® remover and 

dimethylbenzene (Xylene) which is required to provide access to the bottom electrode of the 

PZT layer. More detailed description will be given in section 4.5.2.4 on the fabrication process 
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flow. With the process developed in chapter 3, a tensile strength of more than 14 MPa was 

obtained which was sufficient to operate devices, based on bonding of PZT on silicon using the 

WaferBOND®, as actuators or harvesters.  

After bonding, the PZT sheets was thinned down to the desired thickness using mechanical 

grinding at the wafer level since it provides fast processing and grinding speeds as high as 15 

µm per minute with no thermal or chemical damage to the PZT layer. Furthermore, a flat 

surface with a specified total thickness variation (TTV) of 1 µm and a surface roughness less 

than 100 nm was achieved.  

4.5.2.2. Bulk micromachining of silicon carrier layer 

The SOI handle layer must be etched to define the cantilever beam and the thick silicon mass. It 

is possible to perform this structuring before or after bonding of the PZT layer; however in the 

bonding and thinning process of the PZT sheet, pressure is applied to the thin membranes 

causing them to deflect degrading the thickness uniformity of both the bonding and PZT layers. 

Thus, here, the carrier layer was etched after the bonding and thinning process of the bulk PZT 

sheet.  

In order to structure a geometric shape for bulk silicon, anisotropic etching is preferred, which 

can be achieved by dry and wet etching techniques. In this work, wet etching using KOH was 

preferred. It is not only cost-effective batch fabrication process but it is also a low-temperature 

process avoiding depolarization of the piezoelectric layer. A protective chuck was used to 

protect the top side of the wafer on which the thinned PZT was located. The buried oxide layer 

serves as an etch stop for KOH etching. 

4.5.2.3. Electrodeposition of nickel 

The density of nickel, ρNi=8.91 g/cm3, is more than three times greater than the density of 

silicon, ρSi=2.33 g/cm3. Thus, three times less volume is required to achieve the same 

mechanical and electromechanical characteristics of the harvesters. Tungsten (ρW=19.25 

g/cm3) is commonly used as a proof mass for inertial harvesters; however, electrodeposition of 

tungsten is not common. Gold (ρAu = 19.30 g/cm3) could also be used although it is much more 

expensive than Ni.  
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Thick nickel masses can be electrodeposited at the wafer level using a thick photoresist to 

define the location for the growth. The masses are created as individual islands to prevent 

damage by the dicing saw and the corners of each mass are rounded in order to reduce the 

electric field during the electrodeposition process at the sharp edges. A 45 µm-thick photoresist 

was used as a mask, thus allowing the Ni to spill out over the mask creating a mushroom-like 

profile that must be accounted for in the design. Thicker photoresists such as SU-8 could be 

implemented to improve the geometrical definition of the masses; however, removing SU-8 

after the electrodeposition is more difficult.  

4.5.2.4. Fabrication process flow 

The wafer level fabrication process used to realize the unimorph energy harvesters using a 

thinned sheet of bulk PZT is presented in figure 4.28. 

 

Figure 4.28: Schematic of the microfabrication process for the thinned bulk PZT harvesters. (a) 

Deposition of silicon oxide and silicon nitride on both sides of the wafer. (b) Patterning the top side and 

backside of the wafer by DRIE and RIE respectively. (c) Low-temperature bonding of bulk PZT using spin 

coated WaferBOND®. (d) Thinning of the bulk PZT using mechanical grinder. (e) Deposition and 

patterning of the Cr/Ni top electrode followed by KOH etching on the backside. (f) Etching of buried oxide 

and WaferBOND® layers covering the through holes. (g) Electrodeposition of thick Ni mass on the top 

side of the wafer. (h) Dicing of the thinned PZT cantilevers. 



 113 | Chapter 4 

 

The process begins with a double side polished 100 mm silicon-on-insulator (SOI) wafer with a 

20 µm-thick device layer, a 500 nm-thick buried oxide layer and 500 µm-thick handle layer. 500 

nm of silicon oxide (SiO2) and 250 nm of silicon nitride (Si3N4) were deposited on both sides of 

the SOI wafer using wet thermal oxidation and low-pressure chemical vapor deposition 

(LPCVD), respectively, to provide stress compensation, electrical isolation and a masking layer 

for the anisotropic wet etching of silicon (figure 4.28(a)). The through-holes used to access the 

electrical contact on the bottom electrode of the PZT are first patterned from the top side using 

deep reactive ion etching (DRIE) - the buried oxide serving as an etch stop. Backside openings 

in the silicon nitride and the silicon oxide are defined using UV lithography followed by reactive 

ion etching (RIE) (figure 4.28(b)). Square PZT sheets, 72.40× 72.40 × 0.13 mm3, with Ni 

electrodes pre-deposited on the top and bottom surfaces were purchased from Piezo Systems, 

Inc. To bond a complete, as-purchased PZT sheet onto the pre-patterned SOI wafer using the 

process developed in chapter 3, WaferBOND® was spun onto the surface of the PZT sheet at a 

speed of 2500 rpm for 30 s. The spinning parameters were based on data found on the material 

data sheet provided by Brewer Science, Inc., with the goal of obtaining a bonding layer 

thickness of 8-10 µm. A soft bake was done on a hotplate at 100 oC for 2 minutes. The PZT sheet 

with a layer of WaferBOND® was then bonded to an SOI wafer at 110 oC for 2 minutes with an 

applied pressure of  0.1 MPa (figure 4.28(c)) using an in-house bonder consisting of two 

thermally and mechanically controlled plates along with a force sensor to accurately control the 

applied pressure. The bonded PZT/SOI wafer stack was cooled to room temperature while 

maintaining the applied pressure. After the bonding process, the PZT was thinned down to a 

thickness of 20 µm using the mechanical grinding process described in chapter 3 (figure 

4.28(d)). After grinding, a 100 nm nickel (Ni) electrode with a 20 nm chromium (Cr) adhesion 

layer was evaporated on the surface of the thinned PZT layer and patterned by wet etching in 

an ANP solution (H3PO4:CH3COOH:HNO3 (83:5.5:5.5)) at 40 oC. Next, the exposed areas of silicon 

on the backside of the wafer were etched in a 40 % KOH solution at 60 oC using a Teflon chuck 

to protect the top side of the wafer (figure 4.28(e)). The buried oxide layer was again also used 

as an etch stop before being removed by buffered hydrofluoric acid (BHF). The WaferBOND® 

covering the through-holes was removed using dimethylbenzene (Xylene) to provide access to 

the electrical contact on the bottom electrode (figure 4.28(f)). A 170 µm-thick Ni mass was 

electrodeposited directly on the top side of PZT. (figure 4.28(g)). The wafer was then diced into 

individual cantilevers and mounted onto PCBs using conductive epoxy in order to contact the 

bottom electrode for characterization (figure 4.28(h)). Figure 4.29 shows a fabricated wafer 
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before dicing and a single harvester after dicing. Optical and scanning electron microscope 

(SEM) images of a cross-section of the harvester are shown in figure 4.30. 

Using the fabrication process described above, a fabrication yield of 70 % was achieved in this 

work. The fabrication yield was determined based on the number of harvester elements 

fabricated and operated successfully per wafer. Reduction of the yield was mainly due to the 

electrodeposition step in which growth defects surrounding some of the Ni masses rendered 

the harvesters unuseable. Using a thicker photoresist and reducing the current supplied 

between the anode and cathode during electrodeposition of the Ni mass could lead to 

improvements in the fabrication yield. 

 

Figure 4.29: Optical images of a fabricated wafer of thinned PZT harvesters (left) and a single harvester 

chip after dicing (right). 

 

 

Figure 4.30: Optical images (left) and SEM (right) images of the cross-section of a harvester. 
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4.5.3. Experimental results 

The bonding strength between the PZT and the silicon, the post-thinning surface roughness of 

the PZT, the thickness uniformity of the piezoelectric layer over the entire wafer, and the post-

process polarization of the PZT have already been experimentally investigated in chapter 3. In 

this section, the dynamic behavior, including the resonant frequency, the mechanical damping, 

the quality factor, and the energy harvesting performance of the fabricated harvesters were 

characterized and compared with the FE model. Furthermore, the effective electromechanical 

coupling coefficient of the harvesters was determined by measuring the frequency response at 

the short and open circuit conditions.   

4.5.3.1. Energy harvester characteristics 

The dynamic behavior, the electromechanical coupling coefficient, and the energy harvesting 

performance of the fabricated harvesters were investigated using an electromagnetic shaker to 

apply mechanical oscillations at several accelerations while varying the frequency. 

Experimentally, the harvesters were mounted on the shaker and connected directly to various 

resistive loads (RL). The AC current (Irms) passing through a resistive load under various 

acceleration levels was recorded on a multimeter, while the displacement of the harvester was 

measured using a Polytec laser Doppler vibrometer (LDV). An automatic test bench used to 

characterize the harvesters was reported in [130]. The average power dissipated in the 

resistive load (RL) can be calculated as Pave = I2
rms RL. 

By measuring the displacement at the tip of the harvester with an LDV, the short circuit 

resonant frequency of the fabricated harvesters was found to be 91.2 ± 5.0 Hz indicating an 

agreement between the simulation and experimental results. The observed discrepancy was 

mainly due to the difference between the design and final geometry of the intermediate and 

deposited layer, including the final thickness of PZT (23 µm) and The WaferBOND® (7 µm).  

Using the displacement at the extreme conditions (short or open circuit) the mechanical 

damping ratio (ζ) of the studied structure can be evaluated using the half-power bandwidth 

method [104] as shown in figure 4.31. This approach provides a quantitative measurement of 

the damping level from the frequency domain. The damping ratio can be estimated using ζ = (f2-

f1)/2fr, where f2-f1 is the frequency difference (bandwidth) at which the displacement amplitude 
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is 0.707 times the resonant amplitude and fr is the resonant frequency. The mechanical damping 

ratio was thus determined to be 0.0185 ± 0.0005 at an input acceleration of 1 g. 

 

Figure 4.31: The tip displacement of the energy harvester in the short circuit (RL = 100 Ω) and open 

circuit (RL = 1 MΩ) conditions as a function of excitation frequency at an input acceleration of 1 g. 

 

The quality factor (Q) is another important performance parameter of the harvester. The Q 

factor can be defined as Q = fr /(f2-f1) =1/2ζ and was found to be 27.2 ± 1.2. This low Q was 

obtained due to the fact that the quality factor of the PZT sheet itself is only 32 which limits the 

Q factor of whole structure. A high Q factor is advantageous as it equates to larger deflections 

and consequently higher powers as the generated power is proportional to the maximum 

deflection. However, a high Q factor also signifies a narrow bandwidth making the harvester 

very sensitive to changes in the vibration frequency. Therefore, a low Q is desirable to increase 

the bandwidth of the harvester provided the output power from the harvester is adequate for 

the requirements.  

The electromechanical coupling coefficient ( 2

effk ) was experimentally determined from the 

frequency shift between the short and open circuit conditions as demonstrated in chapter 3. 

Figure 4.32 illustrates the measured output power of the harvester as function of the frequency 

at the open circuit condition (RL = 1 MΩ) and the short circuit condition (RL = 100 Ω) at an 

acceleration of 1 g. The value of 2

effk is calculated to be 14.6 ± 0.6 % which is higher than other 

thin and thick film deposition techniques [18], [30], [131]. As discussed in chapter 3, it should 

be noted that the coupling coefficient 2

effk  is not only determined by the material constant of the 
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piezoelectric layer; it is also affected by the geometry of the structure, and in particular the 

volume fraction of the piezoelectric material in the total elastic body [18]. 

 

Figure 4.32: The average output power of the energy harvester as a function of excitation frequency in 

the short circuit (RL = 100 Ω) an open circuit (RL = 1 MΩ) conditions at an input acceleration of 1 g. 

4.5.3.2. Energy harvesting performances 

The root-mean-square (rms) open circuit voltage and the output power of the harvester as a 

function of excitation frequency were measured under several vibration amplitudes from 0.1 to 

1 g.  The harvesters were able to produce an open circuit voltage of 4.5 Vrms at an acceleration of 

1 g as illustrated in figure 4.33. 

 

Figure 4.33: The open circuit voltage generated from the harvester as a function of excitation frequency 

at several input vibration levels. 
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The harvesters are capable of providing an adequate voltage to UWB sensor node at an 

acceleration of 0.1 g. An output power of 1.6 µW was measured across the optimal load 

resistance of 11.8 kΩ at 0.1 g (100 Hz) and increased to 82.4 µW at 1 g (96 Hz) with the optimal 

load resistance of 9.5 kΩ as illustrated in figure 4.34(a). The asymmetric shape of the voltage 

and power peaks and the gradual decrease of the resonant frequency with increasing 

acceleration are mainly attributed to the nonlinear effects of the PZT under large stress [30], 

[61], [125]. With increasing stress in the PZT, the effective Young’s modulus and quality factor 

decreases and therefore reduces the spring constant and increases the bandwidth of the 

resonant peaks as confirmed in figure 4.34(b). 

 

(a)                                                                                             (b) 

 

         (c) 

Figure 4.34: (a) Average output power of the energy harvester as a function of excitation frequency at 

various input vibration levels. (b) The full width at half maximum (FWHM) bandwidth as a function of 

input acceleration. (c) Comparison between up-sweep and down-sweep of input vibration frequency. 
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Further study on the linearity of the harvester was performed by observing the output power 

generated from the harvester during the up-sweep and down-sweep of input vibration 

frequency. It is obvious from figure 4.34(c) that the harvester was operated in the linear regime.   

