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RESUMO

O Monitoramento Baseado em Condigdo via analise de vibragdo é um dos principais métodos preditivos
utilizados na manutencdo industrial ao longo das ultimas décadas. Atualmente, o sensoriamento utilizado
neste tipo de analise tem evoluido para os sensores sem fio, os quais permitem medig¢oes continuas e de equi-
pamentos que antes eram considerados inacessiveis para sensores cabeados. Contudo, uma grande limitagao
para estas tecnologias é a vida 1util da bateria que é reduzida sobre condi¢oes de temperaturas extrema,
volume de dados monitorados e processados e frequéncia de uso. Este trabalho apresenta o desenvolvimento
de um energy harvester piezoelétrico adaptado para sensores de monitoramento de vibragao. Uma revisao
da literatura é realizada para entender as tecnologias em energy harvesting e otimizagao disponiveis para
execugao do projeto. Em seguida a metodologia escolhida é apresentada, detalhando os modelos numéricos
criados, as variaveis parametricas que serao otimizadas dos modelos e os algoritimos que serao utilizados
assim como suas configuragoes. Diferentes designs de wvibrational energy harvester sao testados tomando
duas frentes de projeto. Uma utilizando tecnologia de fabricaggo MEMS e outra utilizando micro usina-
gem. Primeiramente é realizado o projeto com o dispositivo MEMS identificando a cada passo formas de
melhorar a funcao objetivo da otimizacao assim como definindo em que cenérios cada uma se encaixam
melhor. O dispositivo a partir de micro usinagem fazem uso do conhecimento obtido durante o projeto do
MEMS para selecionar a fun¢ao objetivo. Sao selecionados dois modelos para prototipacao e destacado um
modelo que néo foi prototipado mas possui uma 6tima performance prevista pelo modelo numérico. Apos
prototipagao e realizagao de experimentos, os modelos numéricos sao validados. Onde o modelo numérico
MEMS apresentou uma 6tima precisdo, enquanto o micro usinado demonstrou alguns desvios. Contudo,
em termos de performance o dispositivo micro usinado foi significativamente superior ao MEMS, inclusive
se posicionando entre os melhores da literatura, em especial para dispositivos de baixa frequéncia natural
e pequeno volume.

Palavras-chaves: Micro usinado; MEMS; Piezoelétrico; Vibracgao; Baixa frequéncia; Otimizagao; Modelo
numérico; Pequena escala; Manutencao.






RESUMO EXPANDIDO

Introducao

Na industria de manutengdo de maquinas, em geral, existem trés abordagens principais para a manuten-
¢ao de equipamentos: corretiva, preventiva e preditiva. Embora cada abordagem tenha suas vantagens e
desvantagens, a manutencdo preditiva tornou-se a estratégia de manutencdo mais eficaz devido aos avan-
¢os nas técnicas de monitoramento (RANDALL, 2010). Isso é especialmente importante para indistrias
com maquinas de alto custo ou criticas que devem operar por periodos prolongados sem tempo de inati-
vidade. O monitoramento de vibragdo é o método mais comumente usado para manutencao preditiva, e
os acelerdbmetros piezoelétricos sao os sensores mais amplamente utilizados para medir dados de vibragao
(RANDALL, 2010). Atualmente, existem solu¢oes com e sem fio para monitoramento de condigoes. O uso
de sensores sem fio fornece maior autonomia e flexibilidade, aumentando a seguranca dos trabalhadores e
permitindo o monitoramento de espagos inacessiveis. No entanto, a alimentagao por bateria limita a vida
atil dos sensores sem fio em comparagao com os sensores com fio.

A longevidade de dispositivos eletronicos, especialmente sensores sem fio, estd diretamente relacionada
ao consumo de energia de seus componentes. Nos tltimos anos, microdispositivos passaram por avangos
tecnologicos significativos que levaram a uma rapida reducao no consumo de energia, aumentando assim
a vida util de dispositivos a bateria. Essa reducao abriu caminho para investigar novas alternativas para
estender a vida 1util do equipamento eletronico, incluindo a possibilidade de substituir ou complementar
baterias tradicionais que alimentam dispositivos como sensores de vibracao por sistemas de captura de
energia do ambiente (GAMMAITONI, 2012). Esses dispositivos, coletivamente conhecidos como Energy
Harvesters (EH), dependem da disponibilidade de energia no ambiente, como energia solar, térmica, qui-
mica e mecanica (SELVAN; MOHAMED ALI, 2016). Entre os EHs, aquelas que trabalham com energia
de vibragoes oferecem as vantagens de serem sustentéaveis, estéveis e pequenos (KHALIGH; PENG ZENG;
CONG ZHENG, 2010). Além disso, a energia vibracional pode ser coletada de diversas fontes, como ma-
quinas e equipamentos industriais, veiculos, movimento humano e fluidos (ZOU et al., 2019).
Objetivos

O desenvolvimento de Vibration Energy Harvester (VEH) para aplicagoes de sensores sem fio requer que o
VEH seja pequeno o suficiente para ndo aumentar significativamente o tamanho do dispositivo (sensor sem
fio). Nesse contexto, destaca-se que a densidade de poténcia do VEH teoricamente nao dependa do volume
do dispositivo, mas, na pratica, ela diminui com o volume para todos os tipos de transdu¢ao (BRIAND
et al., 2015). Além disso, as frequéncias fundamentais adequadas para aplica¢oes de VEHs sdo comumente
encontradas nas faixas de 30Hz a 60Hz e 100Hz a 125Hz (AKTAKKA; PETERSON; NAJAFI, 2012). Por-
tanto, o VEH deve operar em uma frequéncia baixa, que muitas vezes esté associada a estruturas maiores
e mais pesadas.

Os métodos mais comuns de transducao para VEH sao Piezoelétrico (PZ), Eletromagnético (EM) ou E-
letrostatico (ES) (DHADWAL; RASTEGAR, 2017). A piezeletricidade, em particular, se destaca por sua
estrutura simples, compatibilidade com a tecnologia de sistemas micro-eletromecénicos (MEMS) Dhadwal
and Rastegar (2017), e alta densidade de armazenamento de energia (ROUNDY; LELAND, et al., 2005;
ROUNDY:; WRIGHT, 2004). MEMS, bem como a micro-usinagem (MM), s@o alternativas atraentes para a
fabricagao de dispositivos em pequena escala. Neste contexto, este estudo busca utilizar ambos processos de
fabricacdo para o desenvolvimento de dois Piezoelectric Vibration Energy Harvester (PVEH) que possam
atender aos requisitos demandados por um sensor wireless para monitoramento de ativos industriais.
Metodologia

A metodologia utilizada no presente trabalho para desenvolver o PVEH pode ser dividida em duas etapas:
(i) o processo de construgao do modelo numeérico e (ii) o procedimento de otimizagao. Este trabalho propoe
o uso de duas estratégias de fabricacao, portanto, os modelos numéricos sao construidos usando as espe-
cificagoes de cada técnica de fabricagdo como base para construir a geometria, selecionar os materiais e
os parametros de otimizacao. Os projetos sdo simulados usando COMSOL multiphysics (COMSOL MUL-



TIPHYSICS@®) V. 5.6, n.d.) e utilizam um design do tipo viga, comumente utilizado na literatura. Todos
os modelos tem sua malha refinada de forma a aumentar a discretizarao dos elementos nas regides em que
se espera ter maior deformacgéo, sendo nesse caso as vigas que seguram a massa sismica.

O projeto do PVEH é otimizado usando um algoritmo de Evolugao Diferencial (DE). Esse algoritmo foi
escolhido como procedimento de otimizagao porque ja foi utilizado em estudos similares pelo nosso grupo
de pesquisa (MIRON; PAUL; CORDIOLI, 2022). O DE implementado no MATLAB (BUEHREN, 2014)
é integrado ao COMSOL, sendo diversas fungoes objetivas testadas para identificar quais obtém o melhor
resultado. Os modelos MEMS e MM foram pré-validados antes da fabricagdo de qualquer protétipo. O
modelo numérico MEMS foi pré-validado usando um projeto semelhante previamente desenvolvido (MI-
RON; PAUL; CORDIOLI, 2022), enquanto o MM foi testado com o bimorfo piezoelétrico sem quaisquer
alteragoes geométricas, com e sem o uso de uma massa sismica (SM) de 5,1 g posicionada na ponta do
bimorfo.

Resultados e Discussao

Ambos os dispositivos MEMS e MM foram prototipados. O dispositivo MEMS foi fabricado usando o pro-
cesso PiezoMUMPs (COWEN et al., 2014). J4 o protétipo MM foi feito com o bimorfo SMBA4510T05M
da STEMINC e cortado usando uma serra de fio de diamante continuo (COSTA; SANTOS, et al., 2022;
COSTA; WEINGAERTNER; XAVIER, 2022) com um dispositivo feito sob medida para segurar o bimorfo.
Duas massas sismicas de ago foram usinadas para coincidir com a frequéncia natural do protétipo que usava
uma massa de tungsténio porque nenhum outro material mais denso estava disponivel durante o periodo
de fabricagao. As massas foram posicionadas manualmente e coladas ao bimorfo usando cianoacrilato.
Apobs os experimentos os modelos numéricos foram ajustados para melhor descrever o protétipo fabricado e
validados contra esses dados experimentais. Assim, a poténcia normalizada maxima obtida pelo protétipo
MEMS foi de 177 nW/m/s?, enquanto o modelo obteve 224 nW/m/s?. Isso resulta em um NPD de 1,3
mW /cm?®/g? para o protétipo e 1,6 mW /cm?/g? para o modelo. Ja em termos de F.o.M., obteve-se 0,9
mW Hz/cm?/g? e 1,1 mW Hz/cm?3/g?, para o protétipo e o modelo, respectivamente. O protétipo MM
tem um volume ativo de 4,5 cm?®, mas poderia ser tao baixo quanto 1,8 cm?® se uma massa de tungsténio
fosse usada. A maxima poténcia normalizada do dispositivo é de 433 pW/m/s?, resultando em um NPD de
aproximadamente 9,2 mW /cm? /g2, mas poderia ser tao alto quanto 23,4 mW /cm?/g? com uma massa de
tungsténio. A largura de banda do dispositivo é de 1,45 Hz, resultando em uma F.o.M. de 13,4 mW /cm? /g2
para a massa sismica de ago e 34,0 mW /cm?/g? se a massa de tungsténio for usada.

A comparagcao do desempenho dos protétipos MM e MEMS revelou a superioridade do primeiro em termos
de NPD e F.o.M. Embora o uso de um material com um coeficiente piezoelétrico mais alto possa aumen-
tar o desempenho do dispositivo MEMS, o material piezoelétrico em de grande espessura tende a ter um
coeficiente piezoelétrico mais alto (SONG et al., 2017), o que implica que processos comuns de deposi¢ao
de filmes finos de PZT resultaria em uma pequena melhoria no NPD do dispositivo. Uma alternativa para
melhorar o prototipo MEMS seria a introdugao de nao-linearidades, como um limitador mecénico, para
mitigar os excessivos estresses gerados na ressonancia e aumentar a largura de banda.

O protétipo MM, por outro lado, demonstrou maior robustez devido & sua estrutura maior facilitando
a ressonancia em frequéncias mais baixas. Além disso, o acoplamento eletromecinico maior permitiu u-
ma largura de banda maior, favorecendo o F.o.M. do dispositivo. O NPD também foi significativamente
melhorado pelo processo de fabricacao de microusinagem, e o uso de filmes piezoelétricas disponiveis co-
mercialmente proporcionou uma solugao facil para a fabricagdo de PVEHs bimorfos. Em comparagao, os
processos MEMS exigiam maior complexidade para fabricar tais dispositivos.

Consideracoes Finais

Esta dissertagao apresenta um processo detalhado de projeto, otimizagao, prototipagem e validacao de dois
PVEHs, utilizando duas técnicas de fabricagao diferentes. Apesar das limitagGes impostas por cada abor-
dagem, a metodologia levou ao desenvolvimento de dois dispositivos com métricas competitivas, indicando
que o processo de otimizacao pode levar a um desempenho excepcional apesar das limita¢oes dos modelos
numéricos. O PVEH MEMS obteve bom desempenho em termos de NPD, mas fica aquém em termos de
F.0.M., enquanto o PVEH MM apresentou bom desempenho em ambas as métricas.

O trabalho destaca a importancia de especificar corretamente a fungao objetivo ao otimizar PVEH em
termos de NPD, enfatizando a necessidade de considerar fatores como tensao maxima e aceleragao étima.
A fungdo objetivo deve ser projetada para diminuir a tensdo o maximo possivel, uma vez que a tensao no
material piezoelétrico é uma restrigdo significativa para o processo de otimizagao. Além disso, técnicas para
mitigagao de tensao, como aumentar o amortecimento amortecimento ou introduzir batentes mecanicos,



podem ser implementadas para melhorar o desempenho de tais dispositivos.

Palavras-chaves: Micro usinado; MEMS; Piezoelétrico; Vibragao; Baixa frequéncia; Otimizacao; Modelo
numérico; Pequena escala; Manutencao.






ABSTRACT

Condition Based Monitoring via vibration analysis is one of the main predictive methods used in industrial
maintenance over the last few decades. Currently, the sensing used in this type of analysis has evolved
to wireless sensors, which allow continuous measurements of equipment that were previously considered
inaccessible to wired sensors. However, a major limitation for these technologies is the battery life which is
reduced under conditions of extreme temperatures, volume of monitored and processed data and frequency
of use. This work presents the development of a piezoelectric energy harvester adapted for vibration moni-
toring sensors. A literature review is carried out to understand the technologies in energy harvesting and
the optimization techniques available for the project execution. Then, the chosen methodology is presented,
detailing the numerical models created, the parametric variables that will be optimized from the models
and the algorithms that will be used as well as their settings. Different vibrational energy harvesters de-
signs are tested taking two design fronts. One using MEMS manufacturing technology and the other using
micro-machining fabrication techniques. Firstly, the project is carried out with the MEMS device, identi-
fying at each step ways to improve the objective function of the optimization in addition to defining in
which scenarios each one fits best. The micro-machining device makes use of the knowledge gained during
the MEMS design to select the objective function. Two models are selected for prototyping and a model,
that was not prototyped, were highlighted for its optimal performance predicted by the numerical model.
The two selected models, are then fabricated following the previously chosen manufacturing method. After
carrying out experiments, numerical models were validated, where the MEMS numerical model showed
greater accuracy while the micro-machined one showed some deviations. However, in terms of performance,
the micro-machined device was significantly superior to the MEMS device, even positioning itself among
the best in the literature, especially for devices with low natural frequency and small volume.

Keywords: Micromachined; MEMS; Piezoelectric; Vibration; Low frequency; Optimization; Numerical
model; Small-scale; Maintenance.
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INTRODUCTION

1.1 CONDITION-BASED MAINTENANCE

The machinery maintenance sector broadly presents, three approaches on how to and when to carry
out the maintenance of specific equipment. These approaches are corrective, preventive, and predictive
maintenance. Although each alternative can bring advantages and disadvantages, with the improvements
in monitoring techniques, predictive maintenance has become the best maintenance strategy in most cases
(RANDALL, 2010). Industries with high-cost machines or machines that must run for long periods without
downtime are examples of sectors in which predictive maintenance is essential.

The predictive maintenance technique can predict the condition of a machine from several in-
dicators, and can analyze vibrations, particles in the lubricant, temperature, or even machine efficiency.
Vibration monitoring is the most prevalent method for condition monitoring (RANDALL, 2010). Vibra-
tion data from machinery are measured and analyzed to make predictions about their health, and for that,
vibration sensors such as accelerometers, speed transducers, and proximity sensors are used. The most
common for condition monitoring are piezoelectric accelerometers, as they have a broad working range in
terms of vibration amplitude and frequency (RANDALL, 2010). These can be used in continuous mea-
surements with systems permanently fixed to one place, where long cables must be carefully positioned to
avoid interfering with the operation of the machines. Likewise, they can be used in routine intermittent
measurements performed with a single accelerometer and vibration collector, where the inspector must go
by each machine at once.

Continuous measurements used to be applied only to high-cost machines or those critical for factory
operation, whereas intermittent measurements had a much lower cost and allowed for a detailed analysis
of vibration signals. However, it was not recommended to identify sudden breaks. In both cases, some
disadvantages can be mitigated using wireless sensors such as Dynamox’s Dynalogger®. The Dynalogger
is a wireless triaxial vibration and temperature sensor, approximately 53 cm?, with a battery life of 3
to 5 years, depending on the usage (DYNAMOX®), 2021). Compact and wireless devices with greater
autonomy, such as this one, allow great versatility in use, as they eliminate connection problems between
accelerometers and vibration collectors caused by defects or cable misuse. It removes the need for people
to carry out field inspections, which increases worker safety, allows the monitoring of machines in spaces
inaccessible to humans or where the use of cables is not feasible, and data collection continues instead of
en route and periodic measurements. However, the absence of wires requires the sensor to be powered by
a battery which limits the sensor’s lifespan compared to wired sensors.

The longevity of electronic devices such as wireless sensors is directly linked to the electrical con-
sumption of their components. Microdevices have recently experienced a major technological breakthrough
that has caused a rapid reduction in electrical consumption, thus increasing the lifespan of such devices. In
addition, this reduction allows new alternatives to extend the life of electronic equipment to be investigated.
This makes it possible to replace or complement traditional batteries that power devices such as vibration
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sensors with various methods of capturing energy from the environment (GAMMAITONI, 2012). This com-
pilation of devices called Energy Harvesters (EH) rely on the availability of different forms of energy in the
environment, such as solar, thermal, chemical, and mechanical energy (SELVAN; MOHAMED ALI, 2016).
EHs that harvest vibrational energy have the advantage of being sustainable, stable, and small (KHALIGH;
PENG ZENG; CONG ZHENG, 2010). Mechanical energy can be scavenged from various sources, such as
industrial machinery and equipment, vehicles, human movement, and fluids (ZOU et al., 2019).

In this work, the vibration of the machines was the energy source of interest. Therefore, EH
alternatives are proposed to capture energy from vibrations or the so-called Vibration Energy Harvester
(VEH) to increase the useful life of sensors for vibration monitoring used in predictive maintenance. Wireless
sensors for vibration monitoring usually have compact dimensions and an average power consumption
of around 100 ptW (GAMMAITONI, 2012). On the other hand, even under good conditions, industrial
machinery has most of its vibrational energy on the range of approximately 40 Hz to 200 Hz (AKTAKKA;
PETERSON; NAJAFT, 2012). Thus, developing a compact energy harvesting system capable of delivering
energies on the order of 100 pW or more and working at low frequencies is a technological challenge and an
alternative of great interest to the monitoring industry. Thus, this work demonstrates the development of a
VEH using piezoelectricity as a form of transduction (to achieve small sizes efficiently) using two different
fabrication technologies. Microelectromechanical Systems (MEMS) technology and Micro-Machining (MM).
These devices should operate at approximately 60 Hz. Thus, it can operate at the same frequency as the
power grid. In addition, it should have an optimized power-to-volume ratio and be capable of supplying
160 pW to match the consumption of a wireless sensor and fit within the limits of a standard 7.7 mm x
25.5 @ mm battery. For this purpose, the merits of each transduction principle used in VEHs are reviewed
to determine the advantages and disadvantages of each type. A three-dimensional numerical model in
COMSOL (COMSOL MULTIPHYSICS@®) V. 5.6, n.d.) was proposed and coupled to an optimization
algorithm implemented in MATLAB by Mathworks™ (BUEHREN, 2014). This work offers two distinct
approaches to developing Piezoelectric Vibrational Energy Harvesters (PVEH), presents strengths and
weaknesses during the process, and offers viable design options that meet the requirements shown in Table
1.1. The requirements are a set of goals that should allow the PVEH full autonomy to a device, such as
wireless sensors for vibration monitoring.

Table 1.1 — Project requirements.

Project requirements Numeric goal

Low frequency 60 Hz

High power 160 pW

Small volume 7.7 mm x 25.5 @ mm or 3.93 cm?
Large bandwidth 20 Hz

1.2 OBJECTIVES
The global objective of this work is to execute two complete cycles of design, optimization, proto-

typing, and validation using two different fabrication technologies (MEMS and MM) to comply with the
requirements of a PVEH for wireless sensors for vibration monitoring.

1.3 SPECIFIC OBJECTIVES
The specific goals are:

e Develop PVEHs numerical models using available information from the literature;
e Optimize the PVEH’s designs using COMSOL with a MATLAB integrated algorithm;

e Prototype a device capable of validating the numerical designs developed in this work;
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e Conduct an experimental analysis of the fabricated devices to determine their performance and
validate the numerical model;

e Compare the different methods highlighting each approach’s merits and compare them with other
devices from the literature.

1.4 DOCUMENT OUTLINES

The document is divided into 6 chapters titled:

1. Introduction;

2. Literature review;

3. Methodology;

4. Optimization results;
5. Experimental analysis;

6. Final remarks.

In the first chapter, the problem tackled by this study is contextualized, and the requirements and
objectives are presented. The second chapter reviews the literature and presents similar devices developed
by other authors using different technologies and techniques. In addition, it describes the theoretical back-
ground in terms of the physical behavior, available technologies, and optimization techniques needed for
this project. It displays a quick overview of commercially available devices to understand where the market
stands today. The chapter concludes with a summary of the vital information gathered from the review.
Chapter three displays the methodology used to develop the PVEHs. The numerical modeling, optimiza-
tion setup, and experimental procedure are described. Chapter four shows the results of the optimizations
and discusses the adjustments necessary to improve the devices until designs feasible for fabrication and
validation are obtained. The next chapter (five) overviews the fabrication process executed with a foundry
and partner laboratory, following up on the experimental results compared with the numerical models and
highlighting the appropriate adjustments. Finally, the sixth and the last chapters discuss the results of this
work.
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LITERATURE REVIEW

This chapter explores the relevant literature in the Energy Harvesting (EH) field and the tools
that can aid the development and optimization of EH devices. The review begins with a discussion of the
various EH transduction types and the merits of each, followed by a description of some relevant devices in
the literature and available on the market. The review ends with an overview of some of the optimization
tools used in this work and the metrics used to classify each design.

2.1 ENERGY HARVESTERS IN LITERATURE

The most common devices in the literature utilize Piezoelectric (PZ), Electromagnetic (EM), or
Electrostatic (ES) transduction(DHADWAL; RASTEGAR, 2017). Nevertheless, there are other forms of
transduction, such as magnetostriction (YANG; TAN; ZU, 2017) and triboelectricity (YANG; CHEN, et
al., 2014). Dhadwal and Rastegar (2017) gathered four of these transduction principles and qualitatively
highlighted the advantages and disadvantages of each for energy harvesting. Table 2.1 summarizes his review.
According to him, piezoelectric EHs have advantages over electromagnetic regarding of its simple structure
and capability for MEMS technology. Micro Electromechanical Systems or MEMS is a process used to create
tiny integrated devices or systems that combine mechanical and electrical components using the fabrication
processing techniques of Integrated Circuits (IC) and can range in size from a few micrometers to millimeters
(PRIME FARADAY PARTNERSHIP, 2002). Electromagnetic transduction for VEH is a well-established
technology as described in Section 2.4, where the available commercial devices are reviewed. Nevertheless,
Electromagnetic Vibrational Energy Harvesters (EMVEH) are difficulty to integrate with MEMS because
of their permanent magnets and pick-up coils, which are difficult to fabricate using current manufacturing
techniques. Moreover, when miniaturizing EMVEHs, their efficiency tend to decrease compared to other
transductions (DHADWAL; RASTEGAR, 2017).

