
 

ABSTRACT 

HU, JINGZHEN. Optimal Design of Vibration-based Energy Harvesting Systems using 
Magnetostrictive Material (MsM). (Under the direction of Dr. Alex Q. Huang and Dr. Fuh-
Gwo Yuan.) 
 

Wireless sensor networks are being used increasingly in wide variety of applications 

to monitor the surrounding environment. To realize the full potential and autonomy of such 

sensor networks, the sensor nodes should be able to operate without frequent repair or 

replacement. Because of the lifetime and energy capacity limitation of electrochemical 

batteries, finding an alternative energy source has been a topic of great interest lately. Since 

vibrations occur in most structures, harvesting energy from the ambient vibrations is a 

promising way to power wireless sensor networks. 

In this research work, optimal energy harvesting systems using magnetostrictive 

material (MsM) are designed to power the Wireless Intelligent Sensor Platform (WISP), 

developed by North Carolina State University. Compared with the piezoelectric material 

based harvester, MsM is more flexible, has an inherent low natural frequency, and it provides 

almost unlimited number of vibration cycles. A linear MsM energy harvesting device was 

modeled and optimized for maximum power output. The conversion efficiency, converting 

from magnetic to electric energy, is approximately modeled from the magnetic field induced 

by the beam vibration. From the measurement, the open circuit voltage is 1.5 V when the 

MsM cantilever beam is operating at the 2nd order natural frequency 324 Hz. The AC output 

power is 0.97 mW and power density 279 µW/cm3. Since the MsM device has low open 

circuit output voltage characteristics, a full-wave quadrupler was designed to boost the 

rectified output voltage. To implement complex conjugate impedance matching between load 



 

and the MsM device, a discontinuous conduction mode (DCM) buck-boost converter was 

designed. From the measurement of the prototype interfacing circuit and optimized linear 

MsM energy harvester, the maximum output power after the voltage quadrupler is 705 µW 

and power density is 202.4 µW/cm3, which is comparable to the piezoelectric energy 

harvesters in the literature. The output power delivered to a lithium rechargeable battery is 

around 630 µW and is independent of the load resistance. 

The above linear device is most effective when the input vibration frequency closely 

matches the natural frequency of the device. The output power from such energy harvesters 

falls off very quickly even if there is a slight mismatch between the natural frequency of the 

device and the input vibration frequency. In most of the environments, depending on the 

operating conditions, the frequencies of the driving vibration are random or may change over 

time. In order to extract more energy from such vibrations, the energy harvester should have 

sufficient bandwidth to cover peak power frequencies of the input vibrations. A nonlinear 

MsM based energy harvester is proposed in this work. The cubic nonlinearity of the 

clamped-clamped buckled beam makes wideband design possible. Since MsM is flexible, it 

is feasible to use MsM on a buckled beam. The governing equations for the buckled MsM 

energy device are derived using extended Hamilton’s principle. A single-mode Galerkin 

approximation is used to discretize the nonlinear partial-differential equation and to obtain an 

ordinary-differential equation with respect to time only. The dynamic equations for the 

nonlinear energy harvester are solved using numerical methods and the simulation results 

confirmed that the nonlinear energy harvester has a much wider bandwidth compared with 

the linear energy harvester. The experiment was carried out for the nonlinear MsM energy 



 

harvester built using Metglas 2605SA1. The relationship between the axial load and the 

important parameters such as the resonance characteristics, the bandwidth, and the power 

output to a resistive load were measured and discussed for the prebuckled and buckled beam.   
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CHAPTER 1  

INTRODUCTION 

Technological advancements in the field of semiconductor fabrication process and 

micro electro-mechanical systems (MEMS) have led to the proliferation of wireless sensors. 

Wireless sensors continually or intermittently monitor the surrounding environment to gather 

useful information and transmit that information to a remote base station using radio 

frequency (RF) transmission for further processing. Because of their small size and wireless 

communication capability, networks formed by wireless sensor nodes play a significant role 

in the structural health monitoring of civil infrastructures, aircrafts, process control systems, 

temperature monitoring in buildings, military surveillance, personal tracking devices, 

industrial process monitoring, environment and habitat monitoring, healthcare applications, 

home automation, traffic control, and so on. Such pervasive networks of wireless sensors 

significantly impact society and create large market opportunities. For these networks to 

achieve their full potential and autonomy, the source of power supply is an important 

consideration.  

1.1 Power Supply of Wireless Sensor Network 

Since the surrounding environment of sensor nodes does not usually change rapidly, 

such sensor nodes can be put in standby mode for the majority of their lifetime. The low duty 

cycle operation of sensor nodes means that the power requirement of sensor nodes is 

relatively low, typically less than 1 mW (Roundy et al., 2005a). This low power supply 

demand can be met using any of the following three methods: 



2 

• Use local energy source such as battery 

• Transmit power to the sensor from an active source using RF radiations 

• Extract power from the surrounding environment to make sensors self-

powered 

The storage capacity of batteries has increased significantly in recent years. However, 

the energy density of batteries is still the slowest growth trend in the mobile computing field 

(Paradiso and Starner, 2005). The storage capacity trend may tend to flatten out over time. 

Ongoing research is to use alternative fixed energy sources such as micro fuel cells, heat 

engines and radioactive elements, which have much higher storage capacity than batteries.  

Output power from methanol fuel cells and hydrocarbon fuel based micro heat 

engines is typically between 1-10 W, much higher than the power requirement needed for 

wireless sensors (Roundy et al., 2004a). Considering the small footprint of the sensor nodes, 

storage of this large energy at the sensor node may not be feasible. In addition, the use of fuel 

raises potentially harmful issues such as heat and noise. Radioactive materials can be used to 

charge batteries for a long time, on the order of decades (Roundy et al., 2004a). However, 

their power output is very low and the disposal mechanism for such materials is complex. 

Therefore, these energy sources are not well suited for wireless sensor network application. 

Furthermore, all of the abovementioned sources are fixed energy sources, which still need 

recharging albeit less frequently than the conventional batteries. 

Power can also be transmitted to the sensor nodes from a nearby energy source using 

RF radiations. This technique is commonly used in radio-frequency identification (RFID) 

systems, where ID tags receive energy to run electronics from the nearby tag reader 
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(Friedman et al., 1997; Hitachi 2003). The amount of energy that can be transmitted is 

restricted by the Federal Communications Commission (FCC) (FCC, 2002a, 2002b) 

regulations in order to protect the personnel in the vicinity of the energy source from 

exposure to radiation. As pointed out in (Roundy et al., 2004a), the amount of the RF 

radiation needed to power the entire sensor network would be high enough to raise safety 

concerns. 

All the methods discussed thus far are based on transferring energy from a source, 

with fixed amount of energy to the sensor. As a result, the lifetime of the sensor node is 

constrained by the lifetime of the energy source used. Replacement or repair is needed 

whenever the energy source is depleted. In case of batteries, the replacement could be needed 

as frequently as once every year. However wireless sensors, for example used in structural 

health monitoring may require dense distribution thus large number of sensors are normally 

needed. Replacement of a large quantity of batteries is a heavy and expensive task. For the 

wireless sensors which are placed in very remote locations such as global positioning system 

(GPS) tracking devices on animals in the wild, replacing batteries becomes impossible 

(Sodano et al., 2004). Moreover, the deployment of wireless sensors cannot interfere with 

routine operation such as transportation in a bridge or affect the building’s structure. The 

replacement of batteries for structural health monitoring can be dangerous and may interfere 

with the building’s normal operation.  

In order to realize the true potential of the wireless sensor network, it is desirable to 

have sensor nodes which can survive in their environment without a need for frequent 

interventions or maintenance. This leads to the idea of harvesting energy from the 
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surrounding environment to power sensor and to eliminate the need for battery replacement 

all together.  

1.2 Energy Sources for Harvesting 

In theory the energy source harvested from the surrounding environment has an 

infinite lifetime. Some of the available ambient energy sources include thermal, vibration, 

light, fluid-flow, etc. The energy sources available to power the wireless sensors are listed in 

Table 1.1. 

1.2.1 Solar Energy 

Ambient light is perhaps the most widely used energy source for harvesting so far. 

Solar cells have been used to power a number of commercial products such as calculators, 

battery chargers, wrist watches, and PDAs. The conversion efficiency of solar cells is 

relatively low, between 10-20% (Lee, 2001; Paradiso and Starner, 2005; Randall, 2003). The 

amount of energy produced in overcast conditions and indoors is much less than that in 

bright sunlight. Solar cells produce around 100 mW/cm2 in direct sunlight and about 100 

μW/cm2 in illuminated office (Paradiso and Starner, 2005; Roundy et al., 2004a). Thus, 

availability of consistent bright sunlight is the major requirement for solar energy based 

harvesting techniques. If wireless sensors are located in areas such as tunnels, underground 

or need to operate at night then sufficient light cannot be guaranteed. Thus solar energy is not 

a good choice to power these wireless sensors. 
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Table 1.1 Energy and power sources comparisons (Roundy et al., 2005a) 

Power source 
Power 

(µW)/cm
3 

Energy 
(Joules)/ 

cm3

Power 
(µW)/cm3

/yr

Secondary 
storage 

needed?

Voltage 
regulatio

n 

Commerc
ially 

available

Primary battery N/A 2,880 90 No No Yes

Secondary 
battery N/A 1,080 34 N/A No Yes

Micro fuel cell N/A 3,500 110 Maybe Maybe No

Ultracapacitor N/A 50-100 1.6-3.2 No Yes Yes

Heat engine 1E6 3,346 106 Yes Yes No

Radioactive 
(63Ni) 0.52 1,640 0.52 Yes Yes No

Solar (outside) 15,000* N/A N/A Usually Maybe Yes

Solar (inside) 10* N/A N/A Usually Maybe Yes

Temperature 40*† N/A N/A Usually Maybe Soon

Human power 330 N/A N/A Yes Yes No

Air flow 380‡ N/A N/A Yes Yes No

Pressure 
variation 17§ N/A N/A Yes Yes No

Vibrations 375 N/A N/A Yes Yes No
* Measured in power per square centimeter, rather than power per cubic centimeter. 
† Demonstrated from a 5 ºC temperature differential. 
‡ Assumes an air velocity of 5 m/s and 5 percent conversion efficiency. 
§ Based on 1 cm3 closed volume of helium undergoing a 10 ºC change once a day. 

 



6 

1.2.2 Temperature Gradients 

Energy can be harvested from heat transfer that occurs between two objects at 

different temperatures. Thermoelectric generators comprising of thermopile arrays have been 

designed to power mechanical products such as Seiko Thermic wristwatch (Roachman, 

2003), which runs its mechanical clock movement from the difference between human body 

temperature and ambient temperature. 

The maximum heat power available to be harvested from a temperature difference 

TΔ  can be estimated by LTkq /' Δ= , where k is the thermal conductivity of the material and 

L is the length of the material through which the heat is flowing (Roundy et al., 2004). The 

efficiency of thermoelectric generators is directly proportional to the temperature difference 

between the two objects. The maximum efficiency of the thermoelectric generator is limited 

by Carnot efficiency given by 

 
HH

LH

T
T

T
TT Δ

=
−

=η  (1.1)

where TH and TL are the high and low temperatures across the thermoelectric generator. 

Therefore, the amount of harvested energy is limited for low temperature differences. Since 

the thermal gradient across the tiny surfaces is very small, the amount of energy obtained 

using thermoelectric conversion is generally not enough to power wireless sensor nodes in 

temperate environments (Paradiso and Starner, 2005). 
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1.2.3 Ambient Electromagnetic Power 

The vast network of radio transmitters spread across major cities provides an 

alternative to extract power from ambient RF radiations. The amount of harvested energy 

depends on the electromagnetic (EM) field strength, size of the receiving antenna and the 

distance from the transmitter. Large antenna size and proximity to the radiation source are 

the major requirements to obtain power from ambient radiations. Even under these two 

conditions, the power extracted is still limited to tens of microwatts (Paradiso and Starner, 

2005). Because of the low electric field strength, energy harvested from ambient radiations is 

insufficient to power a sensor. 

1.2.4 Ambient Airflow 

An energy harvesting device can be placed in the path of airflow to extract part of 

total kinetic energy of the flow. The well known example of such an energy harvesting 

device is the wind turbine. The amount of power that can be extracted is given 

by 31
2 PP C AUρ= , where Cp is the power coefficient (Cp < 1) and its theoretical maximum, 

the so-called Betz limit is 0.593 (Douglas et al., 2005). ρ is airflow density and 

approximately 1.22 kg/m3. A is the cross sectional area of energy extraction device and U is 

the airflow speed. 

Energy extracted from small-scale wind turbines is limited due to small power 

coefficient (Cp < 0.5), high viscous forces and bearing losses due to friction. A power density 

of 750 µW/cm2 was achieved using an airflow speed of 5m/s and air density of 1.2 kg/m3 

(Mitcheson et al., 2008). Due to cubic dependence on the airflow speed, the power density 
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falls off rapidly at low flow rates of 1 m/s. Therefore, an airflow-based harvester is very 

suited for places with high ambient flow rates like air-conditioning ducts, fan rotors and 

moving vehicles. 