The optimal resistive load also decreased at higher vibration levels from 11.8 kΩ to 9.5 kΩ 

(figure 4.35) due to an increase in the PZT dielectric constant related to the high mechanical 

strain and high electric field in the material [61].  

 

Figure 4.35: Average output power of the energy harvester as a function of load resistance at several 

input vibration levels. 

 

The as-fabricated dimensions of the harvester, including a 23 µm-thick PZT layer and a 7 µm-

thick intermediate bonding layer, were inserted into the FE model along with the measured 

damping ratio in order to validate the model. A comparison between numerical simulations and 

measurements is given in figure 4.36. Good agreement of experimental and simulated output 

voltage was obtained in the frequency range of interest. Less than 10 % mismatch of the output 

voltage between simulation and measurements was observed at its resonance. The output 

power of the harvester was normalized with respect to the effective volume of the composite 

cantilever beam, the silicon proof mass, and the nickel proof mass and the vibration amplitude 

(g2). The effective device volume was calculated to be 47.82 mm3 (0.04782 cm3). The fabricated 

harvesters are capable of generating normalized power densities of 3346 µW cm-3 g-2 at 0.1 g 

and 1723 µW cm-3 g-2 at 1 g. The power density could be improved by replacing the relatively 

low density Ni mass with higher density materials such as tungsten or gold. However, there are 

issues related to the electrodeposition of thick tungsten and the fabrication cost will be 

increased if the gold is used. 
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Figure 4.36: Comparison of the FE numerical simulation with measurement at the open circuit condition 

and connected to an optimal load resistance under an input acceleration of 1 g. 

 

Table 4.6 compares the normalized power density (N.P.D) of several selected piezoelectric 

energy MEMS harvesters based on PZT films fabricated using different fabrication techniques. It 

should be noted that the values presented here were calculated from the data provided in the 

references. Overall, the harvesters based on thinned bulk PZT sheets exhibit a high power 

density and a large bandwidth. The piezoelectric harvester presented in this work 

demonstrates comparable performance while operating at low-frequencies and fabricated 

using a complete wafer level procedure.   

Table 4.6: Energy harvesting performances of various piezoelectric energy harvesting devices. 

Harvester 

references 

Piezoelectric 

material 

Input 

vibration 

(g) 

fr  

(Hz) 

Power 

output 

(µW) 

Effective 

volume 

(mm3) 

Normalized 

power density 

(µW cm-3 g-2) 

Bandwidth 

(Hz) 

[30] 
Screen 

printed PZT 
1 235.0 14.0 12.9 1085 8.0 

[61] 
Thinned 

bulk PZT 
1.5 154.0 205.0 18.0 5073 14.1 

[125] Sol-gel PZT 2 461.2 2.2 0.7 827 1.2 

[132] Aerosol PZT 2.5 255.9 2.8 0.4 1028 - 

This work Bulk PZT 0.1 166.1 3.6 113.5 3170 4.0 

This work Bulk PZT 1 160.6 177 113.5 1550 7.8 

This work 
Thinned 

bulk PZT 
0.1 99.9 1.6 47.8 3346 6.0 

This work 
Thinned 

bulk PZT 
1 96.0 82.4 47.8 1723 8.7 
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The figure of merit (FOM) proposed in by Ruan et al. [131] has also been employed which takes 

into account the displacement of the harvester corresponding to the total occupied volume of 

the device during operation. FOM = P/(g2 V∑ Q) where P is the power generated by the 

harvester, g is input vibration acceleration, V∑ is the volume of the structure including the peak-

to-peak displacement of the harvester (dPP = 822.5 µm at the optimal load at 1 g), and Q is the 

quality factor (Q = 11 at the optimal load at 1 g). The calculated FOM of a fabricated harvester 

was found to be 39.1 µW cm-3 g-2 at 1 g. 

4.6. Conclusion 

In this chapter, the development of high performance piezoelectric MEMS harvester based on 

bulk PZT ceramics was presented as potential application the self-powering of a wireless sensor 

node. A general single degree of freedom electromechanical model was first analyzed in details 

in order to explore relevant parameters that have to be accounted for the design of piezoelectric 

harvesters. Based on this model, the motion of cantilever was assumed to be independent from 

the connected resistive load. However, a piezoelectric electric harvester device utilizes high 

electromechanical coupling coefficient to convert mechanical energy into electrical energy. 

Thus, the generated electrical energy has an influence on the displacement amplitude through 

the high electromechanical coupling term. By adding the electromechanical coupling coefficient 

into the differential equation of the mass-spring damper system, it was obvious that the 

generated output voltage, current, and displacement were all affected by the coupling 

coefficient and the resistive load. This issue can cause a single degree of freedom model to 

become inaccurate. 

For this reason, the effects of the electromechanical coupling on the displacement, voltage, 

current, as well as the output power were simulated using a coupled-field electromechanical FE 

model. The FE model was capable of  predicting the generated output power of the piezoelectric 

harvester with different values of the load resistance while simultaneously numerical 

calculating the displacement amplitude of the tip of the cantilever. The results obtained from 

the fabricated harvesters were in good agreement with the model demonstrating a valuable 

approach for the optimization of the harvester geometry. 

Furthermore, a proof of concept of an autonomous wireless sensor node powered using a 

piezoelectric harvester was demonstrated. Ultra-Wideband (UWB) transmitter was used as a 
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wireless protocol due to the short transmission period enabling the potential of ultra-low 

power consumption. Using bulk piezoelectric harvester prototype developed in this work, it 

was experimentally observed that the node was able to transmit bursts of 100 pulses every 110 

seconds consuming an average power of 8.2 µW. This demonstrated the potential of fast data 

transmission for a sub 10 µW autonomous wireless sensor node. 

Finally, the thinning developed in chapter 3 was applied to the fabrication of piezoelectric 

MEMS harvester based on high quality thinned bulk PZT at wafer level. The wafer level 

fabrication process developed in this work eliminated the need for individual bonding of PZT 

pieces and proof mass at the chip level. Moreover, unlike many of the deposited thin films, 

commercially available bulk piezoelectric materials not only possess well characterized 

properties allowing accurate device simulation but they also exhibit high piezoelectric and 

electromechanical coupling coefficients which are required in piezoelectric energy harvesting. 

As a result, the harvesters presented here based on thinned bulk PZT sheets demonstrate a high 

power density. The fabricated harvesters are able to produce an output power of 82.4 µW at 1 g 

with an optimal resistive load of 9.5 kΩ with a bandwidth of 8.7 Hz while operating at a low- 

frequency of 96 Hz. This demonstrated the potential of fabricating performing piezoelectric 

harvesters targeting low-frequency applications based on thinned bulk PZT at the wafer scale. 
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Chapter 5: A compact system to harvest 

energy from a rotating object using 

piezoelectric MEMS harvester 

The resonant piezoelectric MEMS harvesters developed in the last chapter were capable of 

harvesting energy from the vibrations frequency as low as 100 Hz. However, many ambient 

vibration sources exhibit low-frequency with a random excitation, for instance, less than 10 Hz 

for human motion.  Designing resonant devices with natural frequencies matching those of 

large body movements requires long, thin and narrow structures and the addition of bulky 

proof masses. The large structures and displacements require additional space which is limited 

for many applications. One strategy that has been successfully implemented in the past is the 

use of frequency increased generator. Frequency up-conversion increases efficiency because 

the piezoelectric devices are permitted to vibrate at resonance even if the input excitation 

occurs at much lower frequency [31], [133]-[134].  

In this chapter, plucking-based frequency up-conversion to harvest energy from a rotating gear 

using an AFM-like piezoelectric MEMS cantilever based on bulk PZT is developed. Subsequent 

analytical and FEM modelling were developed in order to determine the generated output 

power from the harvesters and therefore optimize their design. The operational characteristics 

of the harvester is studied by investigating the effect of plucking speed, of the tip depth, and of 

the addition of a proof mass to the harvester on the output energy as well as conversion 

efficiency.  In order to evaluate the conversion efficiency, a novel methodology using a 

rotational flywheel is implemented. Using this method, the efficiencies of a plucking based 
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frequency-up converting harvester are studied in terms of plucking mechanism (contact and 

non-contact), the impact speed as well as the coupling geometry between the harvester and the 

inertial object. Furthermore, the longevity of the proposed concept is investigated highlighting 

the importance of the materials used for the gear and tip shape.  Finally, a compact, and 

wearable piezoelectric on-body energy harvesting system using a thinned bulk PZT cantilever 

coupled to an eccentric oscillating mass from common wrist watch is presented.   

5.1. Harvesting energy from low-frequency vibrations using 

frequency up-conversion principle 

Many vibrational piezoelectric energy harvesters are resonant-type devices operating by 

oscillating at their resonant frequencies, which are designed to closely match the motions of the 

surrounding environment. However, natural frequencies of many ambient vibration sources are 

distributed at the lower end of the spectrum: typically ≤ 10 Hz for human motion and ≥ 50 Hz 

for machine-induced vibrations [31], usually accompanied by considerable frequency variation 

over time. Resonant-type devices do not present a viable option in this case since average 

power generated by the harvester operating at resonance drops significantly at low-frequencies 

[5], [133]. This is because the mechanical damping in the air is much larger than the electrical 

damping and therefore most of the vibrational energy is transferred as mechanical loss instead 

of to the electrical domains [135]-[136]. To efficiently harvest energy from low-frequency 

vibrations, mechanical frequency up-conversion technique in which low-frequency input 

vibration is converted into high frequency vibration of an electromechanical transducer has 

currently received increased interest.  

The general principle is illustrated using figure 5.1 [31]. An element (inertial object) is excited 

at low-frequency. The motion of this low-frequency can be used to excite a second higher 

resonant frequency element. This mechanical transformation converts the low-frequency and 

large displacement motion to a higher frequency and lower displacement motion. The purpose 

of this principle is to increase the transformation efficiency of mechanical energy into 

electricity. Once the energy is stored in the high frequency mechanical spring, the device is 

released allowing it to freely oscillate. The stored mechanical energy is then converted to 

electricity.  
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Figure 5.1: Schematic describing the frequency up-conversion principle in which a low-frequency and 

large displacement motion is mechanically converted to a higher frequency lower displacement motion 

[31]. 

 

Several authors have presented frequency up-converting vibration energy harvesters, which 

may be classified into contact and non-contact types. A non-contact frequency up-conversion 

approach was first realized by Kulah et al. [133] applying magnetic pull force between a 

permanent magnet and a metal to increase the operational frequency of the electromagnetic 

harvester. Galchev et al. also demonstrated the use of magnetic interaction for frequency up-

conversion by using a low-frequency compliant structure, which latches onto the transducer 

and then releases for an electromagnetic [31] or piezoelectric energy generation [137] with a 

focus on harvesting energy from human motion, as shown in figure 5.2. Furthermore, magnetic 

plucking of piezoelectric beams has been reported by Pillatsch et al. [138]. The obvious 

advantage of magnetic plucking is that there is no contact on the brittle piezoelectric material. 

However, very high speeds are required to ensure proper release of piezoelectric beams in 

order they could undergo high frequency free oscillations after plucking.  

Umeda et al. [67]-[68] initially demonstrated the principle of contact-type frequency up-

conversion by analyzing the energy generated from the impact of a steel ball on a piezoelectric 

beam, clamped on both ends, with the aim to investigate the efficiency of electrical energy 

generation. The impact of the steel ball onto a piezoelectric plate through a nickel package was 

later studied by Cavalier et al. [139]. The impact is applied to the outside of the nickel package 

and the mechanical vibrations are transferred to the piezoelectric transducer which is located 

inside the package. 
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(a)                                                             (b)                                                   

Figure 5.2: Illustration of the cross section of (a) electromagnetic (b) piezoelectric frequency up-

converted generator developed by Galchev et al. [31], [137]. 

 

Renaud et al. [71]-[73] presented more detailed analysis dedicated to the impact energy 

harvesting for human applications and a hand-held prototype was implemented for harvesting 

energy from large amplitude and low-frequency excitations. The harvester is excited by shaking 

it from side to side, thereby causing a steel missile to impact one of two piezoelectric bimorphs 

positioned at each end of the container. Gu et al. [134] presented a frequency up-converting 

vibration energy harvester, where a compliant beam driven by low-frequency input vibrations 

impacts high frequency piezoelectric cantilevers (figure 5.3).    

 

Figure 5.3: Schematic of impact vibration energy harvester with separated driving beam and generating 

beams developed by Gu et al. [134]. 

 

Several designs of plucking-based frequency up-converting harvesters were proposed in the 

literature. Rastegar et al. [140] demonstrated a form of excitation on the rocking platform 
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which is excited by rotary oscillation. In this design, piezoelectric cantilevers are deflected and 

then released (plucked) by a sliding mass (figure 5.4), while in the designs presented previously 

the energy is transferred to the piezoelectric transducer(s) by the impacting rigid [67]-[68], 

[73], [139] or compliant [134] structures that bounce back after the impact.  

 

Figure 5.4: A concept of plucked piezoelectric cantilever using a sliding mass on the rocking platform 

developed by Rastegar et al. [140]. 