Roundy, Leland, et al. (2005) and Roundy and Wright (2004) made a quantitative comparison in
terms of energy storage density for each of the main transduction. The analysis presented two calculation
approaches: aggressive and practical. The aggressive approach considers what is theoretically possible,
whereas the practical approach represents what is possible using the technology available at the time of
the article’s publication (2005). At the time of the study, piezoelectric transduction presented the most
promising form of transduction in the practical scenario shown in Table 2.2, whereas electromagnetic
transduction theoreticcally showed the best potential. However, it should be noted, that it is impossible
to establish a clear and definitive comparison between the different types of transducers (BRIAND et al.,
2015). Briand et al. (2015) point out that, theoretically, the power density of the EH does not depend on the
volume of the device, but in practice, it reduces with the volume for all types of transductions. Thus, the
author proposed a “rule of thumb” based on the desired device size. Electrostatic transducers are the most
recommended for micrometer to millimeter scales. Piezoelectrics are suitable for millimeter to centimeter
scales and small strain applications, and electromagnetic are better for large displacements at centimeter
to decimeter scales.
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Table 2.1 — Qualitative strengths and weaknesses of the four different types of EH transduction (Obtained from

Dhadwal and Rastegar (2017))

Type Advantages Disadvantages
Piezoelectric e No external voltage source e Low output current
e High output voltage e Low toughness
e Compatible with MEMS e Low tensile strength *
e Simple structure e Charge leakage =
e Depolarization and aging "~
Electrostatic e Easy to integrate with MEMS e External voltage source needed (")
e High output voltage e Low output current
e Function well at slow and fast dis- e Difficult to fabricate large capacitor
placement rates surfaces
e High degree of miniaturization possi-
ble
Electromagnetic e No external voltage source o Difficult to integrate with MEMS - re-
e High output current quires permanent magnet and pick-up
e Well-established technology coil
e Low output voltage
e Low output energy at slow speeds
e Low output energy in small size
Magnetostrictive e No external voltage source o Difficult to integrate with MEMS - re-

e No depolarization problem
e Highly flexible films available ()

quires pick-up coil
e Low output energy at slow speeds

e Low output energy in small size
e May needs biasing magnets

It may need to be preloaded in compression if subjected to equal compressive and tensile loading.
**Makes it not suitable for applications with slow stain rates.

***Mainly for polymer and polycrystalline ceramic types at high temperature.

(v)Unless a charged electret is used.

(")Paurticularly7 the amorphous metallic glass type (Metglas).

PVEH and EMVEH are the most noticeable types of transduction for energy storage, but this is
one of the numerous metrics used to compare energy harvesting devices. To determine which of the two
transduction principles (PZ or EM) is the most effective, Marin (2013) and Priya et al. (2019) plotted the
Normalized Power (NP), which is given by Equation 2.1. Figure 2.1 illustrates this analysis. In this graph,
EM devices show a meaningful advantage over PZ for volumes over ~ 0.5 cm?, whereas PZ dominates at
smaller volumes. Marin (2013) and Priya et al. (2019) highlighted the ~ 0.5 cm® region as a “transition
zone” where there is no clear advantage between PZ and EM transduction. It is important to note that
Marin (2013) and Priya et al. (2019) use NP - f,, 1 as a metric because, generally, the available ambient
energy is inversely proportional to the first natural frequency as demonstrated by (XU, 2012),

P e
‘lea 4wn,1 (ge + é-rn)2

where P is the power harvested, &y, is the acceleration of the base to where the VEH is fixed, & is the

NP = Meqs (2.1)

electrical damping, &, is the mechanical damping, wy 1 is the first natural angular frequency, and meq is
the one Degree of Freedom (DoF) equivalent mass of the system.

Other metrics can be used to compare and measure the performance of VEHs. These metrics can
reference the geometrical aspects, power, and bandwidth. The geometrical metrics important to this work
are the working volume Viork, active volume V,ctive, and gap volume Vgap. Vigork is defined as Victive + Vaaps
where Victive is equal to the volume of a hexahedron that encompasses all components of the EH and Vg, is
the volume of a hexahedron of the same length and width as of Ve but a height equal to the maximum
displacement of the device, as illustrated in Figure 2.2.
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Table 2.2 — Comparison of performances of VEHs in terms of energy storage (Obtained from Roundy, Leland, et al.
(2005) and Roundy and Wright (2004))

Type Practical maximum Aggressive maximum Equation
(mJ/cm?) (mJ/cm3)
Piezoelectric 35.4 335 (1/2)02k?/2¢
Electrostatic 4 44 (1/2)eE?
Electromagnetic 24.8 400 (1/2)B%/ o
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Figure 2.1 — Performance comparison of EMVEHs and PVEHs in terms of NP f, ; (Obtained from Marin (2013))

(a) Top view. (b) Side view.

Figure 2.2 — Illustration of how active and gap volume are calculated.

In terms of power, there are four important metrics to highlight. The Normalized Power is given
by Equation 2.1. The Normalized Power Density (NPD) based on the area, which is given by

P

R 2.2
Aactive .’II% ( )

NPD, =

where A,ctive 1S an area analogous to the volume V,ctive. The volumetric NPD referred to in the entirety of

this text as just NPD is given by
P

5 2.3
Vactive l'%, ( )

NPD =

Finally, the Figure of Merit (F.0.M.) can be defined as

F.o.M.=NPD- B, (2.4)
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where B denotes the half-power bandwidth of the device. Finally, it is also essential to target the optimal
acceleration of the device, e.g., the acceleration amplitude on which it will be developed to work or the
amplitude of which it best performs. Above its optimal excitation point, the device may lose efficiency due
to nonlinear behavior. In addition, every device has an acceleration limit due to electromagnetic, electrical,
mechanical limitations, etc. These restrictions establish another important metric, denoted as the device’s
dynamic range.

2.1.1 Electromagnetic Energy Harvesters

The first set of VEHs from the literature reviewed here are the Electromagnetic EHs. An EMVEH
converts mechanical energy into electricity by creating a relative motion between a permanent magnet
and coil. The magnetic field of the magnet cuts through the coil, and the relative movement causes the
magnetic field to change over time, creating a magnetic flux that introduces voltage into the coil, according
to Faraday’s law of electromagnetic induction (BATRA; ALOMARI, 2017). Beeby et al. (2007) and Torah
et al. (2007) developed the devices Mk2 and Mk3 presented in Figure 2.3, respectively. These devices are
based on a cantilever structure with a Neodymium Iron Boron (NdFeB) magnet bonded to the beam’s
free end and a stationary coil positioned between the magnets. These devices have outstanding NPDs
of 85 mW /cm?3g? and 103 mW /cm3g?, respectively. Both have an active volume of 0.15 cm?, an optimal
acceleration of 0.6 m/s?, and a first natural frequency of 52 Hz. Mk3 can deliver 120 tW s at its maximum
deflection. A small bandwidth of 0.26 Hz is one of the main drawbacks of MK2 (AYALA-GARCIA et al.,
2010). A narrow bandwidth can become a problem because the available vibrational energy might vary
in its frequency from source to source and in time. This problem can be addressed with the broadband
techniques discussed in Section 2.3, however, depending on the technique, there can be drawbacks. Here,
the F.o.M. is used to measure the device’s performance by considering the bandwidth. For Mk2, the F.o.M.
was 22 mW Hz/cm3g?.

NdFeB Beam Mass Magnets

magnets

Steel

/ washer

Copper
coil

Tungsten
mass

Tecatron GF40
base Beam Zintec keeper

MK3 Generator
(a) Mk2 Generator. (b) Mk3 Generator.

Figure 2.3 — Drawing of EMVEHs Mk2 and Mk3 (Obtained from Torah et al. (2007)).

Perpetuum is a manufacturer that produced the PMG energy harvester (Figure 2.4). According
to the company, the harvester could produce 1.2 mW at an acceleration of 0.025 g with a half-current
bandwidth of 1.6 Hz (PERPETUUM LTD., 2013). The volume, considering a cylinder surrounding the
case but ignoring the connector, was 253 cm®. The device has two nominal voltages (5V and 8 V) with
six different f,1 (25 Hz, 30 Hz, 50 Hz, 60 Hz, 100 Hz, and 120 Hz). With these metrics, the NPD is
7.6 mW /cm3g? (considering the volume of the case that is the working volume) and F.o.M. of 12 mW
Hz/cm3g? (considering the half current bandwidth). Beeby et al. (2007) provide data from a different
Perpetuum model, the PMG7. This model has an f, 1 = 100Hz power output of 4 mW at a 0.4 m/s?
acceleration with a volume of 30 cm?®. Therefore, this model has a total NPD of 80 mW /cm3g?.
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Figure 2.4 — Perpetuum’s PMG (Obtained from Perpetuum Ltd. (2013)).

As previously discussed, the miniaturization of EMVEHs is complex, and MEMS technology is
unsuitable for this type of transduction. In response to this challenge, Ching et al. (2002) proposed the use
of micromachining techniques to manufacture an EMVEH at MEMS scales. A copper spring laser-cut in a
spiral configuration, and a rare-earth magnet NdFeB was later attached to the center. The stationary coil
is fixed to the rigid housing of the device. Figure 2.5 shows pictures of the vibration modes of the VEH.
The 1 cm? device can generate up to 830 pW at 100 Hz under 200 pm amplitude vibration. In most cases,
multimodal EHs are built to cover the highest frequency band, possibly to the detriment of maximum
power. Therefore, it is unreasonable to compare the device with other single-resonance devices in terms of
the NPD. All things considered, vibration of 200 pm at 100 Hz renders an acceleration of approximately
8.1 g, providing an NPD of 0.01 mW /cm3g?.

Figure 2.5 — Modes of vibration of Ching’s device (Obtained from Ching et al. (2002)).

Yuen et al. (2007) used MEMS electroplating techniques to build a spiral copper spring with an
N45-grading magnet attached to the middle of the spring and a stationary coil fixed to the housing (Figure
2.6). For low-frequency, small-size, vibration-based EMVEHs, mechanical design based on a spiral spring, a

II i -||ll-' Il ..’I

Power
management
circuit

Micro
power
transducer

R

Figure 2.6 — Illustration of Yuen’s device (Obtained from Yuen et al. (2007)).

magnet in the middle, and a coil at the housing is regularly used (CEPNIK; LAUSECKER; WALLRABE,
2013). His device has a volume of 2.262 cm?, an output power of 120 pW at 4.63 m/s? of acceleration at
resonance (80 Hz), giving an NPD of 0.2 mW /cm3g?.
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Although challenging, some authors have developed EMVEHSs using MEMS technology to fabricate
an entire device. Peihong Wang et al. (2009) developed the EH in Figure 2.7 by separately processing the
spring and the coil. The magnet was then attached to a spring that was stacked over the coil. Because
MEMS technology was used for most of the fabrication, the final device’s volume was small (0.13 cm?),
generating 0.7 pW at 4.94 m/s? at resonance (94.5 Hz). Finally, its NPD was 0.02 mW /cm?g?. It is essential
to note that the device was not optimized; however, the final NPD illustrates the challenges in using MEMS
technology to build EMVEHs.

Permanent magnet

Planar spring

ilicon substrate

Figure 2.7 — Illustration of Wang’s device (Obtained from Peihong Wang et al. (2009)).

2.1.2 Electrostatic Energy Harvesters

Electrostatic Vibrational Energy Harvesters (EVEHs) are structures with variable capacitance. A
relative motion between the two plates creates a varying capacitance that causes surface charges from the
plates to move to a storage device as the capacitance decreases. In this way, the mechanical energy from
the moving plates is converted into electrical energy (BATRA; ALOMARI, 2017). Despesse et al. (2005)
chose an in-plane gap closing electrode design of macro-scale, fabricated by electrical discharge matching
of tungsten (Figure 2.8). The tungsten device has a volume of 18 cm?®, a resonant frequency of 50 Hz, and
is capable of delivering 1.052 mW of power with 90 pm of amplitude vibration at resonance, rendering an
acceleration of 0.9 g. The NPD of this device was 0.07 mW /cm?3g?.

Figure 2.8 — Despesse tungsten electrostatic device (Obtained from Despesse et al. (2005)).

Altena et al. (2013) used MEMS technology to develop a micro-scale 3-terminal transducer built
from a stack of 3 wafers. Figure 2.9 shows, from left to right, a simplified lumped parameter diagram of the
device, the components of the EVEH, and a picture of the finished prototype. His work generated a device
capable of generating 495 nW with 2.5 g of acceleration at a resonance of 1187 Hz. The overall volume of
the device was not supplied; however, the footprint was 1 cm?. Rendering an area NPD of approximately
0.08 mW /cm?g?, MEMS devices tend to have small thicknesses, usually submillimeters, putting this device
on the order of ~ 1 mW /cm3g? NPD. These EVEHs exemplify the advantage of electrostatic devices have
in terms of miniaturization capabilities when compared to other transductions. Nevertheless, the NPD
shown by these devices is significantly smaller than EMVEHs and PVEHs.
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Figure 2.9 - MEMS EVEH of Altena et al. (Obteined from Altena et al. (2013)).

2.1.3 Piezoelectric Energy Harvesters

Piezoelectric energy harvesters utilize a class of material that can accumulate electrical charges in
response to applied mechanical stress (TTAN et al., 2018). Therefore, electrical energy is transformed from
mechanical energy used to deform the piezoelectric material. Mitcheson et al. (2007) have shown that at
milliliter scales, piezoelectric transduction provides the best output power density at low frequencies as
compared to the other most common transduction. The first PVEH detailed in this study was developed
by Tsujiura et al. (2013). They fabricated a cantilever-type harvester from Pt-coated ferritic stainless
steel (SS430) and (K,Na)NbO3 (KNN) using MEMS technology (Figure 2.10). The measured piezoelectric
coefficient e3; was -3.8 C/m?. The geometry is a simple rectangular beam with a seismic mass on the tip
(both made from SS430), with KNN deposited on one side of the beam. The prototype is 7.5 mm x 5 mm
x 0.3 mm, resulting in an active volume of 0.01125 cm?®. The maximum output power was 1.6 pW with
10 m/s? of acceleration and a resonance of 393 Hz. The NPD of this device was 0.14 mW /cm3g?. The
half-power bandwidth of the device is 4.3 Hz rendering an F.o.M. of 0.6 mW Hz/cm3g?. It is important to
note that this device presented a nonlinear resonant frequency attributed to the softening stiffness effect,
which can increase the bandwidth of the device without compromising the maximum power (RAMLAN
et al., 2010).

(b)

KNN/SS430
unimorph cantilevers

Pt top electrode
KNN piezoelectric layer
Pt/Ti bottom electrode

SiO, oxide layer

Figure 2.10 — Device of Tsujiura et al. (a) Picture of the unimorph cantilever devices and (b) diagram of the
construction of the device (Obtained from Tsujiura et al. (2013)).

Song et al. (2017) used a spiral design (Figure 2.11) to reduce the natural frequency of the device.
The authors used COMSOL to model a Lead Zirconate Titanate (PZT) based device and studied its
behavior. The spiral design concentrated most of its stress on the merging curvature rather than the center
of the spiral. Hence, the stress distribution on the inside edge is much larger than that on the outside edge.
The power output of a PVEH is proportional to the square of stress (Described in Appendix A). Thus,
the poor distribution of the stress field compromises the PVEH efficiency. Song et al. (2017) investigated
the effects of the number of spiral turns on the natural frequency, and the best power output was formed
from the five-turn spiral with resonance at 68 Hz. The piezoelectric coefficient dz3 was measured to be 155
pC/N, and the power was 23.3 nW at 0.25 g with an active volume of 0.11 mm3. Therefore, the NPD was
3.39 mW /cm3g?.
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Figure 2.11 — Spiral MEMS PVEH by Song et al. (Obtained from Song et al. (2017)).

Sharpes, Abdelkefi, and Priya (2015) took a different approach to achieve a low-frequency PVEH.
The author investigated three different hand-assembled designs (Figure 2.12) denominated as Zigzag shown
in Subfigures (a,b,c,d), Flex (e,f,g,h), and Elephant (i,j,k,1). All the structures were made of mild steel and
a piezoelectric layer from the American Piezoceramics APC850 PZT. The optimized devices were confined
to an area of 25.4 mm x 25.4 mm, and the neodymium magnets were 6.35 mm x 3.175 mm x 3.175 mm.
Assuming that the thickness of the beam was negligible, the active size of all three devices was 2 cm?.
Under 0.1 g of acceleration, the zigzag, flex, and elephant showed a maximum power output of 2.93 uW,
32.2 W, and 81.3 pW, respectively. Which makes an NPD of 0.14 mW /cm?g?, 1.58 mW /em?3g?, and 3.97
mW /cm®g?, respectively. The bandwidth can be calculated from the available damping ratio using,

_ fn,l

=75

(2.5)

and

1
C2¢

where @ is the quality factor and £ is the viscous damping loss factor. Zigzag, flex, and elephant have
damping ratios equal to 0.00611, 0.00365, and 0.00374, and natural frequencies at 65.6 Hz, 62.0 Hz, and
68.125 Hz, respectively. Therefore, the bandwidths are approximately 0.80 Hz, 0.45, and 0.51 Hz, for an
F.0.M. of 0.1 mW Hz/cm?®g?, 0.7 mW Hz/cm3g?, and 2.0 mW Hz/cm3g?, respectively.
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Figure 2.12 — Dimensioned drawing (a), (e) and (i), finite element stress analysis for first bending mode (b), (f)
and (j), first mode shape (c), (g) and (k), and picture of the fabricated device in test setup (d), (h)
and (1) for zigzag (a)—(d), Flex (e)—(h), and Elephant (i)—(1), respectively (Obtained from Sharpes,
Abdelkefi, and Priya (2015)).

Elfrink et al. (2010) worked on a low-frequency unimorph cantilever-type energy harvester with
Aluminum Nitride (AIN) as the piezoelectric material and used a vacuum-packaged encapsulation to reduce
mechanical loss to the air. The active volume of the device was 0.015 cm® (AKTAKKA; PETERSON;
NAJAFT, 2012). Output power at resonance with an acceleration of 0.2 g is 1.46 pW under atmospheric
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pressure and 6.9 uW under a vacuum of 1 mbar. The quality factor from an unpackaged device under
atmospheric pressure and vacuum level was measured as 256 and 560, whereas the natural frequency
shifted from 596.8 Hz to 598.7 Hz, respectively. Using Equation 2.5, the bandwidths were 2.3 Hz (at
atmospheric pressure) and 1.0 Hz (under vacuum). Therefore, under atmospheric pressure, the device has
a 2.4 mW /cm3g? NPD and F.0o.M. 5.7 mW Hz/cm?3g?, whereas under vacuum the NPD is 11.5 mW /cm3g?
and F.o.M. is 11.5 mW Hz/cm3g?. Interestingly, although an increase in the output power is desired, it
comes at the cost of the device’s bandwidth. This work is an excellent example of how it is essential to
include the bandwidth in the metrics to evaluate performance, i.e., from atmospheric pressure to vacuum,
the performance in terms of NPD increased approximately 479%. However, in terms of F.o.M., the increase
was only 216%.

mass beam

Figure 2.13 — Encapsulated vacuum-packaged device by Elfink et al. (Obtained from Elfrink et al. (2010)).

Roundy (2003) chose a hand assembly device using bulk off-the-shelf piezoelectric material PSI-
5H4E from Piezo Systems Inc. Figure 2.14 shows the author’s prototypes denominated as Design 1 and
Design 2. Design 1 is a 6.5 mm x 3 mm x 0.381 mm beam with an 8.5 mm x 6.7 mm x 7.7 mm seismic
mass of a tungsten alloy. Design 2 is a 10.7 mm x 3.2 mm x 0.381 mm beam with 17.3 mm x 3.6 mm x 7.7
mm seismic mass. The active volume of these devices was approximately 0.81 cm?®. The measured output
power at 2.25 m/s? of acceleration for devices 1 and 2 were 207 pW and 335 pW, respectively. The final
NPD was then 4.84 mW /cm®g? and 7.81 mW /cm3g?. The estimated bandwidth of design 2 is 7 Hz. Thus,
its F.o.M. was 54.7 mW Hz/cm3g?.

Design 1

Figure 2.14 — Design 1 (left) and design 2 (right) from Roundy (Obtained from Roundy (2003)).

As seen by Roundy (2003), the use of bulk piezoelectric materials can significantly increase the
performance of the device because their piezoelectric constants are larger than those of thin films (SONG
et al., 2017). Durou et al. (2010) developed a PVEH using a 200 pm thick PZT-5H sheet bonded to silicon
with epoxy using bulk piezoelectric materials with MEMS process combined with conventional packaging
process and laser etching technologies. The device consists of four cantilevers sharing the same tungsten
proof mass (Figure 2.15). The active volume of this device was 0.464 cm?3, an output power of 13.9 pW
under 0.2 g of an acceleration at resonance of 76 Hz. The NPD of this device is 0.75 mW /em3g? with a
bandwidth of 4.7 Hz (AKTAKKA; PETERSON; NAJAFI, 2012), rendering an F.0.M. of 3.5 mW Hz/cm3g?.
The works of Roundy (2003) and Durou et al. (2010) highlight the use of off-the-shelf bulk piezoelectric
materials with tools such as conventional packaging processes or micromachining techniques to fabricate
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VEHs at the mesoscale. Although MEMS technology is a good option for miniaturization at the micrometer
scale, micromachining and packaging processes may be advantageous at the milliliter scale. This is because
of the higher piezoelectric constants of off-the-shelf materials and the manufacturability of larger structures.

cantilever

Ti/Au electrode

Figure 2.15 — Four beams, 200 pm bulk PZT of Durou et al. (Obtained from Durou et al. (2010)).

Finally, Aktakka, Peterson, and Najafi (2012) adopted an approach similar to that of Durou et al.
(2010) utilizing bulk PZT, MEMS, and packaging processes but added a thinning step to the PZT, where
the highly thick piezoelectric layer would be thinned down to an optimum designed thickness. The author
devised five designs using three beam structures and two seismic mass materials. The beam structures
were a bimorph of PZT/Auln/PZT, a unimorph of PZT/Si, and another unimorph of PZT/Auln. For all
structures, the piezoelectric material was PZT-5A. The bimorph used a seismic mass of tungsten, whereas
both unimorphs had designs with tungsten and silicon seismic masses. Figure 2.16 shows a picture of the
PZT/Si design, which exhibited the best F.o.M. performance.

Figure 2.16 — Picture of unimorph PZT/Si design from Aktakka (Obtained from Aktakka, Peterson, and Najafi
(2012)).

The unimorph PZT/Auln is the first design of Aktakka, Peterson, and Najafi (2012), which has
12.1 mm? of the active volume. This beam structure has two different designs using a tungsten seismic
mass or silicon. The power output at the resonance of 80.1 Hz and 263 Hz an under acceleration of 0.1 g
produced a 6.31 mW /cm?g? and 1.22 mW /cm®g? NPD for the tungsten and silicon mass, respectively. The
bandwidth is 2.5 Hz and 4.2 Hz forming F.o.M. of 15.8 mW Hz/cm3g? and 5.1 mW Hz/cm3g?, respectively.
The unimorph PZT/Si was larger than the first design (27 mm?). The beam structure also has tungsten
and silicon masses variations, where the power is 2.74 pW and 1.78 pW at a resonance of 167 Hz and 427
Hz under 0.1 g of acceleration, rendering 10.02 mW /cm3g? and 6.74 mW /cm3g? NPD, respectively. The
bandwidth is 6.1 Hz and 16 Hz for an F.o.M. of 61.4 mW Hz/cm3g? and 107.8 mW Hz/cm3g?, for W
and Si masses, respectively. The final bimorph was 27 mm? in volume. It used only a tungsten mass, and
was tested in parallel and series connections. The series connection was superior in terms of NPD and the
parallel connection in terms of F.o.M. The output power was 2.36 nW and 1.58 nW, excited at a resonance
of 163 Hz and 158 Hz with 0.1 g of acceleration, respectively. Thus, the NPD is 8.74 mW /cm3g? and 5.86
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mW /cm3g?. Whereas the bandwidth is 7 Hz and 12.5 Hz forming an F.0o.M. of 73.2 mW Hz/cm3g? and
61.2 mW Hz/cm3g? for the series and parallel connection, respectively.