1.2.5 Mechanical Vibrations 

Vibrations occur commonly in many structures, buildings, and other environments. 

The amount of energy contained in mechanical vibration depends on the vibration frequency 

and amplitude. Kinetic energy from mechanical vibrations is usually extracted using 

oscillations in a proof mass, which is tuned to the fundamental vibration frequency. The 

extracted energy is then converted into electrical form using suitable electromechanical 

conversion mechanisms. Examples of vibration based energy harvesting devices are the self-

winding watches, such as the Seiko AGS, and shake-driven flashlights (Mitcheson et al., 

2004; Vetorino et al., 2001).  

Roundy et al. (2005a) developed a 1 cm3 prototype design that produced 375 µW of 

power from 2.5 m/s2 vibrations at 120 Hz. In general, power densities in the range of 50-400 

µW/cm3 have been achieved. These levels of power density are well suited for wireless 

sensor node applications. 

1.2.6 Human Motion 

Harvesting energy from daily human activities, such as walking, is particularly 

appealing for wearable electronics. Researchers at MIT Media Lab (Paradiso and Starner, 

2005) have developed running shoes that harvest energy from heal strike. An average power 

of about 8.3 mW was reported from the heal strike. While the amount of extracted power is 
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high, the prototype devices tend to be bulky and heavy. In addition, transmitting the power 

from person’s heel to other parts of the body is still challenging.  

It is clear from the above discussion that there is no single source of energy that can 

be used in all applications. Each energy source has its own requirements, limitations and 

advantages over the remaining. Many works (Moll and Rubio, 2000; Roundy et al., 2003, 

2004a, 2004b; Starner, 1996; Starner and Paradiso, 2004) have discussed the relative 

advantages and disadvantages of the different energy sources. Careful evaluation of a sensor 

network’s power requirement, harvesting device size constraints, operating conditions and 

surrounding environment is needed before selecting an appropriate energy source for 

harvesting. 

In general, mechanical vibrations and ambient sunlight are the most readily available 

energy sources. The structural health monitoring application of the wireless sensor network 

considered in this work may deploy sensors at locations such as bridges, wooden platforms 

and even underground. Consequently, it was deemed to investigate use of mechanical 

vibrations as an energy source for harvesting.  

1.3 Sources of Mechanical Vibrations 

Roundy et al. (2003) and Leland et al. (2004) have summarized a wide variety of 

commonly found vibrations. The results indicate that most of the vibrations that occur in 

office buildings and household equipments exhibit fundamental vibration frequencies well 

below 200 Hz. Hence, these vibrations can be classified as low level mechanical vibrations. 

Table 1.2 presents a list of commonly occurring vibration sources. 
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Table 1.2 Sources of mechanical vibrations (Roundy et al., 2003; Leland et al., 2004) 

Vibration Source Accelerati
on (m/s2) 

Frequency 
(Hz) Vibration Source Accelerati

on (m/s2) 
Frequency 

(Hz) 
Car engine 

compartment 12 200 HVAC vents in 
office buildings 0.2-1.5 60 

Base of 3-axis 
machine tool 10 70 Windows next to a 

busy road 0.7 100 

Blender casing 6.4 121 CD on notebook 
computer 0.6 75 

Clothes in dryer 3.5 121 Second story floor 
of busy office 0.2 100 

Persons nervously 
tapping heels 3 1 Wooden deck with 

people walking 1.3 385 

Car instrument 
panel 3 13 Bread maker 1.03 121 

Door frame just 
after door closes 3 125 Washing machine 0.5 109 

Small microwave 
oven 2.5 121 Refrigerator 0.1 240 

 

Two important characteristics of vibrations: maximum acceleration magnitude of the 

vibration and the vibration frequency at which the maximum acceleration occurs, need to be 

considered while selecting a vibration source for energy harvesting. Because of the low 

acceleration magnitude of the ambient vibration, most of the energy harvester devices have to 

be designed to resonate at the input vibration frequency to maximize the output power. At 

low vibration frequencies, it is very difficult to achieve resonance without increasing device 

size substantially (Roundy et al., 2003). The amount of harvested energy directly depends on 

the acceleration magnitude of the input vibration (Roundy et al., 2003). Vibrations occurring 

in a wooden deck when people are walking around or the car engineer compartment were 

chosen for energy harvesting purposes in this work.  
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1.4 Vibration to Electrical Conversion Mechanisms 

M

ce+cm

K z(t)

y(t)

 

Figure 1.1 Schematic of a vibration to electrical converter 

William and Yates (1995) have proposed a generic model for vibration to electrical 

energy converter. The converter is modeled as a single degree of freedom mass-spring-

damper system as described in Figure 1.1. In such a system, the damper represents loss of 

mechanical energy. In a vibration based energy harvester, since the energy converted to 

electrical form is the loss of kinetic energy from the mechanical system, the conversion 

mechanism can be treated as an electrical damping effect on the mechanical system. 

Consequently, the equivalent mass spring damper system can be expressed by the following 

equation  

yMKzzcczM me &&&&& −=+++ )(  (1.2)

where M is the vibrating effective mass 

y is the input displacement due to vibration 

z is the spring deflection opposing the input displacement 

ce is the electrical damping coefficient 

cm is the mechanical damping coefficient; K is the spring constant. 
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The electrical power converted from the mechanical system is equal to the electrical 

damping loss of the mechanical system by ce. The harvested electrical power can be 

expressed as (Roundy et al., 2004) 
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where meT ζζζ += is the combined damping ratio, and eζ , mζ are the electrical and 

mechanical damping ratio. The relation between the damping ratio and damping coefficient 

is ζωnMc 2= . If the device is designed to resonate at the natural frequency nω , i.e. nωω = , 

the electrical power can be maximized to 
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where YA n
2ω=  is the acceleration magnitude of input vibrations. 

Energy is converted whenever work is done by the input vibration force against the 

electrical damping force. The electrical damping effect is achieved using an 

electromechanical transducer. Such a transducer can be implemented using one of the 

following four conversion mechanisms: electromagnetic converter, electrostatic converter, 

piezoelectric converter and magnetostrictive converter. 
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1.4.1 Electromagnetic Converter 

The electromagnetic converter operates on Faraday’s law of induction which states 

that relative motion of an electric conductor in a magnetic field induces voltage and causes 

current flow in the conductor. Figure 1.2 shows an electromagnetic converter setup used by 

Amirtharajah and Chandrakasan (1998). 

 

Figure 1.2 Electromagnetic generator used by Amirtharajah and Chandrakasan (1998) 

The converter uses a permanent magnet to create magnetic field. A coil is wound 

around a mass to pick up voltage induced from the relative motion of the mass in the 

magnetic field. According to Faraday’s law, the induced voltage is directly proportional to 

the rate of change of magnetic flux associated with the coil. The maximum open circuit 

voltage across the coil when it moves perpendicular to the magnetic field direction is given 

by 

dt
dyNBlVoc =  (1.5)

where N is the number of coil turns 
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B is the magnetic field strength 

l is the length of one coil turn 

y is the distance that the coil moves through the magnetic field 

The generator shown in Figure 1.2 was designed for low power signal processing 

application. The best-case estimate of average output power was 400 µW mentioned in 

Amirtharajah and Chandrakasn (1998). The maximum output voltage of this converter was 

only 180 mV.  

Many research groups have contributed to design of the electromagnetic converters. 

The first electromagnetic converter was presented by Williams and Yates (1995) and the 

dynamic equation of motion, Eq. (1.2), was developed. Williams et al. (2001) designed 

micromachined electro-magnetic generator that produced 0.35 µW of output power when 

excited with 4 MHz vibration. The equivalent circuit of the mass-spring damper system is 

used at the first time. The low output power was due to large mechanical damping, spring 

stiffening and low electromechanical coupling. Because of the low output voltage of the 

electromagnetic converters, a group of researchers (Li et al., 2000) used a voltage quadrupler 

circuit to boost the voltage over 2 V. Their laser-micromachined vibration-induced power 

generator produced 40 µW of power after rectification, when the input frequency is between 

60 and 120 Hz. It also successfully drove a commercial infrared transmitter at a duty cycle of 

1%. 

Besides using a spring to generate the relative movement of a magnet pole with 

respect to a coil, some researchers use a cantilever beam structure. El-hami et al. (2000) 

presented an improved device that uses four magnetic poles to give two flux paths flowing in 
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opposite direction and doubles the rate of change of linked flux compared with a two-pole 

design. In (James et al., 2004), a self-powered four-pole electromagnetic harvester generates 

2.5 mW for a source displacement amplitude of 0.4 mm and input frequency 102 Hz. A 

voltage doubler circuit is used to drive an infrared communications link. They also reported 

low frequency and optimized electromagnetic converters in (Torah et al., 2006; Saha et al., 

2006). 

In general, the output voltage of electromagnetic converters is low and needs to be 

transformed and multiplied to bring it up to few volts level before driving the load using a 

transformer or a voltage multiplier. When permanent magnets are used, the 

electromechanical generators tend to be large and bulky. The magnetic field strength and the 

number of coil turns that can be achieved in micromachined devices are not enough to 

achieve sufficient output power. Although some wafer-scale implementations of 

electromagnetic converters have been reported (Huang et al., 2003a; Kulah and Najafi, 2004; 

Mizuno and Chetwynd, 2003; Scherrer et al., 2005; Shearwood and Yates, 1997; Williams et 

al., 1996, 2001), it has the limitations on the number of turns achievable with planar coils and 

the restricted amplitude of vibration. It is difficult to integrate this type of device with 

standard microelectronics.  

1.4.2 Electrostatic Converter 

Electrostatic energy converters are essentially variable capacitor structures. As the 

capacitance changes, the energy stored in the capacitor changes. Therefore, mechanical 

energy is converted to electrical energy. In its most simple form, an electrostatic converter 
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consists of two parallel conducting plates separated by a dielectric. The capacitance C is 

given by 

d
lwC oε=  (1.6)

where ε0 is the dielectric constant of the free space, l and w are length and width of capacitor 

plate respectively and d is the distance between the two plates. The schematic of a typical 

electrostatic harvester and its circuit presentation describe by Roundy et al., (2004a) are 

shown in Figure 1.3. 

 

(a)                                           (b) 

Figure 1.3 (a) Schematic of a typical electrostatic harvester; (b) circuit presentation for an 

electrostatic converter (Roundy et al., 2004) 

The energy stored in the dielectric is given by 

C
QCVE

2
2

2
1

2
1

==  (1.7)

where Q is the charge stored on capacitor plates and V is the voltage across the capacitor.  

The electrostatic converters can operate under constant charge condition or constant 

voltage condition. In both cases, movement of the capacitor plates causes the capacitance and 
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voltage or charge to change resulting in conversion of kinetic energy into electrical energy. 

Meninger et al. (2001) provided comparison between constant charge and constant voltage 

operation. A constant-gap variable capacitor was designed at MIT. The capacitor is a MEMS 

structure with interdigitated combs that slide together and apart with input vibration. Roundy 

et al. (2002) has described three different configurations of MEMS based electrostatic 

generators, in-plane overlap, in-plane gap closing and out-of plane gap closing. The in-plane 

gap closing design was shown to have the highest power density of around 100 µW/cm3 

when it is subjected to a vibration source of 2.25 m/s2 at 120 Hz.  

The output voltage of electrostatic converters is significantly higher, around 2~7V, 

than the electromagnetic converters. Furthermore, due to their small size, such converters are 

well suited for integration with microelectronics. MEMS based micromachining techniques 

can be used to fabricate small scale electrostatic generators. Mechanical stops are needed to 

avoid mechanical contact between the capacitor plates.  

One major disadvantage of electrostatic converters is the requirement of external 

voltage to start the conversion process. The generator capacitance needs to be charged up to a 

certain initial voltage before normal conversion can begin. Another disadvantage is that 

mechanical stops must be included in the electrostatic converter to avoid the capacitor 

electrodes contacting and shorting the circuit. 

1.4.3 Piezoelectric Converter 

Many ferroelectric materials, such as lead zirconate titanate (PZT), produce an 

electrical charge when a mechanical strain is applied to them. Their ability to convert 
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mechanical strain into electric charge is called a piezoelectric effect. Piezoelectric converters 

use this effect to transform strain energy into electrical energy. If the converter is connected 

across a load, then a current flows through the load resulting in charge transfer. This 

mechanical and electrical behavior can be expressed using the following set of equations 
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where ε is the applied mechanical strain 

σ is the mechanical stress 

Y is the Young’s modulus of elasticity 

d is the piezoelectric coupling coefficient 

E is the electric field  

D is the charge density 

εs is the dielectric constant 

The piezoelectric coupling coefficient is generally high for ceramic materials such as 

PZT. Such material cannot withstand high strain levels and therefore, piezoelectric material 

is normally mounted as a thin layer on a cantilever beam and a vibrating proof mass is 

attached at the free end to reduce the resonant frequency (Mitcheson et al., 2008). Using 

MEMS fabrication process, the thin piezoelectric layer can be deposited on substrates to 

create a small scale converter. 