 

Pozzi et al. [122], [141] has implemented a plucking-based frequency up-conversion strategy to 

harvest energy from the rotation of a knee joint. Plucking action is achieved by deflecting 

piezoelectric cantilevers through a plectrum and releasing them rapidly, as shown in figure 

5.5(a). Priya [75] reported a piezoelectric windmill (figure 5.5(b)) which harnesses the wind 

energy to rotate a wheel with notches that are used to pluck a series of piezoelectric cantilevers. 

However, in this design the piezoelectric beams extend outward from the central wheel 

significantly enlarging the diameter of the harvesting system. 

 

(a)                                                                                            (b) 

Figure 5.5: (a) Illustration of plucking action of knee-joint piezoelectric harvester developed by Pozzi et 

al. [122]. (b) Schematic of the piezoelectric windmill showing the arrangement of piezoelectric actuators. 

 

In summary, most of the reported designs of the contact-type frequency up-converting 

piezoelectric energy harvesters are based on macro-structures with volumes in the range of 
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cm3. Operating the contact-type frequency up-converting using MEMS harvester is still 

challenging. The main issue is related to the reliability due to the physical nature of both 

piezoelectric material and silicon substrates, high stress or large deformation that can easily 

cause damage to the devices. Although the non-contact frequency up-conversion piezoelectric 

harvesters seem to be more reliable compared to the impact harvesters, the required large chip 

size to accommodate the deformation of the flexible beam result in low power density [137]-

[138]. 

In this chapter, a concept of harvesting energy from rotating gear using plucking-based 

frequency up-conversion principle on piezoelectric MEMS harvester is demonstrated. By 

coupling of an oscillating mass-gear system to a piezoelectric MEMS energy harvester, a new 

kind of low-frequency energy harvesting system with compact design is implemented. 

5.2. Frequency up-conversion power generation capability 

As previously discussed, the electromechanical coupling of resonant harvester is dependent on 

the frequency of operation. In order to increase the operating frequency of the harvester and to 

decouple it from the low-frequency, a mechanical transformation is employed where energy is 

transferred from the inertial object to the harvester.  

Calculating the energy generated by the generator using frequency up-conversion method was 

presented by Galchev et al. [31].  

 

Figure 5.6: A simple model of a direct-force principle used to determine the energy generated from the 

frequency up-conversion harvester. 

 

Using a simple mass-spring damper system illustrated in figure 5.6, the differential equation of 

motion is given by 
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( ) ( ) ( ) ( )mz t cz t kz t f t+ + =ɺɺ ɺ                                                              (5.1) 

The force f(t) acts directly on a proof mass m supported by a suspension with a spring constant 

k and with a damping element c, both present to provide a force opposing the motion resulting 

in a displacement z(t). 

As described in chapter 4, the energy taken away from the mechanical system is converted to 

electrical energy through ce electrical damping. The electrical damping force (Fe) can be defined 

by e eF c z= ɺ . Thus, the energy dissipated in the damper every cycle is given by integrating the 

damping force Fe over a full cycle as 

2 /
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e e eW F dz c zdz c z dt

π ω

= = =∫ ∫ ∫ɺ ɺ� �                                                      (5.2) 

where ce is the electrical damping coefficient, zɺ is the velocity of the mass as a function of time, 

and ω is the ambient vibration frequency (frequency of actuation). The integral is taken over 

the period of the ambient source vibration to account for the entire time where the mass is 

oscillating after having been actuated.  The velocity of the mass can be given as [31] 
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where zact is the initial mass displacement after releasing the force, ωn is the natural frequency 

of the generator, ζT is the combined mechanical and electrical damping ratio of the generator, 

and ωd is the damped natural frequency of the generator that can be expressed as 

1d n Tω ω ς= −                                                                         (5.4) 

By substituting equation 5.3 and 5.4 in 5.2, the result of this integration gives the converted 

energy by the generator per input excitation cycle. After dividing by the period of the source 

vibration, the total power generated by the generator can be given by  
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Assuming that ζe (and ignoring parasitics) is large enough such that the generator can be 

completely damped per an excitation cycle of 2π/ω, Ptotal can be expressed by 

2 3 2
~total actP m zγ ω                                                                       (5.6) 

where ϒ = ωn/ω. The equation 5.6 gives a guideline for the optimization of the generator using 

the frequency up-conversion method. The frequency ratio ϒ is related to the up-conversion 

principle. By an increasing of the resonant frequency of the generator (ωn), greater output 

power can be obtained. However, there is a trade-off between, ϒ, m, and zact. Decreasing the 

mass or increasing the spring constant can increase ωn, the output power is also affected by the 

mass itself. One parameter that does not appear in equation 5.6 is the spring constant. In 

general, zact depends on the restoring force of the spring. In other words, zact is directly 

influenced by the spring constant of the generator. Thus, the zact has to be optimized first. Upon 

maximizing the initial deflection, zact, for a given volume, ϒ can be increased, if needed, by 

decreasing the mass, in order to completely convert all the energy transfer by the inertial mass 

per cycle to the generator. 

5.3. A concept to harvest energy from a rotating gear using a 

piezoelectric MEMS harvester 

As discussed in section 5.1, several designs of the frequency up-converting piezoelectric energy 

harvesters were proposed based on macro-structures occupying volumes in the range of cm3. 

Here, a compact energy harvesting configuration for the plucking-based frequency up-

converting piezoelectric MEMS harvester is proposed by using a vertical configuration thanks to 

the use of AFM-like MEMS cantilever structures. With this vertical configuration, a low-profile, 

compact, wearable energy harvester could be mounted in a watch or a bracelet. A patent of this 

concept was filed by the EPFL in June, 2011 [32]. A system configuration of this proposed 

concept to generate power is illustrated in figure 5.7. The proposed concept consists of a 

piezoelectric cantilever positioned above a gear to be coupled to an oscillating mass in order to 

keep system as compact as possible. The piezoelectric harvester is coupled to the gear through 

a tip at the free end of cantilever (AFM-like design). As the gear rotates, the piezoelectric 

harvester is periodically plucked by the gear teeth, i.e. the cantilever is deflected by a tooth of 

the gear and is then released to freely vibrate at its resonant frequency with an exponentially 
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decreasing amplitude. Consequently a portion of the kinetic energy of the rotating gear is 

converted to electrical energy through the impact with the piezoelectric structure. This 

configuration can allow placing several cantilevers in a star-like configuration in order to 

increase the generated output power while preserving the compactness of the system (defined 

by the thickness of the piezoelectric/Si cantilevers and gear). As a proof of concept to study and 

optimize the system, the inertial mass system coupled to the gear was replaced by an electric 

motor. Here, a silicon beam serves as the elastic substrate for the bulk PZT piezoelectric 

material. Silicon micromachining is well-established and allows AFM-like silicon cantilevers 

with well-defined tips to be easily fabricated. 

 

Figure 5.7: Schematic drawing of the proposed concept to harvest energy from a rotating gear. 

5.3.1. Preliminary experiments for the proof of concept 

As discussed in chapter 4, MEMS cantilever structure is the most compliant bending structure 

and can also generate larger strain compared to the other MEMS structure. Thus, a unimorph 

piezoelectric cantilever was developed for this study. In our concept, a mechanical effort, with 

large-amplitude characteristics of motion, is applied by direct contact to the harvester 

structure. Thus, a piezoelectric material exhibiting high resistance to the induced bending strain 

is required. Investigation of the bending strength of several bulk PZT ceramics, including PZT-4, 

PZT-5A, PZT-5H, and PZT-8, was reported Anton et al. [142]. Among these materials, PZT-5A 

exhibited the highest bending strength of 150 MPa compared to 100 MPa for PZT-5H, and the 

strength was around 120 MPa for both PZT-4 and PZT-8. Therefore, the piezoelectric layer used 

in this study is a bulk PZT sheet, PSI-5A4E with a thickness of 130 µm, provided by Piezo 

Systems Inc. PZT-5A presents not only higher bending strength than PZT-5H but also higher Q 
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factor. Using frequency up-conversion principle, the harvester will be oscillating at its resonant 

frequency after plucking, therefore high Q factor (low damping) is favorable in order to reduce 

energy losses in the system as well as increase energy produced by the harvester. 

To demonstrate a proof of concept, the width and length of the cantilevers were fixed at 3 mm 

and 5 mm, respectively, in order to provide a large enough active area to accumulate the 

generated charge while maintaining a compact design. Using an analytical expression 

developed by Mo et al. [143] in order to determine the energy generated form the piezoelectric 

cantilever, it was found that the thickness ratio between the PZT and silicon substrate (tp/ts) 

should be closed to 0.6 in order to maximize the generated energy. To satisfy this condition, the 

thickness of the silicon must be 200 µm.  However, the thickness of the silicon cantilever used in 

the proof of concept device was designed to be thinner at 150 µm in order to maintain a certain 

flexibility of the cantilever because of the limited torque available from motor. More detailed 

description on the design and optimization of the PZT/silicon cantilever thickness ratio will be 

given in section 5.4. 

5.3.1.1. Fabrication 

The microfabrication process of the harvester is illustrated in figure 5.8. The process begins 

with a double-side polished 100 mm (4 inch) and 390 µm-thick silicon substrate. The cantilever 

shape and through-holes which were used to access the electrical contact on the bottom 

electrode of the PZT were first patterned from the top side by DRIE (figure 5.8(a)). The depth of 

the etch determined the thickness of the Si cantilever. A 150 nm-thick LPCVD silicon nitride film 

was then deposited on both sides to provide electrical isolation as well as a masking layer for 

the anisotropic wet etching of silicon (figure 5.8(b)). Backside openings in the silicon nitride 

were defined using UV lithography followed by RIE etching (figure 5.8(c)). The exposed areas of 

silicon were etched in a KOH solution to define the cantilever and the silicon tip (AFM-like 

cantilever as shown in figure 5. 8(d). A 130 µm thick PZT was then diced in to designed 

dimensions with a standard dicing tool before manual bonding onto the top of the cantilever 

using a UV activated glue (DELO 4552) (figure 5.8(e)). A fabricated AFM-like MEMS 

piezoelectric harvester is shown in figure 5.9. 
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Figure 5.8: Schematic d of the microfabrication process for the AFM-like MEMS piezoelectric harvesters. 

(a) Patterning of cantilever shape using DRIE. (b) Deposition of silicon nitride. (c) Backside RIE. (d) KOH 

wet etching on backside. (e) Bonding of PZT. 

 

 

 

                                                         (a)                                                               (b) 

Figure 5.9: (a) Top view of the fabricated harvester. (b) SEM image obtained from the silicon tip. 

 

As shown in figure 5.9(b), a tip height of 240 µm was achieved when etching the Si beam to the 

desired thickness of 150 µm. The sidewalls angle of the tip was 54.7o defined by the etching 

profile of a (100) silicon wafer.  

5.3.1.2. Experimental results 

The performance of the harvester was investigated using the experimental setup illustrated in 

figure 5.10. For the first evaluation, a plastic gear box (GGB02 from Gizmo’s zone) with 16 teeth 

coupled to an electric DC motor, maximum torque of 0.049 N m, with a constant speed of 0.4 rps 

(25 rpm) was used to pluck the harvester once per rotation.  The harvester was mounted on a 

three axis micropositioning stage (X, Y, and Z) to precisely adjust the position of the tip in 
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relation to the gear. The electrical output from the harvester was monitored with an 

oscilloscope, while the displacement of the harvester was measured using a laser Doppler 

vibrometer (LDV).  

 

                                              (a)                                                                                 (b) 

Figure 5.10: (a) Schematic of the experimental setup. (b) The harvester mounted on the X, Y and Z stage 

and positioned above the gear. 

 

The power generation of the piezoelectric harvester was observed by varying the depth of the 

tip inserted into the gear. Using the configuration in figure 5.10, however, lateral forces acting 

on the cantilever tip induced torsional movement of the beam resulting in the reduction of the 

net charges on the surface of the PZT due to charge cancellation effect. This is confirmed by the 

output voltage generated from the harvester as shown in figure 5.11. 

 

Figure 5.11: The open circuit voltage waveform generated by the harvester when positioned above the 

gear teeth for a tip depth of 100 µm at rotational speed of 0.4 rps. 
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In order to minimize the effect of torsion from the lateral force, one possible solution is that the 

cantilever is positioned beside the gear as illustrated in figure 5.12. This indicated that the 

design of the couple tip-gear and their shape are important parameters that have to be 

considered in the future for the optimization of the system. 

 

Figure 5.12: Illustration of the side configuration in order to minimize the torsional movement of the 

cantilever. 

 

Figure 5.13 provides an example of the open circuit voltage for multiple plucks and the 

measured results on the output voltage generated from the harvester and the displacements of 

the beam obtained as function of the tip depth. The output voltage in figure 5.13(a) shows that 

the harvester is not able to oscillate at slow rotational speed of 0.4 rps. The tip of the cantilever 

simply follows the contour of the gear tooth because the gear was not moving fast enough to 

release the cantilever tip as confirmed in figure 5.13(b). This also indicates that the tip and gear 

tooth profile as well as the plucking speed are one of the key parameters that have to be 

optimized. The voltage pulses are generated due to induced strain caused by the impact of each 

gear tooth. The voltage level and the signal waveform depend on the depth of the tip with 

respect to the gear teeth as shown in figure 5.13(c). It is clearly observed that both the output 

voltage and the displacement increase with increasing tip depth. This demonstrates the 

potential to modulate the output power by simply controlling the height of the tip with respect 

to the gear teeth. 
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                                             (a)                                                                                                (b) 

 

   (c) 

Figure 5.13: (a) The open circuit voltage waveform generated by the harvester for a tip depth of 100 µm 

at a speed of 0.4 rps. (b) The magnification of the voltage waveform obtained from the first peak from 

figure 5.13(a). (c) The open circuit voltage and tip displacement of the harvester as a function of tip 

depth. 