2.1.4 Other transductions

Magnetostrictive materials can also be used to harvest energy. These materials have specific prop-
erties that exhibit a coupling relationship between strain and stress, mechanical quantities, and magnetic
and induction field strengths. A magnetostrictive EH requires a coil warped around the magnetostrictive
material and a magnetic circuit to convey and close the magnetic flux lines. Thus, when stress is induced in
the magnetostrictive material, a time-variable magnetization is created, which leads to the voltage induced
in the coils (BATRA; ALOMARI, 2017). Yang, Tan, and Zu (2017) developed a finger-tapping-based mag-
netostrictive energy harvester. The design is illustrated in Figure 2.17. An iron-gallium alloy (Galfenol, a
magnetostrictive material) was bonded to an L-shaped stainless steel beam, an 820-turn coil is wrapped
around the alloy with the beam, and an NdFeB grade N42 magnet was placed at the end of the Galfenol.
Finally, a sawtooth was bonded to the free end of the beam and activated by a tapping pad. It is not
a vibration-based harvester, but it can be analyzed as one by removing the tapping pad excitation and
adding acceleration to the base of the cantilever. The L-shaped beam is 0.5 mm x 5 mm x 35 mm, and the
magnet is 3.175 mm x 12.7 mm x 12.7 mm. Therefore, the active volume is 35 mm x 12.7 mm x 12.7 mm or
5.65 mm?®. The output power under 4 g acceleration at a resonance of 238 Hz is 0.25 mW, giving an NPD
of 0.003 mW /em3g?. Since this device was developed to work with an up-frequency technique (discussed
in Section 2.3), it is unreasonable to compare this prototype with the VEHs described here. Nevertheless,
the device is a reliable example of magnetostrictive EH design.

Sawtooth

& Laser head

Tapping Pad

Ly' Galfenol L-shaped Beam
X
(a) Diagram. (b) Picture.

Figure 2.17 — Diagram and picture of the magnetostrictive harvesting system based on finger tapping (Obtained
form Yang, Tan, and Zu (2017)).

Another form of transduction can convert mechanical energy from vibrations into electrical based
on the coupling between triboelectrification and electrostatic induction. The triboelectrically charged planes
of the triboelectric VEH change the electric polarization and field across two electrodes by either periodic
vertical contact separation or in-plane sliding, leading to an alternating flow of electrons through an external
load (YANG; CHEN, et al., 2014). Yang, Chen, et al. (2014) designed the triboelectric VEH shown in
Figure 2.18. An aluminum thin film with nanopores was deposited on an acrylic substrate (shown in Figure
2.18 (b)), which works as another contact surface and contact electrode. On the moving part, there is a
polytetrafluoroethylene (PTFE) film as one contact surface bonded to a copper thin film working as a
back electrode sub-sequentially coupled to an iron seismic mass. The mass was fixed by three springs with
a 120° angle between them to ensure a constant resonant frequency in arbitrary in-plane directions. The
acrylic substrate had a thickness of 3 mm x 100 @ mm, and the iron mass was 5 mm thick. Therefore, the
cylindroid core has an active volume of 8 mm x 30 @ mm or 5.7 cm?®.

Under an acceleration of 6 m/s?, the author measured an area power density of 1.35 W/m? and
1.45 W /m? (considering the cylindrical core area) for the out-of-plane and in-plane excitations, respectively.
The NPD can then be calculated as 0.45 mW /cm3g? and 0.48 mW /cm3g?. Nevertheless, the relatively low
NPD of these devices can be counterbalanced by the large bandwidths of 75 Hz and 14.4 Hz, for out-of-
plane and in-plane excitation, for F.o.M. of 33.8 mW Hz/cm3®g? and 7 mW Hz/cm3g?, respectively. One
important note is that the area power density described by the author used the cylindroid core of the device.
Although, an argument can be made to compare with other devices properly, the spring elements must be
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considered, resulting in an overall active volume of 8 mm x 100 @ mm or 62.8 cm?3. This way, the NPD
and F.0.M. decrease significantly to 0.041 mW /cm®g? NPD, 0.044 mW /cm?®g? NPD, 3.0 mW Hz/cm3g?
F.0.M., 0.6 mW Hz/cm3g? F.o.M., for out-of-plane and in-plane excitation, respectively.

M Iron ~ Acrylic Copper [l PTFE [l Aluminum

Figure 2.18 — Yang’s triboelectric VEH (Obtained from Yang, Chen, et al. (2014)).

2.2 PIEZOELECTRICITY IN VEH

PVEHs use the variation in the electric charge polarization of piezoelectric materials to harvest
power. The mathematical principles that describe this phenomenon can be written as (MAITZLER et al.,
1988),

D; = elEj + dfh o, (2.7)
and

0 = d;kEj + ssEkam, (2.8)

[ﬂ:[:; ZEHﬂ 2.9)

where D is a 3 by 1 vector of electric displacement, § is a 6 by 1 strain vector, F is the applied electric field
(3 by 1), o is the 6 by 1 stress vector, € is the 3 by 3 matrix of dielectric permittivity at constant stress,
d is the 3 by 6 matrix of piezoelectric coefficients, and s¥ is the elastic compliance at constant electric

field matrix (6 by 6). In the absence of an applied electric field the expanded equation can be written as
(SIROHI; CHOPRA, 2000),

which can be rewritten as

g1
Dy 0 0 0 0 ds 0]]
Dyl=|0 0 0 du 0 0]]|%], (2.10)
D3 d31 dzp2 dzz 0 0 O 4
05
L 06

where D1, Do, and D3 represent the electrical displacements in directions 1, 2, and 3, respectively. o1, o2,
and o3 are the normal stresses in directions 1, 2, and 3, respectively. o4, 05, and og are the shear stresses
referring to planes 1-3, 2-3, and 1-2, respectively. d31, ds2, and dz3z are the piezoelectric coefficients that
relate the normal voltages applied in directions 1, 2, and 3, respectively, to an electrical displacement in the
polarization direction, D3. The piezoelectric coefficients doy and dy5 relate shear stresses in the 1-3 plane to
the electrical displacement in direction 2 and shear stresses in the 2-3 plane to the electrical displacement
in direction 1, respectively.
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We consider the stress field of a cantilever beam under vibration. Figure 2.19a shows a cantilever
PVEH polarized in the direction normal to the beam surface Z, which is numbered 3 by convention, and
the axial direction of beam X becomes 1. In this case, the most relevant piezoelectric coefficient is d3; for
a cantilever beam where the most significant stress direction is X. For the cantilever in Figure 2.19b, the
polarization direction is in the axial direction of the beam X, thus defined as direction 3. In this case, the
coefficient dzs is the most relevant. These are the so-called d3; and dz3 working modes of piezoelectric
devices.

(a) ds; mode cantilever design. (b) d33 mode cantilever design.

o ) o -] -]
< e 4
: - >

(¢) d31 mode polarization. (d) ds3 mode polarization.

Figure 2.19 — Schematic of piezoelectric cantilever working modes.

It is critical to properly polarize the device to ensure that it functions in the desired mode. To do so,
it is necessary to impose a strong electric field on the piezoelectric material along the desired polarization
direction. To impose the desired polarization onto the piezoelectric material, the constructions represented
in Figures 2.19¢ and 2.19d are utilized. Both beams working in the d3; mode (Figure 2.19¢) and the
one working in dsz3 mode (Figure 2.19d) have their merits. The main points to be raised regarding this
comparison are as follows: the coefficient d33 is usually approximately ~ 2.4 times greater than that of the
dsy (DUTOIT; WARDLE; KIM, 2005); PVEHs working in d33 mode tend to have a higher voltage, whereas
d31 has a higher current (KIM et al., 2013); and d3; usually has a higher power because they have a higher
capacitance (SODANO; LLOYD; INMAN, 2006). By contrast, dss usually performs better as an actuator
(BILGEN; WANG; INMAN;, 2012). In addition, it is important to highlight factors such as the difficulty of
polarizing or manufacturing. It can be complex to polarize a piezoelectric film in the d33 mode because of
the inactive zone (the area below the electrodes where the electric field in the direction of mechanical stress
is low) (BECKERT; KREHER, 2003; BOWEN et al., 2006). In contrast, the device in the d3; mode may
require an extra layer of material to form the bottom electrode, making the fabrication more complicated.

It is also possible to separate these EHs into unimorphic and bimorphic beams (Figure 2.20),
where the unimorphs have piezoelectric material on only one face of the beam and the bimorphic beams
have piezoelectric materials on the two opposite faces of the beam. Thus, the energy produced doubles
without significant changes in the total volume of the piezoelectric material (LI; TIAN; DENG, 2014).
Although bimorphs have an advantage in power generation, owing to manufacturing limitations, it is not

(a) Unimorph. (b) Bimorph connected in series. (¢) Bimorph connected in parallel.

Figure 2.20 — Piezoelectric types of electrical connection.
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always possible to obtain designs of this type. When choosing to work with bimorphs, the alternatives of
connecting the bottom and upper films in parallel or series must be addressed. Aktakka, Peterson, and
Najafi (2012) experimented both electrical connections with their device, and the performances obtained
are discussed in Subsection 2.1.3.

Table 2.3 shows the typical values of some of the most commonly used piezoelectric materials.
AIN has piezoelectric and electromechanical coupling coefficients that are considerably lower than those of
other materials presented in the table. However, it is a simple binary compound that can be deposited via
sputtering! on a wide variety of surfaces (UCHINO, 2017). It is difficult to determine the best alternative for
the other materials. However, single crystals have a piezoelectric coefficient one order of magnitude higher
than that of PZTs and a considerably higher electromechanical coupling coefficient. There are scenarios in
which PZT stands out, such as in PVEHs where the layer of piezoelectric material is much thinner than
the elastic layer because, in this case, the Young’s modulus of the piezoelectric material can be neglected
(XU; KIM, 2012).

Table 2.3 — Typical values of the main piezoelectric materials (Adapted from Briand et al. (2015))

Material Type d33 d31 k33 k31 Er 1/8?3
(pm/V) (pm/V) (Gpa)

PZT 5H Ceramic 650 -320 0,75 0,44 3800 50

PZT Composite 400 -170 - - - 15-30

PMN-32PT Single cristal 2000 -920 0,95 0,78 4950 20
PZN-8PT Single cristal 2500 - 0,94 - 5000 7,7
AIN Poly-film 5 -2,5 0,07 - 10 300

2.3 BROADBAND TECHNIQUES

As resonant systems, VEHs are generally structures whose natural frequency has been carefully
tuned to the external excitation since a slight deviation between the excitation frequency and the device’s
resonance results in a drastic drop in performance (TANG; YANG; SOH, 2010). As machines in the
industry have different vibration spectra, it is interesting to investigate band-widening techniques to make
the PVEH work in a broader range of frequencies. Table 2.4 presents the available techniques and their
merits, weaknesses, and applicability. Among the four methods, tuning the resonance frequency is usually
more complex than the other methods (TANG; YANG: SOH, 2010). This method can be subdivided into
two categories: passive and active tuning. Active tuning requires a power supply, whereas passive tuning
does not (ROUNDY:; ZHANG, 2005). There are several tuning mechanisms such as magnetic force-based,
piezoelectric actuator-based, axial loads, clamp position, variable reluctance, and variable center of gravity
(COSTANZO; VITELLI, 2020). A device developed by Roundy and Zhang (2005) is an example of active
piezoelectric actuator-based tuning. This self-tuning device (with the diagram shown in Figure 2.21) utilizes
the converse piezoelectric effect to control the stiffness of the beam by introducing an electric field in the
tuning electrode. In particular, a signal 180° out of phase with the scavenging electrode “softens” the beam
and reduces its equivalent stiffness. The unchanged natural frequency of 67 Hz can be tuned down to
approximately 60 Hz. Nevertheless, the power used for actuation significantly outweighed the harvested
power, yielding a net power of -358 uW.

L' The phenomenon that removes atoms from the surface of a material after bombarding with energetic particles.

This process can be used to deposit thin films from bombarded materials onto the substrate underneath
(BEHRISCH, 1981).



Table 2.4 — Qualitative comparison of band widening methods for VEHs (Obtained from Tang, Yang, and Soh (2010)).

Methods

Merits, weakness and applicability

Resonance frequency tuning Active tuning

e Mostly piezoelectric methods

e Limited tunability

e Cost of tuning mostly outweighs the power harvested

e Continuously achievable during operation by automatic controller

e Applicable for excitation with fast-varying frequency or random excitation, given
affordable power consumption for tuning

Passive tuning

e Mostly by mechanical and magnetic methods

e Difficult to achieve automatically and during operation

e Magnetic methods require power to perturb the harvester into high amplitude
branch

e Relatively large tunability

e Applicable for excitation with slow-varying frequency

Multimodal energy harvester

e Much easier to implement than resonance tuning techniques

e Should be designed with proper parameters to cover the targeted frequency range
with the least sacrifice of energy density

e Require complex energy storage circuit

Frequency up-conversion

e Preferable if drastic difference exists between low excitation frequency and high
natural frequency of the harvester, e.g., MEMS harvester

Nonlinear Techniques Monostable*

e Applicable for excitations with slow and proper frequency sweep
e Require perturbation if the harvester enters low-energy branch

Bistable**

e Applicable for high-level periodic excitation

e Applicable for low-level periodic excitation but with perturbation mechanism to
drive the harvester into high-energy branch

e Applicable for stochastic excitation and can further improve the performance by
proper periodic change of potential barrier (stochastic resonance)

*System with a single minimum potential energy state.
**System with two minimum potential energy states.

sanbruyo2] puvQPLOLT 8¢
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Etched gap
in surface electrode

Scavenging
Electrode

Tuning
Electrode

Figure 2.21 — Roundy’s piezoelectric actuator based active tuning device (Obtained from Roundy and Zhang
(2005)).

Alternatively, Ayala-Garcia et al. (2010) used a magnetic-force-based active tuning approach to
extend the narrow bandwidth of the EMVEH from Beeby et al. (2007) (Figure 2.22). The device with
originally 0.26 Hz of bandwidth was extended to 14 Hz. This was achieved by fixing one tuning magnet
at the free end of the cantilever and another magnet at the end of the actuator (Hydon LC1574 actuator).
Nevertheless, the recovery time between tuning procedures depends on the amount of actuation required
to reposition the natural frequency. The recovery time is equal to the time required for the harvesting to
replenish the supercapacitor that supplies energy to the actuator. A frequency variation of 0.5 Hz leads to a
recovery time of 4.16 min, whereas a maximum variation of 14 Hz requires a recovery time of 126.6 minutes.
Owing to the long recovery time, this type of system can only be used when small and infrequent changes
in frequency occur. Moreover, the device occupies a much larger volume to give space for the actuator of
approximately 55.6 mm x 14 @ mm or 8.6 cm?, which is 57 times bigger than the EMVEH itself. Passive
tuning is the best alternative of the two tuning techniques (ROUNDY; ZHANG, 2005).

Tuning magnets

Figure 2.22 — Ayala-Garcia’s magnetic force based active tuning device (Obtained from Ayala-Garcia et al. (2010)).

Huan Xue, Yuantai Hu, and Qing-ming Wang (2008) mathematically demonstrated the power
response of several bi-morphic beams with different natural frequencies working simultaneously to compose
a broadband PVEH device. Figure 2.23a illustrates the power spectrum of a system composed of 10 beams
in series compared with a single beam. However, it is essential to note that for the effective application of
these devices, it is necessary to rectify the output voltage of the PVEH individually because of the phase
difference between the beams. Figure 2.23b illustrates the problem of not using rectifiers before merging
the voltage signals using the sum of the voltages of the three beams without rectification. Jing-Quan Liu
et al. (2008) developed the three PVEH with different natural frequencies from Figure 2.23b. This graph
shows the output voltage of an EH composed of three beams covering a band of 226 - 234 Hz, under an
excitation of 229 Hz. The peak voltages were 2.01 V (C1), 1.664 V (C2), and 1.606 (C3). The sum of
the results is 3.06 V, which is considerably lower than the 5.256 V expected by the sum of the values of
all peaks. After passing the 3.06 V wave through a rectifier, the DC voltage value was 2.51 V, and the
power was 3.15 pW. However, if a rectifier is used for each beam before adding them up, in that case, it is
possible to obtain a continuous voltage of 3.93 V and a power of 3.98 ptW. We can observe that despite the
losses generated by the use of three rectifiers, the power obtained is even greater than that obtained by the
rectification performed only at the end. Therefore, is is important to develop an appropriate rectification
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(a) Analytical power from one cantilever and the sum (b) Measured voltage of 3 different cantilevers and the
of ten cantilevers with shifted natural frequencies. sum of all three before rectification.

Figure 2.23 — Power and voltage output of multimodal devices (Obtained form (a) Huan Xue, Yuantai Hu, and
Qing-ming Wang (2008) and (b) Jing-Quan Liu et al. (2008)).

circuit for multimodal devices.

It should be noted that adding several cantilever beams with different natural frequencies can
increase the bandwidth and power of the device but compromise the NPD. This is especially important
when discussing small-scale devices such as MEMS. In these small-scale situations, it is interesting to
consider using the Frequency Up-Conversion (FUC) method. Most of the vibration sources available in the
environment are in the range of 30 - 200 Hz, while most PVEHs are above this range (HUANG et al., 2019).
Therefore, the FUC technique is used, as this method allows the conversion of low-frequency vibrations
present in the environment into high-frequency excitations applied to the power generation devices. Gu
(2011) propose a PVEH device with a FUC system illustrated in Figure 2.24 that demonstrates a way of
applying the method. In the proposed design, electricity is generated by the oxide/nitride and PZT beams
(blue and purple, respectively). The FUC is performed by the impact between the low natural frequency
system formed by the Parylene and Si substrate beams (in orange and gray, respectively) that vibrate in
resonance with the medium and the high natural frequency beams that make the transduction of mechanical
energy into electrical energy. Another example of FUC already discussed is the magnetostrictive device of
Yang, Tan, and Zu (2017).

a b
= y 4 /

PZT
PECVD oxide Bt
- and nitride 1 Parylene

silicon substrate [l  PZT and metal EpﬂTi

Figure 2.24 — Diagram of the proposed FUC device from Gu (2011) (Obtained from Gu (2011)).
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As seen in the device of Tsujiura et al. (2013), non-linear techniques can be implemented to increase
the bandwidth of a device without compromising the maximum power (RAMLAN et al., 2010). Stanton,
McGehee, and Mann (2009) created a cantilever-based PVEH bimorph with a Neodymium magnet as
seismic mass. Monostable nonlinearity was introduced to the system by adding two magnets (one above
and another below the cantilever) with vertical distance h and horizontal distance d to the seismic mass
(Figure 2.25a). A negative value of d (towards the base of the cantilever) creates a hardening response,
whereas positive values create a softening response. Figure 2.25b displays the measured power outputs of
the prototypes. It is essential to highlight that the advantages of this technique depend upon maintaining
the excitation in the high-energy branch. A momentary short circuit or mechanical perturbation may be
required if the device falls into a low-energy branch.

04F

Piezoelectric Laminate E 03l
Polysulfone (Inert) o
Neodymium

1—COSQOT N Magnets

01F

o
11 12

13 14 15 16
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(a) Diagram of the monostable PVEH. (b) Measured power of the devices under hardening and
softening with an increasing and decreasing excitation
sweep.

Figure 2.25 — Device developed by Stanton et al. (Obtained form Stanton, McGehee, and Mann (2009)).

Zhou et al. (2014) adopted a similar approach to Stanton et al. but oriented the two magnets with
different angles to achieve a bistable (Figure 2.26a) and tristable (Figure 2.26b) VEH. These devices harvest
energy by high-energy interwell motion, e.g., the movement between different regions of low potential
energy is best demonstrated by Figure 2.27. Maintaining the high-energy interwell motion of the bistables
technique can be challenging (HARNE:; WANG, 2013). This work shows that the use of the tristable
technique can reduce the magnitude of the wells making the device better adapted to lower accelerations.
Nevertheless, bistable and tristable techniques are designed to operate under a known excitation intensity

Resistive
electrical load

Resistive
elecrrical load

Piezoelectric
layers

Piezoelectric
layers

Subserate layer Substrate layer
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d
.

(a) (b).
(a) Diagram of the bistable PVEH. (b) Diagram of tristable PVEH.

Stable position

Figure 2.26 — Device developed by Zhou et al. (Obtained form Zhou et al. (2014)).
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and are preferred under stochastic excitation. Otherwise, monostable approches might be more robust and
practical (ZHOU et al., 2014).
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Figure 2.27 — Potential energy versus mass displacement (Obtained from Zhou et al. (2014)).

As stated before, nonlinear techniques can increase the bandwidth of a device without compromis-
ing the maximum power, and Figure 2.25b exemplifies this. Nevertheless, the nonlinear method used by
Huicong Liu et al. (2012b,a) comes at the expense of reducing the maximum power. A mechanical stopper
is used to limit the movement of the seismic mass. A broadband effect occurs when the mass impacts
the stopper, creating a hardening response. The closer this stopper is to the seismic mass, the wider the
bandwidth gets, however the maximum power decreases. This technique is interesting for its simplicity and
is explored more in-depth in Appendix E.

2.4 COMMERCIAL ENERGY HARVESTERS

In addition to the literature, some commercially available devices are worth mentioning because of
their excellent performance. Although they have positive power output, they all fall in the realm of large
VEH, whereas this work is primarily interested in the 1 cm? region. The VEG from Xidas IOT (XIDAS IOT,
n.d.) is a 52 @ mm x 24 mm or 50.97 cm?® electromagnetic device, with five choices of natural frequency
(20 Hz, 30 Hz, 50 Hz, 60 Hz, and 70 Hz). The 60 Hz device outputs a power of approximately 45 mW at
0.7 g of acceleration, rendering an NPD of 1.8 mW /cm3g?. The estimated bandwidth is 2.5 Hz at 0.7 g,
resulting in an F.o.M. of 4.5 mW Hz/cm3g?. Model Q of Revibe Energy (REVIBE ENERGY, 2021) is an
EMVEH and one of the smallest devices found on the market with dimensions of 25 mm x 25 mm x 25 mm
(Figure 2.28b) or 15.6 cm?. Its power output is 35 mW at 1 g of acceleration for the 60 Hz model, which

(a) Xidas. (b) Revibe.

Figure 2.28 — XIdas model VP3 and Revibe model Q (Obtained from XIDAS IOT (n.d.) and Revibe Energy
(2021)).
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gives an NPD of 2.24 mW /cm3g?. The model of 80 Hz is the same size but outputs approximately 35.5
mW at 0.8 g, and the estimated bandwidth is 2.5 Hz, giving an NPD of 3.55 mW /cm?g? and an F.o.M. of
8.9 mW Hz/cm3g?.

Most of the devices settled in the market work on electromagnetic transduction, but Viezo’s pow-
erail employ a piezoelectric cantilever made from PVDF polymer, as shown in Figure 2.29. Further infor-
mation was not obtained from the device. However, it is crucial to acknowledge the existence of a PVEH in
the market and highlight the use of a cantilever-based design. The Figures 2.30 and 2.31 show the values
of NPD and F.o.M., respectively, for the devices presented in this chapter and other relevant designs.

The details -
Sy

Cantilever

A closer look to Powerail

Low power sensors

Figure 2.29 — Viezo powerail (Obtained from Viezo (2022)).
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Figure 2.30 — Scatter graph of devices from literature in terms of NPD as a function of natural frequency.
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Figure 2.31 — Scatter graph of devices from literature in terms of F.0.M. as a function of natural frequency.

2.5 OPTIMIZATION

The designs of systems such as the PVEH proposed in this work can be challenging. Defining the

best solution can be performed via a conventional or an optimum design method. Figure 2.32 illustrates

the process flow for each method. Both have blocks that require similar calculations and others that require
different calculations. These differences are as follows (ARORA, 2017):

0. The optimum design method has block 0, where the problem is formulated as one of optimization.

An objective function is defined that measures the merits of different designs.

Collect data to 1
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Figure 2.32 — Conventional design method (a) and optimum design method (b) (Obtained from Arora (2017)).
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1. Both methods require data to describe the system in block 1.
2. Both methods require an initial design estimate in block 2.
3. Both methods require analysis of the system in block 3.

4. In block 4, the conventional design method checks to ensure that the performance criteria are met,
whereas the optimum design method checks for the satisfaction of all of the constraints for the
problem formulated in block 0.

5. In block 5, stopping criteria for the two methods are checked, and the iteration is stopped if the
specified stopping criteria are satisfied.

6. In block 6, the conventional design method updates the design based on the designer’s experience,
intuition, and other information gathered from one or more trial designs; the optimum design method
uses optimization concepts and procedures to update the current design.