Because of its simple energy conversion mechanism, piezoelectric converters are 

commonly used for vibration energy harvesting applications. As a result, a lot of research has 
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been carried out on piezoelectric generators to improve their overall performance. Umeda et 

al. (1996) used a piezoelectric vibrator and a steel ball. Energy conversion took place 

whenever the ball strikes the vibrator, which is made up of a plate bonded with PZT. The 

important characteristics of the generator were studied and an equivalent electrical model 

was introduced to simulate the generation mechanism. Elvin et al. (2001) described a strain 

sensor, made from polyvinylidene fluoride (PVDF) film, which was excited by a sinusoidal 

vibration force from a simple-supported plexiglas beam. The energy converted by the PVDF 

film was used to charge a capacitor periodically through a half wave rectifier circuit. The 

energy stored in the capacitor was used to power a RF transmitter which transmits a signal 

each time the capacitor is charged up to a certain threshold. Roundy et al. (2005a) have 

reported piezoelectric converters using PZT bimorph mounted as a cantilever beam. The 

bimorph is made up of two PZT layers mounted on either side of a metal layer. The free end 

of the beam was mounted with a proof mass. Bending of the beam due to mass movement 

produced voltage across the PZT layers due to tension in the top layer and compression in the 

bottom layer. Average power of 120 µW was harvested using 1cm3 generator prototype. 

When using a vibration based energy harvester as an energy source, its instant power 

is not sufficient to drive most electronics. In most cases it is necessary to accumulate a 

significant amount of energy in a power storage element before driving the electronics. Lot 

of research has been carried out to evaluate characteristics of different energy storage 

elements for piezoelectric converters as well as to optimize the energy flow from the 

piezoelectric material to the load. Sodano et al. (2002) compared the performance of a 

capacitor and a rechargeable battery for energy storage. The results indicated that the 
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rechargeable battery had better storage capability. Guan and Liao (2008) compared the 

charge/discharge efficiencies of supercapacitors and rechargeable batteries. It was noted that 

the leakage resistance of the storage device has a major influence on the storage efficiency. 

The paper concluded that the supercapacitors with higher leakage resistance are better suited 

for piezoelectric energy storage applications. 

Although vibrations take place in most of the structures, their potential energy often 

remains very low. How to maximize the power flow from the piezoelectric element is the 

main concern. Mechanical parts constitute an important aspect in design, but previous studies 

have shown that the electrical energy conditioning circuit also has a determinant effect on the 

energy conversion effectiveness (Ottman et al., 2002, 2003; Kasyap et al., 2002; Lefeuvre et 

al., 2005, 2006, 2007). One problem in using piezoelectric converter is that most of the 

energy generated is returned back to the excitation source during the conversion cycle 

(Sodano et al., 2004). For example, in an experiment performed by (Umeda et al., 1996), a 

large part of the energy was returned to the steel ball in the form of kinetic energy 

immediately after the strike, causing the ball to bounce off. To avoid this energy loss, it is 

necessary to use a circuitry to remove that energy from the piezoelectric material and to store 

it in an external storage element. The following research has developed circuits that allow the 

energy to be removed from the piezoelectric in a more efficient way allowing more power to 

be generated. Maximum power transfer theory was applied to a piezoelectric generator by 

Ottman et al. (2002). A circuit was designed to dynamically optimize power flow from the 

piezoelectric device. It was shown that the maximum power transfer to the load occurs when 

the rectified output voltage is equal to half the open circuit voltage of the piezoelectric 
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element. An adaptive controller was used to vary the switching frequency of a DC-DC step-

down converter. Using the control circuit, energy transferred to a battery was found to be 

four times higher than directly charging the battery. However, for generated voltages less 

than 10 V, losses in the control circuit reduced the power transferred to the battery. 

Researchers have also looked at nonlinear methods to improve power transferred 

from the piezoelectric material. Techniques such as impedance adaptation, state-switched 

damping and synchronized switch damping (SSD) (Guyomar et al., 2005; Guyomar and 

Lallart, 2009; Lallart et al., 2008a, 2008b; Lallart and Guyomar, 2008c; Lefeuvre et al., 2005, 

2006) have been used to increase power flow from the piezoelectric material. The SSD 

technique has achieved greater damping forces than the other methods. In this technique, a 

nonlinear device, usually a switch is used to periodically inverse the polarity of the output 

voltage from the piezoelectric generator. The voltage inversion increases the electrical 

damping force on the piezoelectric material. More work that needs to be done against this 

force results in higher amount of converted energy. Guyomar et al. (2005, 2009) have 

presented many different implementations of SSD technique such as serial/parallel 

synchronous switch harvesting using inductor (SSHI), synchronous electric charge extraction 

(SECE), SSHI with low output voltage enhancement (SSHI-MR), SSHI with low bandwidth 

enhancement (hybrid SSHI) and enhancement by combination of SSHI and SECE (DSSH). 

The principle advantage of piezoelectric converters is their ability to generate direct 

high voltage output without any need of startup voltage. In addition since no mechanical 

moving parts are involved, mechanical damping losses are generally very low. The physical 

properties of the piezoelectric material, such as depolarization, charge leakage and low 
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coupling coefficient, are the major performance limiting factors of piezoelectric converters. 

Another disadvantage is the difficulty to achieve the impedance matching. Researchers are 

trying to use complex methods as mentioned by Ottman et al. (2002, 2003) and Guyomar et 

al. (2005, 2009) to increase the output power. 

1.4.4 Magnetostrictive Converter 

Magnetrostrictive materials (MsM) belong to a class of compounds that undergo 

mechanical deformation when subjected to a magnetic field. This effect is called Joule effect. 

Conversely, when the strain is applied to the material, it exhibits change in its magnetic state. 

This effect is called Villari effect. Magnetostrictive converters use Villari effect to transform 

vibration energy into magnetic energy, which is then converted into electrical energy using a 

pick up coil as per Faraday’s law of induction. The linearized material behavior can be 

expressed using piezomagnetic law as follows 

T
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μ σ

ε σ
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where B is magnetic flux density 

µT is permeability under constant stress 

H is magnetic field intensity 

d is piezomagnetic coefficient of MsM 

σ is mechanical stress 

ε is mechanical strain 

sH is elastic compliance under constant magnetic field 
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The magnetostriction coefficient is defined as the fractional change in length of the 

material in response to increase in the magnetization of the material from zero to the 

saturation value (Hyperphysics, 2009). Many ferromagnetic materials such as cobalt and 

nickel exhibit magnetostriction. However, their magnetostriction coefficient is fairly low and 

hence these materials are not suitable for vibration energy harvesting applications. Iron 

Alloys containing rare earth elements such as Dysprosium, Dy, and Terbium, Tb have much 

higher magnetostriction. The most commonly used alloy is Terfenol-D (Tb0.3Dy0.7Fe1.9-2), 

which has the magnetrostriction coefficient of 2000 microstrain. 

Huang et al. (2003b) developed a hybrid energy converter using Terfenol-D and PZT 

material. A 3-layer magnetic field sensor, two Terfenol-D layers mounted on top and bottom 

of a thin PZT layer, was subjected to time-varying magnetic field. Due to its giant 

magnetostriction, Terfenol-D develops large extensional strains in PZT layer, which in turn 

generates higher charge output. When subjected to vibrations of 5 m/s2 at 30Hz, 1.2 mW of 

power was harvested. Wang (2007) proposed use of amorphous Metglas 2605SC alloy for 

vibration energy harvesting. Electromechanical circuit model was presented for MsM based 

energy harvester. Maximum output power was 200 µW when the harvester was excited by 58 

Hz vibrations. The output voltage was only 0.15 V, less than the forward voltage drop of a 

diode. When an 8 layers MsM device is driven by 1.1 kHz vibration, the output power to a 3 

F supercapacitor is 576 µW. 

Unlike piezoelectric material, which needs to be subjected to poling process to exhibit 

piezoelectric effect, magnetostriction is an inherent property of the material. Therefore, MsM 

does not suffer from depolarization or aging and can be subjected to unlimited vibration 
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cycles. Compared with PZT, Metglas material has higher eletromechanical coupling factor 

(0.97 for Metglas 2605SC against 0.3~0.4 for PZT). Metglas is more flexible and therefore, it 

can withstand a much larger amplitude of vibrations than PZT. Higher flexibility makes 

Metglas suitable for mounting on curved structures or in rotating systems. 

It is difficult to integrate magnetostrictive converter with microelectronics since the 

converter uses pickup coil and magnets. Wang (2007) have used transverse annealing 

treatment of Metglas to eliminate need of bias magnetic field. The output voltage of the 

magnetostrictive converter is usually a low thus requiring voltage multiplier circuit. 

1.4.5 Comparison of Energy Converters  

Table 1.3 Comparison of different types of electromechanical energy converters 

Type of Converter Advantages Disadvantages 

Electromagnetic No startup voltage source not 
needed 

Large and bulky 
Low output voltage (< 0.1 V) 
Difficult to implement using 
standard CMOS technology 

Electrostatic 
Suitable for MEMS 
implementation 
high output voltage (2~10 V) 

An external voltage needed for 
startup 
Mechanical stops needed 

Piezoelectric 

Startup voltage source not 
needed 
High output voltage (2~10 V) 
No mechanical moving stops 

Depolarization and Ageing 
Brittle 
Poor coupling in PVDF 
Difficulty in integration with 
standard CMOS technology 

Magnetostrictive 

High coupling coefficient (>0.9) 
Flexible 
Suitable for high frequency 
vibrations 

Pick-up coil is required 
Bias-magnets may be required  
Difficulty in integration with 
standard CMOS technology 
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Table 1.3 summarizes the important advantages and disadvantages of each type of 

converter. Electromagnetic converters are commonly used in large scale energy conversion 

applications such as wind turbines. Electrostatic generators are well suited for integration 

with microelectronics to detect low frequency vibrations, from a few hertz up to kilohertz.  

1.5 Frequency Tunable Converters 

All the energy converters discussed so far are fixed frequency converters. In other 

words, their resonance frequency is determined by the material properties and the physical 

dimensions of the components, such as amount of proof mass used. Consequently, these 

converters are most effective when the frequency of the input vibration source closely 

matches the natural frequency of the device. As pointed out in (Roundy et al., 2003, 2005a), 

the output power from such converters falls off very quickly even if there is a slight 

mismatch between the natural frequency of device and the input vibration frequency. 

Therefore, it is very essential that the natural frequency of the device closely matches the 

vibration frequency. In most environments, depending on the operating conditions, the 

frequency of the driving vibration may change over time. To maintain the same amount of 

power output, the converter should be able to track the input frequency adaptively. This idea 

has led to the design of frequency tunable converters. Frequency tune-ability increases the 

flexibility of the device in different vibration environments and has a potential to build a 

smart device to track the peak power frequency of an unsteady vibration source. The 

frequency tune-ability of a vibration harvesting device can be implemented by controlling the 

effective mass or stiffness. Most of vibration harvesting devices target the stiffness of the 
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compliant component in the literature (Challa et al., 2008; Hu, et al., 2007; Lesieutre and 

Davis, 1997; Leland and Wright, 2006; Morris et al., 2008; Ottman et al., 2002; Roundy et 

al., 2005b; Wu et al., 2007). It is much simpler than changing the device’s effective mass. 

Roundy et al. (2005b) have examined an active frequency tuning method using 

actuators that can tune spring stiffness, mass or damping. The improvement in output power 

(82 µW) was much lower than the power needed to drive the actuator continuously (440 

µW). Therefore, it was concluded that passive methods that can turn off the actuator once the 

frequency was tuned should be used. Leland and Wright (2006) used compressive axial 

preloads on the piezoelectric bimorph to reduce its resonance frequency by reducing its 

stiffness. For frequencies 19-24% below the unloaded resonance frequency, the output power 

was around 65-90% of the nominal value. The drop in output power at lower frequencies was 

attributed to the increase in device damping. Morris et al. (2008) developed an extensional 

mode resonator (XMR), which consisted of a proof mass suspended between two 

piezoelectric sheets. The device’s stiffness is approximately proportional to the square of the 

preloading displacement. Thus the resonance frequency can be set by changing the 

preloading displacement. In the experiment, frequency tuning from 80 Hz to 235 Hz was 

achieved by adjusting screw position that changed tension in piezoelectric sheets. The output 

power calculations showed that power value was independent of the resonance frequency, 

when tuned to the input vibration frequency. Challa et al. (2007) applied magnetic forces to 

alter the overall stiffness of the energy harvesting device. The magnetic force induced an 

additional stiffness, which is positive for repulsive force and negative for the attractive force, 

respectively. Therefore, by using an attractive or repulsive magnetic force, the resonance 



27 

frequency can be shifted to lower or higher frequencies. This bidirectional resonance 

frequency tune-ability enabled resonance tuning to ±20% of the untuned resonance frequency 

and a continuous power output 240-280 µW over the entire frequency range of 22-32 Hz. 