 

The voltage pulses are generated due to induced strain caused by the impact of each gear tooth. 

The voltage level and the signal waveform depend on the depth of the tip with respect to the 

gear teeth as shown in figure 5.13(c). It is clearly observed that both the output voltage and the 

displacement increase with increasing tip depth. This demonstrates the potential to modulate 

the output power by simply controlling the height of the tip with respect to the gear teeth. 

The output power generated was investigated by connecting the harvester directly to various 

resistive loads (RL). The current produced by the harvester passing through the resistive load at 

various tip depths was recorded using a 6-digit digital multimeter. The corresponding average 
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power was calculated by Pave = I2
rmsRL. The fabricated piezoelectric harvesters, which occupy 

approximately 4.2 mm3, could generate an average output power of 1.26 µW at a tip depth of 

100 µm with an optimal load of 2.7 MΩ and a gear wheel rotation speed of 0.4 rps as illustrated 

in figure 5.14. 

 

Figure 5.14: Variation of the output power as a function of the resistive loads for different tip depth. 

 

A proof of concept to harvest energy from a rotating gear using piezoelectric MEMS harvester 

was demonstrated here. The output voltage and power generated could reach a level of interest 

for practical applications. However, the frequency up-conversion in these given experimental 

conditions was not obtained to convert the low-frequency excitation from the rotating gear to a 

high frequency vibration in order to improve the power output. This indicates that some 

optimizations are still required. The issue related to the effect of torsion of the proposed 

concept has to be carried out in order to create a compact energy harvesting configuration. All 

these issues will be described in the next section on the optimization of the harvester structure 

and system architecture. 

5.4. Optimization of harvesters structure and system architecture 

A novel approach using AFM-like piezoelectric MEMS cantilever to extract energy from a 

rotating gear was previously presented in section 5.3. In the proposed configuration, the 

cantilever was positioned beside the gear to minimize the effects of torsion caused by lateral 

forces acting on the cantilever tips as shown in figure 5.12; however, this solution makes the 

harvester assembly bulky. Here, a truly compact design in which the cantilever is placed 
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directly above the vertical crown gear rotating in-plane in order to keep system as compact as 

possible is presented. The optimization of the configuration implemented in this study is 

illustrated in figure 5.15. In this configuration, the tip of the cantilever is plucked by the vertical 

teeth as the gear rotates. Using the sloped vertical profile of the crown gear diminishes the 

amplitude of the force creating torsion in the beam. 

 

Figure 5.15: Schematic drawing of the optimized compact configuration to harvest energy from a 

rotating gear. 

 

A diagram depicting the forces present in the plucking mechanism used in this work is 

illustrated in figure 5.16. Assuming the gear tooth is fixed relative to our coordinate system, 

when the tip of the cantilever contacts the gear tooth in the approach phase (I), the cantilever is 

deflected to a displacement (z0) following the sidewall angle (Ɵ) of the gear tooth in the x 

direction (in-plane). The horizontal force exerted by the gear tooth is represented by FG. It is 

obvious that the angles of the sidewalls of the cantilever tip and the gear teeth direct the force 

in the vertical direction while reducing the horizontal force component, which is wasted for 

inducing detrimental torsional movement of the cantilever. The vertical restorative force 

generated by the deflected cantilever (Fk) is proportional to the stiffness of the cantilever.  
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Figure 5.16: Analysis of the plucking action between the tip and the gear tooth. 

 

The frictional force (Ff) from the contact between the two surfaces impedes the motion of the 

cantilever and is equal to  

( cos sin )f k k GF F Fµ θ θ= +                                                          (5.7) 

where µk is the kinetic coefficient of friction. The minimum force required by the gear to move 

the cantilever is determined by equating the forces aiding and impeding the motion expressed 

as 

cos sinG k fF F Fθ θ= +                                                               (5.8) 

Thus, the mechanical work done by the gear to deflect the tip of the cantilever to a displacement 

z0 is found by integrating the minimum required force over the horizontal displacement 

0
2

0

0

sin cos

2 tan cos sin

z sin
k

I G

k

kz
W F xdx

θ θ µ θ
θ θ µ θ

 +
= =  − 
∫                                      (5.9) 

When the cantilever reaches the top of the gear tooth (phase II), only the frictional force acts on 

the cantilever as the tip of cantilever follows the profile of the gear tooth. Phase III represents 

the release phase; the cantilever is released and free to oscillate at its resonant frequency. 

5.4.1. Design and modeling 

In the present work, we proposed the use of plucking based frequency-up conversion strategy 

for harvesting energy from rotating object, with special focus on converting the low-frequency 
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movement of the gear into high frequency vibration of a piezoelectric unimorph cantilever. The 

motion of the piezoelectric cantilever when plucked by the gear tooth touching its tip was 

analyzed. The cantilever was deflected with constant speed up to a given displacement, after 

which it was expected to be released by the loss of contact with the gear. This two-step action 

(deflection and release) contribute significantly to the harvester outputs. 

Most of the literature on piezoelectric energy harvesting is dedicated to the resonant harvester. 

Both analytical [2], [115, [144] and finite element [114], [116] were developed, where the 

cantilevers, most typically with an additional proof mass on the tip, were subjected to harmonic 

excitation. Other forms of excitation, such as impact, and plucking are rarely considered. Mo et 

al. [143] proposed an analytical model to determined energy generated form the deflected 

piezoelectric cantilever in both d31 and d33 modes based on the stress and moment in the 

bender. Gao et al. [145] presented a theoretical analysis based on the Euler-Bernoulli beam 

theory to calculate the induced voltage of the piezoelectric unimorph for a given force or 

displacement in static condition.  

Using these models combined with the analysis of the motion as discussed in figure 5.16, an 

analytical model to determine the electrical outputs from the plucked piezoelectric is provided 

in this section. This analysis of motion is also used to provide a loading step with deflection and 

release step followed by the vibration of the cantilever at its resonant frequency in the transient 

analysis. The input force giving to piezoelectric harvester by mechanical plucking was then 

modeled using FE simulation in ANSYS. Using FE model allowed the prediction of the 

electromechanical behavior of the harvester with a connected resistive load (e.g. voltage, 

energy, displacement, and distributed strain on the harvester as well as the deformed shape). 

For this reason, both analytical and FE models are developed in this thesis. However, any 

energy absorption by the gear during the plucking process is not accounted for. 

5.4.1.1. Analytical model 

A unimorph cantilever consists of a piezoelectric layer (PZT) bonded to a support layer (Si) of 

the same length (L) and width (W) as shown in figure 5.17. For simplification, the bonding layer 

is ignored and the bonding of the two layers is assumed to be ideal. The polarization direction 

of the piezoelectric layer is through the film thickness and perpendicular to the plane (d31). On 
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the z-axis, z = 0 at the interface between the piezoelectric and support layers; tp, and ts are the 

thickness of the piezoelectric and support layers, respectively.  

 

Figure 5.17: Schematic drawing of a unimorph piezoelectric cantilever. 

 

The lateral stress (σ) in the piezoelectric layer at a position (x, z) can be given by [145]  

0
( )( ) ( )( )

( ) ( )

p eff p

n n

composite composite

FE k z E
L x z t L x z t

EI EI
σ = − − = − −        for 0 < x < L         (5.10) 

F is the applied force which is equivalent to F = keffz0 where keff is the effective spring constant of 

the composite beam, z0 is the tip displacement of the beam, (EI)composite is the effective bending 

modulus of the composite beam. The neutral plane will be positioned at distance tn from the 

interface between piezoelectric and support layers depending on the thickness and Young’s 

modulus of each layer. tn can be expressed as [134] 

2 2

2( )

p p s s

n

s s p p

E t E t
t

E t E t

−
=

+
                                                               (5.11) 

where Ep and Es are the Young’s moduli of the piezoelectric and support layers. EIcomposite can be 

calculated by 

( )composite p p s sEI E I E I= +                                                         (5.12) 

where Ip and Is are the moment of inertia of the piezoelectric and support layers which can be 

expressed as 

3

2( )
12 2

p p

p p n

Wt t
I Wt t= + −                                                       (5.13) 
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3
2( )

12 2

s s
s s n

Wt t
I Wt t= + −                                                              (5.14) 

The electric field, E, in the piezoelectric layer at a position (x, z) is then 

31 031( , ) ( )( )
( )

eff p

n

composite

d k z Ed
E x z L x z t

EI
σ

ε ε
= = − −                      for 0 < x < L                    (5.15)                                                

The induced voltage generated from a piezoelectric layer at x is given by integrating E(x, z) with 

respect to the thickness of the piezoelectric layer as 

2

31 0

0
( ) ( , ) ( )( )

( ) 2

pt eff p p

n p

composite

d k z E t
V x E x z dz L x t t

EIε
= = − −∫          for 0 < x < L                   (5.16) 

where d31 is the piezoelectric strain coefficient and ε is dielectric constant of the piezoelectric 

layer. Since the induced electric charges on the surfaces of the piezoelectric layer will be 

redistributed, the induced voltage should be averaged over the length L and can be defined as 

   

2

31 0

0

1
( ) ( )

2 ( ) 2

L
eff p p

ave n p

composite

d k z E L t
V V x dx t t

L EIε
= = −∫                                       (5.17)     

Deflection of the harvester as a function of the gear speed and gear tooth profile can be 

determined by solving the second order differential equation (equation 5.1) describing the 

motion of the mass-spring system (figure 5.6). A numerical solution to the differential equation 

for the dynamic displacement (equation 5.1) can be found by using the fourth-order Runge-

Kutta method in order to determine the output energy generated from the harvester. This was 

developed in MATLAB using the parameters given in Table 5.1. To satisfy the optimal thickness 

ratio of 0.6 defined by the analytical calculation, the thickness of PZT used initial device, as 

presented in section 5.3.1.2, was reduced from 130 µm to 80 µm while the thickness of silicon 

remained constant at 150 µm. Figure 5.18 gives an example of the output voltage from the 

harvester based on the numerically calculated displacement of the cantilever at certain 

rotational speed of 19 rps.   
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Figure 5.18: An example of generated open circuit voltage from the harvester obtained from the 

modeling. 

 

Table 5.1: Material properties and structural parameters of the piezoelectric harvesters developed in 

this work. 

Parameters Description Value 

d31 Piezoelectric strain coefficient -190 pC/VN 

Ep Elastic modulus of the PZT    66 GPa 

ε Relative dielectric constant of the PZT  1800 

ρp Density of PZT  7800 kg/m3  

Q Mechanical quality factor of the PZT  80 

εo Permittivity of free space  8.85e-12 F/m 

Es Elastic modulus of silicon  169 GPa 

W Width of the cantilever beam  3 mm 

L Length of the cantilever beam  5 mm 

tp Thickness of PZT layer  80 µm 

ts Thickness of silicon layer  150 µm 

5.4.1.2. FEM modeling 

In order to obtain a more comprehensive description of the electromechanical behavior on the 

designed harvester, a 3D coupled-field electromechanical finite element model was also 

developed in ANSYS 12.0. The model predicts the voltage generated from the harvester as well 

as the electrical energy dissipated through an electrical load for a given input force or 

displacement. For simplification, the tip at the free end of the cantilever was neglected in the 

simulations. Thus, the force or displacement was directly applied to the free end of the 

cantilever in the direction of approach. In ANSYS, a 3D model based on SOLID5 elements for the 

piezoelectric (PZT) layer and SOLID45 elements for the structural components, including the 

adhesive and the silicon layers, was built. A resistive load (RL) was connected to the top and 
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bottom electrodes of the PZT using CIRCU94 elements (for harmonic and transient analysis). A 

displacement constraint on the clamped end of the cantilever (base) was applied as a boundary 

condition. The bottom electrode of the PZT was set to ground while the top electrode was 

allowed to float. 

The electromechanical behavior of the harvester was simulated through two types of analyses: 

static and transient. Variations of the tip depth (deflection amplitude) were simulated by 

applying a corresponding force localized on the node at the tip. The average voltage generated 

through the film thickness can be simulated by coupling all of the nodes on the top surface 

together in the static analysis. The structural optimization of the harvester was investigated by 

simulating the electrical energy generated by the harvester. The electrical energy can be 

calculated using the equation 4.39. The simulated results were also normalized with respect to 

their peak value in order to avoid any misinterpretation. The first critical parameter that has to 

be optimized for achieving higher output power is the PZT to silicon layer thickness ratio. By 

keeping the total beam thickness and the area of cantilever (W × L) as constant, the static 

analysis revealed that the ratio between the thickness of the PZT and silicon layers (tp/ts) 

should be closed to 0.6 in order to maximize the electrical energy generated by the harvester as 

shown in figure 5.19(a).  Using other materials than silicon as a support layer might change this 

optimal ratio due to the difference in material properties. Furthermore, the static analysis can 

be used to simply determine the maximum displacement, stress and deformation of the 

structure caused by a particular load (force) while ignoring inertial and damping effects as 

shown in figure 5.19(b). 
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(a) 

 

(b) 

Figure 5.19: (a) Optimization of PZT/Si thickness ratio. (b) The stress distribution and deformed shape 

on the cantilever simulated using a given input force of 0.5 N. The X axis indicated the amount of stress 

(Pa) developed on the piezoelectric cantilever. 