The main difference between the methods is the existence of an objective function that can quan-
tify the performance of each design. The traditional method does not establish this objective function.
Thus, it usually does not calculate trend information or make decisions from that on block six for system
improvement. In both cases, particularly when using an optimum design method, it is crucial to classify the
optimization algorithm used. Table 2.5 highlights some forms of categorizing these algorithms (HAUPT;
HAUPT, 2004). Following Haupt’s classification, the conventional method described by Arora (2017) could
be classified as a trial-and-error algorithm, where the opposing classification would be a function-based
algorithm.

Table 2.5 — Classification of optimization algorithms (Adapted from Haupt and Haupt (2004)).

Function
or
trial and error

Trial-and-error optimization refers to the process of adjusting variables that affect the
output without much knowledge of the process that produces the output. In contrast,
a mathematical formula describes the objective function in the function optimization.
Various mathematical manipulations of the function lead to the optimal solution.

Single
or
multiple variable

If there is only one variable, the optimization is one-dimensional. A problem with
more than one variable requires multidimensional optimization. Optimization becomes
increasingly difficult as the number of dimensions increases.

Static Dynamic optimization means that the output is a function of time, whereas static

or optimization means that the output is independent of time.

dynamic

Discrete Optimization can also be distinguished by discrete or continuous variables. Discrete

or variables have only have a finite number of possible values, whereas continuous vari-

continuous ables have an infinite number of possible values. Discrete variable optimization is
also known as combinatorial optimization, because the optimum solution consists of
a combination of variables from the finite pool of all possible variables.

Constrained These variables often have certain limits or constraints. Constrained optimization

or incorporates variable equalities and inequalities into the cost function. Unconstrained

unconstrained optimization allows the variables to take any value.

Random Some algorithms attempt to minimize cost by starting from an initial set of variable

or values. These are traditional optimization algorithms and are generally based on cal-

minimum seeking

culus methods moving from one variable set to another based on a certain sequence
of steps. Random methods use probabilistic calculations to determine variable sets.

Constraints in optimization must be established before choosing an algorithm because most numer-

ical optimization routines work best with unconstrained variables (HAUPT; HAUPT, 2004). A common

approach to this problem is to convert a constrained variable into an unconstrained one. Constraints can
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be classified as equality or inequity constraints and linear or nonlinear constraints. A particular case, re-
ferred to as the box-constraint, must be highlighted. A box-constrained optimization can be written as
(FACCHINEI; JUDICE; SOARES, 1997)

;2% Jobi(x), (2.11)
where
K={zeR": <z <wu,i=1,...,n}, (2.12)

where [; and u; are the lower and upper boundaries of the i variable x, respectively.

It is necessary to distinguish the optimization into three elements: (i) model, (ii) simulator, and
(iii) optimizer. The model represents the physical problem using mathematical equations, which can be
converted into a numerical model and then solved numerically using a finite element model software or
Python code, for example. Finally, the optimizer or the optimization algorithm is the "search" method of
the optimization process. Ideally, this process is capable of finding a solution that converges to the global
optimum with little computational time, although this is usually very difficult.

For this work, the algorithm must be function-based, multiple variables, static, capable of working
with both discrete and continuous variables or just discrete, and work with linear and box-type constraints.
The need for discrete variables is related to the geometric parametrization of the numerical model, which
is further discussed in Section 3.2. Linear and boxed constraints were used to maintain the design with the
features that could be fabricated. The model used in this work is a so-called black-box. Thus, an analytical
description of the derivative information is not available, e.g., the optimization algorithm must be adapted
for black-box models. The algorithms investigated in this work are (i) the Differential Evolution (DE), (ii)
Nelder-Mead (NM), and (iii) Surrogate Optimization (SO).

2.5.1 Differential Evolution Algorithm

DE falls into the heuristic category. Thus, it is a slower algorithm but better adapted to finding the
global minimum when compared to mathematical programming (HAUPT; HAUPT, 2004). It uses an initial
set of designs (or members) called a population, where new designs are formed at each iteration (denoted
as generation) using current designs and certain random operations. The general algorithm follows a four
steps program (ARORA, 2017): (i) generation of initial population, (ii) mutation with the difference of
vectors to generate a so-called donor design vector, (iii) crossover/ recombination to generate a so-called
trial design vector, and (iv) selection, e.g., acceptance or rejection of the trial design vector using the
objective function.

Consider a design point or member represented by X; g = {xiG, . ,XEG} ,i=1,2,..PN, where

PN is the population number, X‘ij ¢ is the j*® parameter of the i** member of generation G and D represents
the parameter number of the member. The initialization of the problem is given by,

1‘270 = Ifnin + rand(()? 1) ’ (x{nax - ‘Tfnin) ) (213)

where Xio will determine the initial parameters of all members in the population. xinin is the lower limit

of the j*' parameter, xJ _ the upper limit of the j*" parameter, and rand(0, 1) a function that generates a

max

random number between 0 and 1.

After creating the population, it must create a mutant vector V;j ¢ for each target vector (member)
of the population,

Vic=X,q+F- (XT;G - XT;G) (2.14)

where 1,1}, and 1}, are random natural values between 1 and PN, and F is a scale factor. With the target
vector Xj g and its corresponding mutant vector. The recombination is performed by

ui,G - J (2.15)

i vf}G, if (rand;[0,1) < CR)
T; g, otherwise
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where utj g is the i parameter of the descendant of X; g and CR is a mutation factor that defines the
probability from the descendant (trial vector) U; g inherits the mutant vector parameter. Finally, the
selection is performed by comparing the target vector with the trial vector from the objective function f,.

2.5.2 Nelder-Mead

The Nelder-Mead algorithm minimizes the nonlinear functions of n parameters without using any
derivative information. Thus, it is better adapted for fast convergence to the local minimum than a random
algorithm. This method creates on each iteration a nondegenerate simplex?, where one or more test points
are computed along with their function values. The iteration terminates with a new (different) simplex such
that the function values at its vertices satisfy some form of the condition compared to the previous simplex.
Four coefficients must be specified for this method with standard values: (i) reflection pxym = 1, expansion

XNM = 2, contraction Ay = %, and shrinkage ony = % Thus, the algorithm at the k' iteration (k>0)

labels the vertices of a simplex with n+1 vertices as :vgk), ey xE}j}l, such that (LAGARIAS et al., 1998)

< <<l (2.16)

(k)

where fi(k) is the objective function value of the z;™’ vertex. If the objective is to minimize the function,

(k) (k)
1

then x;" is the best point and x,/; is the worst. The next step can either (i) generate a new vertex that

replaces the worst performed by a reflect, expand, or contract step, or (ii) if shrink is performed, a set of n
new vertex that forms the next simplex with the best point. All these steps are illustrated in Figure 2.33.
One iteration of the algorithm performs the following steps:

1. Order simplex vertex;
2. Compute the reflection point:
Ty =T+ pnm(T — fot1), (2.17)
where T is the centroid of the n best points.
o If f1 < f, < fn, accept reflected point z, and terminate the iteration.
3. If f. < fi1, calculate expansion point,
To =7+ Xnm(zr — ). (2.18)

o If fo < f,, accept expansion point z. and terminate the iteration, otherwise accept z, and
terminate the iteration.

4. If f, > fu, calculate contraction point x..
a) Outside contraction if f, < f; < fot1,
To =12+ )\NM(.’Er — if’) (219)

o If f. < f, accept x. and terminate the iteration, otherwise perform shrink.

b) Inside contraction if f, > fui1,
Zee =T+ ANM(T — Znt1)- (2.20)
o If foo < fui1 accept xe. and terminate the iteration, otherwise perform shrink.
5. Perform shrink, by calculating,
vy = 21 + onm(zi — 1), (2.21)

where 1 = 2, ..., n+1, such that the (unordered) vertices of the next iteration are x1, v, ..., Un41-

2 Geometric figure of N dimensions of nonzero volume that is a convex hull on N+1 vertices.
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Xr °

Xe

Figure 2.33 — Nelder-Mead simplices after reflection, expansion, outside contraction, inside contraction, and shrink,
from left to right, respectively (Adapted from Lagarias et al. (1998)).

2.5.3 Surrogate Optimization Algorithm

In engineering, heavy computer simulations are often used to predict physical phenomena using
methods such as the Finite Element Method (FEM). When described as black-box solvers, they do not
have an analytical description or derivative information available. Furthermore, they can increase the
computational cost of algorithms that calculate the objective function at each iteration, e.g., DE lose
efficiency. Surrogate models have been developed to solve this type of optimization problem efficiently.
Using the surrogate information, the costly objective function is only calculated at carefully selected points,
thus finding near-optimal solutions more efficiently (MULLER, 2016). The surrogateopt (MATLAB, 2020)
function from MATLAB can be separated into two phases as shown in Figure 2.34: The creation phase,
where the surrogate curved is calculated, and the search phase, where the algorithm starts searching for
the minimum.

fobj . fonj .
y ) oy (iv)
\ (i) 1 )
(o) o ;
o
‘ Gi) (vi)
(a) Creation phase. (b) Search phase.

Figure 2.34 — Diagram of surrogate optimization (adapted from MATLAB (2020)).

The creation phase is composed of three steps: (i) quasi-random points are selected to aid in the
construction of the surrogate, (ii) the objective function is evaluated for all selected points, and (iii) Radial
Basis Functions (RBF) are used to interpolate the data and create a surrogate. After a surrogate function
is constructed, the search phase begins, where another three steps are taken: (iv) sampling and evaluation
of the merit function near the incumbent?, (v) evaluation of the objective function for the best point, (vi)
updating the surrogate function. The search continues to loop through these steps until convergence is
achieved. The merit function used to determine where the following objective function will be evaluated
defined as,

fmerit(z) = wS(z) + (1 — w)D(x), (2.22)

3 Point with the best value among all evaluated since the most recent reset.
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for
5() — Smin
e S 2.2
S(‘T) Smax — Smin’ ( 3)
and
dmax — d(x)

D(z) = (2.24)

dmax - dmin
where w is a weight between 0 and 1, S(x) is the scaled surrogate at point x, s(z) is the surrogate value
at point x, spin is the minimum surrogate value among the sample points, Spax is the maximum surrogate
value among all sample points, D(x) is the scaled distance at point x, dmax is the maximum distance
between any sample point to any evaluated point, d,,;, is the minimum distance between any sample point
to any evaluated point. Weight w will defines the importance of the surrogate values, that is, if the weight
is small, the attention will be given to points further from the evaluated point. During the search for the
minimum, w cycles through 0.3, 0.5, 0.8, and 0.95. A different method for sampling points is set, depending
on the weight value at each iteration. The points are selected via a quasi-random method at w equal to
0.3 and 0.5. At 0.8, the points are positioned along the axis of a randomly chosen orthogonal plane. This
method is denoted OrthoMADS (MATLAB, 2020). At 0.95, almost the same procedure as OrthoMADS
is used, but a non-rotated coordinate system is chosen instead. For all weights, the samples (for the merit
function) are chosen within a scale that varies during the optimization. This scale length starts at 0.5 times
the box-constraint size and doubles every three successful searches since the last scale change or is halved
when N (dimension of problem) number of unsuccessful searches occurs. The minimum and maximum sizes
of the scale are 10 times and 0.8 times the size of the box-constraint, respectively.

2.6 SYNTHESIS AND CONTRIBUTIONS

This review contains significant findings that could impact this project. They are summarized as:

e 20 Hz of bandwidth can be a challenge:

Almost no devices in the lower frequency band (<200 Hz) had 20 Hz of bandwidth without imple-
menting the broadband techniques presented in Section 2.3, except for the out-of-plane mode of the
device of Yang, Chen, et al. (2014). Although the bandwidth was large, the NPD and F.0.M did not
perform well because of the low power output of the device.

e Comparison of piezoelectric and electromagnetic transducers:

Broadband techniques, such as multi-modal techniques, might be necessary. The goal of a maximum
of 3.93 cm? can be divided into four or five to allow for different devices with shifted resonances.
Thus, the requisite is significantly close to the “transition zone” mentioned by Marin (2013).

e NPD and F.o.M:

These metrics are used in this work to compare the performance of different devices, but are not
definitive measures. Devices are projected for different vibration amplitudes, natural frequencies, and
vibration types, i.e., stochastic vibrations, sweeps, and others. These aspects were not considered by
the metrics used here.

e Cantilever structure:

Cantilever-type devices appear to be the most relevant and common approach when restricted to
low frequencies and small volumes.

e Broadband techniques can be a give-and-take problem:

Active frequency tuning consumes part (or all) of the energy generated by the harvester or usually
requires the introduction of a structure that occupies a significant portion of the volume of the device
(AYALA-GARCIA et al., 2010). Nonlinear techniques can limit the maximum power, as shown by
Huicong Liu et al. (2012b,a). Multimodal devices composed of an array of cantilevers must divide
the overall volume to fit devices with distinct resonances.
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e No commercial device meets the requirements:
All commercial devices found to be available during the period of this work occupy a large volume.
Even with respectable performances, these devices fall under a different application because this

work focuses on volumes smaller than 3.93 cm3.
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METHODOLOGY

The objective of this work aims optimize the design of a PVEH that can output at least 160 pW
over a frequency band of 20 Hz centered at 60 Hz. The PVEH has a maximum size of 7.7 mm x 25.5 & mm
or 3.93 cm? as described by Table 1.1. To better compare the performances of different devices with the
requirements of thes study, these values were converted into two performance metrics . The transformation
of the objectives into NPD is written as

2 Preq

B )
Breq V;‘eq opt

NPDgou1 = (3.1)

where NPDyg,,1 is the NPD a device must have to meet the requirements, Byeq is the bandwidth required,
Piq is the power required, V;eq the volume required and &y is the optimum acceleration or, in other words,
the energy that will be available to the harvester in the form of vibration. P,eq is multiplied by two because
the device should deliver P,oq over B,oq. This way, if the device’s working frequency is assumed to be equal
to its half-power bandwidth the actual power of the device should be 2 P,oq. The T is a coefficient that
determines the amount of space the device can occupy from the original V,q if a multimodal broadband
approach is adopted. Thus, if a particular device has a half-power band of half the required band, there
must be two devices with equal bandwidths to cover the requirement. Therefore, each device occupies half
the available space. To get a performance metric that does not depend on the device’s bandwidth, F.o.M.
should be used, written as

2% Preqg Breq

F-O~M-goal =
‘/req zopt

(3.2)

where F.0.M.z0q1 is the F.o.M. a device must have to meet the requirements. To better understand the
challenges and possibilities, Figure 3.1 shows the bandwidth of several devices from the literature with
their corresponding natural frequency.

Analyzing the frequency range of 10 Hz to 100 Hz, it is evident that no devices have bandwidths
above 7 Hz. If the PVEHs conceived in this study display a similar bandwidth or lower, a minimum of three
different designs fitting within a 3.93 cm® volume will be needed. The objectives are described in terms of
the NPD (for different bandwidths) and F.o.M. in Table 3.1. This works aims to address the requirements
listed in Table 1.1. In addition, in order to meet these goals, an optimization procedure was used. This
process follows the diagram in Figure 3.2.
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Figure 3.1 — Scatter graph of devices from the literature in terms of bandwidth as a function of natural frequency.

Table 3.1 — Project requirements regarding NPD and F.o.M. for various applied accelerations and band.

Metric ‘ NPD [mW/(g? cm?)] ‘ F.o.M. [mW Hz/(g? cm3)]
Band ‘ 1Hz 2Hz 3Hz 4Hz OS5Hz 6Hz 7Hz 8Hz -

lg 1.63 0.81 0.54 0.41 0.33 0.27 0.23 0.20 1.63
2.25 rn/s2 30.92 1546 10.31 7.73 6.18 5.15 4.42 3.86 31.86
1 m/s? 156.52 78.26 52.17 39.13 31.30 26.36 22.36 19.56 156.52
1 2
ar;:rl;?:tt;zed N Add physical N Set-up optimization N Optimize N Evaluate Best Prototype
p geometry constraints algorithm P performance design s

Identify flaws and
improvements

Identify flaws and
improvements

Figure 3.2 — Diagram of generalized optimization procedure for piezoelectric EH.

The optimization process can commence in two ways. Beginning one starts with a numerical model
using information obtained from the literature. In contrast, Beginning two starts with a prototype that was
not optimized to feed the initial numerical model. There are three main aspects to this optimization process:
(i) numerical modeling of the device’s physical behavior, (ii) implementation of an optimization algorithm,
and (iii) fabrication and testing of the prototype. By the end of each optimization run, the entire process
was analyzed with respect to the design output. If the final design does not meet any requirement, it is
crucial to identify the part of the process that could improve the performance. After the fabrication and
testing of any prototype, it was necessary to adjust the numerical model and determine if the fabrication
process occurred as expected and if no electrical or mechanical parameters were changed.
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3.1 NUMERICAL MODELING

The numerical modeling comprises building a parametric geometry and implementing physical
constraints. Numerous types of geometries can be parameterized and subsequently optimized, each with
a specific advantage. In what follows, four alternatives are presented: (i) cantilever, (ii) trampoline, (iii)
flower (IANNACCI et al., 2015), and (iv) cantilever array. A top-view diagram of all these designs is shown
in Figure 3.3.

. Seismic mass . Beams

. Piezoelectric material and electrodes D Frame

(a) Cantilever design. (b) Trampoline design. (c) Flower design. (d) Cantilever array.

Figure 3.3 — Top-view diagram of PVEH geometries.

The cantilever (Figure 3.3a) is one of the most commonly used designs for low-frequency energy
harvesters (ROUNDY; LELAND, et al., 2005; PRIYA et al., 2019; TAKEI et al., 2016; WANG, L. et al.,
2019; PARK et al., 2010; LIU, H. et al., 2012b,b; AKTAKKA; PETERSON; NAJAFTI, 2012; HUANG et al.,
2019), because it is easy to achieve low natural frequencies and relatively high average strain for a given
frame acceleration. If the beam is built with a trapezoidal profile, it can supply more than twice the energy
of a rectangular geometry (ROUNDY; LELAND, et al., 2005). The trampoline design (Figure 3.3b) is
interesting in contrast to the cantilever that has a maximum strain at the base and is close to zero at the tip
of the cantilever, whereas the trampoline has a maximum at both ends but with opposing signs. The flower
design (Figure 3.3c) was based on the design of Iannacci et al. (2015) to create a multimodal structure that
can cover large bandwidths. Finally, the Cantilever array design (Figure 3.3d) combines several cantilever
designs. Although they have fundamentally the same design, a numerical model (and optimization) that
simultaneously simulates all cantilevers can be more challenging due to the computational cost.

This study used COMSOL multiphysics (COMSOL MULTIPHYSICS®) V. 5.6, n.d.) versions 5.4
and 5.6 as the simulator. A transition between the versions was made during the execution of these activities
because of the significant features added to the latter version. In COMSOL multiphysics, it is possible to
couple different physics to be solved directly, in contrast of solving each physics iteratively. Three different
types of physics are used to model an energy harvester: (i) solid mechanics, (ii) electrostatic, and (iii)
electrical circuit. Figure 3.4 exemplifies, in a generic form, how all EHs are simulated. One end of the
beam of the model was fixed by connecting it to a frame that was subsequently fully constrained or by
directly constraining the face in contact with the fixture. All materials in the simulation were subjected
to a body force of p - &y, where p is the density of the material and &}, is the acceleration of the fixture.
During optimization, the resistive load R; can also be written as 10%;. All the models have one or more
seismic masses suspended by one or more beams. The beams were covered with piezoelectric materials and
an electrode. All seismic masses were meshed with quadratic serendipity tetrahedral elements with high
maximum element size, high element growth, and low narrow edge resolution. This was done to lower the
computational cost of the model because deformation os the seismic mass is usually negligible. Similar
meshing was applied to the frame (better represented in Figure 3.3) if the geometry was present in the
model. The beam and piezoelectric material are the main components of the model. Thus, they were meshed
with much smaller prismatic or hexahedral quadratic serendipity elements.

Four main damping sources act upon MEMS-scale cantilever structures: drag, squeeze-force, sup-
port losses, and structural damping (DUTOIT; WARDLE; KIM, 2005). Since the prototypes in this work
were tested in free space (e.g., not close to a wall) under atmospheric conditions, the drag force is the
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- Piezoelectric material

Figure 3.4 — Diagram of generic numerical model used in all optimizations.

dominant term. Therefore, a simplification is made, assuming the structural damping factor added to the
numerical model can serve as an equivalent total damping factor. Thus, the following equations are ap-

plied to obtain the relationship between the viscous damping ratio £ and the structural damping ratio n
(COMSOL MULTIPHYSICS®) V. 5.5, 2020),

1
Q= 5% (3.3)
and
n = 2€, (3.4)

where @ is the quality factor. Both equations are valid only for £ < 1, and Equation 3.4 is valid only at
resonance (COMSOL MULTIPHYSICS®) V. 5.5, 2020). Since Equation 3.4 is valid for the resonance, it
is understood that the structural damping applied in COMSOL does not properly reflect the damping of
the experiments but is a valid form of defining an equivalent damping model. Hence, the damping added
to the numerical model was 1/Q.

The two previous paragraphs comprise only solid mechanics physics applied to all materials in
the model. On the other hand, electrostatic physics is applied only on piezoelectric films. Two constraints
are considered in this physics: ground and terminal constraints. The face of the piezoelectric material in
contact with the beam is the ground, which means that the face has a fixed value of 0 V. The face of
the piezoelectric material in contact with the electrode on top of it is the terminal of the type of “circuit”
imposing a total charge constraint associated with the current in the electrical circuit physics. This current
couples the electrostatic domain with an electrical circuit via an “external I-terminal”. This feature connects
an arbitrary voltage-to-ground V; measurement (in the electrode) as a voltage-to-ground assignment to a
node in the electrical circuit. The resulting circuit current from the node is typically coupled back as a
prescribed current source in the context of voltage measurement (COMSOL MULTIPHYSICS®) V. 5.4,
2019). The total power is calculated using the COMSOL function “realdot(a,b)”, which treats complex
numbers a and b as if they were real-valued vectors of length two and returns their dot product. Thus, the
power is obtained via the COMSOL equation %realdot(cir.Rlv, cir.R1;), where cir.R1, and cir.R1; are the
voltage and current in the restive load Rj, respectively.

The simulation can be solved using two different methods: direct or modal analysis. A significant
feature was added to COMSOL 5.6, regarding these solving methods. COMSOL 5.6 can solve the entire
model with fully coupled physics using direct or modal analysis, whereas COMSOL 5.4 could not fully
couple the electrical circuit physics when performing a modal analysis. Therefore, before the transition
between versions, using modal analysis implied the need for another equation to calculate the power. This
created a momentary need to uncouple the numerical model from the electrical circuit to calculate the
resulting V;. This is done by considering the system representation in Figure 3.5.
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Figure 3.5 — Diagram of concentrated parameters of EH system connected to an impedance Z;.

This diagram associated with the one in Figure 3.4, the load impedance can be reduced to a resistor
Zy = Ry, whereas Z, is the capacitive impedance of the piezoelectric material,

Zy=——r, (3.5)

where C}, is the capacitance of the piezoelectric material calculated using the numerical model. Finally, I,
is the current generated by the piezoelectric. Solving the circuit for the voltage across Z, it can be written

V., 7
Vzpi, 3.6
1 2+ Zy (36)

where Vj, is the voltage at the terminal of the numerical model. The power is

V2 V2
p=mms _ "l 3.7
VA 2 7 (3.7)
Combining Equations 3.5, 3.6, and 3.7, we get
2
Vo R
P <Rl+”°”10") 3.8

Using Equation 3.8,the uncoupled power of the EH for a resistive load of value R) can be calculated. This
can only be used for a high R) because the numerical model assumes an open circuit between the terminal
and ground. If several independent terminals exist (the case with trampoline, flower, and cantilever array),
Vp is calculated by

_ A+ Ve[ +-- -+ [Va
\/§ 9

where n denotes the total number of terminals in the model. This equation assumes loss-free rectification
of each terminal separately to avoid energy loss due to the phase difference between each terminal.

v, (3.9)

3.1.1 MEMS Energy Harvester

Each numerical model has particularities, such as different materials and geometric parameters. The
MEMS PVEH’s beams and seismic masses presented here are made of Silicon, the piezoelectric material is
made out of AIN and the electrode is aluminum. All those materials are used as fixed constraints from the
MEMSCAP’s PiezoMUMPs fabrication process, where the detailed steps are presented in Section 5.1. All
three materials were initially modeled with the available material library from COMSOL. Aluminum is an
isotropic material with a young modulus of 70 GPa and a density of 2700 kg/m3. Silicon is an orthopedic
material with the same properties as presented by Hopcroft, Nix, and Kenny (2010). AIN has Y7; = 410
GPa, piezoelectric coefficient dz; = 1.9 pC/N, relative permittivity ezz = 10, and density of 3300 kg/m3.
The main difference between the models is the parameterization and meshing of the beams. All designs
shown in Figure 3.3 were built as MEMS devices. The first parameterized geometry presented here is the
cantilever MEMS (Figure 3.6).
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Figure 3.6 — Diagram of the geometrical parameters of the MEMS Energy Harvester numerical model.