Miao et al. (2006) designed a tunable electrostatic generator using compressible-plates 

capacitor. It used snap-action restoring forces on the proof mass instead of continuous spring. 

Power up to 6 µW was generated from 20 Hz vibration cycle. 

1.6 Wideband Converters 

Both fixed and tunable frequency converters typically have high quality factors and 

low damping ratio. As a result, the optimal operating frequency range of such converters is 

quite narrow. Many low level vibrations are random and wideband in nature. In order to 

extract more energy from such vibrations, the converter should have sufficient bandwidth to 

cover peak power frequencies of the input vibrations.  

The simplest way to increase the bandwidth is to introduce more mechanical 

damping. However, the harvested electrical energy is also reduced. Another way is to 

construct an array of linear oscillators with different natural frequencies. Each has a narrow 

bandwidth, but the array has an overall effective wide bandwidth. Any single linear oscillator 

has high efficiency when it is excited near its natural frequency. However, the overall 

efficiency is low because of the big volume and weight for other non-resonant linear 

oscillators. Shahruz et al. (2006 and 2007) used an ensemble of cantilever beams with proof 

masses at their tips to make a mechanical band-pass filter. A selection procedure for the 

dimensions of beams and masses was presented. Sari et al. (2007) used an array of multi-
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frequency resonators to design a wideband electromagnetic converter. An average output 

power of 0.5 µW was generated from input vibration of 483 m/s2 over 300 Hz range.  

Besides the linear mechanical system framework as mentioned above, some 

researchers have attempted to explore nonlinearities for energy harvesting to overcome the 

bandwidth limitation. Soliman et al. (2008) developed a wideband electromagnetic converter 

using a piecewise-linear oscillator instead of a linear oscillator to sense input vibrations. The 

proposed oscillator used a stopper that moved along a track in the horizontal direction and is 

maintained at a constant height above a cantilever beam. As the input oscillations increase, 

the stopper changes the effective length of the beam. Simulation results showed that 30% 

more energy was collected using the stopper over a 13.8 Hz range around the natural 

frequency of the converter. Vakakis, Bergman, Gendelman, Panagopoulos and co-workers 

have illustrated a Nonlinear Energy Sink (NES) with a nonlinear attachment as a passive 

broadband vibration absorber (Vakakis et al., 2003; Gendelman et al., 2003; Panagopoulos et 

al., 2004). The essential nonlinearity shows that the oscillation frequency depends strongly 

on the vibration amplitude (Lee et al., 2005; Kerschen et al., 2005; McFarland et al., 2005). 

Therefore, the lack of preferential frequency of the NES enables it to passively resonate with 

multiple modes of the primary system over a wide range of input frequencies (Rand et al., 

1992; Quinn, 1997). Quinn et al. (2007) investigated the energy harvesting capabilities of 

attachments based on essentially nonlinear elements. When the primary structure is subjected 

to single-frequency harmonic forcing, for low frequency excitation the nonlinear harvester 

offers significant advantages compared with the linear device. For excitation frequencies 

above the resonance frequency of the linear device the performance of the linear and 
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nonlinear harvesting systems are comparable. The use of essentially nonlinear attachments 

enables energy harvesting from low-level broadband vibration sources, which has two or 

three orders higher harvesting efficiency compared with the usual linear approach. Triplett et 

al. (2009) considered the performance of the energy harvesting system with essential 

nonlinear attachments under an impulsive load. From the numerical simulation, the nonlinear 

harvesting system illustrated better performance in terms of both magnitude of power 

harvested and the frequency interval over which significant power can be drawn from the 

mechanical vibrations compared with a linear system. Erturk et al. (2009) introduced a 

piezomagnetoelastic device which yields large amplitude periodic oscillations for excitations 

over a frequency range under magnetic buckling. As the magnetoelastic strange attractor 

investigated by Moon and Holmes (1979), the dynamic motion of the piezomagnetoelastic 

generator follows the Duffing equation. As compared with the conventional piezoelastic 

generator without magnetic buckling, the piezomagnetoelastic generator results in 200% 

increase in the open-circuit voltage amplitude and 800% increase in the output power. 

Moehlis et al. (2009) also considered to explore ideas based on properties of nonlinear 

oscillator with negative linear stiffness driven by periodic and stochastic input to design 

energy harvesters having large amplitude response over wide band frequencies. An 

electrostatically tuning MEMS oscillator is proposed to achieve a negative stiffness by using 

a set of noninterdigitated combfingers. Xing et al. (2009), Cottone et al. (2009), Mann and 

Sims (2008) also explored nonlinear oscillators by utilizing magnetic forces. Cottone et al. 

(2009) and McInnes et al. (2008) investigated the concept of stochastic resonance as an 

effective method to overcome the severe limitation of linear oscillators: narrow bandwidth. 
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1.7 Objective and Scope 

The first objective of this research is to analyze and optimize the linear MsM based 

vibration energy harvester. The working natural frequency of the MsM based energy 

harvester has to be reduced to the low frequency in the range of majority vibrations, 

compared with the MsM energy harvester done by Wang (2007). Even using a low coupling 

coefficient magnetostrictive material, cast Metglas 2605SA1, higher output power and power 

density is required to power the Wireless Intelligent Sensor Platform (WISP) developed by 

North Carolina State University (Liu and Yuan, 2008). Since most of low level vibrations are 

random and wideband, the second objective of this research is to design a wideband MsM 

based vibration energy harvester using nonlinear methods. 

In Chapter 2, the linearized constitutive equation for MsM and the model of the MsM 

energy harvester over a wide frequency range are reviewed. The magnetic field loss is 

analyzed and included in the output power. The effects of the MsM laminate and the coil on 

the output power to the load are also analyzed. The optimization of the MsM harvester 

including the optimal number of the MsM layers, the coil design and load matching is 

explored in theory. Theoretical analysis has demonstrated the infeasibility of the simply 

tuning because the parameter “G” derived in the paper is frequency dependent.  

In Chapter 3, two prototypes of the MsM harvesting device with Metglas 2605SA1 

(cast) are measured. The measured parameters are used to optimize the MsM energy 

harvester device. The output power of the optimized MsM energy harvester on a resistive 

load is measured and compared with the prototype.  
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Using the measured model parameters, an interface circuit using AMI0.5 is designed 

to convert AC signal to DC signal and charge a rechargeable battery in Chapter 4. To 

maximize the power flow from the device, a self-powered discontinuous conduction mode 

(DCM) buck-boost converter is designed to implement the optimal resistance of the device. 

Because of the low voltage (~1 V) characteristics of the MsM energy harvester, a voltage 

quadrupler has to be used to multiply the output voltage. After comparing all voltage 

quadruplers, an active full-wave voltage quadrupler with CMOS controlled rectifier (CCR) is 

chosen because of its better voltage regulation. To fully implement the self-powered interface 

circuit, all components are designed as power supply independence. In the experiment, the 

output power on the load after the quadrupler is 705 µW. 

In most environments, depending on the operating conditions, the frequencies of the 

driving vibration is random and wideband or may change over time. In order to extract more 

energy from such vibrations, the converter should have sufficient bandwidth to cover peak 

power frequencies of the input vibrations. In Chapter 5, a clamped-clamped buckled beam 

with unimorph MsM laminate is analyzed. Using the extended Hamilton principle, the 

governing equations of the nonlinear MsM energy harvester was built. A single-mode 

Galerkin approximation is used to discretize the nonlinear partial-differential equation 

governing the motion of the beam about its buckled configuration and obtain an ordinary-

differential equation in time only. A numerical method is used to solve the dynamic equation 

and simulation results of the nonlinear energy harvester are presented.  The experiment was 

carried out to verify the nonlinearity of the clamped-clamped beam. The important 

characteristics are measured and discussed. 
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Chapter 6 summarizes the contributions and conclusions of this work and also 

proposes some future work. 
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CHAPTER 2  

MODELING AND OPTIMIZATION OF MsM BASED ENERGY HARVETER 

The performance of any energy harvesting system is determined by the amount of 

energy that it can extract from the input source and convert into a desirable form to the load. 

In case of vibration energy harvesters, part of the input mechanical vibration energy is lost 

due to losses such as mechanical damping and magnetic field loss while remaining input 

energy is converted into electrical form. The conversion efficiency of an MsM based 

vibration energy harvester depends on both mechanical and electrical components used. In 

order to maximize the power flow from the input vibrations to the output load, it is critical to 

accurately model the components of the MsM energy harvester and then to analyze the 

conditions for maximum power transfer. Careful selection and optimization of different 

system parameters is also needed to achieve desired amount of output power. This chapter 

presents the mathematical model used to represent MsM energy harvester system and the 

design consideration for important system elements. 

A prototype of the MsM harvesting device, which is referred to as the mechanical 

part of the energy harvester, is presented with Metglas 2605SA1 (cast) laminate bonded on a 

cantilever stainless steel substrate and wounded by a pick-up coil. A linear constitutive 

equation for MsM and the model of the energy harvester is reviewed. For any energy 

harvesters using coils, the magnetic field loss due to the flux leakage is one of the critical 

factors affecting the output power. When not accounted for, the theoretical analysis markedly 

overestimates the output as seen in previous work (Wang, L. and Yuan, Y. G., 2008). The 

magnetic field is analyzed and the conversion efficiency from magnetic to electric energy is 
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approximately modeled in this chapter. The MsM laminate and the coil contribute to the 

global coupling coefficient of the device. The consequent impacts on the output power are 

analyzed. The optimization of the MsM harvester including the optimal number of the MsM 

layers, the coil design, and the load matching theory is discussed. It is shown that although 

the material coupling coefficient k plays a dominant role in the energy harvesting efficiency, 

the beam optimization and the load matching are also critical to deliver maximum output 

power. Choosing a beam with sub-optimal MsM layers thickness will lower the harvesting 

efficiency significantly. The attempt to use electrical reactive components (either inductors or 

capacitors) to resonate the system at any frequency has also been analyzed. However, the 

frequency dependent of “G” causes this approach infeasible. 

2.1 Prototype of the Proposed MsM Harvesting Device 

A prototype of the MsM device shown in Figure 2.1(a) consists of MsM layers 

bonded on the substrate wounded by the pick-up coil (Wang, 2007, 2008). The MsM utilizes 

Villari effect of magnetostriction to convert the mechanical energy into the magnetic energy, 

where vibration-induced strains caused by bending results in a change in the magnetization 

of the MsM laminate. The pick-up coil then converts the magnetic energy into the electrical 

energy according to Faraday’s law. In this research, a magnetostrictive material Metglas 

2605SA1 whose coupling coefficient k is merely 0.3 is used. Since the standard Metglas 

2605SA1 ribbon (see Figure 2.1(b)) is thin (the thickness is 22 μm), several MsM ribbons are 

laminated to enhance the induced magnetic field and energy harvesting capability. This 

research shows that after optimization, the MsM energy harvester using the low coupling 
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coefficient cast Metglas can provide power density even higher than the non-optimal MsM 

energy harvester using high coupling coefficient material Metglas 2605SC (k=0.97) 

previously designed and comparable to the piezoelectric energy harvester. Compared with 

the piezoelectric material such as PZT and annealed Metglas 2605SC, cast Metglas 2605SA1 

is more flexible, thus not easily breakable. This flexibility of the cast Metglas 2605SA1 

allows the energy harvester to undergo larger deformation. The MsM energy harvester is 

designed to power the Wireless Intelligent Sensor Platform (WISP). The integrated system 

with the MsM energy harvester and WISP is shown in Figure 2.2.  

Substrate      

   (a)          (b) 

Figure 2.1 (a) Schematic of MsM energy harvesting device; (b) cast Metglas 2605SA1 

 

Figure 2.2 MsM energy harvester and WISP 
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2.2 Linearized Material Constitutive Equation 

The linearized one-dimensional magnetomechanical constitutive equation of MsM 

material is similar to that of uniaxial piezoelectric material (IEEE Standard, 1991). It follows 

a piezomagnetic law (IEEE Standard, 1991). It can be expressed in the following form.  
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where ε and σ are mechanical strain and stress respectively; B and H are magnetic flux 

density and field intensity respectively; sH is the elastic compliance under constant magnetic 

field; µT is the permeability under constant stress; d and d* are two magnetomechanical 

coefficients. These two coefficients (i.e., d and d*) can be determined experimentally with the 

following definitions. 
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where subscript σ and H refer to the measurements under constant stress and constant 

magnetic field intensity respectively. Note that d and d* can be considered to be equal for 

small strains (Wang, 2007). 