 

By satisfying the ratio of 0.6, output energy as a function of total beam thickness as well as the 

stiffness of the beam was simulated by applying a certain input force of 0.5 N to the free end of 

the cantilever. The simulated results are given in figure 5.20. It was clearly observed that the 

output energy dramatically dropped as the thickness of the beam increased as shown in figure 

figure 5.20(a). A thicker beam increased its stiffness resulting in a smaller deflection (figure 

5.20(b)). Thus, less amount of stress was developed on the PZT layer as confirmed by figure 

5.21. 
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                                            (a)                                                                                         (b) 

Figure 5.20: Simulation of the output energy as a function of total beam thickness and (a) the stiffness of 

(b) the displacement of the beam. 

 

 

                                              (a)                                                                                  (b) 

Figure 5.21: Distributed stress on (a) thinner beam with a normalized value of 0.64 and (b) thicker beam 

with a normalized value of 1.00. 

 

These results indicated that if the available force in the system is limited, high energy output 

can be benefited from more compliant structure. The stiffness or spring constant (keff) can be 

analytically calculated by 

3

3( )
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EI
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L
=                                                              (5.18) 

where (EI)composite is a function of the width and thickness of the cantilever which can be 

calculated using the equation 5.12 to 5.14. L is the length of the beam. Based on the equations 
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5.12 to 5.14, and 5.18, the stiffness can be effectively decreased by reducing the total thickness 

of the beam or increasing the length of the beam. 

In contrary, if the harvester is deflected by a certain input displacement, for instance, 50 µm in 

this simulation, the results show that the output energy can be greatly improved by increasing 

the beam stiffness as illustrated in figure 5.22. For the equalized displacement, the stress is 

directly proportional to the stiffness of the beam as described in the equation 5.10. Thus, more 

charges develop on a stiffer beam as a result of higher energy generation. This indicates another 

important parameter that has to be accounted for when it comes to the design and optimization 

of the energy harvesting system. 

 

Figure 5.22: Simulation of the output energy as a function of total beam thickness and the stiffness of the 

beam by applying a constant force. 

 

According to the force available in the system, the thicknesses of the PZT and silicon layers 

were first designed to be 80 µm and 150 µm, respectively, as a compromise between flexibility 

and output power of the harvester. The width and length of the cantilevers are also 3 mm and 5 

mm, respectively, for comparison purpose with the first design of the harvester described is 

section 5.3.1. 

The plucking action between the tip and gear tooth was simulated with a transient analysis. In 

the analysis, the viscous damping was added to the model by numerical calculation using the 

equation 4.38. First, a load is applied in which the cantilever is deflected to a certain 

displacement at a desired speed corresponding to the applied force. This was obtained using a 

ramped load solution in the FE model. The subsequent step is the release stage. This was 
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simulated in the second stage of the transient analysis where the force was removed from the 

tip of deflected cantilever allowing the cantilever to freely oscillate at its resonant frequency. 

The solution was simulated over several milliseconds in order to view the response of the 

harvester until the amplitude of vibration was diminished by damping.  

 

Figure 5.23: Simulated voltage and accumulated energy as a function of time for a given input force of 

0.12 N arising in 5 ms at the resistive load of 4.7 kΩ. 

 

The transient voltage, V(ti), across the resistor at sub-step i was output throughout the transient 

analysis as shown in figure 5.23. Consequently, the instantaneous power, P(ti), and energy, E(ti) 

generated by the harvester is given by 
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=                                                                        (5.19) 

( ) ( )i i iE t P t t= △                                                                      (5.20) 

where ti is the time at sub-step i. Thus, the average power produced at the time tN can be 

calculated using the following expression  
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5.4.2. Experimental results 

A 130 µm thick PZT sheet was thinned down to 80 µm using an automatic grinder as described 

in chapter 3. After grinding, a 200 nm nickel (Ni) electrode with a 20 nm chromium (Cr) 

adhesion layer was evaporated on the surface of the thinned PZT layer. The thinned PZT layer 

was then diced to the designed dimensions before manual bonding onto the top of the 

cantilever as illustrated in section 5.3.1.1. A fabricated AFM-like MEMS piezoelectric harvester 

based on thinned PZT is shown in figure 5.24. 

 

                                                       (a)                                                                  (b) 

Figure 5.24: (a) An optical image of the cross-section of thinned PZT/silicon AFM-like cantilever. (b) The 

harvester mounted on the X, Y and Z stage and positioned above the gear. 

 

The performance of the harvester was investigated using the experimental setup illustrated in 

section 5.3.1.2. However, in the experiments here, an acetal crown gear with a single tooth 

coupled to an electric DC motor was used to pluck the harvester once per rotation in order to 

first evaluate the effect of plucking speed. Figure 5.24(b) shows the harvester positioned above 

the single tooth crown gear in the experiment. 

The power generation of the piezoelectric harvester was observed by varying the depth of the 

tip inserted into the gear wheel as well as the rotational speed of the gear tooth. The rotational 

speed was varied by tuning the applied voltage to the motor. Figure 5.25 provides an example 

of the open circuit voltage waveform generated by the harvester at three different rotational 

speeds at tip depth of 70 µm. 
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                                                 (a)                                                                                            (b) 

 

         (c) 

Figure 5.25: The open circuit voltage waveform for a tip depth of 70 µm at rotational speed of (a) 3 rps 

(b) 13 rps (c) 19 rps. 

 

The voltage pulses are generated due to strain induced in the piezoelectric layer when the 

cantilever is plucked by the gear tooth. The output voltage in figure 5.25(a) shows that the 

harvester is not able to oscillate at slow rotational speed, 3 rps and lower. The tip of the 

cantilever simply follows the contour of the gear tooth because the gear was not moving fast 

enough to release the cantilever tip as discussed in section 5.3.1.2. Free oscillation of the 

harvester after plucking was observed when the rotational speed was increased up to 13 rps 

(figure 5.25(b)). The observable increase in output voltage of the harvester when the gear is 

moving faster corresponds to the higher kinetic energy transferred from the gear to the 
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cantilever. The natural frequency of the harvester was found to be 6.5 kHz. As illustrated in 

equation 5.6, the maximum power that can be generated by the frequency up-converting 

harvester is governed by
2 3 2

~total actP m zγ ω . That means a harvester with a high resonant 

frequency can generate higher output power than the low resonant frequency device if the 

proof mass is ignored.  

The measured output voltage and displacement of the harvester as a function of tip depth are 

given in figure 5.26. The applied force at the tip was calculated based on the stiffness and 

displacement of the harvester. It is clear that both the displacement and the output voltage 

increase with increasing tip depth demonstrating the modulation of power output. 

 

Figure 5.26: The open circuit voltage, applied force and tip displacement of the harvester as a function of 

tip depth at the rotational speed of 19 rps. 

 

The output power generated by the harvesters was investigated by connecting the harvester 

directly to various resistive loads (RL). Using the expression in equation 5.21, the average power 

as a function of load resistance for one cycle is shown in figure 5.27. Fig. 5.27(a) presents the 

output power as a function of tip depth. At the rotational speed of 19 rps, the fabricated 

piezoelectric harvesters, which occupy approximately 3.5 mm3, can generate an average output 

power of 12 µW over one cycle at a tip depth of 70 µm and an optimal load of 4.7 kΩ. The 

optimal load resistance (Ropt) can be approximated using Ropt = 1/ωCp where ω is the natural 

frequency of the harvester and Cp is the capacitance of the piezoelectric layer. As the rotational 

speed dropped to 3 rps, the output power also dropped to 0.6 µW (figure 5.27(b)) due to 

limited oscillations of the harvester and to the fact that the time integral of the average power 
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was increased as a result of the longer plucking period. The optimal load resistance also 

increased to 119 kΩ due to the reduction of the rotational speed of the gear. As a consequence, 

the tip remained coupled to the gear tooth during plucking process and after the release the 

contribution of high frequency free oscillations was lost as it may be observed in figure 5.25(a). 

 

                                                 (a)                                                                                             (b) 

Figure 5.27: (a) The output power as a function of load resistance for different tip depths. (b)The output 

power as a function of load resistance for different rotational speed. 

 

In this case, the resonant frequency of the system corresponds to the coupled vibration 

between the harvester and the moving gear [146]-[147]. Thus, slower plucking process (longer 

contact time) caused the coupled frequency to drop resulting in a higher optimal load.  

Toward a better understanding, the energy produced from the harvester as a function of time at 

each rotational speed is calculated using the following expression 
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E t P t t
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= ∆∑                         for N > 0                        (5.22) 

The voltage across the optimal load resistance and resulting dissipated energy are presented in 

figure 5.28. At slow rotational speeds (figure 5.28(a)), most of the energy is produced during 

the deflection of the cantilever. For one cycle, the energy was found to reach the maximum at 

0.17 µJ. At higher rotational speeds (figure 5.28(b)), the harvester was able to produce an 

energy of up to 0.5 µJ. The energy produced in the release step is significant. More than 80 % of 

the energy was produced while the harvester was allowed to freely oscillate upon release. 
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Although the maximum energy is generated by the time that the amplitude of vibration has 

completely decayed, it is better to re-pluck the cantilever while it is still oscillating in order to 

optimize the output power. This can be achieved by increasing the rotational speed or 

increasing the number of gear teeth. However, re-plucking the harvester while it is still 

undergoing oscillations could amplify or weaken the harvester response. 

 

                                          (a)                                                                                        (b) 

Figure 5.28: Output voltage and energy per pluck dissipated in the optimal resistor at rotational speed of 

(a) 3 rps. (b) 19 rps. 

 

Figure 5.29: Comparison between simulation and experiment of the energy per pluck dissipated in the 

optimal load resistor of 4.7 kΩ at rotational speed of 19 rps. 

 

The results of the analytical calculation and the FEM simulation were then compared to the 

experimental measurement as shown in figure 5.29. An agreement between measurement and 

simulation of both analytical and FEM was obtained.  The mismatch of the output energy per 

pluck between simulation and measurements was observed to be around 10%. A 15 % 
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difference between experimental and the analytical calculations was also seen. The differences 

between theoretical and experimental values are mainly due to energy absorption by the gear 

which is not accounted for in both models. 

5.5. Efficiency determination 

The energy conversion efficiency is defined as the ratio of the generated electrical energy to the 

mechanical input energy. Initially, the mechanical input energy is approximated by the potential 

energy stored in the beam based on the displacement and effective spring constant of the 

cantilever as given by 

2

0

1

2
sp effE k z=                                                             (5.23) 

where keff is the effective spring constant of the composite beam, z0 is the tip displacement of 

the beam. The measured efficiency as a function of load is presented in figure 5.30.         

 

Figure 5.30: Conversion efficiency at different rotational speeds. 

 

The conversion efficiency was found to be 11 % at a rotational speed of 19 rps and decreased to 

5% at slow rotational speeds. These results define the electromechanical coupling behavior of 

the harvester, however, they do not account for the gear tooth and cantilever tip interaction 

(e.g. friction and energy absorbed by the polymeric gear) which will decrease the overall system 

efficiency due to the friction from the coupling of the two structures. In order to evaluate the 
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overall efficiency of this approach, a rotational flywheel was implemented in the system as an 

inertial mass.  

A flywheel is an inertial energy storage device which is capable of storing a known amount of 

kinetic energy depending on the inertia and the speed of the rotation. As the flywheel turns, the 

energy stored in the flywheel is transferred to a coupled mechanical load, thereby reducing its 

rotational speed.  Utilizing the cyclical nature of the flywheel, the mechanical energy dissipated 

at each pluck can be quantified. 

The experimental setup consists of an aluminum flywheel with diameter of 50 mm and a 

thickness of 10 mm coupled to a crown gear with a single tooth. The rotational speed of the 

flywheel is monitored using optical detection as shown in figure 5.31. The harvester is then 

placed above the rotating gear to be plucked by the passing gear tooth. 

 

Figure 5.31: The impact harvester efficiency measurement setup using a flywheel. 

 

In the experiment, the flywheel was initially charged using an electric motor to an angular 

frequency (speed) of 125 rad/s (20 rps). Figure 5.32 illustrates the evolution of the angular 

frequency of the flywheel at different loading conditions. 
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Figure 5.32: Angular velocity of the flywheel as a function of time. 

 

By comparing the rate of deceleration of the flywheel in each case (load and no load conditions), 

the mechanical input energy used to deflect the harvester in the range of rotational speeds of 

interest can be defined using the following expression  

2 21
( )

2
k no load
E I ω ω= −                                                          (5.24) 

where I is the moment of inertia, ωno and ωload are the angular velocity of the flywheel with no 

load and with an applied load, respectively. The moment of inertia of a solid cylinder is given by 

21

2
I mr=                                                                   (5.25) 

where m is the mass and r is the radius of the cylinder.  The input mechanical energy obtained 

from the flywheel is then compared to the electrical energy generated by the harvester to 

determine the efficiency of the harvester configuration. 
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Figure 5.33: Angular velocity of the flywheel as a function of time. 