Initially, this geometry was defined on the basis of 13 parameters: seismic mass width Wy,,,, beam
width Wy, piezoelectric material width Wy, electrode width FEq, increment to base width Wy, length
of seismic mass Lgy,, length of beam Ly, length of piezoelectric material Ly, length of electrode L, the
thickness of seismic mass T, the thickness of beam Ti,, the thickness of piezoelectric material T}, and
thickness of electrode Tg;. The piezoelectric and electrode could have an independent parameter equivalent
to Wy. However, to reduce parameters, their increment to base width is proportional to Wi, in the interest
of keeping a steady distance from the border of one film to the other. The cantilever array design is equal
to the cantilever, but all parameters are multiplied by the number of cantilevers. The trampoline design
follows the same reasoning as if four cantilevers shared the same seismic mass. This way, has almost the
same parameters as the cantilever, but the beam, piezoelectric, electrode length, width, and thickness are
quadrupled, and Wy, is fixed at zero. Finally, because of its complexity, the flower design has a piezoelectric
material and electrode covering the same area as the beam. The parameters of the model are shown in
Figure 3.7.

Figure 3.7 — Diagram of one section of the flower PVEH.

For better understanding, the diagram focuses on only one section of the structure. The total size
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of the device is equal to

Liotal = 2 meax(Lb,i + Lemi) +2 7, (3.10)

where Ly ; and Lgy ; are the length of the ith beam and seismic mass, n is the set of all four beams —+
seismic mass, . is the radius of the central seismic mass and 6}, ; is the angle of the ith beam -+ seismic
mass. All four MEMS designs share the same method of mesh built with the same type of elements. They
use prismatic quadratic serendipity elements with a maximum-allowed size of zHéH}z (Ly,3)/10.

3.1.2 Micromachined Energy Harvester

As an alternative to MEMS technology, it is possible to build vibrational energy harvesters using
off-the-shelf piezoelectric sheets. Three sources were analyzed: (i) PIEZO.COM, (ii) STEMINC, and (iii)
Smart Materials. These three each have a corresponding parameterized numerical model. PIEZO.COM
offers several possibilities for piezoelectric material. The beams from PIEZO.COM used in this work for
numerical modeling only are the piezoelectric bimorphs using PZT-5H. This material is used for its higher
piezoelectric effect and electromechanical coupling. The bimorphs comprise a PTZ-5H, a brass beam, and
an electrode of a negligible thickness (according to the manufacturer). The material properties used here
are shown in Table 3.2. PIEZO.COM materials were modeled and optimized because they offer bimorph
sheets adequate for micromachining and good piezoelectric performance, as shown in the work of Roundy
(2003). Nevertheless, the materials were not acquired for testing due to commercial difficulties.

Table 3.2 — Material properties of PIEZO.COM sheet.

: 3
Brass Density p kg/m 8300
Young modulus E GPa 100
Density p kg/m3® 7800
e Elastic constants Es GPa 49
E; GPa 62

Ss55 TPal 52.4

Poisson’s ratio 1% 0.31

d33 pC/N 650
d31 pC/N -320
€3 3800

(o2
€r11 -

Piezoelectric coeflicient

Permittivity

Three matrices should be supplied in one of two ways to describe a iezoelectric material: the strain-
charge or stress-charge form. The strain-charge is composed of the matrix of the piezoelectric coefficient in
the strain-charge form d, compliance matrix s¥, and the matrix of relative permittivity at constant stress
€7. The stress-charge uses the matrix of piezoelectric coefficients in the stress-charge form e, elasticity
matrix ¢®, and the matrix of relative permittivity at constant strain z-:f. Usually, not all the properties of
a single set of matrices are available. Therefore, the following equations can be used to get a matrix from
the strain-charge form properties of the stress-charge form, and vice versa (COMSOL MULTIPHYSICS®)
V. 5.5, 2020):

B =sE (3.11)
e=ds® ", (3.12)
f=cel=¢ce?—d B dT (3.13)



74 Chapter 3. Methodology

where €9 is the matrix of permittivity at a constant strain, e¢ is the vacuum permittivity, the superscript
T indicates the transposed matrix. The most common available parameters are c¥, d, and €7, s0 it is easier
to work in the strain-charge form and have the compliance matrix calculated by the elasticity properties.
PZT-5H is a transversely isotropic material (OU; WU, 2003) with 4mm crystal symmetry (KHOLKIN;
PERTSEV; GOLTSEV, 2008); thus, its compliance matrix, permittivity matrix, and piezoelectric coeffi-
cients can be represented as (DING; CHEN; ZHANG, 2006; MAITZLER et al., 1988)

(& g oop 0 0 0]
= S 00
_viz _wviz 1 0 0 0
E _ E, E; Es 3.14
5 O 0 0 G113:855 O O ? ( )
0 0 0 0 =55 0
0 0 0 0 0 a5 |

0
d=| 0 0 0 ds 0 0], (3.15)
0

and
€11 0 0
el = 0 7 0 |, (3.16)
0 0 £33
where
Ey
Gqo = 3.17
2= S (317)

The piezoelectric material properties are not fully described in Table 3.2 because some coefficients are
missing. €11, V12, V13, and v31 are not given; therefore, some simplifications must be made. 1 is replaced
by the same coefficient from the COMSOL library, and the following approximation is made vy = 13 =
V31 = V.

Figure 3.8 shows a schematic representation of the numerical model and some boundary conditions.
The electrode in this model can be neglected; therefore, the terminal is selected as the piezoelectric region’s
exterior face, highlighted in blue. The upper and lower piezoelectric films are connected in parallel, e.g., the
terminals are connected to the same node V;. The purpose of seismic mass is to add mass to the system;
thus, it could be made of any high-density material to decrease the active volume needed. This model
used the identical element sizes as the MEMS models. However, the element type is hexahedral because it
reduces the overall number of DoFs without losing accuracy, as shown in Appendix B. The MEMS devices
use prismatic elements because it is easier to mesh the beam’s face with triangular elements when the
piezoelectric film is free to alter length and width over the beam.
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(a) Top view. (b) Side view.

Figure 3.8 — Diagram of the geometrical parameters of the PIEZO.COM Energy Harvester numerical model.

The model that used STEMINC’s films (with PZT-5H) uses the same geometries and Boundary
Conditions (BCs) as in Figure 3.8. Table 3.3 shows the material properties supplied by the manufacturer.
The beam’s material and properties were not supplied; therefore, its properties are taken from the work
of Rhimi (2013), which worked with the equivalent bi-morph beams. All other unavailable properties were
assumed equal to PIEZO.COM’s material, i.e., Poisson’s ration and sss.

Table 3.3 — Material properties of STEMINC’s film.

. 3
Beam Density p kg/m 8900
Young modulus E GPa 11
Density p kg/m3® 7800
el Elastic constants Ey GPa o3
FE; GPa 72
S5 TPal -
Poisson’s ratio v -

d33 pC/N 600
d31 pC/N -270
d15 pC/N -

€03 3500
en11 -

Piezoelectric coefficient

Permittivity

The final material investigated here is the Macro Fiber Composite (MFC) films by Smart Mate-
rials. Figure 3.9 displays the composition of the MFC. It is a composite material made from rectangular

ceramic rods aligned and fixed with an epoxy matrix sandwiched between electrodes, kapton, and acrylic
(KHAZAEE; REZANTAKOLAIE; ROSENDAHL, 2020).

The numerical model is detailed in Figure 3.10, where the active area is composed of the same
material layers as shown in Figure 3.9, and the passive area is composed of a single layer of kapton of the
same thickness as the active area. Two MFC films are glued to a beam made from FR4 to form a bi-morph,
and a seismic mass is positioned at the film’s end. The material properties used in this model are shown
in Table 3.4.
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[ Kapton

B Acrylic

IBE Electrode (copper + epoxy)

I Active layer (PZT fiber + epoxy)

Figure 3.9 — Diagram of one section of the flower PVEH.
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(a) Top view. (b) Side view.

Figure 3.10 — Diagram of the geometrical parameters of the MFC Energy Harvester numerical model.

Table 3.4 — Material properties of MFC films (Obtained from Khazaee, Rezaniakolaie, and Rosendahl (2020))

Properties PZT fiber Epoxy Copper Acrylic Kapton FR4

Young’s modulus (Gpa) F; = 53 3.378  117.2 2.7 2.5 22
FEy, =61

Shear modulus (Gpa) Gy = 12 - - - - -
Goz = 22.6
Gz = 22.6

Poisson’s ratio v19 = 0.384 0.27 0.31 0.35 0.34 0.15
Vo3 — 0.35

Density (kg/cm?) 7750 1400 8960 1185 1420 1900

Coupling charge (pC/N) d3; = -167.28 - - - - -

Relative permitivity 1850 - - - - -

Two layers are composed of fibers fixed with an epoxy matrix, e.g., the active and electrode layers
are modeled using an equivalent material with properties calculated using,

By =B + (1 - ;) E™,
L 1=
Ey, gl E™’
vi2 = Vpoly + (1= ¥5) v,

(3.18)
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1 1=
G @, G’
Gis = VGl + (1 - 7)) G™, (3.19)
L 1=
G Gf,  Gm

where % is the volume fraction of the fibers. Let us use superscripts 7 and ™ referring to the material
properties of the fibers or matrix, respectively. Furthermore, the piezoelectric coefficients of the active layer
can be calculated with,

1
d31 = E%“d§1E{7
dsp = —djyv1z + Vydfy B (1 + ”{2) : (3.20)
£33 = 7/f6£3‘

Finally, the fiber’s volume fraction of the active and electrode layers is shown in Table 3.5, in addition to
the thickness of each layer.

Table 3.5 — Volume fraction, thickness and material of each layer of the MFC film.

Properties Active layer Electrode layer Acrylic layer Kapton layer
Fiber volume fraction 0.86 0.24 - -

Layer thickness (pm)  177.8 17.76 12.7 254

Fiber material PZT-5A Copper - -

Matrix material Epoxy Epoxy - -

3.2 OPTIMIZATION SETUP

Three different algorithms are explored in this work and reviewed in Section 2.5: Differential Evo-
lution (DE), Nelder-Mead (NM), and Surrogate Optimization (SO). DE is the “main optimization”, e.g.,
the most used algorithm in this work and the first step of a two-step optimization procedure. DE is used to
identify possible global minimums, and the other two (NM or SO) are used as a form of refined second-step
optimization. This process can be arranged as in Figure 3.11. The first part of the optimization is performed
with DE using a low-cost numerical model with a coarse mesh. In contrast, the second step performed by
NM or SO uses a numerical model with heavy fine mesh. A mesh convergence analysis is presented in
Appendix B shows that the mesh used in DE optimization has an approximate error of 0.6%. Depending
on the total bandwidth and the application of the EHs, this error can be considered significant, so a second
step is proposed and used on a case-by-case basis.

Best design Refine best design Best design
Create low-cost S " Second step e
. —> DE optimization with rough from DE gl AR with fine
numeric model o optimization
mesh optimization mesh

Figure 3.11 — Diagram of the two step optimization.

DE was chosen as the main optimization procedure since it has already been used for similar studies
by our research group (MIRON; PAUL; CORDIOLI, 2022). Therefore, the parameters used here are the
same as in previous works (GESING et al., 2018). The parameters are: Scale factor of 0.8, a crossover of
0.9, and an initial population of 10 N,g,, where N4, is the number of parameters. The DE implemented
in MATLAB (BUEHREN, 2014) is integrated with COMSOL following the diagram in Figure 3.12. The
models presented in Section 3.1 are built here using the parameters from the initial trial vector. Their
results are extracted to calculate the objective function that will rank each member at the selection stage.
The following stages (mutation and crossover) will supply the next trial vector to feed the COMSOL models
until the algorithm is stopped. The stopping criteria were 50 stall generations.
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Figure 3.12 — DE optimization diagram.

NM and SO are implemented in MATLAB using the optimization functions “fminserch” and “sur-
rogateopt”, respectively. NM is a minimum-seeking algorithm that does not use derivative information;
therefore, it is an attractive second-step optimization method. Nevertheless, contrary to DE’s variables
with discrete steps, NM allows only continuous variables, e.g., any parameter can assume any rational
value within a given interval. Thus, it is necessary to introduce an adaptation to the procedure to avoid
errors in the mesh construction due to extremely tiny features. The solution used in this case is to round
the optimization variables. The smallest step possible is unitary; the smallest element needed would have 1
pm in size. fminserch is an unconstrained algorithm; therefore, another adjustment is necessary. Penalties
are introduced to the objective function to avoid unfeasible designs. The penalized objective function can
be considered as,

fob_j7per1 = fobj + (321)

for

0, if feasible
= (3.22)

102, otherwise,

where, fobj pen is the penalized function, and fop; is the original not penalized function (used in DE).

The fminserch algorithm allows changes to the stopping criteria but not to the search methods.
Three parameters are set as stopping criteria: maximum iterations (MazInt), termination tolerance on the
function value (TolFun), and termination tolerance on x (70olX). NM finishes if the maximum number of
iterations is reached or if both tolerances in the function value and x are met. For all NM optimizations
it is used MazInt — 500, TolFunc — 10 and TolX — 1. Alternatively, surrogateopt can optimize both
discrete and continuous variables, requiring no adaptation to the objective function (the same fo; as DE
can be used). The capability of optimizing continuous variables is especially interesting for the restive load
and quality factor without a restriction imposed by the mesh.

Surrogateopt allows little changes in the search method or the surrogate creation. Other algorithms
have been investigated, such as MATSUMOTO (MULLER, 2014) and MISO (MULLER, 2016). These
algorithms can be more versatile in terms of surrogate creation. For example, MATSUMOTO can build
the surrogate using different types of RBF, polynomial regression, Multivariate Adaptive Regression Spline,
and mixed formulation of the previous methods. Although more versatile, MISO and MATSUMOTO do
not allow linear inequality constraints, which are fundamental to impose restrictions such as maximum
overall length, e.g., Lc + Loy < Lpax where L.« is the maximum-allowed length of the device. The
parameters used in surrogateopt are: the number of function evaluations before surrogate is updated is 1,
the maximum number of objective functions evaluations is 200, maximum running time is two days, the
minimum distance between trial points is 10, and the minimum number of random sample points to crate
at the start of a surrogate creation phase is max(20,2 Ny, ).

3.3 PRELIMINARY MODEL VALIDATION

The first steps of model validation are performed using the experimental setup shown in Figure
3.13. A notebook [A] is connected to a Siemens LMS Scadas V8-E Data Acquisition (DAQ) system [B],
where two input channels and one output channel are used. The first input channel is connected to a
Polytec Laser Doppler Vibrometer (LDV) controller OFV-2500 with an OFV-534 sensor [C] that points to
the prototype frame or fixture [D] to obtain the base acceleration. The prototype is then connected to a
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resistive load [E| in series with a B&K type 2692-C charge amplifier [F| connected to the second channel
of the DAQ system. The output channel of the Scadas is connected to a power amplifier type 2735 from
B&K [G] that feeds a B&K shaker type 4809 [D], where the prototype is attached.

[A] — Notebook HP [B] — LMS Scadas [C] — Laser Doppler Vibrometer
[D] — Prototype [E] — Resistive Load [F] — Charge Amplifier
[G] — Power amplifier [D] — Shaker

Figure 3.13 — Diagram of experimental setup.

This work proposes two types of PVEH: the MEMS EH and the micromachined EH. Preliminary
validation was performed on the MEMS EH model using a similar device of a different application (GESING
et al., 2018). The same was done with the MM VEH models that were validated using the materials available
in the laboratory before building an optimum design. Subsection 3.1.2 presents models using three different
materials for the MM VEH. Of those, only the materials of STEMINC (Figure 3.14) and MFC (Figure 3.15)
were bought for prototype building. The pictures included one real coin for size comparison. PIEZO.COM
was modeled and optimized but not prototyped due to its price.

Figure 3.14 — Picture of the STEMINC films used for fabrication of micromachined piezoelectric Energy Harvester.

Figure 3.15 — Picture of the MFC films used for fabrication of micromachined piezoelectric Energy Harvester.
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Two methods are used to fix the prototypes to the shaker, one for the MEMS devices and an-
other for the micromachined. The MEMS devices are glued to aluminum blocks (Figure 3.16) for better
transportation and can be easy fixed to the shaker. Here, the laser vibrometer (acceleration of the base
reference point) is pointed to the frame of the MEMS. However, the micromachined devices are fixed to
the shaker using a clamping structure as in Figure 3.17. Two materials were used as fixtures to clamp the
bulk piezoelectric films, stainless steel, and 3D-printed ABS.

Figure 3.16 — Picture of the MEMS device bonded to an aluminum block.

(a) Clamping base fabricated on stainless steel. (b) Clamping base fabricated on ABS via 3D printing,.

Figure 3.17 — Clamping fixtures used for fixing the Energy Harvesters cantilevers.

The clamping structure made from ABS was manufactured as an initial attempt to fix the EHs.
However, this material is significantly flexible, rendering a fixture far from an ideal clamp condition. Because
of that, the clamping of stainless steel was fabricated. Figure 3.18 shows the FRF response of a beam made
from FR4 clamped at the same position by the ABS and steel clamps. It can be noted that the ABS
introduces more flexibility to the system since the natural frequencies are lower than those observed for the
steel clamp. Conversely, the steel clamp introduced some modes to the beam response that must be caused
by the clamp’s vibration modes, which are less attenuated than the ABS structure. Although the curves
from the steel clamping are not free from fixture modes like the ABS, precisely pinpointing the natural
frequency is more important to the validation process than having a clear curve. Therefore, steel clamping
is used as the main fixture method to validate the numerical models.
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Figure 3.18 — Comparison of FRF of steel clamping compared to ABS clamping.

3.3.1 Initial validation of Micromachined VEHs

As discussed in the previous section, the MM VEH models can be prevalidated before running the
optimization algorithms. With this aim, the SMBA bimorph (first material from left to right in Figure 3.14)
was fixed to a shaker using a steel clamp, and its charge sensitivity was measured under three different
scenarios. They are, with a seismic mass of 5.1 g positioned at the tip of the SMBA bimorph, a seismic
mass of 10.2 g, and no seismic mass. Figure 3.19 shows the experimental data and the numerical model of
the SMBA bimorph with different seismic masses after some material property adjustments.

— NoSM SMBA — 5.1gSMBA — 10.2g SMBA
----No SM COMSOL ----5.1g COMSOL ---- 10.2g COMSOL

109

10°

T T T T

104 ---------
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10?
Frequency |[Hz|

Figure 3.19 — Comparison of the experimental curves of the SMBA film compared with the numerical model in
terms of charge sensitivity.

Adjustments to the materials are listed in Table 3.6. It is essential to highlight the significant drop
in the coefficient d3; from -270 pC/N to -130 pC/N and the high density utilized in the beam material.
Indeed, some material properties might not fit within the real material value; however, these properties fit
well as an equivalent model.

Table 3.6 — Alterations in material properties of the SMBA bimorph.

Beam  Density p kg/m3 14000

Elastic constants E, GPa 85

PZT-5H Piezoelectric coefficient  dz; pC/N  -130

Damping coefficient ¢ 0.01
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The MM VEH with MFC was built with two films glued to a central beam, as shown in Figure
3.10b. However, to validate the material properties, a unimorph beam was manufactured using FR4 and the
larger MFC film, as shown in Figure 3.15. The experimental data and the numerical model are compared in
Figure 3.20. The graph presents the use of the ABS fixture and the steel fixture. The same experiment was
repeated for two days in a row, with the setup reassembled for each day. It shows how the fixture of steel
presents better repeatability than ABS, which had a shift in natural frequency from day one to two. The
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Figure 3.20 — Comparison of the experimental curves of the MFC film compared with the numerical model in
terms of load sensitivity.

COMSOL model associated with the sensitivity shown in Figure 3.20 already had the material properties
adjusted. The adjusted material properties changed the piezoelectric coefficient of the active layer from
-166 pC/N to -210 pC/N and added a damping of £ = 0.01.
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OPTIMIZATION RESULTS

As mentioned in Section 3.2 the optimization process takes two steps: the rough mesh model using
the Differential Evolution (DE) algorithm and finely meshed model using Nelder Mead (NM) or Surrogate
Optimization (SO). This chapter presents the optimization results using all three algorithms focusing on
the first step with DE.

4.1 PRELIMINARY OPTIMIZATIONS

The optimization process is initiated to perform a preliminary analysis of the possible designs
and parameters that can be used during the procedure. In this study, the first and second batches of
the procedures were performed. The first batch of preliminary optimization processes took the following
objective function:

fobj = —P(f1). (4.1)

This objective function only considers the power at the frequency of interest (f; =60 Hz). The algorithm
focuses on minimization, which is valid for all the optimization algorithms used in this study. It is why
Equation 4.1 has a negative sign. This objective function was tested using different designs shown in Figure
4.1. The simple cantilever design (Figure 4.1a) and trampoline (Figure 4.1b) have a central seismic mass
connected to a frame by four beams.

(a) Design with 1 cantilever with seismic mass (b) "Trampoline" design.
at the end.

Figure 4.1 — Optimums designs from first the batch of optimizations, where gray is the structure made from silicon,
white is the electrode made from aluminum, and red is the piezoelectric material made from AIN.
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These two models ran for 150 generations to analyze the convergence and progress up to this itera-
tion. Figure 4.2 shows the objective function values during the optimization. The cantilever and trampoline
models had 11 parameters for each optimization. The trampoline converged towards a local maximum and
stayed there for more than 110 generations, while the cantilever maintained the best value for 40 genera-
tions.
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Figure 4.2 — History of objective function values during optimization of the cantilever and trampoline designs. The
arrows in the legends indicate whether the corresponding curve is plotted on the left or right axis.

Figure 4.3 shows the normalized power for the optimized trampoline and cantilever models. The
cantilever device centered the natural frequency at 60 Hz, whereas the first natural frequency of the
trampoline was 610 Hz. The four cantilevers of the trampoline create excessive stiffness in the system for
its natural frequency to reach lower values near the 60 Hz desired.
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Figure 4.3 — Normalized power of the optimized numerical model trampoline and cantilever. The arrows in the
legends indicate whether the corresponding curve is plotted on the left or right axis.

The initial quality factor chosen for the numerical optimization was 100 (Figure 4.4). This is
a conservative first approach to optimization because MEMS piezoelectric energy harvesting approaches
such values when packaged at atmospheric pressure (ELFRINK et al., 2010). A higher quality factor is
expected from the prototype when compared to the numerical model, and consequently, it is expected to
have higher power than predicted by the optimization. The normalized power of the cantilever design gave
a maximum power of approximately 18 pW/g? and a total active volume of 8.47 mm?, rendering a total
NPD of 0.00015 mW /(cm3g?), which is considerably below the target. The maximum power increases to
approximately 80 nW /g2 using a more realistic 275 quality factor, which yields 0.00068 mW /(cm3g?) of

NPD. The increase is significant, and the designs shown in Figure 4.5 will use this value.
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Figure 4.4 — Normalized power of optimized numerical model cantilever with different quality factors.