Rearranging Eq. (2.1) by switching the position of ε and σ leads to the following 
form: 
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where HH SE /1=  is Young’s modulus or elastic modulus under constant magnetic field; 

HTS Sdd /*⋅−= μμ  is the permeability under constant strain; coefficients e and e* can be 

calculated by:  

dEe H=  (2.4a)

** dEe H=  (2.4b)

An important figure of merit for MsM is the material coupling coefficient, k, which is 

defined as (Du Traemolet de Lacheisserie, 1993; Engdahl, 2000; Wang, 2007): 

Mm

mMk εε
ε

=  (2.5)

where 2/σσ H
m s=ε , 2/HH T

M μ=ε  and 2/HdmM σ=ε  are the mechanical, 

magnetic, and mutual magnetoelastic energy respectively. Substituting the definitions of mε , 

Mε  and mMε  into Eq. (2.5) (Wang, 2007), one can obtain: 

HT s
dk

μ
=  (2.6)

2.3 Modeling MsM Based Energy Harvester 

Figure 2.3(a) shows the geometry of the cantilever beam of the MsM energy 

harvester. Axes x and z are in horizontal and vertical directions respectively. The source 

displacement y is in the z direction. The beam configuration is a unimorph structure with 

MsM layers on the top side of the substrate. Both the substrate and MsM laminate have the 

same width b and length l and the thicknesses of the substrate and MsM laminate are ts and tM 

respectively. To derive the model of the vibration of the MsM energy harvesting device for 
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all modes, several assumptions are made. First, following the Rayleigh-Ritz procedure, the 

displacement of a structure can be expressed as the superposition of the individual modes 

)(xiφ  ( rNi ,,2,1 L= ), multiplied by a generalized coordinate )(tri  (Inman, 2001; Thomson 

and Dahleh, 1998) which is expressed as in Eq. (2.7). Second, only the transverse 

displacement of the beam due to bending is considered and the mode shape )(xiφ is a 

function of the axial position ],0[ lx∈ . Third, the base excitation is assumed to exist only in 

the z axis. The last assumption is that the cantilever beam follows the Euler-Bernoulli beam 

theory. That is, the bending strain ε  in the beam is the product of the distance from the 

neutral axis z and the second derivative of displacement ),( txw  with respect to the position 

along the beam. 

∑
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==
rN

i
ii txxrxtxw

1
)()()()(),( rφφ  (2.7)
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2

txz
x

txwz rφ′′=
∂

∂
=ε  (2.8)

where )](,),([)( 1 xxx
rNφφ L=φ  is modal vector; T

N trtrt
r

)](,),([)( 1 L=r  is a generalized 

coordinate vector; and the prime indicates the derivative with respect to the axial position x. 

Therefore the cantilever beam structure with infinite degrees of freedom (DOFs) is 

approximated by finite Nr modes. 

 Based on Hamilton’s principle and the assumption of long solenoid coil, an 

equivalent mass-spring-damper approximation model as shown in Figure 2.3(b) can be 

derived using an energy approach. The model development in detail can be found in Wang’s 

thesis (2007). This model is valid not only near the fundamental natural frequency, but also 
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in a wide frequency range up to any high natural frequency 
rNω . The governing equations of 

motion for the MsM based energy harvester with electromechanical coupling are (Wang, 

2007): 

y&&  

(a) 

 

(b) 

Figure 2.3 (a) Geometry of MsM energy harvesting device; (b) equivalent mass spring-

damper element model 

F=+++ iGKC rrr &&&M  (2.9a)

iLν in
&& −= rTG  

(2.9b)
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where ν  is the output voltage across an electrical load; i is the induced current; Lin is the 

equivalent inductance of the pick-up coil wound around the cantilever beam; G is an 

equivalent force factor converting mechanical velocity )(tr&  into electrical voltage. Modal 

mass matrix M, Rayleigh damping matrix C, and modal stiffness matrix K are rr NN ×  

square matrices; modal forcing vector F, as well as G and r, are Nr column vectors; other 

variables are scalars. These governing equations approximate the electromechanical behavior 

of the cantilever beam structure with infinite DOF’s into finite Nr modes/DOFs. Detailed 

discussion on calculating M, C, K, G, and F can be found in (Inman, 2001; duToit et al., 

2005; Wang, 2007). The above governing equations of the MsM energy harvester can be 

represented as an equivalent circuit, presented in Figure 2.4. In Figure 2.4, M, C and K-1 are 

represented as equivalent capacitor, resistor and inductor, respectively. Excitation force F 

and generalized r&  can be considered equivalent to a current source and a voltage 

respectively. Looking into the MsM device from the circuit side, the cantilever beam and the 

pick-up coil of the MsM energy harvester can be treated as a dependant voltage source with 

an internal inductance Lin.  

Because the MsM based harvesters use the pick-up coil to collect the magnetic 

energy, they are considered as inductive devices, with characteristics of high current and low 

output voltage. In contrast, the popular piezoelectric harvesters are characterized as 

capacitive devices with high voltage and low output current. 

Assuming the displacement mode shape function iφ  of MsM based harvester follows 

Euler-Bernoulli beam theory (Thomson and Dahleh, 1998), the closed form of modal 

matrices M, C, K and G in Eq. (2.9) can be simplified as (Blevins, 1995; Wang, 2007) 
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r&

  

Figure 2.4 Equivalent circuit of the MsM based harvester 
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where subscript s and M indicate the substrate and MsM layer respectively; M is the total 

effective mass of the substrate and MsM layer; ρ  is the mass density; EI is the equivalent 

weighted moment inertia of the substrate and MsM layer (Wang, 2007); l is the length of the 

beam (substrate and MsM layer are assumed to have the same length); iλ  and iη  are mode 

shape functions associated with the ith individual normal mode, and can be obtained by 

solving the mode shape function (Wang, 2007); α  and β  are proportional damping 
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coefficients that ensure uncoupling of the modal equations, and can be determined by 

experimentally obtaining two arbitrary damping ratios iζ  (usually the damping ratios of the 

first two modes) and using the equation 2/)2/( iii βωωαζ += ( rNi ,...2,1= ); d* is a 

magnetomechanical coefficient; EH is the Young’s modulus of MsM; N is the number of 

turns of the pick-up coil; AM is the cross sectional area of the MsM layer which equals to 

Mbt ; hM is the distance from the centroid of the MsM layer to the neutral axis; y is the known 

base displacement. [ ] and < > indicate square and diagonal matrices, respectively; { } 

denotes row vector. 

Eq. (2.10d) assumes that the conversion efficiency from the magnetic energy to the 

electric energy is 100%. However, the magnetic field loss due to the flux leakage reduces the 

conversion efficiency. A new coordinate (x1, y1, z1) is defined for the magnetic field 

calculation as shown in Figure 2.3a. The origin is on the neutral axis and in the middle of the 

beam. Axes x1 and z1 are in horizontal and vertical directions respectively. Assume (x1, y1, z1) 

is any point in the beam. According to Euler-Bernoulli beam theory Eq. (2.8) and the 

piezomagnetic law Eq. (2.3), the induced magnetic field in the beam is given by 

)()( 11
** txzEde H rφ′′== εB  (2.11)

To calculate the magnetic field outside of the beam, the atom magnet in the MsM is 

treated as a magnet monopole. Assume the magnet poles in the left half plane (x1<0) are 

negative while the magnet poles in the right half plane (x1>0) are positive. According to 

Michell’s magnetic field relation for two equal and opposite magnet monopoles, the 

magnetic field in x1 direction Bx at a point outside of the beam (xB, yB, zB) can be expressed as 
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where QB=B is the magnet monopole; VM is the volume of the MsM layer; r is the distance from (x1, 

y1, z1) to point (xB, yB, zB); 

To simplify the magnetic field calculation, some approximations are made. Assuming 

the width of the cantilever beam is much smaller than its length, three-dimension magnetic 

field Bx(xB, yB, zB) is approximated to two-dimension magnetic field Bx(xB, zB). Ignoring the 

fringing effect, Bx(xB, zB) is further simplified to Bx(0, zB) 
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The magnetic flux BΦ through one turn of the coil is 
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where 1
coil

22
coilloss )]4/(2[ −++=Φ rlrl and rcoil is the coil radius.  

From Eq. (2.14), the conversion efficiency from the magnetic energy to the electric 

energy is reduced by lossΦ . Thus the more accurate equivalent force factor G converting 

mechanical velocity )(tr&  into electrical voltage is 
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Note: for the below sections, G is replaced by Eq. (2.15) instead of Eq. (2.10d) to 

include the magnetic field loss. 

Note that the governing Eq.(2.9) is valid for a wide frequency range from 1ω  up to 

any high natural frequency
rNω . Also, the natural frequency matrix can be calculated as  
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Additionally, through Fourier transform, Eq. (2.9) can be expressed in frequency 

domain as: 

FG ~~~~~ =+++ ij rrr KCM- 2 ωω  (2.17a)