 

The calculated overall efficiency of the harvester configuration using a rotational flywheel was 

approximately 0.6 % at 70 µm tip depth over the angular frequency range from 125 rad/s (20 

rps) to 113 rad/s (18 rps) as shown in figure 5.33. The efficiency dramatically decreased from 

11 % calculated using the potential energy stored in the beam to 0.6%. This is because the 

friction contributed to the interaction between the gear tooth and cantilever tip. However, 

losses are also incurred by energy absorbed in the polymeric gear and by torsional movement 

of the cantilever caused by the lateral force acting on the tip resulting in charge cancelation in 

the piezoelectric layer. Moreover, it is also observed that the efficiency is reduced as the gear 

speed falls as shown in figure 5.34. 

 

Figure 5.34: Measured efficiency of the harvester as a function of rotational speed. 
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At slow rotational velocities, the harvester was not able to freely oscillate since the tip of the 

cantilever simply followed the contour of the gear tooth as discussed above. In this situation, 

less energy is generated by the harvester, and, therefore, the efficiency of the system is reduced. 

This indicates that the geometry of these structures should be optimized and a frictionless 

coating should be considered to maximize the overall efficiency of this approach. 

5.5.1. Effect of additional proof mass 

A cube permanent magnet 1 × 1 × 1 mm3 N45 NdFeB weighting approximately 8 mg was added 

to the top of the cantilever to evaluate its effect on the performance of the harvester as shown 

in figure 5.35(a). In the experiment, harvesters with a proof mass were deflected to have the 

same displacement as the cantilever without proof mass in order to compare the performances 

and efficiency of both harvesters. This was performed by simply adjusting the tip depth into the 

gear wheel to obtain a displacement of 35 µm. Figure 5.35(b) illustrates the evolution of the 

angular velocity of the flywheel for different loading conditions.  

 

                                   (a)                                                                                              (b) 

Figure 5.35: (a) Optical picture of the 8 mg proof mass on top of the cantilever tip / gear coupling. (b) A 

comparison of angular velocity of the flywheel between the harvester with and without proof mass. 

 

By adding the proof mass to the cantilever, the mechanical load on the system was increased 

inducing larger frictional force to the system. Therefore, a greater portion of the rotational 

energy stored in the flywheel was required to deflect the cantilever causing the angular velocity 



 159 | Chapter 5 

 

to fall faster than the cantilever without mass. However, as a result of the addition of the proof 

mass, at a rotational speed of 19 rps more energy per pluck was transferred to the load 

resistance due to a decrease in the mechanical damping ratio. The cantilever post-excitation 

oscillations were longer in this case as illustrated in figure 5.36(a). 

 

 

                                             (a)                                                                                                 (b) 

Figure 5.36: (a) Output voltage and energy per pluck dissipated in the optimal resistor of 7.8 kΩ at 

rotational speed of 19 rps of the harvester with proof mass. (b) Comparison of measured efficiencies for 

the harvesters with and without proof mass at rotational speed from 20 to 18 rps. 

 

After adding the proof mass to the free end of the cantilever, the resonant frequency of the 

harvester was reduced from 6.5 to 3.2 kHz. 1 µJ of energy per pluck at an optimal load of 7.8 kΩ 

was produced by the harvester. The electrical output energy increased by twice as much with 

the addition of an 8 mg proof mass. The optimal load resistance was increased as a result of a 

decrease in the resonant frequency. The measured efficiency was found to be 1.4 % for 

rotational speeds between 20 to 18 rps. In comparison to the harvester without proof mass 

illustrated in figure 5.36(b), the efficiency was improved since the increase in the electrical 

output energy was greater than additional mechanical input energy required to deflect the 

proof mass. 

5.5.2. Comparison with non-contact magnetic plucking 

As the concept in this work requires two contact points on the structure, parasitic friction 

causes a loss of energy and reduces the efficiency of the system, thus the non-contact plucking 

0.000 0.005 0.010 0.015 0.020

-4

-2

0

2

4
 Output voltage

 Energy

Time (s)

O
u
tp

u
t 
v
o

lt
a

g
e

 (
V

)

0.0

0.5

1.0

1.5

2.0

E
n

e
rg

y
 (µ

J
)

0.1 1 10 100 1000
0.0

0.5

1.0

1.5

2.0

 

 

E
ff
ic

ie
n

c
y
 (

%
)

Load (kΩ)

 No mass

 With mass



160 | Chapter 5 

 

by magnetic principle is investigated.  The harvester presented in section 5.5.1 was used in this 

study. The arrangement that was considered in this study is illustrated in figure 5.37(a).  

 

                                   (a)                                                                                                   (b) 

Figure 5.37: (a) Magnetic coupling with two permanent magnets. (b) Angular velocity of the flywheel 

using magnetic plucking compared to a contact-type plucking (harvester with proof mass). 

 

A gear tooth was replaced by the permanent magnet (N45 NdFeB) that had the same 

specification as the magnet put on the end of the cantilever and used as a driving magnet to 

pluck the harvester once per rotation. The piezoelectric cantilever with another magnet fixed at 

the free end and acting as a proof mass was placed above the driving magnet with a vertical gap. 

In experiment, both magnets are arranged as repulsive magnets in order to obtain higher 

output voltage [138]. 

The cantilever was deflected by a repulsive force when the two magnets moved past each other. 

For comparative reasons, the cantilever deflection was set to 35 µm by adjusting the vertical 

gap between both magnets, the comparison of angular velocity of the flywheel for the contact, 

and non-contact plucking is given in figure 5.37(b). At the rotational speed of 19 rps (19 plucks 

per second), the driving magnet was not fast enough to effectively pluck and release the 

cantilever in this compact configuration. The absence of post-excitation oscillations in case of 

low-frequency plucking reduced the electrical output energy and efficiency of the system as 

illustrated in figure 5.38(a). 0.15 µJ of energy was generated by a single pluck across an optimal 

load of 180 kΩ and the measured efficiency was found to be 0.3 % (figure 5.38(b)). Using 
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magnetic plucking principle still requires a relatively large mass, strong magnets and high 

rotational speeds [138] to efficiently actuate the cantilever – the absence of the post-excitation 

oscillations in the case of low-frequency magnetic plucking (< 20 Hz) reduces the 

electromechanical efficiency of the system. 

 

                                            (a)                                                                                              (b) 

Figure 5.38: (a) Output voltage and energy per pluck dissipated in the optimal resistor of 180 kΩ at 

rotational speed of 19 rps. (b) Measured efficiency at rotational speed from 20 to 18 rps of the magnetic 

plucking. 

5.5.3. More compliant structure 

By satisfying the optimized thickness ratio (tr ~ 0.6), the total thickness of the cantilever was 

reduced to 50 µm (20 µm thick PZT, and 30 µm), while maintaining the same length and width 

(3 × 5 mm2), in order to investigate the effect of spring constant on the efficiency. At a fixed 

displacement of 35 µm for comparison purpose, it was experimentally found that a small 

amount of energy was generated by the harvester which revealed to be difficult to monitor 

using the data acquisition. As a result, the harvester was deflected to 100 µm in the experiment. 

The electrical output energy produced by the harvester is given in figure 5.39. The resonant 

frequency of the more compliant (thin) cantilever was found to be 2 kHz and it was obvious that 

harvester required larger displacement to produce almost the same amount of electrical output 

energy compared to the thick PZT harvester (80 µm thick PZT layer). However, more compliant 

cantilever required less mechanical input energy to deflect the cantilever up to 100 µm 

compared to energy required by the thick cantilever for the deflection of 35 µm as shown in 

figure 5.40(a). The measured efficiency was found to be 2.6 % at the rotational speed between 

20 to 18 rps of the optimal load of 10 kΩ and dropped gradually as speed reduced as discussed 
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before. Compared to other configurations, the efficiency was greatly affected by the spring 

constant of the harvester, although, at the expense of a raised displacement in order to obtain 

higher power output.  

 

Figure 5.39: Output voltage and energy per pluck dissipated in the optimal resistor of 10 kΩ at rotational 

speed of 19 rps.  

 

                                               (a)                                                                                          (b) 

Figure 5.40: (a) A comparison of angular velocity of the flywheel between the compliant (thin) and 

resistant (thick) cantilever. (b) Measured efficiency of the harvester as a function of rotational speed. 
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important issue to consider. This force can induce a torsional movement of the beam resulting 

in the reduction of the collected charges on the PZT. This force can be reduced by decreasing 

the angle of gear profile as discussed in section 5.4. However, this force cannot be removed 

from the system and causes the loss of a portion of the energy which results in a reduction the 

efficient of the system. 

In order to minimize the effect of torsion, the configuration in which the cantilever is plucked in 

the direction of approach (applied force or displacement) as demonstrated in the piezoelectric 

windmill [75] and piezoelectric knee-joint plucking [141] was investigated. The experimental 

setup is illustrated in figure 5.41. In the setup, a pin was attached to the outer diameter of the 

flywheel. The thin cantilever used in the previous section (5.5.3) was fixed on the stage such 

that the free end of the cantilever extends toward to the pin. The cantilever was deflected to 

100 µm by modifying the insertion depth of the cantilever into the pin. The cantilever was 

plucked by the pin as the flywheel rotated. With this configuration, the lateral force used to 

create the torsion was minimized. All the force generated by flywheel was applied to the free 

end of cantilever. 

 

Figure 5.41: Experimental setup to measure the efficiency of the configuration in which the cantilever is 

plucked in the same direction as the applied force. 

 

At a speed greater than 10 rps, however, the cantilever was not able to handle the large 

amplitude of the force generated by the flywheel due to an increase of the acceleration. Thus, 

the efficiency of this configuration was observed at the speed from 5 to 3 rps. The angular 

velocity of the flywheel and electrical output energy generated by the harvester are given in 

figure 5.42. 

It was found that this configuration, with minimized torsion, required less mechanical input 

energy (figure 5.42(a)) while producing higher output energy (figure 5.42(b)) than the 

optimized configuration involving the coupled of cantilever tip to the vertical crown gear. 
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Moreover, the results in figure 5.42(b) illustrate that the cantilever was completely plucked and 

released at slow rotational speed. This was confirmed by the ring down oscillation after having 

interacted with the pin. 

 

                                              (a)                                                                                 (b) 

Figure 5.42: (a) Angular velocity of the flywheel at no load and with load condition. (b) Output voltage 

and energy per pluck dissipated in the optimal resistor of 10 kΩ at rotational speed of 5 rps. 

 

 

Figure 5.43: Measured efficiency of the harvester at the rotational speed from 5 to 3 rps. 

 

The efficiency was calculated to be 12 % at the rotational speed of 5 to 3 rps indicating that 

most of the energy loss came from the torsional movement of the beam. Based on the results 

obtained from the previous discussion, we can imply that the efficiency of the system can be 

improved at higher rotational speed. However, optimization on the structure is needed in order 

to sustain a large amplitude excitation as well as the induced stress on the thinned structure.  
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5.6. Lifetime 

Finally, the lifetime and reliability of this vertical approach was investigated by monitoring the 

voltage generated by the harvester as a function of the number of plucks. In the experiment, the 

harvester was continuously plucked by a single gear tooth coupled to an electric motor rotating 

at a speed of 19 rps. The open circuit voltage produced by the harvester was recorded using a 6-

digit digital multimeter. The average output voltage (Vrms) as a function of the number of plucks 

is given in figure 5.44. It was observed that the output voltage dropped approximately 50 % 

after 1.2 million plucks as a result of repeated mechanical collisions between the silicon tip and 

the gear teeth. As shown in figure 5.45, the polymer gear teeth were visibly worn by the silicon 

tip.  

 

Figure 5.44: Output voltage as a function of the number of plucks at displacement of 35 µm (70 µm tip 

depth). 

 

 

Figure 5.45: Optical image of the silicon tip (left) and a top view SEM image of a gear tooth (right) after 

the lifetime test. 
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Additional lifetime test was performed on harder polymers for both gear tooth and the 

cantilever tip in order to investigate the effect of the nature of the materials used on the 

longevity of the impact system. The gear tooth and cantilever tip were fabricated by laser 

micromachining on the polymethyl methacrylate (PMMA) sheet by keeping the angle of 

sidewalls at 70o. Using the same test conditions, the results were however worse than expected. 

The output voltage of the harvester falls by 70 % after 200000 continuous plucks. Since the 

apex of the gear made with PMMA was narrower than the commercial crown gear, it was not as 

mechanically robust, thus the reduction of the voltage was mainly from the deformation of gear 

caused by mechanical collision of the tip as shown in figure 5.46. 

 

Figure 5.46: A top view SEM image of a PMMA gear tooth after the lifetime test. 

 

This demonstrates that the choice of materials used and the geometry of the tip and gear play a 

role in the reliability of this approach and needs to be more investigated. Wearless coatings will 

be one of the possible solutions in order to reduce the wear problem and to improve the 

longevity of the harvesting system. 

5.7. On-body energy harvesting using piezoelectric MEMS harvester 

coupled to a rotational oscillating mass 

A novel efficiency characterization setup for rotational energy harvesters using a flywheel to 

store and quantify the mechanical input energy and compare energy losses with the electrical 

output was discussed in the previous section. The results revealed that most of energy losses 

were from the friction, energy absorption by the gear, and the torsional movement of the beam. 



 167 | Chapter 5 

 

Furthermore, the efficiency can be greatly improved using more compliant beams since they 

required less mechanical input energy in order to generate electrical power which is promising 

in the applications where the available force in the system is limited. 