The possibility of using the cantilever array in the same model was investigated to implement a
multimodal broadband technique during the optimization. The other designs used in these investigations
are refered to as flower (Figure 4.5a) and are based on the work of Tannacci (2019) on a multimodal energy
harvester. Moreover, the cantilever array (Figure 4.5b) design, in which six cantilever-style designs were
modeled together. Because those designs are built so they can have several closes, but not equal, natural
frequencies, the objective function is adapted to

fobj = —min(P(f1 : f2)). (4.2)

In this manner, the algorithm attempts to maximize the minimum power inside the f; and fs frequency
bands. For this purpose, an algorithm will be required to evenly distribute the vibration modes of the
structure across the bandwidth. For this first multimodal optimization, f; was 55 Hz, and fo was 65 Hz.

(a) "Flower" design based on (IANNACCI, 2019). (b) Cantilever array design made from 6 cantilevers
side by side.

Figure 4.5 — Optimum designs from the first batch of optimizations, where gray is the structure made from silicon
and white is the electrode made from aluminum.

The flower model has 14 parameters while the cantilever array has 26, and for that increased com-
plexity, the flower and cantilever array ran for 200 generations. Figure 4.6 displays the values of the objective
functions related to the generation. This step investigated the possibility of increasing the bandwidth of
the harvester by combining these two structures.
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Figure 4.6 — History of objective function values during the optimization of flower design and cantilever array.

When comparing the flower with the cantilever array, we can see that the latter can increase the
band of interest more easily. However, the additional parameters and complexity made the maximum NP
of the cantilever better than that of the cantilever array, as shown in Figure 4.7. Alongside the reasoning
from Section 3.1, this preliminary analysis exemplifies the reason for using cantilever-style designs that
compose the rest of this work.
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Figure 4.7 — Normalized power of optimized numerical model for flower, cantilever and cantilever array.

4.2 OPTIMIZING FOR MEMSCAP SPACE

After defining the cantilever model as the most promising design for the proposed application,
manufacturing restrictions are now imposed more severely, and the target is well established. The overall
device must fit into the allowed design space of the PiezoMUMPs process as detailed in Section 5.1. There-
fore, a predefined area for the four cantilevers is specified as shown in Figure 4.8. The red areas represent
the allowed optimization space for each of the four cantilevers. The blue area is the required TRENCH
etching gap between cantilevers, and the white boxes are the areas left for wire-bonding the devices to the
electrical measuring systems. The red areas have the following dimensions:

Area A: 2.70 mm x 5.70 mm

e Area B: 2.75 mm x 5.65 mm

Area C: 2.75 mm x 5.65 mm

Area D: 2.25 mm x 6.50 mm
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Figure 4.8 — Representation of how the space in the MEMSCAP die could be used highlighting the optimization
space in red.

As defined in Table 1.1, the overall goal is to reach 160 W with a 20 Hz bandwidth and a total
size smaller than 7.7 mm x 25.5 @ mm. This objective must be divided into smaller steps since the allowed
design space of PiezoMUMPs is much smaller than the battery. The proposed new objective is a 20 pW
with a 4 Hz bandwidth and a design space equal to the MEMSCAP die of 11.15 mm x 11.15 mm x 0.411
mm. With this objective, it is possible to build a device with several stacked MEMSCAP die-sized devices
to achieve the desired goal. In this sense, it is proposed to develop five designs of the MEMSCAP die, each
covering 4 Hz bandwidth, and then stack eight levels (of the same design) to reach the desired power and
band.

This optimization stage was performed in two steps. The first step is the optimization of single
cantilevers using areas B and D as restrictions and Equation 4.1 as the objective function. The result of this
optimization was used as the initial geometry in the following step. The second step is the simultaneous
optimization of all four cantilevers using the multimodal wideband method, with Equation 4.2 as the
objective function and f; and fy equal to 58 and 62, respectively. Only areas B and D are used in step
one because area B is identical (or close) to areas A and C. However, the same cannot be said for area D.
Therefore, areas A and C can use the same initial geometry as area B or one with a lightly adjusted width,
whereas area D needs its own initial geometry. Figure 4.9 shows the optimized design for areas B and D
used as the initial geometry for step two.

(a) Area B. (b) Area D.

Figure 4.9 — Optimum designs from the first step of optimization for MEMSCAP space, where gray is the structure
made from silicon, white is the electrode made from aluminum, and red is the piezoelectric material
made from AIN.

Figure 4.10 shows the normalized power of the two designs and the objective. For the design to
satisfy the objective, the NP should be entirely over the yellow box. Designs from areas B and D meet the
requirements for approximately 0.58 Hz and 0.44 Hz bandwidth, respectively. Both devices were centered
at 60 Hz as required.
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The results of the second step are shown in Figure 4.11, where areas A to D are represented from
left to right. Furthermore, the graph in Figure 4.12 is the sum of the rectified powers given by Equations 3.9
and 3.8. This design meets the power requirements for the frequency bands of 58.04 Hz to 58.76 Hz, 59.13
Hz to 59.58 Hz, and 59.95 Hz to 61.95 Hz. In other words, the device has approximately 4 Hz bandwidth
with two small intervals of power deficiency between 58.76 Hz to 59.13 Hz and 59.58 Hz to 59.95 Hz. The
total power deficiency is 0.74 Hz of 4 Hz of bandwidth.

e

Figure 4.11 — Cantilever array final design, with areas A to D represented from left to right, where gray is the
structure made from silicon, white is the electrode made from aluminum, and red is the piezoelectric
material made from AIN.
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Figure 4.12 — Normalized power of the optimized cantilever array design, made to fit the MEMSCAP die.
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The four natural frequencies were approximately 58.29 Hz, 59.33 Hz, 60.36 Hz, and 61.61 Hz. The
vibration modes coupled to these natural frequencies are shown in Figure 4.13. The reason for the intervals
of power deficiency is the device from area D, which has the first bending mode at 59.33 Hz but presents a
lower power output than the other three devices. The only difference in the optimization between the four
devices was the total allowed area. Area D had the smallest width but the largest length, suggesting an
advantage for aspect ratios of larger widths and smaller lengths.

(a) First mode at 58.29 Hz. (b) Second mode at 59.33 Hz.

-

(c¢) Third mode at 60.36 Hz (d) Fourth mode at 61.61 Hz.

-~

Figure 4.13 — Vibration modes of the four cantilever model.

All of these optimizations suffered from an objective function that was not properly restricted,
although the requirements were almost met. The power of a piezoelectric energy harvester is directly
proportional to the square of the induced stress in the piezoelectric material, as shown in Equation A.10
(Appendix A). Therefore, maximizing the power of a piezoelectric VEH without restricting, in any form, the
induced stress in the piezoelectric material will most likely render it mechanically unfeasible designs. Figure
4.14 shows the stress field in the piezoelectric material of the cantilever from area C at its natural frequency

x10*
1
0.8
N
0.6
0.4
0.2

Figure 4.14 — Von-mises stress field in piezoelectric material of device from area C at 60.36 Hz in MPa.
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of 60.36 Hz. Von-mises stress estimates possible device failure at 1 g of acceleration. This minimum and
maximum values in this scenario are 723 MPa and 12 GPa, respectively. Considering the 300 MPa ultimate
stress value for AIN (GANG ZONG et al., 2004) and the linear increase in the maximum stress, the device
should be capable of withstanding up to only 0.025 g of acceleration.

4.3 OPTIMIZING IN TERMS OF NPD AND STRESS

The design and optimization process of Section 4.2 has some drawbacks in terms of design and
optimization process, those are: (i) the power is directly proportional to the square of the stress in the
piezoelectric, therefore there must be a mitigation component in the optimization function to prevent
the stress from rising; (ii) it is essential important to establish an optimal acceleration point because
the maximum stresses must be finely tuned to the intended accelerations imposed in the harvester and
mechanical stoppers can be used to limit possible higher unwanted accelerations.; and (iii) the maximum
width and length established in the optimization is critical to the final optimization result. All of those
issues are addressed in this section.

Two different objective functions were proposed to address the stress problem. The first objective
function addresses the stress as a penalty function,

imit — Ymax,pz 60 — n
fobj = —P + a 100 [Ttimit — Tmaps + ay 100 M, (4.3)
Olimit 60
for
0 f max,pz S imi
ag=4 0 © Jmexpz = Climit (4.4)
1, otherwise,
and
0, if 55> fh1 <65
a = ! —_f = (4.5)
1, otherwise.

Here, ag is an auxiliary coefficient that indicating whether the maximum von-Mises stress in the piezoelectric
film omax,pz surpasses the maximum allowed stress oimi:. The coefficient o indicates if the first natural
frequency of the device f,; is within an acceptable bandwidth of 55 Hz to 65 Hz. Finally, the optimal
acceleration point was maintained at 1g for being a typical magnitude used to measure these devices. The
maximum width and length are established in Table 4.1, along with the other lower and upper boundaries
of the following optimizations (box-constraints from optimizations that do not appear in the text are shown
in Appendix C).

It is interesting to note that the quality factor is now used as a parameter of optimization because
the high stresses are a vital aspect of the optimization process, and the damping of the structure can
control the higher stresses that occur at the natural frequency. Most importantly, the quality factor can
be a design parameter of the project since the damping of the structure can be altered by changing the
internal pressure of the damping packaging (ELFRINK et al., 2010; MIRON; PAUL; CORDIOLI, 2022).
The optimization started from the design of area B and finished in the device shown in Figure 4.15b using
a modal analysis simulation running only at a frequency of 60 Hz.
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Table 4.1 — Box-constraints for the optimization of MEMS A.

Parameter Lower boundary Upper boudary
Wem 500 pm 2750 pm
Wh 500 pm 2750 pm
Wh+ 0 pm 500 pm
Wy 500 pm 2750 pm
Wa 500 pm 500 pm
Ly 2500 pm 4500 pm
Ly, 500 pm 2000 pm
Ly, 500 pm 2000 pm
La 500 pm 2000 pm
Q 50 1000
OR] 5 8

(a) Initial geometry. (b) Final geometry.

Figure 4.15 — Initial and final geometries of the optimization of MEMS A.

The optimization ran for 124 generations, reaching its best value at generation 77, and remaining
there for 47 generations. The graph starts at generation 16 because, before this generation, the best member

was highly penalized, rendering — f,1,; negative.

1.5
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Figure 4.16 — History of objective function values during MEMS A design optimization.

The NP and omax p, over the frequency range for this device are displayed in Figure 4.17. The

following conclusions can be drawn from this simulation: (i) the first natural frequency is outside the
allowed bandwidth even with the penalization introduced to the objective function; (ii) the stress levels for
60 Hz are within the allowed 300 MPa of von Mises Stress but are above around f, 1; and (iii) allowing Q
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Figure 4.17 — Normalized power of the optimized numerical model design MEMS A. The arrows in the legends
indicate whether the corresponding curve is plotted on the left or right axis.

as a parameter of optimization did not help the optimization reduce the stresses at the natural frequency.
Overall, the high Q achieved by devices with AIN can create a challenge in designing a device capable of
surviving 1 g of acceleration being exited at its resonance with a low natural frequency.

MEMSCAP was the most viable option for manufacturing MEMS prototypes during the period
of this study. Therefore, changing the piezoelectric material was not viable. Two changes were made to
address the problems with MEMS A optimization: (i) the stress limit ojmi; was changed from 300 MPa
to 800 MPa; (ii) the objective function was altered to maximize the areal Normalized Power Density; and
(iii) the penalization of the natural frequency was removed. These changes will (i) allow for higher stress
values to avoid a shift in the natural frequency. In the future, these high-stress values can be mitigated
by using a mechanical stopper. Change (ii) will allow smaller devices produce more energy over a given
area, and (iii) will permit the simulations to be performed with a direct analysis saving computational cost
(since only one frequency is calculated) and making the simulation more accurate. The adjusted objective
function can be written as

T oy 100 ‘O'limit - Umax,pz' (46)

Aactive Olimit

fobj = -

for

(4.7)

o — 07 if Omax,pz S Olimit
s .
1, otherwise.

A,ctive 18 used instead of volume because the thickness is constant for the PiezoMUMPs process. Figure
4.18 shows that the optimization was performed over 600 generations, and the best value was reached at
generation 430. The optimization started from the initial geometry shown in Figure 4.19a, and the output
is shown in Figure 4.19b.
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Figure 4.18 — History of objective function value during the optimization of MEMS B design.
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(a) Initial geometry. (b) Final geometry.

Figure 4.19 — Initial and final geometries of MEMS B optimization.

By increasing oimit, the natural frequency approached the desired 60 Hz but did not fully reach
it, as shown in Figure 4.20. The device reached a maximum stress of 300 MPa at 59.47 Hz and 61.10
Hz frequencies. The power associated with these frequencies is 1.64 pW/g? and 1.70 pW /g2, respectively.
Therefore, the maximum power generated by this device under 1g of acceleration was 1.70 pW.
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Figure 4.20 — Normalized power of the optimized numerical model design MEMS B. The arrows in the legends
indicate whether the corresponding curve is plotted on the left or right axis.

The major limitation of the objective function is the maximum stress at resonance. Because of
that, the objective function with the penalty function is replaced by

P

Aactive Omax,pz

Jobj = — ; (4.8)

thus, the optimization will allow the resonance to be placed at 60 Hz, but the stress will be minimized
simultaneously. Another solution could be to use a lower optimal acceleration; however, the power levels
would also decrease since they are still relatively low compared to the goal. Thus, the acceleration level was
kept constant. The objective function from Equation 4.8 should find the best compromise between power
and mechanical stress, so that later on, the larger von Mises values can be restricted via a mechanical
stopper. Thus, the objective was to achieve the highest power values with the smallest possible mechanical
stress. As shown in Figure 4.21, the optimization ran for 219 optimizations and achieved its best value at
generation 197, rendering only 22 stall generations before ceasing, the optimization was indeed stopped
prematurely, and more time was required to reach an appropriate optimized design. The optimum design
from this run is illustrated in Figure 4.22.



94 Chapter 4. Optimization results

oo

ch 2000 [ [ [ [ [ [ [ |

o @ ————— -
TS0 c— |
&

~ 1,000 |
=z -

— 500 \ \ \ \ \ \ \ \ | | | [
f; 0 20 40 60 80 100 120 140 160 180 200 220 240
\

Generation | |

Figure 4.21 — History of objective function values during the optimization of MEMS C design.

Figure 4.22 — Final optimized geometry of MEMS C.

The optimization did not proceed because the objective function was poorly formed. The best
member from generations 167 to 196 (power and maximum stress represented in Figure 4.23a) had a
higher maximum power per area than the best design from the last generation (power and maximum stress
represented in Figure 4.23b). The device from the last generation reached a maximum stress of 300 MPa at
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Figure 4.23 — Power and maximum von Mises stress in piezoelectric material for MEMS C design optimization.
The arrows in the legends indicate whether the correspondent curve is plotted in the left or right
ordinate axis.
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frequencies of 59.01 Hz and 61.01 Hz. The power associated with these frequencies is 1.50 pW/g? and 1.55
nW /g2, respectively. Therefore, the maximum power generated by this device under 1 g of acceleration was
1.55 pW. The previous best design (generations 167 to 196) reached maximum stress of 300 at 59.05 Hz
and 60.96 Hz with an associated normalized power of 1.54 nW /g2 and 1.58 pW /g2, respectively, giving it
a maximum power of 158 pW at 1 g of acceleration.

The next to best design, obtained from optimization of MEMS C, has an active area of 3 mm x 7.31 mm.
In contrast, the best design is a 3 mm x 7.32 mm. In terms of the maximum power per active area, the
next to best design has 7.20 pW/mm?, and the best design 7.06 tW/mm?. Thus, to prioritize power
maximization at the feasible frequencies next to the resonance, the objective function is changed to

min(P(fl, fg))

active max(gmam,pz(fla fQ)) )

fobj = _A (49)

The “maximization of minimum” done by this equation was also executed in Equation 4.2. However, instead
of several frequencies, it only used two, f; and fawhich were defined as 58 Hz and 62 Hz, respectively. It
is crucial to choose two frequencies that provide an average that results in the desired natural frequency
(which, in this case, is 60 Hz). The boundaries of the optimizations are listed in Table 4.2, the history is
shown in Figure 4.24, and the best design is shown in Figure 4.25.

Table 4.2 — Boxed constraints for the optimization of MEMS D.

Parameter Lower boundary Upper boudary
Wem 500 pm 4000 pm
W, 500 pm 4000 pm
Yo 0 pm 250 pm
Wh- 200 pm 4000 pm
Wea 200 pm 4000 pm
Lgm, 1500 pm 4500 pm
L. 1500 pm 5000 pm
Ly, 1500 pm 5000 pm
Lo 1500 pm 5000 pm
50 500
QRi 5 8
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Figure 4.24 — History of objective function values during MEMS D design optimization.
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Figure 4.25 — Final optimized geometry of MEMS D.

Figure 4.26 shows the power and oyax p, of the optimized MEMS D. This model reached a maxi-
mum stress of 300 MPa at frequencies of 58.69 Hz and 61.27 Hz. The power associated with these frequencies
is 2.19 pW /g2 and 2.30 pW /g2, respectively. Therefore, the maximum power generated by this device under
1 g of acceleration was 2.30 pW. For comparison purposes, the design described at the beginning of the
chapter for area B of the MEMSCAP die reached the maximum stress at the frequencies of 55.49 Hz and
64.21 Hz with an associated power of 0.10 pW/g? and 0.12 pW/g?, respectively. Considering the limita-
tions imposed by the fabrication process and the low natural frequency required, this final design showed
an improvement in the optimization methodology. However, this did not reach the desired power levels.
Nevertheless, it is a feasible device that can be manufactured using MEMSAP’s PiezoMUMPs process. It
should enable model validation.
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Figure 4.26 — Normalized power of optimized MEMS D numerical model design. The arrows in the legends indicate
whether the corresponding curve is plotted on the left or right axis.

To better evaluate the capabilities of the MEMS design to achieve the targets defined in this work,
a less restrictive fabrication process was defined so that some changes were made to the numerical model
and optimization boundaries. Table 4.3 shows the new boundaries, where the most significant changes are
related to the thickness of the cantilever and piezoelectric material. Another meaningful change was the
alteration of the piezoelectric material from AIN to PZT-5H, which has a higher piezoelectric coefficient
and electromechanical coupling. These alterations were concluded in an optimization where the objective
function history is shown in Figure 4.27, and the final output is shown in Figure 4.28.
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Figure 4.27 — History of objective function value during the optimization of MEMS-free design.

Figure 4.28 — Final MEMS free optimized geometry.

Table 4.3 — Boxed constraints of MEMS-free optimization.

Parameter Lower boundary Upper boudary
Wsm 500 pm 4000 pm
W, 500 nm 4000 pm
Yo 0 pm 2000 pm
Wy 200 pm 4000 pm
W 200 pm 4000 pm
Ly, 1500 pm 4500 pm
L. 1500 pm 4500 pm
Ly, 1500 pm 5000 pm
L 1500 pm 5000 pm
Q 50 500

QRi 5 8

ty 5 200

lp2 0.5 200

Figure 4.29 shows the power and omax,p, of MEMS-free optimized. This model reached the maxi-
mum stress of 114.8 MPa of PZT (ANTON; ERTURK; INMAN, 2012) at 59.83 Hz and 60.15 Hz frequencies.
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The power associated with these frequencies is 33.93 W /g? and 34.09 W /g2, respectively. Therefore, the
maximum power generated by this device under 1 g of acceleration was 34.09 nW. This device meets the
requirements regarding a minimum of 20 pW between the frequencies of 58.67 Hz and 61.34 Hz, giving a
total bandwidth of 2.67 Hz.
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Figure 4.29 — Normalized power of optimized MEMS-free numerical model design. The arrows in the legends
indicate whether the corresponding curve is plotted on the left or right axis.

Although the bandwidth did not match the required bandwidth, the active area occupied by the
device was 4 mm x 6 mm or 24 mm?, less than half the size of the MEMSCAP die area. In this way, two
of these devices can be used with a minor shift in the natural frequency to cover the desired bandwidth
while remaining within the desired area. Another alternative is the introduction of a nonlinear monostable
broadband technique. That was analytically implemented and presented in Appendix E.

4.4 REFINED OPTIMIZATION

The optimization process using DE works for the problem proposed here; however one of its most
significant disadvantages appears when using a costly objective function. If the numerical model solution
is relatively computationally expensive, this algorithm may take too long to converge and might become a
nonviable solution. Figure 4.30 shows the model of MEMS D with a rough prismatic element mesh (used
in DE) with a maximum element size of L,/10 covering the cantilever (21834 degrees of freedom) and a
fine prismatic element mesh with a maximum size of L./30 (162531 degrees of freedom). These graphs
show an approximate error of 0.5%. A more detailed convergence analysis of the mesh used during these
optimizations is done in Appendix B.
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Figure 4.30 — Comparison of normalized power of optimized MEMS D numerical model design with rough and
fine mesh.
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Although the error is small, it is interesting to run an algorithm that can handle the heavier model
to be used as the second step in optimization. First, the DE runs a rough mesh optimization, and then
the second algorithm performs the final “local” optimization with a finer mesh. Because DE has already
performed a global investigation of the domain, this algorithm does not need to be adapted to search for
global minima, and only a local optimization should suffice. The results of the Nelder-Mead and Surrogate
Optimization are shown in the following Subsections 4.4.1 and 4.4.2.

4.4.1 Nelder-Mead

The design chosen for the second-step optimization is the MEMS D using the procedure described
in Section 3.2. The best-value history is shown in Figure 4.31. The algorithm converged quickly and ran
for 101 iterations with 60 stall iterations. Figure 4.32 shows the progress of NM optimization. The most
prominent feature identified here is the natural frequency. When a fine mesh was added to the model, the
natural frequency was expected to decrease. The main goal of the second step is to reposition the resonance
at 60 Hz; however, NM could not do that.
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Figure 4.31 — Best value history of NM optimization.
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Figure 4.32 — Normalized power of optimized MEMS D numerical model design. The arrows in the legends indicate
whether the corresponding curve is plotted on the left or right axis.

The algorithm did converged well, but the natural frequency was not at 60 Hz, and the only
parameters that changed were Wy, from 200 pm to 210 pm and L from 2400 pm to 2403 pm. This
raises the question of why NM did not center the natural frequency correctly. To understand the objective
function’s behavior, a surface plot is displayed in Figure 4.33, where the X and Y axes are Wy4 and
L1, respectively, whereas in the Z axes is the value of fu;. Figure 4.34 shows the contour of the surface
from Figure 4.33, which is also present in the X-Y plane of the Cartesian graph. The red and green dots
indicate the best values from DE and NM, respectively. Appendix D presents more surface graphs of the
objective function with two other varying parameters (while the others remain fixed). These graphs are
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Figure 4.34 — Contour plot of objective function with varying parameters Yy and L.;.

not a good representation of the objective function, but serves the purpose of showing that the surfaces
are well-behaved and should not be a problem to be locally optimized with simple algorithms such as NM.

It is clear from these images that the best value was not found because even when considering only
Wiy and L (a 2D domain) NM did not reach the minimum value. No further investigation was performed
to identify the problems with NM in this scenario. However, it is essential to note that NM is said to break
down in large dimensions (LAGARIAS et al., 1998) (although only a few carefully made numerical results
support these perceptions) and Torczon (1989) advises to be wary of the output of NM for dimensions
larger than four.

4.4.2 Surrogate optimization

Surrogate optimization is an alternative to NM, where the main feature of this optimization process
is finding minima with the least number of iterations possible. A new DE optimization was run with a
slight numerical model change and an additional parameter. The silicon considered, so far, as an isotropic
material is now modeled as orthotropic, and the additional parameter is 6, the angle of orientation of the
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device in the silicon wafer. The optimization was run for 450 generations with 18 stall iterations (Figure
4.35).
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Figure 4.35 — Best value history of DE optimization as preparation for SO.