iLjjν in
~~~ ωω −= rG  

(2.17b)

where ~ indicates Fourier transform of the parameters. 

 Similar to the MsM material coupling coefficient k defined in Eq. (2.5), the global 

electromechanical coupling coefficient kg of the MsM energy harvesting device can be 

introduced as 
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where the mechanical, electrical and mutual electromechanical energy, eε , mε  and emε , 

are calculated from Eq. (2.17) and from the procedure outlined in Section 2.2.  
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For the ith vibration mode, substituting 1−= iii MKω  and ωjs =  into Eq. (2.18) 

222222 4)(1 iiiiin
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where )ωM/(C iiii 22 =ξ . 

 To maximize kg, the MsM energy harvester needs to operate at the natural frequency 

of the ith mode ( iωω = ). Eq. (2.19) can be modified as 

iiin
g ωCL

Gk =  (2.20)

 Substituting Eq. (2.15) and Eq. (2.10f) into Eq. (2.20), the global electromechanical 

coupling coefficient kg at natural frequency iω can be expressed as 
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Several useful conclusions can be drawn from Eq. (2.21), which can guide the 

optimal design of MsM energy harvesting devices. 

The energy conversion efficiency of the MsM energy harvesting device is 

proportional to the square of the global electromechanical coupling coefficient kg, which in 

turn is proportional to the MsM material coupling coefficient k. 

As kg is proportional to the mode shape constant iη , the fundamental vibration mode 

results in lowest kg for the same device. Also, because 00.1≈iη  when 2≥i , the effects of 

iη  on kg is not significant for the second mode and afterwards (Wang, 2007). 
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Although kg is independent of the number of turns of the pick-up coil (i.e., N), N 

actually affects the electrical output power to the load because of the internal resistance of 

the coil. This will be analyzed in detail in Section 2.4. Also, N should be large enough so that 

the induced voltage in the coil can be rectified by the subsequent electronic circuit. 

kg is proportional to one fourth power of the total mass M, square root of the cross 

section area AM, and the distance from the centroid of the MsM layer to the neutral axis hM. 

Therefore the thicker the MsM layer is, the higher the global electromechanical coupling 

coefficient is. However, the thickness of an MsM ribbon is limited by the material 

availability. Several MsM ribbons are laminated together to get thicker MsM layer. The 

bonding process introduces mechanical damping. The analysis of MsM layer’s thickness will 

be explored in the following section. 

2.4 Analysis and Optimization of MsM Energy Harvesting Device 

2.4.1 Power Analysis 

If the input frequency, also called as the excitation frequency equals the natural 

frequency of the ith mode, Eq. (2.9) can be rewritten at the mode of interest. Also, the 

modified equations take the internal resistance of the coil, the parallel capacitor used for 

impedance matching and the load resistor into consideration. 

FiGzKzczM m =+++ &&&  (2.22a)

iZiRiLzGν Linin =−−= &&  (2.22b)
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where z is the relative vertical displacement of the cantilever beam at the free end at the 

specific mode; M, cm, K, G and F are the corresponding scalar values of the modal matrix or 

vector variables defined in Eq. (2.10) at the operating mode; Rin and Lin represent the 

equivalent resistance and inductance of the pick-up coil respectively; ZL is the load 

impedance; other variables have the same definition as in Eq. (2.9). 

z&

 

Figure 2.5 Equivalent circuit model of one-DOF MsM based harvesting device with ZL

Figure 2.5 presents a generalized electromechanical circuit model for MsM based 

energy harvester based on Eq. (2.22). As indicated in Eq. (2.22) and Figure 2.5, the load 

impedance ZL is the matching capacitor CL and load resistor RL in parallel. 

Applying Laplace transform to Eq. (2.22), the following equation can be obtained 

FiGzKszcszM m =+++2  (2.23a)

iZisLRszGv Linin =+−= )(
(2.23b)

where – indicates Laplace transform of the parameter. 

Substituting Eq. (2.23b) into Eq. (2.23a) yields 

FzKszcszM =++2  (2.24)
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where the total damping coefficient c is defined as 

emLininm ccZsLRGcc +=+++= )/(2  (2.25)

and the electrical damping coefficient ce as 
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The current and voltage can be solved from Eq. (2.23)  
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Once v is obtained, the load power output can be calculated as: 
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where V and F0 are the magnitude of v  and F  and assume F  is a sinusoidal waveform. 

For natural frequency MKn /=ω , substituting MK n
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From Eq. (2.30), the maximum value of PL in the frequency domain can be achieved 

when nωω =  
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where ])(/[ 22
, LinninLLelecin ZLjRRZG ++= ω . Furthermore, the maximum value of 

nLP ω,  at 

natural frequency can be achieved when the matching capacitor CL and the load resistor RL 

are matched to the input impedance of the MsM energy harvesting device. Applying 
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In the above equation optLoptLn
inm

in
n CR

RcG
LQ ,,2 /

ωω =
+

=  is the quality factor.  

From the equation for optLR , , it can be easily seen that the impedance matching to 

maximize the power flow is not a simple electrical impedance matching )1( 2
elec

QRR inL += . 

Hereafter this impedance matching derived above is called a system matching. If we simply 
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apply the electrical impedance matching to the system 0, =
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From Eq. (2.34), it is clear that the output power to the load by simple electrical 

impedance matching is less than that from a system matching. The simple electrical 

impedance matching is perfectly analogous to an electrical circuit consisting of internal and 

load resistances, reactive components and an independent voltage source. Since the MsM 

energy harvester device is treated as a dependent voltage source, the internal resistance of the 

MsM energy harvester includes not only the internal resistance of the coil but also the 

electrical analogue of the mechanical damping mcG /2 . After including the electrical 

analogue of the mechanical damping into the internal resistance of the equivalent electrical 

model of the device, the system matching is similar to the electrical matching. From the 

above analysis, a conclusion can be made: to maximize the power flow, matching should be 
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applied to the whole system in an integrated fashion rather than matching each module 

individually. 

Given that the open circuit voltage voc is the value of voltage v when the current is 

zero, substituting 0=i  and Eq. (2.23a) into Eq. (2.23b) yields the magnitude of the open 

circuit voltage 
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  Substituting MK n
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where Y is the magnitude of the source displacement. 

Therefore, using Eq. (2.36), PL,max in Eq. (2.32) can be expressed as 
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The maximum output power is similar to the maximum output power in a purely 

electrical circuit except including the electrical analogue of the mechanical damping mcG /2  

into the internal resistance. 

Substituting Eq. (2.32) into Eq. (2.26),  
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From Eq. (2.32) and Eq. (2.38), it is clear that the internal resistance of the coil Rin 

should be as small as possible to get higher output power and higher electrical damping. The 
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maximum power transferred to the electrical load will always be less than the power 

dissipation due to the mechanical damping since ce is always less than cm. In practice, the 

internal resistance of the coil Rin is much larger than mcG /2  which leads to ce of only around 

5 %~10 % of cm in the experiment. For the ideal electromechanical transducer, Rin is zero and 

the maximum power transfer occurs when moptL cQGR /)1( 22
, += . In this case, the electrical 

damping is me cc =  which is claimed by Roundy et al. (2003) and Stephen (2006). 

2.4.2 Resonance Tuning of the MsM Energy Harvester Using Electrical 

Reactive Components 

The previous analyses give the theoretical matching capacitance and the optimal 

resistance when both the device and the electrical circuit are resonant individually at the 

same frequency. If neither the device nor the electrical circuit is at resonance, can the whole 

system become resonant? The answer is yes in theory. Davino et al. (2009) confirmed it 

based on their simulation results. Considering the equivalent model of the MsM energy 

harvester, reactive components can be added to the electrical circuit side to resonate the 

whole circuit at any frequency. This can be explained by the maximum power transfer 

theorem or by the impedance matching theory. 

Assume the MsM energy harvester operates at frequency tuneω , which is different 

from the natural frequency nω  of the device. Assume the load ZL consists of resistance RL 

and reactive component XL in parallel, that is, 
LL

LL
L sXR

RsXZ
+

= . Applying 0=
∂
∂

L

L

X
P  and 
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0=
∂
∂

L

L

R
P  to Eq. (2.29) to obtain XL,opt,tune , RL,opt,tune, and PL,max,tune. If XL,opt,tune is less than 0, it 

indicates XL is capacitive (
L

L C
X

ω
1

=  ). If XL,opt,tune is greater than 0, it indicates XL is 

inductive and LL LX ω= . With XL,opt,tune , RL,opt,tune, the energy harvesting system is tuned to 

the frequency tuneω , called as the system resonance frequency. If the tuning reactance is 

larger than the matching reactance for the natural frequency, i.e., optLtunneoptL XX ,,, >  , the 

system resonance frequency is higher than the natural frequency nω  and vice versa. 

Although the system can be resonant at any frequency using electrical matching, the 

output is very small if the device is not operating at the natural frequency nω . This is because 

the equivalent force factor G which converts mechanical velocity )(tr&  into voltage is 

dependent on the natural frequency according to Eq. (2.15). If the device is not operating at 

the natural frequency, G is very small. Although the whole energy harvesting system is 

resonant, the output power will be very small if the operating frequency is far away from the 

natural frequency. The same conclusion can be obtained if we analyze the global coupling 

coefficient kg as in Eq. (2.21). As a conclusion, the electrical reactive components can be 

used to tune the resonance frequency of the energy harvesting system only if the coupling 

coefficient of the device is independent of the natural frequency. However, the electrical 

reactive components can be used in an actuator to tune the natural frequency of the beam by 

changing the stiffness (Charnegie D., 2005).  
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2.4.3  Optimization of Number of MsM Layers 

As the number of MsM layers bonded on the beam increases, hM increases. From Eqs. 

(2.15), (2.32) and (2.36), the induced voltage and the output power increase with the increase 

in hM . However, two factors limit the number of MsM layers that can be bonded on the 

substrate. First, the thickness of the MsM layer increases the natural frequency of the device, 

which is not desirable in low frequency vibration energy harvesting. The maximum 

displacement at the free end and thus stress is also reduced at the higher frequency. It also 

reduces the output power density of the whole system. Second, more mechanical damping is 

induced through the bonding. In the experiment, the structure of the adhesive layers is not 

uniform. Air bubbles and other imperfections exist in the adhesive layers, which lower the 

induced voltage and the output power. This section models the effect of the MsM layers on 

the output power including the increase of the mechanical damping and the limitation of the 

maximum displacement at the free end. 

x
neutral axis

Zil

ts

tM
tg

 

Figure 2.6 Geometry of multilayer beam  

Assuming k number of MsM layers are bonded on the substrate by equal number of 

adhesive layers, and the reference axis is on the moment neutral axis, the multimorph with 
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arbitrary geometric configuration behaves like the symmetrical beam under bending moment. 

That is, 
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where subscripts s, g and M indicate the substrate, adhesive and MsM layer respectively; Zi is 

the distance from the centroid of the ith layer to the neutral axis. Figure 2.6 shows several 

MsM layers (blue) bonded on top of substrate (orange) using adhesive layers (yellow). The 

thickness of different layers ts, tg and tM the length l and width b of the substrate, as well as 

Zi, are shown in Figure 2.6. 

Solving Eqs. (2.39) ~ (2.42) yields 
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The effective distance from the centroid of the MsM layers to the neutral axis hM can 

be expressed as, 
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Including the variation in mechanical damping due to change in the number of MsM 

layers, )(kfc , Eq. (2.36) for the open circuit voltage can be rewritten as 
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)(kfc  can be obtained from the measurement and is affected by the bonding 

technology. From Eq. (2.46), it is clear that voc increases if the increase in hM due to more 

MsM layers is higher than the corresponding increase in the mechanical damping and vice 

versa. Therefore, there exists an optimal number of MsM layers that maximizes the induced 

voltage and the output power. The experimental result will be discussed in Section 3.1.5.  

2.4.4 Coil Design 

The pick-up coil converts the magnetic energy to the electrical energy according to 

the Faraday’s law of induction. Therefore coil design affects the conversion efficiency from 

the magnetic energy to the electrical energy, which in turn affects the system conversion 

efficiency from the mechanical energy to the electrical energy. As a result, coil design is also 

an important consideration in the MsM energy harvester design. 

The following equation relates the resistance of the coil wire Rin, to the length of the 

magnet wire Lc, electric resistivity ρ , and cross section area of the coil wire, Aw. 

wcin ALR /ρ=  (2.47)

where the cross sectional area can be calculated as  

4

2DAw
π

=  (2.48)
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where D is the diameter of the magnet wire. 

Moreover, the length of the magnet wire can be calculated as  
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where wC  is the average perimeter of the magnet wire winding on the coil. The outer and 

inner width (wout and win), as well as outer and inner height (aout and ain), of the coil are 

illustrated in Figure 2.7.  

Assume the thickness of the coil in the width and height direction is the same: 

22
inoutinout wwaa −

=
−

 (2.50)

Considering the winding area utilization factor for the coil Ku, the relationship of the 

number of coil turns, N, the magnet wire cross section area, Aw and the winding area, WA, can 

be expressed as 
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where Ku is the fraction of the winding area that is filled by magnet wire, and is also known 

as the fill factor; lL is the length of the coil as shown in Figure 2.7. In this study, experimental 

measurement shows that Ku is 0.52. 

Solve Eqs. (2.48) ~ (2.51) together to express Lc using N, D, win, ain, lL and Ku. 
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Substituting Eq. (2.52) into Eq. (2.47) gives 
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Substituting the definition of G (from Eq. (2.15)), Eq. (2.53) into Eq. (2.32), the 

maximum output power with the coil parameters is expressed as 
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 The volume of the coil can be calculated as 
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 Dividing Eq. (2.54) by Eq. (2.55), the power density of the coil can be derived as 
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     (a)               (b) 

Figure 2.7 Longitudinal (a) and latitudinal (b) view of the cross section of the coil 

The relationships between the output power (the output power density) and wire 

diameter or number of turns are illustrated in Figure 2.8 for a specific core (specific ain, win 

and lL). In Figure 2.8(a), the number of coil turns is selected as 1,000 and the magnet wire 

diameter varies between 0.08 mm and 1.08 mm. The output power PL,max  for specific turns 

of the coil increases as the diameter D increases since larger diameter reduces the coil 