5.7.1. System design 

Based on the results obtained from the efficiency measurement, the proof of concept of a 

rotational micro-energy harvester for on-body applications is developed here by taking into 

consideration the forces available from an eccentric mass from a common wristwatch as well as 

the optimal configuration in terms of efficiency. The rotational micro-energy harvesting system 

implemented in this work is shown schematically in figure 5.47. Due to the higher efficiency 

configuration and easier implementation, the piezoelectric cantilevers are coupled to the 

oscillating mass by fixing along the outer diameter of the system such that they extend inward 

towards the rotational center of the device. In the current configuration, pins, 200 µm in 

diameter, are inserted into the center ring of the oscillating mass, 3.5 mm from the rotational 

center.   

 

Figure 5.47: Schematic of the piezoelectric MEMS coupled to oscillating mass for on-body energy 

harvesting. Pins inserted into the center ring of an eccentric mass pluck the cantilevers as the mass 

rotates due to low-frequency excitations caused by body movements. 

 

Designing the pin/cantilever interaction closer to the center of rotation increases the available 

torque applied by the eccentric mass, albeit, at the expense of a reduced circumference. The size 

of the circumference defines the maximum displacement and number of cantilevers that fit 

within a given system. This is because only one cantilever/pin interaction can occur at any 

given time due to the limited force available. Therefore, multiple cantilevers must be 
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aperiodically staggered around the circumference of the face, as shown in figure 5.47, to reduce 

the load applied to the mass at any given time. The torque (r) generated by the mass is given by 

sinmgrτ β=                                                                  (5.26) 

where β = 180°- θ refers to the angle extended between the gravitational vector and r, the radial 

line connecting the center of rotation to the center of mass; m and g are the mass and the 

gravity, respectively (figure 5.48).  

 

Figure 5.48: The torque produced by the eccentric mass depends on the angle of rotation. As a result, 

there is a zone between ±θdead where the force of the mass is too weak to pluck the cantilever. 

 

Using a mass from the standard ETA 2824 watch movement, commonly used in many self-

winding wristwatches, a maximum torque of τ = 0.0001 Nm is generated when the mass is 

aligned along the horizontal such that θ = β = 90°. At θ = 45°, τ = 0.00007 Nm. 

The required plucking force depends on the stiffness of the cantilever design and the amplitude 

of the deflection necessary to fully release the cantilever. The deflection amplitude depends on 

the insertion depth of the cantilevers as shown in figure 5.49 and can be approximated by 

2 2( )R x Rδ = − −                                                              (5.27) 

where R is the radius of the circle of pins and x is the insertion depth. In order to create a 

realistic design, an insertion depth of 50 µm was chosen, corresponding to a deflection 

amplitude of 500 µm. Therefore, taking the available force, the required deflection amplitude 

and the size of the system into consideration, a cantilever length of 9 mm was selected and the 

total thickness set to 50 µm: 20 µm of PZT and 30 µm of silicon, satisfying the optimum 

thickness ratio (tr ~ 0.6) in terms of efficiency for an end-deflected piezoelectric cantilever.  
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Figure 5.49: Schematic depicting the cantilever deflection required in order for it to be released by the 

pin. 

 

As the angle of the mass approaches 0°, the torque produced by the mass vanishes. Therefore, 

there is a spread of angles around 0° where the mass does not provide an adequate force to 

fully pluck the cantilevers. The maximum angle in this spread is referred to as the dead angle 

and can be determined with the following equation 

1sin ( ) 180
eff

dead

k R

mgr

δ
θ −= ± °                                                      (5.28) 

It is important that the dead angle is small in order to allow the mass to rotate with the motion 

of the body. Given the designed dimensions of the cantilever, the stiffness, keff, is 13 N/m and 

the dead angle of the presented configuration is θdead  =  ±13°.     

The mechanical plucking of the harvesters in this configuration is bi-directional, meaning 

rotation of the mass in either direction will excite the harvesters, deflecting them to a maximum 

amplitude and then releasing them, allowing them to freely oscillate as the stored mechanical 

energy is converted to electrical energy.  

5.7.2. Harvester fabrication 

The micromachined piezoelectric cantilevers are fabricated at the wafer level using 

technologies developed in chapter 3. A bulk, 130 µm thick, commercially available PZT-5A sheet 

was bonded onto a silicon substrate and thinned down to a thickness of 20 µm using an 

automatic grinder. The cantilever tips are patterned with reactive ion etching and cavities are 

anisotropically etched into the silicon wafer in a potassium hydroxide (KOH) bath before dicing 

is used to release the cantilevers. Images of the front- and backsides of a processed wafer before 

the final dicing step are shown in figure 5.50.  
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Figure 5.50: MEMS cantilevers fabricated at the wafer level- a) A thinned PZT sheet on the frontside of 

the wafer. b) Cavities on the backside of the wafer. c) A mounted piezoelectric harvester. 

 

The dimensions of the fabricated cantilevers are 9 × 3 × 0.05 mm3. A single cantilever fixed to a 

brass support is also visible in figure 5.50. The support was used to easily insert and fix the 

cantilevers in the demonstrator presented in figure 5.51. The brass support can be adjusted to 

vary the insertion depth of the cantilevers. The cantilever is fixed to the support with a 

conductive epoxy that connects to the bottom electrode of the PZT through a via etched in the 

Si. 

 

Figure 5.51: Optical image of an eccentric mass (ETA 2824) with 4 pins inserted in the central ring and a 

single piezoelectric cantilever mounted. (Inset: magnified view of an impact pin and the overlapping tip 

of the cantilever). 
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5.7.3. Experimental results 

As the mass turns, the pins strike the tips of the piezoelectric cantilevers producing voltage 

pulses similar to the one presented in figure 5.52; an initial deflection is followed by free 

oscillations of the cantilever.  

 

Figure 5.52: Voltage and energy output from a single pluck when connected to a load of 14.5 kΩ. 

 

To measure the voltage pulse from a single pluck, a cantilever was aligned to an angle of 50° 

and the mass was rotated to 20° such that a single pin was positioned just above the cantilever. 

Upon dropping the mass, the pin plucked the cantilever once before the mass stabilized at 0°. 

545 nJ of energy is generated by a single pluck across an optimum load of 14.5 kΩ. The initial 

contact between the cantilever and the pin accounts for only 15 nJ while the majority of the 

electrical energy is generated by the free oscillations after the cantilever has been fully released 

by the pin as demonstrated in figure 5.52. 

As illustrated in figure 5.52, the resonant frequency of the harvester was found to be 606 Hz. 

The energy produced per pluck as a function of the connected load is shown in figure 5.53. The 

electrical energy per pluck was determined by integrating the instantaneous power dissipated 

by the resistive load over the duration of the pulse. The optimum load was determined by 

varying the resistance connected across the electrodes of the harvester and measuring the 

energy produced for a single pluck. The peak visible at 14.5 kΩ corresponds to the optimal load 

approximated by 1/ωC where C = 20 pF is the capacitance of the piezoelectric layer and ω is the 

oscillation frequency, or the natural frequency of the cantilever in this case.  

0 20 40 60 80 100
-2

-1

0

1

2

 Voltage

V
o

lt
a

g
e

 (
V

)

Time (ms)

0

150

300

450

600
 

Free

oscillations

 Energy

E
n

e
rg

y
 (n

J
)

Contact 

with

impact pin



172 | Chapter 5 

 

 

Figure 5.53: Energy per pluck from a single cantilever as a function of the connected load. The optimum 

load is 14.5 kΩ. 

 

The ideal power for continuous, regular plucking shown on the right-hand axis of figure 5.53 

was determined using the energy produced and the duration of each pluck. This corresponds to 

an optimum case in terms of efficiency, but requires regular motion of the mass which is clearly 

not the case for human motion. An example of human motion is presented in figure 5.54. The 

demonstrator with 4 pins inserted and a single harvester (figure 5.51) was strapped to a human 

arm. The voltage signal produced by the harvester was recorded as the subject walked. 

Variation in the plucking frequency is clearly visible and the power produced is reduced by 

approximately half (6 µW) as a result of the gaps that are present between successive plucks. In 

reality, the human body is at rest for a significant portion of the day, and therefore, the average 

power produced over a 24 hours period will be considerably less than the power produced 

during a period of active motion.  

A working concept for a compact, wearable energy harvesting system to convert the mechanical 

energy of the human body into useable electrical energy is demonstrated here with a goal to 

provide a sustainable power source for on-body microelectronics and implantable devices. The 

system employs piezoelectric cantilevers actuated by an eccentric mass. The piezoelectric 

cantilever design has been optimized to work with a small mass commonly found in a standard 

automatic wristwatch and the concept is designed to work with the low actuation frequencies 

commonly encountered in human body motion. Finally, this concept can be optimized by 

increasing the number of pins and the number of cantilevers while improving the compactness 
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of the design. Through optimization, the presented concept could eventually be used to power 

on-body electronics.  

 

Figure 5.54: Voltage and energy output by the system while on the wrist of person walking. A 14.5 kΩ 

optimum load is connected to the harvester. 

5.8. Conclusion 

A compact configuration for harvesting energy from rotating gear using piezoelectric MEMS 

harvester was proposed in this chapter. This concept utilized the contact-type plucking based 

frequency up-conversion principle in order to improve the electromechanical coupling of the 

system, in which low-frequency vibration, e.g. from body movement, is converted into high 

frequency vibration of a piezoelectric MEMS harvester. The power generation capability of this 

principle was first analyzed in order to define the parameters relevant for the optimization of 

the power output of the harvester including the stiffness, the resonant frequency, and the 

amplitude of the deflection of the harvester. The experimental results illustrated that the 

generated output power from the harvester can reach a level of interest for practical 

application. While still maintaining a compact design, the feasibility to modulate the power 

output was demonstrated by simply controlling the penetration level of the AFM tip. However, 

the lateral force component created by the interaction between gear teeth and the tip of the 

harvester is an important issue. 

The analysis of the motion, developed in this chapter, indicated that the lateral force can be 

reduced by using the sloped vertical profile of the gear. Then the analytical and finite element 

models used to determine the output power generated from the harvester were proposed in 
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order to determine the output energy generated form the harvester for a given condition, such 

as plucking speed and available force in the system. These models can be useful for the future 

design and optimization of the harvester to be operated by the plucking-based frequency up-

conversion. However, the energy absorption by the gear during the plucking process was not 

accounted for in the models. It was found in FE simulation that the thickness ratio of PZT and 

silicon substrate should be close to 0.6 in order to maximize the generated electrical energy 

from the harvester. By satisfying this ratio, the harvesters were fabricated and characterized 

using a complete set of experiments in order to investigate the energy harvesting capability of 

this concept. The experimental results show that free oscillation of the harvester after plucking 

contributed significantly to the output energy generation. More than 80 % of the output energy 

was produced while the harvester was allowed to freely oscillate upon release. In order to 

obtain a free oscillation, however, high plucking speed greater than 50 rps was required. At 

slow plucking speed of less than 3 rps, the tip of cantilever followed the contour of the gear 

tooth. This indicates that tip and gear profile are one the key parameters that have to be 

optimized for low plucking speed. Furthermore, the electrical characteristics of the harvester 

were studied by investigating the effect of the tip depth, harvester stiffness, the addition of a 

proof mass on the output energy as well as conversion efficiency. 

In order to evaluate the conversion efficiency, a novel methodology using a rotational flywheel 

was implemented. Using this method, the efficiency of a plucking based frequency-up 

converting harvester were studied in terms of plucking mechanism (contact and non-contact), 

as well as the coupling geometry between the harvester and the inertial object. It was observed 

that the efficiency of the system was greatly improved by minimizing the torsion effect. 

Furthermore, the longevity of the proposed concept was investigated highlighting the 

importance of the materials used for the gear and tip shape. Finally, a rotational, compact, and 

wearable piezoelectric on-body energy harvesting system utilizing a piezoelectric MEMS 

harvester and an eccentric mass from common wrist watch was realized. The results 

demonstrated the potential of the harvesting system to work with low actuation frequencies 

commonly encountered in human body motion as well as other low-frequency movements. The 

next points to be addressed are the lifetime and the reliability of the concept as well as the 

feasibility to operate the device at higher rotational frequency for other applications.  
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Chapter 6: Conclusions and outlook 

Towards the development of a novel piezoelectric MEMS technology, in this thesis, the design, 

optimized fabrication process, and characterization of piezoelectric MEMS harvesters based on 

bulk PZT are described. The potential applications of piezoelectric vibration energy harvesting 

to create energy autonomous system have been demonstrated through the self-powering of a 

wireless sensor node and of an on-body energy harvesting system utilizing a piezoelectric 

MEMS harvester coupled to an eccentric mass from common wrist watch. Herein, the previous 

chapters are summarized and the major results are highlighted. Furthermore a discussion on 

the possible future steps is presented. 