Figure 4.36 shows the power and oax p, of the optimization with the mesh of DE and the finer
mesh that is used in the SO. This model reached the maximum stress of 300 MPa at frequencies of 58.54
Hz and 61.43 Hz (with coarse mesh). The power associated with these frequencies is 1.98 tW /g2 and 2.09
1nW /g2, respectively. However, with the fine mesh, the natural frequency shifts and the new maximum stress
frequencies are 58.32 and 61.31, with associated NP of 1.81 tW/g? and 1.91 pW /g2. A drop of 0.18 pW in
maximum power from changing the mesh.
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Figure 4.36 — Normalized power of the optimized numerical model used as the initial point for SO optimization
with a rough and fine mesh. The arrows in the legends indicate whether the corresponding curve is
plotted on the left or right ordinate axis.

The surrogate model was run with the previous design as a starting point. The history of this run
is shown in Figure 4.37. With 96 function evaluations, the algorithm reached the best value and was kept
there for 10 stall generations before resetting the surrogate. After the reset, the surrogate looked for other
global minima, and since DE gave an excellent initial point, none of the other samples were close to the
best value after the reset. Table 4.4 shows the changes in the model parameters between the DE best and
surrogate best. The alterations were minor for all parameters. It is essential to note that this second step
allowed for finer discretization of the parameters going from steps of 10 pm to 1 pm, whereas @), agr; and
0 were treated as continuous variables. Adding € to the parameters did not have much influence because
the best member used the unaltered device position in the silicon wafer (0°).

Figure 4.38 compares the refined mesh power and stress curves of DE optimization with the power
and stress of the SO. Comparing these results to the curves in Figure 4.36, the surrogate optimization
shows approximately the same behavior as the best design from the DE with a coarse mesh. This suggests
that the second-step optimization is an excellent tool for a final, more precise approximation to the global
maximum using a more trustworthy mesh.
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Figure 4.37 — Best value history of SO optimization.

Table 4.4 — Alterations of the best parameters from DE optimization to SO optimization.

Parameter DE best Surrogate best

W, 4000 pm 3998 pm

Yo 200 pm 213 pm

W 4000 pm 3998 pm

Wei 4000 pm 3861 pm

Lsm 4380 pm 4380 pm

L. 2410 pm 2401 pm

Ly, 2460 pm 2701 pm

L 2400 pm 2399 pm

Q 500 499.9996

QR 6.2 6.208
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Figure 4.38 — Normalized power of optimized numerical model using SO. The arrows in the legends indicate
whether the corresponding curve is plotted on the left or right axis.
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4.5 OPTIMIZATION OF MICROMACHINED FILMS

An alternative to the MEMS models is presented in Subsection 3.1.2; using three different nu-
merical models. The optimization process using these numerical models is presented here, beginning with
PIEZO.COM bimorph sheets. The objective function in this run was slightly different from that one in
Equation 4.9. In the previous chapter, due to fabrication restrictions, the NPD was calculated over the
active area of the design, but for these runs, the active volume is considered for calculation of the NPD,
written here as

mln(P(f17f27f3)) (4 10)
(Vactive +2 maX(vaap(fla f27 fS))) max(amax,pz(flv f27 f3)) .

The addition of Vi, is used to avoid devices with good NPD, but requires an extra volume to allow the
seismic mass to move and the cantilever to bend. Another significant alteration was made. The optimum
acceleration was altered from 1 g to 2.25 m/s?, because Roundy (2003) uses this acceleration value in his
experiments, and it is believed to be a better description of the amplitude of acceleration of machinery
in the industry. It is relevant to consider that this value is not based on any collected data because this

fobj = -

amplitude can vary depending on the type of machinery analyzed. The values of f1, fo, and f3 were 58 Hz,
60 Hz, and 62 Hz, respectively. The history of the DE optimization is shown in Figure 4.39.
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Figure 4.39 — Best value history of optimization of design PIEZO.COM A.

Optimizations with micromachined EHs must utilize considerably more space than MEMS. Because
of that, the MEMS objective is not used here. The primary goal of 160 pW over 20 Hz is used as the
objective. This design is denominated as MEMS PIEZO.COM A and is shown in Figure 4.40. The power
of this design under an acceleration of 2.25 m/s? is shown in Figure 4.41, with the objective highlighted in
yellow. The maximum oy p, is approximately 19 MPa, well below the maximum of 114.8 MPa allowed for
the PZT-5H. Therefore, the stress curve is not present in the graph. Since the stress levels are considerably
low, there is still room for improvement in this design. This device presents an NP at the resonance of 8190

Figure 4.40 — Final optimized geometry of PIEZO.COM A design.
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1W/g? and an active volume of 2.08 cm?, therefore an NPD of 3.93 mW /(gZcm3). The device’s bandwidth
is 8.32 Hz giving an F.o.M. of 32.74 mW Hz/(g%cm?). It meets the criteria over 10.82 Hz; this way, two of
those devices with a slight shift in natural frequency should meet the requirement, but the sum of those
volumes renders a device of 4.16 cm?, 0.23 cm?® over the requirement.
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Figure 4.41 — Power at an acceleration of 2.25 m/s? for the optimized numerical model PIEZO.COM A design.

Since the stresses in the piezoelectric material are still low, another optimization is proposed with
the same geometry as PIEZO.COM, with an objective function as

min(P(f1, fa, f3))

9
(Vierroe + 2 max(Vgup (f1s for fa))) T 10 0 (4.11)

fobj = -

which

07 if max,pz S imi
asz{ 1 Tmax,pz = Olimit (4.12)

1, otherwise.

The oyimjt this time was 40 MPa to obtain a safety factor of approximately three from the ultimate tensile
strength of PZT-5H. In this run, two sets of values, f1, fa, and f5 were tested: (i) 58 Hz, 60, and 62 Hz and
(ii) 59.5 Hz, 60 Hz, and 60.5 Hz, respectively. Figure 4.42a shows the best member for the optimization
with 4 Hz of bandwidth (58 Hz to 62 Hz), and Figure 4.42b shows the best member for a bandwidth of 1
Hz (59.5 Hz to 60.5 Hz).

(a) 4 Hz. (b) 1 Hz.

Figure 4.42 — Best members from the optimization of design PIEZO.COM B altering frequency bandwidth of
theobjective function.

The histories of those two runs are shown in Figure 4.43. The magnitude of the output values is
affected by the chosen frequencies. With a band of 1 Hz, the minimum power will be higher than when
using 4 Hz; this does not mean that the worst design is the latter.
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Figure 4.43 — Best value history of optimization of design PIEZO.COM B 4 Hz and PIEZO.COM B 1 Hz.

Figure 4.44 shows the power of the device at 2.25 m/s? of acceleration. As expected with 4 Hz,
the optimization prioritized the band’s widening while 1 Hz prioritized the power at resonance. In terms
of the performance metrics, the optimization with 4 Hz finished with an NPD of 5.35 mW/(g? cm?®) and
F.o.M. of 38.35 mW Hz/(g? cm?®), whereas the 1 Hz optimization rendered an NPD of 5.48 mW/(g? cm?)
and F.o.M. of 34.33 mW/(g? cm?). In terms of meeting the requirements, the optimization of 4 Hz was 160
W for 6.44 Hz and the 1 Hz optimization at 6.25 Hz. Both devices met the requirements of the F.o.M.
Using three similar devices with slightly shifted natural frequencies both devices could cover approximately
19.32 Hz and 18.75 Hz with a total of 3.08 cm?® and 3.32 cm? for the 4 Hz and 1 Hz designs, respectively.
Although the band was still not within the expected the volume, it was still below the maximum.
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Figure 4.44 — Power at an acceleration of 2.25 m/s? of the optimized numerical model design PIEZO.COM B 4
Hz and 1 Hz.

The PIEZO.COM sheets appear to give good designs but owing to market prices during the ex-
ecution of this work STEMINC sheets were used to fabricate the prototypes to validate the numerical
models. Therefore, we run the same optimization as the previous one using a 1 Hz bandwidth but using
the STEMINC numerical model. Figure 4.45 shows the best member, and Figure 4.46 shows the history of
the best value for every generation.

Figure 4.45 — Final optimized geometry of STEMINC A design.
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Figure 4.46 — Best value history of optimization of STEMINC A design.

Figure 4.47 displays the power at 2.25 m/s? and the von Mises maximum stress at the piezoelectric
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Figure 4.47 — The power at an acceleration of 2.25 m/s? of the optimized numerical model design STEMINC A.
The arrows in the legends indicate whether the corresponding curve is plotted on the left or right
axis.

material. The same pattern as MEMS B occurred in this run; the natural frequency could not be placed
at 60 Hz owing to the penalty in the objective function. Therefore, the objective function of Equation
4.10 is used for the subsequent optimization. In addition, to simplify the fabrication of the prototype, this
optimization was performed with W fixed at 0 pm. Thus, the cantilever cannot be trapezoidal, and the
programming of the cutting is straightforward. Figure 4.48 shows the best member, whereas Figure 4.49
shows the history.

Figure 4.48 — Final optimized geometry of STEMINC B design.
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Figure 4.49 — Best value history of optimization of design STEMINC B.

In Figure 4.50, it is possible to see the power and stress curve which shows that the device meets
the power requirement for 4.92 Hz. Approximately four similar devices with shifted natural frequencies are
required to fulfill the requirements, rendering in a device of approximately 7.1 cm?. A rectangular cantilever
with small bandwidth can limit the possibility of a large bandwidth with a small stress field. This device
has a omaz,p. of 101 MPa, which is below the maximum 114.8 MPa for PZT-5H but does not leave room
for a good safety factor. The NPD of this device is one of the highest ones with 22.16 mW/(g? cm?) but
has a smaller F.o.M. of 30.35 mW Hz/(g? cm®). A model based on this design is used for prototyping and
experimental validation.

I I H ®
—— Power ----Stress | H)Q.S %
— — ] =
10% ¢ 1 2
—_— [ 1 <]
E i | 42
5 18| ] :
3 B =
I 10! =
101 [ - 5
L | | | | | | | | | J =

70

50 52 o4 56 58 60 62 64 66 68
Frequency [Hz|

Figure 4.50 — Power at an acceleration of 2.25 m/s? of the optimized numerical model design STEMINC B. The
arrows in the legends indicate whether the corresponding curve is plotted on the left or right ordinate
axis.

The large NPD predicted from STEMINC B is promising in terms of displaying the potential of the
optimization methods and tools used in this study. Nevertheless, a much lower piezoelectric coefficient than
that expected from PZT-5H was calculated during preliminary validation of the numerical model. Higher
damping should be introduced to improve the bandwidth of the devices. A higher piezoelectric coefficient
and electromechanical coupling are recommended to achieve this without losing efficiency. Equation A.5
clarifies how the introduction of higher piezoelectric values is linked to higher damping.

Using the MFC films as a bi-morph EH might facilitate higher electromechanical coupling, and
therefore, a higher F.0.M. Best member image and optimization history is shown in Figure 4.51 and 4.52,
respectively. Although the objective function is the same, this optimization does not use DE; it uses SO.
The numerical model of the MFC films is quite heavy because it uses several layers of different materials,
each with one quadratic element along the thickness. The SO can render better results in less time in
such cases, where a computationally demanding objective function must be used. Therefore, the SO was
exceptionally used as a the first-step optimization.
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Figure 4.51 — Final optimized geometry of MFC design.

=

A

o
Nf—1
£

Z

=

b o Best x  Incumbent d °

—300 |- | ¢ Initial Samples v Random Samples -? .
e Adaptive Samples === Surrogate Reset
I I I I I 1
0 50 100 150 200 250 300 350 400 450 500

Number of Function Evaluations

Figure 4.52 — SO history of the MFC A optimization.

Figure 4.53 shows the power and oax,p, curve of the MFC device. This device occupies a volume
of 0.5416 cm?, which is one of the lowest values for the micromachined devices. An NPD of 13.23 mW /(g?
cm?) and F.o.M. of 41.8 mW Hz/(g? cm?), an acceptable value of NPD with the highest F.o.M. of this
work. The device met the requirements of power over a band of 3.68 Hz. A device comprising of seven
similar devices should sum to a total of 3.79 cm?, slightly lower than the limit, and cover 25.76 Hz. This
result should meet all the requirements imposed at the beginning of this study.
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Figure 4.53 — Power at an acceleration of 2.25 m/s? of the optimized numerical model MFC A.
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Owing to the promising F.o.M. of this device, a cantilever-array VEH was developed using this
design as the base. Assuming that each cantilever covers a bandwidth of 3.6 Hz, the seismic mass widths
associated with the following natural frequencies: 51.8 Hz, 55.4 Hz, 59 Hz, 62.6 Hz, 66.2, and 69.8 Hz
are investigated. Figure 4.54 shows the relationship between these two variables. Based on this graph,
interpolations were done performed to determine the associated Wyy,. These are 2785 pm, 3130 pm, 3524
pm, 3961 pm, 4485 um, and 5121 pm, in order of higher to the lower natural frequency. Summing the total
volume occupied by the six devices with a 0.2 mm spacing between them, the total volume is 3.70 cm?,

0.23 cm? below maximum. Finally, the power from the summation of all the devices is shown in Figure
4.55.
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Figure 4.54 — Variation in the natural frequency of the device when altering the width of the seismic mass of design
MFC A.
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Figure 4.55 — Power at an acceleration of 2.25 m/s? of the cantilever array based on design MFC A.

The total power was above the target area for all desired frequencies. Furthermore, the bandwidth
with power over the 160 pW mark is from 48.92 Hz to 71.63 Hz (22.71 Hz of bandwidth), 2.71 Hz larger
than the requirement. The maximum von Mises stress in the piezoelectric material occurred in the largest
(lowest natural frequency) device at approximately 61 MPa, below the 114.8 MPa limit imposed by the
tensile strength of the PZT.
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EXPERIMENTAL ANALYSIS

5.1 FABRICATION

The fabrication process known as PiezoMUMPs of the foundry MEMSCAP Inc. was chosen as the
manufacturing method because of the lower cost of its multi-user process. Figure 5.1 shows the fabrication
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(c)
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i

(d

Bottom Oxide Pad Metal

Pad Oxide Frontside Protection Material

Silicon Substrate
Oxide PiezoMaterial

Figure 5.1 — Diagram of PiezoMUMPs fabrication process (Adapted from Cowen et al. (2014)).
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process (COWEN et al., 2014). The sequence has eight steps from (a) to (h). The process begins with (a)
the deposition of a phosphosilicate glass layer (PSG). The wafers are annealed at 1050°C for one hour in
argon to drive the phosphorous dopant to the top surface of the silicon layer. The PSG layer is subsequently
removed via wet chemical etching. Then, (b) a 2000 angstrom thermal oxide is grown and patterned by
wet-etching, (c¢) the piezoelectric film AIN is deposited over the wafer by reactive sputtering and patterned
via wet-etching, and (d) the wafer is coated with a patterned photoresist. A metal stack of 20 nm of
chrome and 1000 nm of aluminum is deposited over the sub-sequentially dissolved photoresist to leave
only the metal. (e) The oxide layer and the silicon are etched via Reactive Ion Etching (RIE) and Deep
Reactive Ion Etching (DRIE), respectively. (f) A polyimide protective layer is added to the top of the wafer
before backside etching. (g) RIE is used to etch the bottom side oxide layer, and DRIE removes the silicon
substrate; later, a wet etch process is used to remove the oxide between the SOI wafer in the regions defined
by the backside etch. Finally, (h) the front-side protection is removed by dry etching. Figure 5.2 shows a
microscope photograph of the prototype.

‘DynaHarvester ’

Dynamox

Figure 5.2 — Microscope photograph of the fabricated MEMS Energy Harvester.

The other prototype developed in this work was constructed using the STEMINC bimorphs. This
fabrication process is a combination of hand assembly and micromachining techniques. The first step
involved cutting the bimorph sheet to the desired geometry. It used an endless diamond wire saw (COSTA;
SANTOS, et al., 2022; COSTA; WEINGAERTNER; XAVIER, 2022) with a costume-made fixture was
used to hold the bimorph. Two steel seismic masses were machined using a tungsten mass to match the
natural frequency of the prototype. The masses were positioned manually and bonded to the bimorph using
cyanoacrylate. The resulting prototype is shown in Figure 5.3.

Figure 5.3 — Prototype fabricated from SMBA STEMINC films and two stainless steel seismic masses.
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5.2 EXPERIMENT

Some Frequency Response Function (FRF) curves might display interference from the electrical
grid and the laser vibrometer system at 60 Hz and =41 Hz, respectively. Figure 5.4 shows the autopower
spectrum of the background noise of the LDV and the SMBA sheet. It is possible to see the component at
~41 Hz and, therefore, it could be assumed that the sharp resonance at this frequency is not a mechanical
mode of the structure but is, indeed, an interference signal from the LDV.
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Figure 5.4 — Power Spectral Density of background noise of the LDV. The arrows in the legends indicate whether
the corresponding curve is plotted on the left or right axis.

5.2.1 MEMS VEH

In Figure 5.5, the charge sensitivity of the MEMS numerical model is compared to two of the tested
MEMS prototypes EH A and B. The difference between the maximum sensitivity of the model and that of
the prototypes was owing to the damping considered in the numerical model. As previously described, the
damping of the model was given as an optimization parameter because it was possible to control it to a
certain extent. However, the tested MEMS prototypes were not encapsulated with a well-defined internal
pressure; thus, the sensors were tested at atmospheric pressure without encapsulation. £ is calculated from
the charge sensitivity curves of the prototypes using the Rational Fraction Polynomial method (ACUNA,
2007), so the equivalent structural damping fits with the total damping from the experiments.
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Figure 5.5 — Comparison, in terms of charge sensitivity, of the experimental curves of the EH prototypes A and B
with the numerical model of COMSOL with no change in damping.

The difference in the natural frequencies of the prototype and the model was adjusted to correct the
differences between the nominal design dimensions and the manufactured ones. Notably, the PiezoMUMPs
manufacturing process presents an undercutting of up to 50 pm (COWEN et al., 2014). With these geomet-
ric adjustments plus the damping correction, the black curve shown in the graph in Figure 5.6 is obtained.
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Figure 5.6 — Comparison, in terms of load sensitivity, of the experimental curves of the EH A and B prototypes
with the numerical model of COMSOL with damping adjustment only and another with geometric
adjustments.

Although the validation of numerical models using a charge amplifier has some advantages, such as
eliminating the influence of cables on the acquisition board, this validation may not accurately represent the
circuit used to calculate the power extracted from the EH. Almost the same experimental setup as in Figure
3.13 was maintained to calculate the power, except for the charge amplifier, which is replaced by a resistive
circuit mounted on a breadboard. This setup, from where the data presented in Figure 5.7 was extracted,
shows the maximum power (at the natural frequency) obtained by the prototype as a function of the load
resistance variation. The experimental power curve was calculated using the relationship P = V?/R.
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Figure 5.7 — Comparison regarding voltage, power, and the resistive load of experimental curves of prototype EH
A with numerical model measured without a charge amplifier. The arrows in the legends indicate
whether the corresponding curve is plotted on the left or right axis.

After =100 k2, there was an increase in the error between the experimental NP-R; curve and
the numerical model. It occurs due to the limitations of the DAQ system, which has input channels with
an impedance of 1 M. Thus, when the resistance is close to the impedance of the channels in the DAQ
circuit. The coupling with the prototype becomes stronger, which influences the behavior of the EH. If the
original experimental setup with the charge amplifier is adopted instead, it is possible to use the relationship
P = Rw?Q? (ZHANG; WU; SESSLER, 2015) to convert the charge signal to power. Thus, the error at
higher impedance is reduced, as shown in Figure 5.8.
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Figure 5.8 — Comparison in terms of current, power, and resistive load of experimental curves of prototype EH
A with a numerical model measured using a charge amplifier. The arrows in the legends indicate
whether the corresponding curve is plotted on the left or right axis.

Despite the limitations of the experiments, it is possible to see that the experimental data and
COMSOL model represent well the format of a characteristic power-R) graph of an energy harvester, with
a close match in the optimum resistive load value of 1 M and 1.2 M for the experimental and numerical
models, respectively. Figure 5.9 shows the normalized power at resonance on the left axis, viscous damping
& on the right axis, and the acceleration of the prototype based on the abscissa axis. For accelerations
greater than 0.01 m/s?, the prototype presents a considerable drop in efficiency, where the power produced
drops and the damping ¢ increases. This power drop is expected from a device when it starts to show
non-itineraries due to a significant increase in the acceleration of the base (MACHADO et al., 2020).
Therefore, an optimal acceleration of 0.006 m/s? and a limit of 0.01 m/s? for an optimized state operation
are considered for this design.
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Figure 5.9 — Comparison in terms of power, damping and acceleration of experimental curves of prototype EH A.
The arrows in the legends indicate whether the corresponding curve is plotted on the left or right
axis.

The power-frequency graph at the optimum load of 1.2 M(2 is shown in Figure 5.10. The numerical
data is in accordance with the numerical model. The maximum normalized power obtained by the prototype
was 177 nW/m/s?, while that of the model was 224 nW /m/s?. This results in an NPD of 1.3 mW /cm?/g?
for the prototype and 1.6 mW /cm?/g? for the model, respectively. Due to the damping adjustment, both
have approximately the same 0.7 Hz half-power band. Therefore, giving an F.o.M. of 0.9 mW Hz/cm?/g?
and 1.1 mW Hz/cm?/g? for the prototype and model, respectively.
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Figure 5.10 — Comparison, in terms of normalized power, of the experimental curves of the EH A prototype with
the COMSOL numerical model.

5.2.2 Micromachined VEH

The MEMS prototype was chronologically executed before the STEMINC prototype; therefore,
only the setup with a charge amplifier was used. Figure 5.11 shows the FRF of the acceleration of the
seismic mass per acceleration of the base. There were some difficulties with the micromachining processes,
where the length and width of the cantilever suffered some changes from the nominal value. By adding
the fabricated geometric values to the numerical model, the natural frequency shifted from the original 60
Hz to approximately 57.5 Hz, whereas the experimental data indicated a natural frequency of 56.5 Hz. An
error of approximately 2% in the prediction. These errors may be due to several factors, such as damage
to the device during fabrication or misalignment of the seismic masses during assembly.
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Figure 5.11 — Comparison of the experimental FRF of acceleration of SM per acceleration of the base of the SMBA
prototype compared with the numerical model.

The experiment in Figure 5.11 used a steel clamp. However, a cork sheet was positioned between
the steel clamp and the EH. This sheet created a fixture that did not damage the wires between the clamps.
Because of this non-ideal fixture, the fixed end of the numerical model was changed to a spring foundation of
an isotropic stiffness of 53 MN/m, to match the experimental data. The charge sensitivity-frequency graph
of the prototype and numerical model is shown in Figure 5.12. With the equivalent spring foundation to
match the stiffness of the system with the cork sheet, the natural frequency of the numerical model matches
well with the experiment. However, the amplitude of the numerical model is significantly lower than that
of the experimental data. This may indicates that the original d3; = —130 pC/N may be too low. The
coefficient was altered to -150 pC/N for correction.
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Figure 5.12 — In terms of charge sensitivity, the experimental curves of the SMBA prototype were compared with
those of the numerical model.

Figure 5.13 shows ¢ calculated via half-power band vs. resistive load for the experimental data and
COMSOL model with different input mechanical damping. It is important to note that the simplification
of Equation 3.4 is still being used. The figure shows that the COMSOL damping model predicts a much
smaller change in total system damping. It may be due to the high coupling coefficient of PZT since the
AIN of the MEMS device did not have such an accentuated effect, as shown by the dashed black and red
curves. In other words, the numerical model cannot correctly predict the changes in total damping as a
function of resistive load for high electromechanical coupling devices. Geometric and material nonlinearity
may play a role in this behavior.

—_— Prototype SMBA — COMSOL d3; = —130 pC/N
.10-2 |— COMSOL d3; = —150 pC/N ---- Prototype MEMS
== COMSOL MEMS
2+ |
w
1+ |
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Figure 5.13 — Comparison of the experimental curves of the SMBA prototype with the mathematical model and
the MEMS prototype and model in terms of damping ratio and resistive load.