internal resistance. When the magnet wire diameter D increases further, the output power 

starts to decrease. This is because the larger magnet wire diameter results in a large coil 

volume thereby increasing the magnetic field loss. The analytical output power reaches the 

peak when the magnet wire diameter is 0.255 mm (AWG30). The output power density 

PL,max/Vol decreases as the magnet wire diameter D increase because the coil volume 

increases. In Figure 2.8(b), the magnet wire diameter is selected as 0.18 mm (AWG=33) and 

the number of coil turns varies from 1 to 3,700. The output power for a specific wire 
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diameter increases first as the number of turns N increases because more turns results in 

higher coupling coefficient. The output power starts to decrease as the number of turns 

further increases. This is because the larger volume due to more turns causes more magnetic 

field loss and the internal resistance. The analytical output power reaches the peak when the 

number of turns is 2102. In the experiment, the maximum output power is attained when N is 

around 2000~2400 turns. The experimental results agree modestly with those from the 

analysis for N less than 3000. The deviation increases for N larger than 3000 when the large 

coil size starts to interfere with the beam vibration. The output power density decreases as the 

number of coil turns increases for the larger coil volume. In this work, the design criterion of 

the coil is to maximize the output power (close to 1mW) and also get high enough power 

density. As long as wire diameters are larger than 0.1mm, its maximum output power with 

sufficient number of turns and the corresponding power density become constant as shown in 

Figure 2.9. Therefore, in this wire diameter range, the choice of the wire diameter does not 

affect its maximum output power and the corresponding power density if the coil has enough 

turns. Moreover, the minimum wire diameter is also constrained by the current carrying 

capacity. Assume that the maximum current carried in the coil is 50 mA. According to the 

formula given in MWSwire (2010) for the current capacity in amperes for copper magnet 

wire wound into a coil, 48.48692 ×= dI , the minimum wire diameter is 0.081 mm. That is, 

the minimum wire gauge is AWG39.  In the optimal design, the wire diameter for the optimal 

coil is 0.18 mm (AWG33), and the number of turns is 1000 (note: the core (ain, win and lL) is 

changed) to attain the maximum output power.  
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(a) 

 

(b) 

Figure 2.8 Relationship between the output power and power density with (a) magnet wire 

diameter when N = 1000; (b) the number of turns when D = 0.18 mm 



62 

 

Figure 2.9 Relationship between the maximum output power and the corresponding power 

density for different wire diameter 

2.5 Conclusions 

The model of the MsM energy harvester has been reviewed in this chapter. The 

magnetic field loss was introduced in the power analysis which results in the closer match 

between the theoretical analysis and experimental results. More MsM layers increases the 

coupling coefficient but at the same time induces more mechanical damping. An optimal 

number of MsM layers ought to be used in the design process. The coil directly affects the 

magnetic field loss, thus alters the output power. The optimal turns of the coil has been 

analyzed and should be explored in the design as well. From the equivalent circuit mode, it 

seems possible to tune the MsM energy harvester resonance at any frequency as mentioned 

by Davino et al (2009) using the electrical reactive components. However, from Eq. (2.15) 

the force factor G is not independent of the natural frequency. If the device is not operating at 
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the natural frequency, G is reduced significant. The global coupling coefficient kg is also 

dependent of the natural frequency and reduced significant when the operating frequency is 

not at the natural frequency of the device. As a conclusion, using the electrical reactive 

components to tune the resonance frequency of the energy harvesting system can only be true 

when the coupling coefficient of the device is independent of the natural frequency. 
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CHAPTER 3  

MEASUREMENT OF MsM BASED ENERGY HARVESTING DEVICE 

As described in the previous chapter, a model of the proposed MsM energy harvester 

has been presented. The effects of thickness of MsM layer, coil, and electrical load on the 

electrical output power have also been analyzed in the previous chapter. This chapter 

presents measurement of the two prototypes of the MsM (Metglas 2605SA1, cast) based 

harvesting device. The measured parameters are in turn used to optimize the MsM energy 

harvester based on the analysis in the Chapter 2. The optimized MsM energy harvester is 

then built; its performance is measured and compared with the non-optimized prototype 

designs.  

Table 3.1 Design parameters of MsM prototype devices 

 

 

 

 

 

3.1 Test of the MsM Harvesting Device Prototype 

In this study, two prototype MsM devices have been designed using cast Metglas 

2605SA1 laminate whose coupling coefficient k is around 0.3. The substrate material is 

stainless steel with a thickness of 0.15mm. The first device (Design #1) has two MsM layers 

laminated on top of the substrate. More MsM layers are laminated on the steel substrate of 

second device (Design #2) to increase the global coupling coefficient kg. The other device 

Design Mass (g) Length 
(mm)

Width 
(mm)

Thickness 
(mm)

Number of 
MsM layers

#1 1.731 50 16.8 0.21 2

#2 1.765 43 17.1 0.27 4
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parameters are given in Table 3.1. Dimensions and the parameters of the pick-up coil (Coil 

A0), used to transfer the magnetic energy into electrical energy, are given in Table 3.2.  

Table 3.2 Parameters of the pick-up coil used in prototype devices 

Parameter Value

Inner Dimension (W × L × T) 20.00 × 14.00 × 18.69 mm3 

Outer Dimension (W × L × T) 27.35 × 33.85 × 18.69 mm3 

Coil Volume 12 cm3 

Number of Turns 1500 

Internal Resistance 79.50 Ω 

Inductance (Design #1) 50.38 mH 

Inductance (Design #2) 60.00 mH 

 

3.1.1 Measurement Setup 

To verify the theoretical calculations from Chapter 2, experiments are conducted 

using the measurement setup shown in Figure 3.1. In the experiments, the input vibrations 

are generated by a shaker. An Agilent 33120A function/arbitrary waveform generator creates 

a sinusoidal signal that is sent to a KH Krohn-hite 7602M wideband amplifier to drive the 

LDS V201 vibration shaker. The MsM device is mounted on the top of the shaker. To 

measure the time-varying displacement of the MsM harvester, a Micro-Epsilon optoNCDT 

1607 laser sensor is used. The beam displacement is converted to optical signal by the laser 

sensor. The sensor module has an integrated controller that converts the optical signal to a 
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voltage signal. The input signal from the waveform generator and the output voltage signal 

from the sensor module are monitored using a Tektronix DPO2024 digital phosphor 

oscilloscope. The photograph of the actual experimental setup is shown in Figure 3.2. The 

measurement results are discussed in the following subsections. 

Agilent 33120A
Arbitrary Waveform 

Generator

Tektronix DPO2024
Digital Phosphor 

Oscilloscope

Krohn-hite 7602M 
Wideband Amplifier

LDS 201
Vibration Shaker

Micro-Epsilon 
optoNCDT 1607 

Laser Sensor

MsM Device 
Prototype

 

Figure 3.1 Block diagram of measurement setup 

 

Figure 3.2 Photograph of actual measurement setup 
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3.1.2 Frequency Response of Prototypes  

 

(a) 

 

(b) 

 Figure 3.3 Sinusoidal input signal to the shaker and AC output voltage from the pick-up coil. 

(a) at the first natural frequency; (b) at the second natural frequency 

Figure 3.3 shows the input sinusoidal signal (Vin) to the shaker and the output voltage 

(Voc) of the pick-up coil. Note that the mechanical vibration source is a sinusoidal waveform, 

while the output voltage is not. The output voltage has narrow peaks when the input signal 

crosses zero. This is because the non-uniform magnetic field spatial distribution results in 

approximately square wave shaped time varying magnetic flux (Xing, 2009). The magnetic 

flux in the beam is reversed immediately when the beam crosses zero. Therefore, the 

calculated output power is not accurate using RMS value of the sinusoid waveform 
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(i.e., 2/peakrms VV = ). The actual RMS value of the output voltage can be obtained from the 

oscilloscope. The theoretical results are also corrected by a correction factor from the 

experiment. From Figure 3.3(b), it should also be noted that the output voltage waveform is 

closer to the source sinusoid waveform for the higher natural frequencies. 

The frequency response of the open circuit output voltage of the coil for Design #1 is 

shown in Figure 3.4. The open circuit voltage is not measured under exact open circuit 

condition for the pick-up coil. Instead, it is measured as the coil was directly connected to the 

voltage probe of the oscilloscope, which had 1 MΩ input resistance and 11.5 pF input 

capacitance. Since the internal resistance of the pick-up coil is only 79.5 Ω, which is very 

small compared with the resistance of the probe, the measured voltage is close to the open 

circuit voltage.  

 

Figure 3.4 Output voltage vs input excitation frequency 
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The natural frequency of the cantilever beam in ith mode of vibration (i = 1,2,3..) is 

the response frequency (fout) which has a peak output voltage and is equal to the input 

vibration frequency (fin) from the measurement. The natural frequencies in first, second and 

third mode are 57 Hz, 342 Hz and 966 Hz respectively. Note that the harmonics between the 

first mode and the second mode are caused by the nonlinearities of the cantilever beam, the 

shaker and the connection between the base and the cantilever beam. The measured open 

circuit voltages at the natural frequencies of the first three modes are 0.21 V, 0.8 V and 0.86 

V, respectively. Figure 3.4 also indicates that the open circuit voltages at the frequencies of 

the second and third mode are higher than that at the other frequencies. This is because the 

induced voltage depends on the rate of change of magnetic flux, dtAdBdtd B // =φ , where A 

is the coil cross section area and B is the magnetic field density.  For sinusoidal input 

vibrations, B and dB/dt can be expressed as 

tB
dt
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tBB
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Therefore, the induced voltage at the ith vibration mode depends on the magnitude of 

the induced magnetic field Bi, as well as the natural frequency of the ith vibration mode, wi. 

The induced magnetic field is directly proportional to the mechanical stress due to the beam 

displacement. Since the beam displacement is significant only for the first few modes of 

vibration, the magnitude of the induced magnetic field decreases for the higher order 

vibration modes. As a result, depending on Bi and corresponding wi, there exists an optimal 

value of dB/dt and hence an optimal value of the output voltage. In the other way, the output 
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voltage is proportional to iη  in Eq. (2.36). iη  is high and change insignificantly for the 

second and higher modes (Wang, 2007). Therefore, the higher mode will have higher output 

power if the strain response of the cantilever beam is not considered. The length of the coil 

will also affect the output power and voltage. If it is longer than the distance between two 

nodes of the mode shape at the high natural frequency, the induced magnetic fields on the two 

sides of the node will be cancelled by each other since they are in the opposite directions. This causes 

the lower output voltage. Experiments indicated that the open circuit voltages are highest at 

the natural frequencies of the 2nd and 3rd mode.  

The frequency response of the open circuit voltage of the cantilever beam Design #2 

is similar to that of Design #1. The natural frequencies of first, second and third vibration 

modes are 96.5 Hz, 529 Hz and 18 kHz, respectively. The open circuit voltages at these 

frequencies are 0.79 V, 0.24 V and 0.5 V, respectively. Design #2 has higher natural 

frequencies at each mode than Design #1. This is because Design #2 is thicker with more 

MsM layers than Design #1.  

The source displacement y and tip displacement Zl at the free end are measured using 

the laser sensor. In Figure 3.5, the source displacement y and tip displacement Zl at the 

second natural frequency 342 Hz are 3.3 µm and 0.23 mm respectively. Input acceleration 

y2ω at the second resonance frequency is 15 m/s2. All experiments in this research are 

conducted with these input accelerations. 
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 Figure 3.5 Displacement of the MsM energy harvester and output voltage on a resistive load. 

(a) displacement at the free end; (b) source displacement.  

3.1.3 Measurement of Damping Ratio 

The damping ratio can be measured from the impulse response of the prototype 

device. To measure the mechanical damping, a force impulse was applied to the beam by the 

shaker. The magnitudes of the beam oscillations were measured by the laser sensor at two 

separate points that are n periods apart. The damping ratio can then be calculated as a 
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function of the log decrement of the two magnitudes, and the number of periods as shown in 

Eq. (3.2) (James et. al., 1994).  

)ln(
2
1

2

1

x
x

nπ
ζ =  (3.2)

where x1 is the magnitude at one point of the damped oscillation; x2 is the magnitude of the 

damped oscillation n periods later. 

 
Figure 3.6 Damped oscillation from a force impulse to MsM energy harvester. (a) the first 

natural frequency; (b) the second natural frequency 
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Figure 3.6 shows the mechanical damped oscillations for the first two natural 

frequencies of Design #1. Following the method introduced above, the mean mechanical 

damping ratio at the first natural frequency 1mζ was determined as 0.010, whereas the mean 

mechanical damping ratio at the second natural frequency 2mζ was 0.011 with a response 

frequency 57 Hz. Note that the mechanical damping factor mm Mc ωζ2= = 0.0124 for both 

natural frequencies. 

3.1.4 Output Power Measurement 

To measure the output power of the MsM device to the load, a resistive load and 

matching capacitor is directly connected to the pick-up coil as shown in Figure 2.5.  

 

Figure 3.7 Output power to a resistive load as a function of the load resistance RL and the 

matching capacitor CL 
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Figure 3.7 shows the output AC power as a function of the load resistance and 

matching capacitance. The maximum AC output power of Design #1 is 597 µW at the 

natural frequency of the second mode 342 Hz when the load resistance RL is around 220 Ω 

the capacitance CL is 2.35 µF. The resulting power density ( VolPL / ) is 82µW/cm3. The 

maximum AC output power of Design #2 at the natural frequency of the first mode 96.5 Hz 

is 383 µW when the load resistance RL is 98.2 Ω and the capacitance CL is 6.58 µF. The 

resulting power density ( VolPL / ) is 31 µW/cm3. From the measurement results, the device 

operating at the natural frequency of the second mode has a higher output power than the 

device operating at the natural frequency of the first mode even with more MsM layers and 

similar open circuit voltage. It can be concluded that the device operation at second natural 

frequency is preferred for optimum power transfer to the load. 

 

Figure 3.8 Relationship between the number of MsM layers and open circuit voltage 
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(a) 

 

(b) 

Figure 3.9 Relationship between the number of MsM layers and (a) damping ratio; (b) 

natural frequency 
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3.1.5 Beam Structure Experimental Study 

The theoretical analysis in Section 2.4.3 explained the existence of an optimal number 

of MsM layers for maximum output voltage. This section presents the experimental study 

that confirms the analytical findings. Figure 3.8 and Figure 3.9 show the change in the open 

circuit voltage, mechanical damping ratio and natural frequencies with the number of MsM 

layers, bonded on a 0.15 mm thick steel substrate, for the natural frequencies of the first three 

modes. In the experiment, the mechanical damping and natural frequencies increase as the 

number of MsM layer increase for all modes. The measured mechanical damping keeps 