6.1 Research summary 

The goal of this thesis was to investigate energy harvesting devices based on thinned bulk 

piezoelectric ceramic materials. Considering that natural frequencies of many ambient 

vibration sources are distributed at the lower end of the spectrum, for example, typically ≤ 10 

Hz for human motion and 60-200 Hz for machine-induced vibrations, this thesis developed 

device and system architectures for harvesting energy from low-frequency excitations using 

both the inertial and the direct-force principles. Several aspects related to the development of 

these MEMS harvesters based on bulk PZT piezoelectric materials were investigated, such as 

their modeling and design, materials selection, and their processing at the wafer level, in order 

to improve their fabrication and optimize their operating characteristics.  
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Of the existed piezoelectric materials, polycrystalline lead zirconate titanate (PZT) piezoelectric 

ceramics are the most commonly used in power harvesting applications due to their high 

piezoelectric and electromechanical coupling coefficients. Piezoelectric MEMS harvesters 

fabricated using various thin and thick PZT film deposition techniques have been introduced in 

chapter 2. Techniques such as sputtering, epitaxial growth, sol-gel spin-on, and screen printing 

have all been used. However, each of these techniques has their own challenges; for example, 

issues related to the high temperature deposition or sintering, limitation in the maximum film 

thickness, uniformity, and process reliability in order to obtain reproducible high quality films.  

Unlike many of thin film deposited materials, most of the commercially available bulk PZT 

sheets have already well characterized their material properties, such as the piezoelectric 

coefficient, dielectric constant, elastic properties, etc, from sheet to sheet. This allows 

repeatability and reliability in the fabrication and also more accurate and faster analysis and 

simulation of the designed piezoelectric MEMS harvesters. Furthermore, bulk PZT offers not 

only a high piezoelectric coefficient and high electromechanical coupling when compared to 

deposited PZT thin films and screen printed PZT but piezoelectric energy harvesters would also 

benefit from a thicker film in order to generate an enhanced output power. While most of other 

PZT films deposition techniques such as sputtering, and sol-gel are limited in their films 

thickness to a few µm, using the technology developed in chapter 3, a variety of PZT thickness 

ranging from 20 to 100 µm could be achieved. The process involves, at the wafer level, the low-

temperature bonding of a PZT sheet using a spin coated WaferBOND® adhesive layer and its 

precise thinning by a mechanical grinder.  

WaferBOND® presents not only a low-temperature processing as low as 110 oC, which is 

efficient to avoid the depolarization issue of most available bulk PZT ceramics (PZT-5H, PZT-5A, 

PZT-8, and PZT-4), but also exhibits good bonding strength (> 10 MPa) and is mechanically 

robust for the subsequent fabrication step and operation of the final devices. In order to 

fabricate a mechanically flexible structure having a low resonant frequency at MEMS scale, the 

PZT bonded on a silicon wafer was thinned down to the range of interest (≥ 20 µm) using 

mechanical grinding. The grinding process provided a fast and reliable processing, with a PZT 

removal rate as high as 15 µm/min and no thermal or chemical damage to the final thinned PZT 

layer. A good surface roughness of about 30 nm and uniformity of ± 0.3 µm were achieved. After 

the completion of the process, it was experimentally found that that the ferroelectric properties 

of bulk PZT-5H were conserved by measuring the remnant polarization. All the results obtained 
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from chapter 3 demonstrate the capability of transferring bulk PZT sheets on silicon substrates 

for the microfabrication of piezoelectric MEMS harvesters. 

In chapter 4, the development of a first generation of high performance piezoelectric MEMS 

harvesters based on bulk PZT ceramics at die level was presented, with as potential application, 

the self-powering of a wireless sensor node. The design and optimization of the harvester was 

based on a finite element (FE) model developed in ANSYS in order to account for the effects of 

the electromechanical coupling on the displacement, voltage, current, as well as the output 

power. The FE model was capable of predicting the generated output power of the piezoelectric 

harvester as a function of the load resistance. The results obtained from the fabricated 

harvesters were in good agreement with the model, providing a high accuracy for the 

optimization of the harvester geometry. A proof of concept of an autonomous wireless sensor 

node powered using this first generation of bulk PZT harvester was realized. Ultra-Wideband 

(UWB) transmitter was used as a wireless protocol due to the short transmission period 

enabling ultra-low power consumption. It was experimentally observed that the node was able 

to transmit bursts of 100 pulses every 110 seconds consuming an average power of 8.2 µW, 

exhibiting fast data transmission and low power consumption resulting in a sub 10 µW 

autonomous wireless sensor node. 

Based on the bonding and thinning technologies developed in chapter 3, a piezoelectric MEMS 

harvester based on high quality thinned bulk PZT fabricated at wafer level was presented. A 

single fabricated harvester with an effective volume of 47.82 mm3 is capable of generating a 

normalized power density of 3346 µW cm-3 g-2 with an average power of 1.6 µW (11.8 kΩ) 

under an excitation of 0.1 g (100 Hz) (1 g = 9.81 m s-2), and 1723 cm-3 g-2 with an average power 

of 82.4 µW (9.5 kΩ) at 1 g (96 Hz). Thinned bulk PZT exhibits high power and a useable voltage 

while maintaining a low optimal resistive load. This demonstrated the potential of fabricating 

performing piezoelectric harvesters targeting low-frequency applications based on thinned 

bulk PZT at the wafer scale. 

Chapter 5 presented a concept configuration for harvesting energy from rotating gear using 

piezoelectric MEMS harvester based on bulk PZT. This concept employed the plucking based 

frequency up-conversion principle in which low-frequency vibration is converted into high 

frequency vibration of a piezoelectric MEMS harvester. In this configuration, an AFM-like MEMS 

piezoelectric cantilever is placed directly above a rotating crown gear in order to keep the 

system as compact as possible. Furthermore, with this vertical configuration, a low-profile, 
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compact, wearable energy harvester could be mounted in a watch or a bracelet. The tip of the 

cantilever is plucked by the vertical teeth as the gear rotates. The analysis of the motion of 

plucked piezoelectric harvester indicated that the amplitude of the lateral force used to creating 

torsion in the beam can be reduced using the sloped vertical profile of the crown gear. The 

analytical and FE model were developed in order to predict the electrical outputs from the 

harvester. The feasibility of this was experimentally studied by investigating the effect of 

plucking speed, of the tip depth, and of the addition of a proof mass to the harvester on the 

output energy as well as conversion efficiency.  The results revealed that the free oscillation of 

the harvester after plucking have an influence on the output energy generation. More energy 

was produced when the harvester was allowed to freely oscillate upon release. The power 

output can be modulated by simply controlling the penetration level of the AFM tip while still 

maintaining a compact design. For a penetration tip level of 70 µm, the harvester, with an active 

device volume of 3.5 mm3, was able to produce an average output of about 12 µW at a rotational 

speed 19 rps. 

A novel method using a rotational flywheel to determine the conversion efficiency of the system 

was proposed in order to define the optimal conditions and configuration of this approach. It 

was observed that most of the energy losses were from the small torsion movement of the beam 

caused by the lateral force. The efficiency can be greatly improved by minimizing the lateral 

force and using more compliant beams. The more compliant structure required less mechanical 

input energy to generate electrical power which is promising in the applications where the 

available force in the system would be limited. Furthermore, the lifetime test of the proposed 

concept indicated that the physical nature of materials used for gear and tip shape have an 

influence on the reliability of the system.  The output voltage dropped by 50 % due to the 

repeated mechanical collision between the silicon tip and the gear teeth. 

Based on all results obtained from the experiment, an energy harvesting system implemented 

for on-body applications was presented. The piezoelectric MEMS harvester based on thinned 

bulk PZT was designed by taking in to consideration the force available from an eccentric mass 

of a common wristwatch. After satisfying the design constraints, the piezoelectric MEMS 

harvester was coupled to the rotating mass via a set of pins located near its rotational center. 

The energy harvesting performance was evaluated when exposed to human motion. It was 

observed that the output power was affected by the variation in plucking frequency 

corresponding to the human movements. However, the energy produced by each plucked of a 
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single harvester was 545 nJ which corresponded to 11 µW for continuous plucking. Accounting 

for the periodic rest of typical human motion, the average output power over a full day cycle 

would be considerably less. 

6.2 Outlook 

This thesis has contributed significantly to the state-of-the-art in vibration energy harvesting 

using piezoelectric MEMS harvesters based on high quality bulk PZT. Some challenges and 

interesting research topics remain open for further investigation. These will now be discussed. 

• Wafer level fabrication of piezoelectric MEMS harvester based on bulk PZT: Using the 

wafer level fabrication process production of described in chapter 4, a fabrication yield 

of 70 % was obtained. Reduction of the yield was mainly due to the Ni electrodeposition 

step in which growth defects surrounded some of the masses, which rendered some 

harvesters unusable. Using a thicker photoresist and reducing the current supplied 

between the anode and cathode during electrodeposition of the Ni mass could lead to 

improvements in the fabrication yield. Furthermore, the power density could be 

improved by replacing the relatively low density Ni mass with higher density materials 

such as tungsten or gold. However, there are issues related to the electrodeposition of 

thick tungsten and the fabrication cost will be increased if the gold is used. 

 

• Thinning and bonding process: Key techniques enabling the wafer level fabrication of the 

piezoelectric MEMS harvester based on bulk PZT are the bonding of PZT at low-

temperature and thinning of bulk PZT sheets to fabricate a mechanically flexible 

structure at MEMS scale. A non-conductive WaferBOND® as intermediate layer 

developed in this thesis is suitable for low-temperature bonding process with high 

bonding strength, and well defined bonding layer thickness. However, the access to the 

bottom contact of the PZT is still an important issue. If the final thickness of the thinned 

PZT layer is in the range of few microns (< 10 µm), removing the WaferBOND® will 

become a difficult task.  
 

Efforts on the use of conductive layer, such as soldering of metal alloy, and eutectic 

bonding of gold layer were demonstrated. Nevertheless, there is an issue related to 

depolarization of the PZT sheet caused by high temperature process as well as thermal 

mismatch between the substrates. The use of conductive epoxy resin is one of promising 
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solution.  However, obtaining well defined bonding layer becomes issue due to the high 

viscosity of conductive epoxy. This issue might be solved using screen printing or stencil 

technique combined with a pressure applied to the bonded substrate in order to 

decrease the thickness of intermediate layer as thin as possible. However, this applied 

pressure needs to be optimized due to the physical nature of brittle PZT and silicon 

substrate. 

 

Secondly the thinning process in this thesis is limited to 20 µm due to the high surface 

roughness of the initial PZT sheet and extra stress provided by the chuck of the grinder. 

To achieve thinner layer, one side of PZT sheet should be ground or polished before 

being bonded to the substrate. A combination of wet etching and polishing techniques 

can be also used to further reduce the thickness of PZT down to the range of < 10 µm. 

The wet etching of PZT could be performed after grinding. Then mechanical polishing 

can be implemented in order to improve the surface rougness obtained by wet etching. 

 

The long term operation and reliability testing of the harvester have to be performed in 

order to investigate the mechanical robustness of the structure, i.e. the thinned PZT/ 

WaferBOND®/silicon cantilever with suspended proof masses. Finally, a high quality 

factor and low dielectric loss bulk PZT with high figure of merit (PZT-8) might be of 

interest in the piezoelectric energy harvesting application. 

 

• Energy harvesting from the rotating gear using the compact configuration: The 

technology developed in this thesis is a non-resonant architecture where a low- 

frequency mechanical structure is used to induce high-frequency mechanical 

oscillations in a piezoelectric harvester in order to improve the output power of the 

harvester. A proposed configuration in which a piezoelectric harvester is placed on top 

and is plucked by the vertical gear teeth through it tips exhibits potential for a compact 

energy harvesting system. The analytical model used to analyze the plucking 

mechanism and the output power generated from the harvester is proposed. This model 

could be more precise by accounting for energy absorption by the gear as well as the 

effect of shear stress induced on the cantilever. Based on the analysis of plucking 

mechanism, it is found that the lateral force that is used to create the torsion of the 

beam still exists and cannot be minimized. This torsional movement can cause charge 

canceling on the piezoelectric layer resulting in low power output as well as the 
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efficiency. Based on the model, however, the torsion can be reduced by optimizing on 

the tip-gear coupled shape. 

 

Furthermore, this configuration utilizes a contact or impact-based approach to pass 

mechanical energy between the low-frequency and high frequency structure. Repeated 

mechanical collisions are destructive in the long run and would likely degrade the 

lifetime of the device. Application of frictionless coating and using more durable 

materials for tip-gear will be one of the possible solutions in order to improve the 

performance and prolonging the longevity. Another possible solution is to use non-

contact pluck-in based on magnetic interaction. The obvious advantage of magnetic 

plucking is that there is no contact on the brittle piezoelectric material. Thus, the 

lifetime of the system could be increased. 

 

 

• On-body energy harvesting using piezoelectric MEMS harvester coupled to a rotational 

oscillating mass: The output power of this system can be improved by increasing the 

number of pins as well as the number of piezoelectric harvesters while improving the 

compactness of the design. However, the maximum displacement of each cantilever has 

to be accounted for in order to define the maximum number of the pins. Furthermore, 

using the harvester developed in this thesis, multiple cantilevers must be aperiodically 

staged. This is because on the limited force available from the oscillating mass. Only one 

cantilever pin interaction can occur at any given time. Periodically plucking could be 

achieved by increasing the weight of oscillating mass. However, by using a commercially 

available oscillating mass, multiple plucks could be also be achieved by reducing 

harvester stiffness. More compliant cantilever can be obtained using both thinner PZT 

and silicon layers while maintaining the optimal ratio. The stiffness can be also reduced 

using longer cantilevers, although, at the expense of an increase of size of the harvesting 

system. Future work will dedicate to the reliability test, and validation of the concept 

with other potential applications, such as the body movement of the machine tool as 

well as other high rotational frequency applications. 
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