Figure 5.14 is another example of how the damping modeled in COMSOL does not behave well
when the electromechanical coupling increases. The graph shows an increase in the natural frequency as
the resistive load increases, which is much lower in the COMSOL model (using d3; = —130 pC/N). The
model can get closer to the data using d3; = —150 pC/N. Nevertheless, a graph of the current and power
as a function of the resistive load is shown in Figure 5.15, demonstrates that the numerical model can still
predict, with reasonable accuracy, the variation in power and current output as a function of the load of
the device. However, as observed with the MEMS prototypes, the models lose accuracy when using higher
loads. In this case, the numerical model underestimated the power and charge outputs. The experimental
power does not reduce after its optimum value at approximately 30 k€; in fact, the power increases again,
creating two optimal loads. It indicates that the electromechanical coupling is higher than predicted because
the high coupling of the devices may present two optimal resistive loads (LEFEUVRE et al., 2007). The
prototype’s optimum global load was approximately 30 k€ and that of the numerical model was at 50 k2.
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Figure 5.14 — Comparison of the experimental curves of the SMBA prototype with those of the numerical model

in terms of natural frequency and resistive load.
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Figure 5.15 — Comparison in terms of current, power and resistive load of the experimental curves of the SMBA
prototype compared with the numerical model. The arrows in the legends indicate whether the

corresponding curve is plotted on the left or right axis.

The power-frequency graph of the prototype compared with the numerical model for an optimum
load of approximately 30 k{2, is shown in Figure 5.16. The prototype had an active volume of 4.5 cm?® but
could be as low as 1.8 cm? if a tungsten mass was used. The normalized power output of the device is 433
nW /m/s?, rendering an NPD of approximately 9.2 mW /cm? /g2, but it could be as high as 23.4 mW /cm? /g2
with a tungsten mass of similar weight. The device’s bandwidth is 1.45 Hz rendering an F.o.M. of 13.4
mW /cm?/g? for the steel seismic mass and 34.0 mW /cm?/g? if the tungsten mass is used.
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Figure 5.16 — Comparison, of the normalized power of the experimental curves of the SMBA prototype with the

numerical model.
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5.2.3 Comparison

There are two fabricated and tested prototypes described in this work, the MEMS and the Mi-
cromachined devices. In addition, the assumption of another prototype with the same performance as the
MM prototype was proposed. However, in this case, the device used a volume that would be achieved if
a tungsten mass was used. It was denoted as Micromachined W (MMW) device. Table 5.1 shows the per-
formance metrics of all three prototypes. The micromachined devices performed significantly better than
the MEMS devices for both NPD and F.o.M. Multiple factors may play a role in why MM is much better
than MEMS at fulfilling the requirements of this study. I.e., thicker piezoelectric films, beam materials
with lower stiffness than Si, higher electromechanical coupling, and easier-to-fabricate devices with denser
seismic masses, generally lower stresses, and others. Indeed, MEMS devices seem to be better suited only
when the volume is much smaller, approximately hundreds of mm?® or less. The devices proposed here are
also compared to others in the literature in terms of NPD (Figure 5.17) and F.o.M. (Figure 5.18), where
MMW is among the best NPD and F.o.M. of the devices below 100 Hz.

Table 5.1 — Performance metrics for the prototypes developed in this work, as well as the performance metrics for
the MM device assuming tungsten mass.

Prototype MEMS Micromachined Micromachined W
Resonance [Hz| 54 50 50

NP 177 nW/(m/s?)? 433 pW/(m/s?)? 433 pW/(m/s?)?
Volume 13.4 mm3 4.5 cm? 1.8 cm?®
Bandwidth [Hz| 0.7 1.45 1.45

NPD [mW /cm?/g?| 1.3 9.2 234
F.o.M. [mW Hz/cm?/g?| 0.9 134 33.0

PZ - MEMS (this work)¢¥PZ - MM (this work) PZ - MMW (this work) OEM - Beeby (2007)
+ EM - Berdy (2014) EM - Ching (2002) [JEM - Foisal (2012) EM - Glynne (2001)
AEM - Halim (2015) VEM - Jo (2012) PEM - Nammari (2017) <t EM - Nico (2015)
% EM - Perpetuum #EM - Revibe EM - Saha (2008) +EM - Salauddin (2015)
% EM - Torah (2010) ®* EM - Wang (2009) EM - Xidas IOT O EM - Yuen (2007)
AES - Despesse (2005) PZ - Aktakka (2012) PPZ - Defosseux (2011) < PZ - Durou (2010)
% PZ - Elfrink (2009) PZ - Elfrink (2010) OPZ - Fang (2006) +PZ - Hirasawa (2012)

PZ - Isarakorn (2011) % PZ - Ishikawa (2008) OOPZ - Lee (2009) O PZ - Lei (2011)

PZ - Marzencki (2008) #%PZ - Muralt (2009) % PZ - Park (2010) OPZ - Renaud (2008)

PZ - Roundy (2003)  #%PZ - Sharpes (2015) % PZ - Shen (2008) PZ - Song (2017)
QPZ - Tsujiura (2013)  APZ - Xu (2011)
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Figure 5.17 — Scatter graph of devices from literature in terms of NPD as a function of natural frequency.
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Figure 5.18 — Scatter graph of devices from literature in terms of F.o.M. as a function of natural frequency.
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FINAL REMARKS

This work performed a complete design, optimization, prototyping, and validation process twice,
using two different fabrication techniques as the basis for design and optimization. Each approach imposes
distinct types of restrictions. In other words, MEMS fabrication has restricting limitations regarding the
thickness of every layer in the design, as well as being restricted to silicon as the beam material and AIN as
the piezoelectric material. Neither was suitable for the proposed project outlines because of its large stiffness
and low piezoelectric coefficients. MM fabrication is restricted to the available off-the-shelf piezoelectric
sheets; although they usually perform well, there is a considerable restriction regarding the thickness of the
layers. The methodology has been proven to work because it allows the development of two devices with
competitive metrics, given its limitations.

The numerical model was proven to be accurate for devices with lower electromechanical coupling
but presented some deviations when the coupling increased. Therefore, the MEMS numerical model could
mimic the actual device’s behavior well for low accelerations where the system remained linear, whereas
the MM model could not describe the behavior of the device for varying load resistances, which is vital
for impedance matching. Nevertheless, the design process of the MM device developed a prototype with
performance metrics close to those predicted by the optimization. This indicates that the optimization
process leads to devices with outstanding performance despite the limitations of the numerical model.

The piezoelectric MEMS energy harvester design investigated here achieved an NPD of 1.3 mW /cm? /g2
and F.o.M. of 0.9 mW Hz/cm3/g?. Comparing the device obtained here in terms of NPD with others in
the literature, the device can be considered to have good performance, significantly far from the worst
documented values, and away from the best. in terms of the F.o.M., the device was placed near the worst
performers. The main factor that makes the proposed device a nonviable solution is the optimal acceler-
ation value. That is, industrial machinery monitoring sensors are exposed to vibration amplitudes much
greater than the 0.01 m/s? threshold of this device. Thus, it is crucial to establish the EH operating point
in terms of supplied power, dimensions, operating frequency, and dynamic range. It is believed that some
changes to the manufacturing limitations and the optimization method should be able to generate EHs
with more appropriate performance for the application. For example, replacing the piezoelectric material
with PZT or PMN-32PT should allow the device to generate significantly more more energy at the same
volume. The use of bimorphic beam should also provide significant design advances.

In contrast to MEMS, the MM device performed well in terms of NPD and F.o.M. However, it is
significantly lower when using steel seismic masses instead of denser materials such as tungsten. Using a
tungsten seismic mass of a similar weight to the two steel masses would lower the active volume to less than
half and increase the NPD and F.o.M. to where the MMW meets the requirements in terms of NPD and
F.o.M. Nevertheless, broadband techniques, such as multimodal cantilever arrays or nonlinear monostable
techniques, are still required to achieve the desired bandwidth. It is essential to acknowledge the MFCs
films, where the prevalidated optimized model displayed an F.o.M. of 41.8 mW Hz/cm?®/g?, and an array
of similar devices were shown to meet all the requirements proposed in this work.
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In the eyes of the author, this work highlights the need to correctly specifying the objective function;
the maximum stress and optimal acceleration are the main features to be observed when optimizing PVEH
in terms of NPD. Since the power is directly proportional to the square of the stress in the piezoelectric
material, mechanical failure and dynamic range will always be significant restrictions to the optimization.
Objective functions, where the stress is imposed as a penalty function, seem well-defined when the excitation
allows the natural frequency to be placed at the desired position without exceeding the stress limits.
However, when working with devices with low damping or large excitation, an objective function in the
form of NPD/o 4, allows the algorithm to decrease the stresses as much as possible. Thus, the designer
can implement mitigation techniques to reduce the possibility of failure by adding a damping or mechanical
stopper after the optimization algorithm is complete.
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PIEZOELECTRIC ENERGY HARVESTER
EQUATION

To write the power equation of an energy harvester, let us begin with an equilibrium analysis,
where the governing equations can be written in terms of (DUTOIT; WARDLE; KIM, 2005),

&4 2Cnwnt + wﬁx — wgdggvt = —dyp, (A1)
and
ReqCpVi + Vi + Meq Reqdasw2i = 0, (A.2)

where R.q is the parallel resistance of the load and piezoelectric leakage resistance, and m.q is the equivalent
mass of the one DoF system. Assuming harmonic base excitation and making some simplifications, the
voltage per acceleration can be written as

v

Tp

_ meqReqd33an <A3)

VI = (14 2607) 92 + (14 52) 192 + 26,0 — 73]

2 2
where () = w/wI” r = wn}%OqC'p7 and ]{;g = lﬁ?}%g = 33%353%3' Using the relation P = VQ/R it is possible to

write the power at the restive load connected to the EH,

P out

(iv)?

B meql/wnrkgReq/RlQ2
[1— (14 26ur) 92 + [(1 + k2) 7 + 260 — Q3>

(A.4)

Interestingly, by isolating V; from Equation A.2 and using Equation A.1, it is possible to derive an
equation that highlights the effects of the piezoelectric coefficient on the movement equation,

2.3
Meq Reqd3swy,

i o (e
a:—l—(f—i— 5

) W + wir = — (i + wﬁdggReqCth) ) (A.5)
In this form the equation highlights,

(gm i meqRe2qd§3w§> : (A.6)

as a form of equivalent damping ratio, where a higher ds3 increases the damping of the movement of the
mass.
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Huicong Liu et al. (2012a) took a similar approach but highlighted the stress in the piezoelectric
film in the equilibrium equation, where the Equations A.1 and A.2, would take the form,

d
Mo + b + kapt + LV, = —mii, (A7)
Pz
and
zod31ty, | 1 .
— Vi =W, A8
c X Rle t ty ( )

where by, is the mechanical damping coefficient of the one DoF system, kg, is the equivalent spring constant
of the one DoF system, z; is the ratio of vertical force to stress in the piezoelectric layer, zo is the ratio of
stress in the piezoelectric layer to vertical displacement of the seismic mass. This way, assuming harmonic
perturbation, the voltage per acceleration takes the form,

z2d31tps
Py [t 1 - 2 26w ' (4.9)
i, [Rlcpwg - (Rlcp + 2§wn) aﬂ] 1w [wg (1+k3) + 5o — uﬂ}

v —jw

Assuming that w matches the natural frequency, the power equation can be written in the form,

2
_ %ﬁRlcg (22d3;1tpz> (A 10)
2 (RiCpwn)” (462 + k41) + RiCpdwnkd; +4€2 '

—_

P
Fv)
T,
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MESH ANALYSIS OF COMSOL MODELS

The element type nomenclature used in this work follows the illustration presented in Figure B.1.
This illustrates the node placement and the shape of several second-order elements. The black, white,
and gray nodes are all present in the Lagrangian elements, whereas the gray nodes are removed from the

Serendipity.
2D Elements

Triangular Rectangular Prismatic
3D Elements

Tetrahedral Pyramidal Hexahedral

Figure B.1 — Visualization of node placement in second-order elements (Obtained from COMSOL Multiphysics®)
(2021)).

The meshes in Figure B.2 were used to identify whether the models used during the optimization
of the MEMS cantilever were acceptable. The mesh with the maximum element size L./10 was used during
the DE optimizations, and the mesh used in the second step optimization (NM or SO) was the mesh with
L./30 element size. The original mesh (used in DE) had second-order serendipity prismatic elements.
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-200, -200,
vix
(a) L./10 prismatic element. (b) L./20 prismatic element.
2 2
%x10% um %x10% um
0
2 -2
-200, 200,
6 6
4 4
2 2 x10° fm 2 2 x10% um
Y x 0 Yix 0
(¢) L./30 prismatic element. (d) L./40 prismatic element.

Figure B.2 — Different meshes used in the mesh analysis.

The critical features that must be validated to analyze the convergence are the natural frequency,
power amplitude, and von Mises stress amplitude. Figure B.3 shows the effects of introducing five elements
on the thickness of the piezoelectric material or three elements on the thickness of the cantilever. However,
no significant changes were observed.

102 g E
W ]
E L N
= 10' E
E - — L./10 2° order Lagrange elements | |

- —— Introduction of 3 el. on cantilever ]

100 F —— Introduction of 5 el. on piezoelectric ~

L | I I

| | T T
58 58.5 59 59.5 60 60.5 61 61.5 62
Frequency [Hz|

Figure B.3 — Power per frequency comparison between different element discretizations along the thickness of the
piezoelectric and the beam.

Figure B.4 shows the change in power as a function of frequency with a change in the maximum
element size over the cantilever. The corresponding number of degrees of freedom for each model is 20595
for L./10 serendipity, 26499 for L./10 Lagrange, 93453 for L./20 Lagrange, 207447 for L./30 Lagrange,
and 359793 for L./40 Lagrange. The error in the natural frequency between the original mesh and the
L./40 Lagrange mesh power was approximately 0.6%. However, the amplitude did not change significantly.
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E | \
100 B .

L I I I I I I I ]

58 58.5 59 59.5 60 60.5 61 61.5 62

Frequency [Hz|

Figure B.4 — Power per frequency comparison between different element discretizations along the length and width
of the beam.

So far, the elements used in this analysis are all second-order prismatic; Figure B.5 shows different
order Lagrange elements. The correspondent number of degrees of freedom of each model is: 26499 for
L./10 quadratic, 77550 for L./10 cubic, 173427 for L./10 quartic, 359793 for L./40 quadratic. There is a
discrepancy between the fourth-order elements and the third-order elements, but the fourth-order elements
seem to converge with L./40 second-order element mesh. This suggests that the third-order elements are
artificially reducing the stiffness of the model. The fourth-order elements appear to validate the results of
the L./40 second-order mesh.

Figure B.6 shows the von Mises stress field on the piezoelectric material along with the maximum
and minimum values. The error in terms of the von Mises stress magnitude between the original mesh and
the L./40 2° order Lagrange mesh is approximately 1.9%. The stress does not monotonically converge to a
value, primarily because of the simulation’s frequency discretization of 0.1 Hz. Overall, the error was still
low. In addition, the same pattern was observed in the stress field for higher-order elements in Figure B.7.

F T T T T T T T 3
) i — L./10 2° order lagrange | |
S 1071 —— L./10 3° order lagrange | |
o i — L./10 4° order lagrange |
el i L./40 2° order lagrange | |
— 10' F E
= I |
= i 1
E [ -

100

E | | | | | | | .

58 58.5 59 59.5 60 60.5 61 61.5 62

Frequency |[Hz|

Figure B.5 — Power per frequency comparison of different element order.
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(a) L./10 2° order serendipity. (b) L./10 2° order Lagrange.
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Figure B.6 — Von Mises Stress field on frequency with maximum power output.
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Figure B.7 — Von Mises Stress field on frequency with maximum power output for different order element.
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OPTIMIZATIONS BOUNDARIES

This appendix presents the optimization box-constraints for all optimizations in this work, which
were not presented in the text. Specifically, the devices presented in Section 4.1 (Tables C.1 to C.4), Section
4.2 (Tables C.5 and C.6), and Section 4.5 (Tables C.7 to C.9).

Table C.1 — Box-constraints of cantilever in preliminary optimization.

Parameter = Lower boundary Upper boundary

Wem  [1m] 500 3000
W.  [nm] 500 3000
W,.  [nm] 500 3000
W.  [nm] 500 3000
Len  [nm] 500 3000
L. [um] 500 5000
L,.  [um] 500 5000
Lg  [nm] 500 5000
D,. [um] -300 1500
Do [nm] -300 1500
Rivwa |9 102 106

Table C.2 — Box-constraints of trampoline in preliminary optimization.

Parameter Lower boundary Upper boundary
Wem [m] 500 3000
Wy (i=1,...,4) [pm] 500 3000
Lgm, [pm] 500 3000
Ly; (i=1,..,4) [pm] 500 3000

R [ 102 106
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Table C.3 — Box-constraints of flower in preliminary optimization.

Parameter Lower boundary Upper boundary
Te [pm] 200 1000
Opi (i=1,..,4) [°] 15 90
Ly; (i=1,...,4) [pm] 400 3000
Lgpm, (i=1,...,4) [pm] 500 3000
Rivad Q] 10? 10°

Table C.4 — Box-constraints of cantilever array in preliminary optimization.

Parameter Lower boundary Upper boundary
Wemi (i=1,..,6) [pm] 400 1400
Lgpm,; (i=1,...,6) [pm] 1500 5000
Wi (i=1,..,6)  [pm] 400 1400
Lc.; (i=1,..,6) [nm)] 1500 5000
Rioad (] 104 107

Table C.5 — Box-constraints of area B MEMS optimization.

Parameter = Lower boundary Upper boundary

Wem  [nm] 500 2750
W,  [nm] 500 2750
Wiy [nm] 0 500
W,.  [um] 500 2750
We  [pm] 500 2750
Lem  [nm] 2500 4500
Ly [pm] 500 2000
Ly.  [um] 500 2000
Lo [pm] 500 2000
R, [Q] 10* 108

Table C.6 — Box-constraints of area D MEMS optimization.

Parameter = Lower boundary Upper boundary

Wem  [m] 500 2250
W,  [um] 500 2250
Wiy [nm] 0 500
W,.  [um] 500 2250
W [um] 500 2250
Low  [pm] 2500 5000
Ly [um] 1000 3000
Ly,  [um] 1000 3000
La  [pm] 1000 3000

R, [Q] 10* 108
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Table C.7 — Box-constraints of all PIEZO.COM devices optimizations.

Parameter = Lower boundary Upper boundary
Ly [nm] 4000 10000

Wsm  |nm] 4000 10000

Tom  [nm] 4000 10000

Ly [nm] 4000 10000

Wy [im] 1000 8000

Wiy [nm] 0 5000

R, Q] 103 107

Table C.8 — Box-constraints of all STEMINC devices optimizations.

Parameter  Lower boundary Upper boundary

Lgy  [nm] 2000 24500
Wem  [nm] 2000 10000
Tsm  [nm] 2000 7000
Ly [nm] 1000 23500
Wy [nm] 1000 10000
Wiy [nm] 0 5000
R Q] 103 108

Table C.9 — Box-constraints of MFC device optimization.

Parameter  Lower boundary Upper boundary

Lgp,  [pm] 2000 24500
Wem  [nm] 2000 10000
Tom  [nm] 2000 7000
Ly [nm] 1000 23500
Wy [1im] 1000 10000
T. [pm] 100 1000
Ry Q] 103 108
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OPTIMIZATION DOMAIN INVESTIGATION

To further understand how the objective function presented in Equation 4.9 behaves, surface plots
were generated using the MEMS D, simultaneously varying a pair of parameters. Hence, the Figures D.1
to D.10 are presented below.
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Figure D.1 — Surface plot of objective function with varying parameters Ly, and L,.
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Figure D.2 — Surface plot of objective function with varying parameters Lj, and Le.
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Figure D.3 — Surface plot of objective function with varying parameters Ly, and Ly,.
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Figure D.4 — Surface plot of objective function with varying parameters Ly, and Ly,.
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Figure D.5 — Surface plot of objective function with varying parameters Wy, and L.
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Figure D.6 — Surface plot of objective function with varying parameters Wy, and 6.
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Figure D.7 — Surface plot of objective function with varying parameters Wy, and Wj,.
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MONOSTABLE BROADBAND TECHNIQUE

Huicong Liu et al. (2012b) developed a monostable nonlinear device cantilever type, whose nonlin-
earity is introduced via a mechanical stopper. Thus, when in contact with the stopper, the seismic mass
introduces hardening to the system that consequently “pulls the natural frequency up,” creating a broad-
band effect. Figure E.1 illustrates the effect on the relative motion of the PVEH’s seismic mass. It can be
highlighted the existence of the “stable cure,” e.g., the curve that represents the displacement amplitude of
the PVEH only when an up-frequency sweep excitation sweeps the device.

Stage | Stage Il Stage |

No stopper
—— One-side stopper|
- =A- - Stable curve

—_
[¢)]

Relative motion(mm)

20 30 40 50
Frequency(Hz)

Figure E.1 — Illustration of the effect of a mechanical stopper non-linear system (Obtained from Huicong Liu et al.
(2012D)).

Together with this device, Huicong Liu et al. (2012b) developed a 1-degree-of-freedom analytical
model for a seismic mass subject to an upper and lower mechanical stopper at the d; and —dy positions,
respectively. The displacement amplitude = for this problem is governed by the following transcendent

equation:
0t = X7 + X2 (E.1)
Where

X1 = — 2£0$Q7T — Qlfll'ﬂ (7T — 2@1 — sin 2@1)
— Qo8ox (T — 209 — 8in 2¢9) ,
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and

1
Xo =mz (1 - Q%) — 59%:5 (21 — sin2p; — )
X (E.3)
+ 59%9@ (22 — sin 29 — ) + 2QfA1 cos 1 + 2Q§A2 oS P2,

where @1 = sen™'(A;/z) and py = sen"!(Ay/x) are the phase angle at which the seismic mass meets
the upper and lower mechanical stoppers, respectively. Also, A; = dj/zy,, 0 = wi/wn, W2 = ki/Meq,
26iw; = bi/Mmeq where the subscript i identifies whether the property belongs to the mass-spring-damper
system (0), the upper mechanical stopper (1) or the lower mechanical stopper (2), where k; is the stiffness,

and b; is the viscous damping constant.

Figure E.2 presents the validation of the analytical model of Huicong Liu et al. (2012b,a), where
"S" and "E" represent the simulation results (which make use of the Equation E.1 ) and the experimental
results, respectively. P1, P2 and P3 represent different height levels between the seismic mass and the
stopper, being 1.7 mm, 1.2 mm, and 0.7 mm, respectively. From this result, we can verify that the lower
the height of the stopper, the lower the maximum power, but the more significant is the bandwidth increase.
Therefore, it is necessary to correctly set the height of the stopper to optimize the ratio between maximum
power and bandwidth.

Load rms voltage (mV)

Frequency (Hz)

Figure E.2 — Experimental result from Liu’s et al. monostable device (obtained from (LIU, H. et al., 2012a)).

This mathematical model was implemented to predict the increase in bandwidth that MEMS
devices could operate working with a mechanical stopper. Figure E.3 and E.4 show the normalized power
curves of MEMS D and MEMS-free using a mechanical stopper with a spacing of 1.4 mm and 0.67 mm,
respectively. The 1 DoF mathematical model representation of the COMSOL model was obtained by curve-
fitting the seismic mass displacement. Variables such as mechanical stopper damping and natural frequency
were assumed to be equal to those used by Huicong Liu et al. (2012b). The total bandwidth obtained by
the mathematical model of MEMS D was 4.1 Hz (defined by the difference of the frequencies where the
maximum von Mises stress was reached in the piezoelectric material), where the original bandwidth was
2.6 Hz (defined the same way). For MEMS free, the bandwidth was increased from 3.2 Hz to 7.1 Hz; in
this case, the bandwidth was defined using the half power band. Therefore, the increase in the band occurs
at the cost of maximum power. If the band is defined by the 10 ptW mark, the increase was from 4.9 Hz
to 5.5 Hz. Using a fixed power value (or stress like with MEMS D) can better reflect the band widened by
the mechanical stopper.
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Figure E.3 — Comparison of normalized power of COMSOL model MEMS D without stopper and mathematical
model of monostable broadband technique with movement limited by mechanical stopper.
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Figure E.4 — Comparison of normalized power of COMSOL model MEMS free without stopper and mathematical
model of monostable broadband technique with movement limited by mechanical stopper.
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