constant for all modes. However, the change of the natural frequency with the increase of 

layers is bigger for the higher mode. Higher frequency causes the smaller displacement. 

Smaller induced stress due to the smaller displacement at the higher frequency results in the 

decrease of the open circuit voltage. Note that the reduction of the maximum displacement 

for higher frequency due to more MsM layers is not accounted in Eq. (2.46). Therefore, the 

measured open circuit voltage decreases faster than the theoretical. This is more obvious for 

the higher modes. Therefore, there exist different optimal numbers of MsM layers for the 

different mode.  

For the first mode, the optimal number of Metglas layers is four. The corresponding 

natural frequency is 68.2 Hz. For the second mode, the optimal number of Metglas layers is 

two. The corresponding natural frequencies are 326.0 Hz. For the third mode, the output voltage 

peaks when the number of MsM layers is 1. The corresponding natural frequency is 809.4 Hz. 

Note that the imperfect beam deformation due to the internal residual stress is not taken into 

account in the theoretical analysis. However in the experiments, the non-uniform residual 
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strain distribution in the cantilever beam affected the movement pattern and the mechanical 

damping of the beam, thereby reducing the output power. The underlying theory for the 

residual strain phenomenon is still elusive. Because of the experimental limitations, the 

output power measured from all designs in this study is affected by this inherent physical 

imperfection. 

3.2 Design Optimization  

In this study, the design of optimized energy harvesting device is constrained to 

materials that are commonly available and other experimental limitations, such as 

unavailability of the substrate with uniform residual strain distribution, the machining 

technologies and laminating MsM layers on the substrate by hand. Moreover, the design was 

limited to use the low coupling coefficient MsM material, cast Metglas 2605SA1 and 

stainless steel substrate. It is quite easy to cut both MsM and steel material to any size in 

length and width but their thickness is constrained by what the manufacturer products. The 

thickness of the stainless steel substrate and Metglas 2605SA1 (cast) is 150 µm and 22.86 

µm, respectively. Moreover, more non-uniform residual strain was induced to the cantilever 

beam when cutting the device. When bonding two MsM layers onto the stainless steel using 

3M Acrylic DP810 Epoxy, imperfect bonding existed between the layers. It in turn increased 

the mechanical damping. The resulting thickness of the device is 0.21 mm.  

Based on the experimental results from the previous sections, an optimal device, 

namely Design #3, was designed, built and tested, to operate at the natural frequency of the 

second mode, 342 Hz. The coils with smaller air gap (Coil A1 and Coil A2) were used. Two 
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MsM layers were bonded onto the stainless steel substrate. The width of the substrate is 

limited to be less than the inner width of Coil A1 and Coil A2.  

The optimization design problem can then be formulated as shown in Eq. (3.3). There 

are two nonlinear constraints, and two linear constraints. The linear constraint, 

mm170 ≤< b , results from the fact that the width of the cantilever beam should be less than 

the inner width of Coil A1 and Coil A2. The first non-linear constraint, 3mm16021.0 ≤×lb , 

represents the volume constraint on the cantilever beam. Therefore, the overall volume of the 

device including the pick-up coil is less than 3.5 cm3. The second non-linear constraint 

3422// == πMEIf Hz represents that the operating frequency of the device is the 

natural frequency of the second mode and is limited to 342 Hz. The equation that expressed 

PL as a function of l and w is from Eq. (2.32). The optimization problem represented in Eq. 

(3.3) was solved using the nonlinear constrained optimization function, Sequential Quadratic 

Programming (SQP), in the optimization toolbox of MATLAB. The resulting design of the 

beam from the optimization routine is 51.60 mm × 14.75 mm (length x width). The expected 

output power is 579 µW with Coil A0. Because of the machining imperfections, the actual 

device size is 50.00 mm × 15.30 mm.  

mm600
mm170

3422//

mm16021.0:toSubject

),(Maximize
3

≤<
≤<

==

≤×

=

l
b

MEIf

lb

blfPL

π  (3.3)

Coil A0 suffers big magnetic field loss due to the large air gap between the cantilever 

beam and the coil used. To reduce the field loss, coils with smaller air gap (but big enough 
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internal area for the beam vibration) are used in the following optimal design. Coils using 

two types of magnet wire AWG33 and AWG38 were tested. The specifications of the coils 

are given in Table 3.3. Coil A2 is optimized for maximum output power as mentioned in 

Section 2.4.4. Coil A1 sacrifices the output power for the high power density. Output power 

was measured using coils A1 and A2 for design #1. The output power was higher when coil 

A2 was used but the power density was higher when coil A1 was used.  

Table 3.3 Parameters of coils used in optimal design 

Parameter A1 A2

Coil Material AWG38 AWG33

Inner Dimension      
(W × L × T) 5.50 × 20.15 × 9.09 mm3 5.14 × 21.71 × 13.50 mm3

Outer Dimensin       
(W × L × T) 9.00 × 23.80 × 9.09 mm3 12.55 × 28.50 × 13.50 mm3

Coil Volume 0.940 cm3 3.322 cm3

Number of Turns 1000 1000

Internal Resistance 130.3 Ω 44.5 Ω

Inductance (Design #1) 17.34 mH 20.38 mH

 

From the experiment, we also found that the non-uniform residual strain distribution 

in the cantilever beam impacted the output power greatly. The non-uniform residual strain 

distribution affects the movement pattern and the mechanical damping of the beam thereby 

impacting the output power from the experiment. The underlying theory of this phenomenon 

is still unknown. Because of the experimental limitations, the output power measured from 

all designs in this research work has this mechanical defect. 
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3.3 Experimental Results of Optimized MsM Energy Harvesting Device 

 

Figure 3.10 Optimized MsM energy harvester 
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Figure 3.11 Measured and theoretical output power versus resistive load when the matching 

capacitance is 0.67µF 

The optimized MsM energy harvester Design #3 is shown in Figure 3.10. To 

maximize the output power, the placement of the coil is important. The placement of the coil 
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should avoid crossing any nodes of mode shape because the induced magnetic fields at two 

sides of the node are in the opposite directions. The non-uniform residual strain distribution 

will also affect the placement of the coil. In the experiment, the coil was placed in the middle 

of the beam closing to the node.  

The measured open circuit voltage without the matching capacitor is 1.18 V. With the 

matching capacitance of 0.67 µF and using Coil A2, open circuit voltage is 1.5 V. The 

maximum output power to a resistive load is 970 µW when the matching capacitance is 0.67 

µF, the load resistance is 97 Ω and the natural frequency of the device is 324 Hz as shown in 

Figure 3.11. The big difference between the expected output power (579 µW) and the 

measured output power (970 µW) is due to the non-uniform residual strain distribution of the 

cantilever beam and due to the use of a different pick-up coil, coil A2 instead of coil A0. The 

measured power density ( VolPL / ) is 279 µW/cm3. Using Coil A1 with the smaller magnet 

wire, the maximum output power to a resistive load is 591 µW when the matching 

capacitance is 0.47 µF, and the load resistance is 171 Ω. The consequent power density 

( VolPL / ) is 537 µW/cm3. Since the size of the pick-up coil is a dominant factor in the whole 

MsM energy harvester design, the power density changed dramatically with a different coil. 

3.4 Possibility of Electrical Tuning using Electrical Reactive Components 

Chapter 2 discussed the possibility if electrical reactive components can tune the 

resonance of the MsM energy harvester when the device is not operating at its natural 

frequency. The experimental results confirmed the findings in Chapter 2. The electrical 

reactive components can change the resonance frequency of the whole system, including the 
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mechanical and electrical part, to improve the output power. However, the output power of 

the device not operating at its natural frequency is still lower than that of a device working at 

its natural frequency, because the force factor G is small at a non-natural frequency. Figure 

3.12 shows the experimental results for the maximum output power (PL) and the “resonance” 

frequency (f) as a function of the tuning capacitance (CL). The system “resonance” frequency 

was measured as the output power reached its maximum value with a fixed tuning 

capacitance. This measured so-called “resonance” frequency is not only determined by the 

system resonance but also by the force factor G. Though it is not the real resonance 

frequency, it reveals the relationship between the frequency of the maximum output power 

and the tuning capacitance. The system “resonance” frequency decreases as the tuning 

capacitance is increased, which is consistent with the theoretical expectation. The system 

“resonance” frequency increases again for a huge tuning capacitance. This is because the 

system “resonance” frequency is so far away from the device natural frequency that G 

decreased significantly. The force factor G, which reaches its maximum value at the natural 

frequency of the device, is expected have a bigger impact on the output power than the 

resonance of the whole system. Therefore the maximum output power is achieved when the 

system “resonance” frequency is close to the device’s natural frequency, even when the 

system is not truly resonant. When CL is 0.94µF, the mechanical part of the MsM energy 

harvester reaches it natural frequency 359 Hz and G reaches its maximum value. The output 

power is measured as the maximum output power to the resistive load. When the overall 

system is resonant at any frequencies other than the natural frequencies of the device, the 

maximum output power is not as high as the maximum output power at the natural frequency 
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because of smaller G. As a result, although the electrical reactive components can tune the 

system “resonance” frequency of the overall MsM energy harvester, the output power is 

reduced if the mechanical part is not operating at the natural frequency.  
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Figure 3.12 Maximum output power and resonance frequency as a function of the tuning 

capacitance  

3.5 Conclusions 

Two prototypes of the MsM harvesting device with Metglas 2605SA1 (cast) were 

designed. The important parameters such as output power, damping ratio, frequency 

response, and beam displacement have been measured and the overall performance of the 

prototype devices was compared. From the comparison, the device operating at the natural 

frequency of the second mode was found to have higher output power. This experimental 

study verified theoretical calculations from Chapter 2. The optimal number of MsM layers 
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for the stainless steel substrate was found to be equal to two at the natural frequency of the 

second mode. Additionally, it was confirmed that electrical reactive components can resonate 

the whole system at non-natural operating frequency that is close to the natural frequency to 

improve the output power. However, the output power is reduced dramatically when the 

operating frequency was far away from the natural frequency since the force factor G was 

much smaller. One important observation was that the non-uniform residual strain 

distribution affects the motion and damping of the cantilever beam, as well as the output 

power, significantly. The underlying theory for this phenomenon is still under investigation. 

The measurements from the prototypes have been used to optimize the MsM energy 

harvester device based on the analysis in Chapter 2. Table 3.4 summarizes all designs 

presented in this chapter. Design #3 is the optimized MsM energy harvester design. 

Table 3.4 Summary of power output from the designs presented in this chapter 

Design Coil fin  
(Hz) 

Beam Dimensions 
(l × w × t) 

(mm x mm x mm) 
RL,opt (Ω) CL 

(µF) 
PL,max 
(µW) 

PL/Vol 
(µW/cm3) 

#1 A0 342 50 .00× 16.80 × 0.21 220 2.35 597 32

#2 A0 96.5 43.00 × 17.10 × 0.27 98.2 6.58 383 31

#3 A1 324 50.00 × 15.30 × 0.21 171 0.47 591 537

#3 A2 324 50.00 × 15.30 × 0.21 97 0.67 970 279

 

The optimized MsM energy harvester has the maximum output power of 970µW 

using Coil A2. The maximum power density of 591 µW/cm3 was achieved using Coil A1. 

Using a method to calculate the power density, the power density excluding the coil volume 
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is 6.04 mW/cm3, which is 6.7 times of the power density of the MsM energy harvesters (900 

µW/cm3), designed by Wang (2007), although he used Metglas 2605SC, which has much 

higher coupling coefficient.  
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CHAPTER 4  

INTERFACE CIRCUIT FOR MsM BASED ENERGY HARVESTER 

A model of the MsM energy harvester was built in Chapter 2. An optimized MsM 

energy harvester device has been designed and the important model parameters of MsM 

energy harvester have been measured in the previous chapter. Using the measured model 

parameters, in this chapter an interface circuit as shown in Figure 4.1 is designed to convert 

the AC signal from the pick-up coil to a DC signal to charge a rechargeable battery. To 

maximize the power flow from the device, impedance matching is implemented using a 

buck-boost converter in discontinuous conduction mode (DCM) that offers optimal matching 

resistance to the device. Because of the low voltage (~1V) characteristics of the MsM energy 

harvester, an active full-wave voltage quadrupler is designed to raise the output voltage high 

enough to drive the buck-boost converter. Full-wave voltage quadruplers have a better 

voltage regulation compared with other voltage quadruplers. A CMOS controlled rectifier 

(CCR) also called as synchronous rectifier is used to reduce the conduction loss in the 

voltage quadrupler. CCR is also used in DCM buck-boost converter to reduce the conduction 

loss and to adaptively control the dead-time of the transistor switches. To fully implement the 

self-powered interface circuit, all components are designed to be power supply independent 

using AMI0.5µm process technology. 

4.1 Voltage Multiplier 

The MsM converters typically have low output voltage, which is not enough to drive 

the load directly. One way to increase the voltage is to use step up transformer. However, 
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transformers are bulky, expensive and occupy large area. Furthermore from the maximum 

power extraction point of view, the windings and other losses make transformer an 

unattractive option for the voltage amplification in small scale energy harvesting application.  

An alternative approach is to use a voltage multiplication circuit. Voltage multiplier is 

a special class of rectifier circuits. In addition to rectification, a voltage multiplier circuit also 

increases the DC output level by some multiple of the AC input voltage.  The most 

commonly used examples of voltage multiplier circuit are doubler and quadrupler, which are 

explained in the following section. 
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Mechanical part
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Figure 4.1 Interface circuit for MsM energy harvester 

4.1.1 Voltage Doubler 

The output voltage of a doubler, in theory, is equal to twice the peak input voltage. 

The half wave and full wave doubler circuits are shown in Figure 4.2. The operation of half 

wave doubler is explained below. 

1. During the negative half cycle of the input AC voltage, diode D1 turns on and 

charges capacitor C1 close to Vin assuming the forward voltage drop across D1 is 

very small. During this half cycle, D2 is not conducting and therefore, no current 

flows through capacitor C2.  
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2. At the start of the positive half cycle, D1 turns off and now the voltage on C1 is in 

series with the input voltage. As a result, voltage at the anode of D2 is twice the 

input voltage. Since C2 is not charged before, output voltage is close to zero. 

Diode D2 is now forward biased and it starts charging capacitor C2 by transferring 

the charge from C1 onto C2. This charge transfer continues as long as D2 is 

forward biased. In the first half cycle, C2 will be charged up to Vin such that all the 

charge from C1 is transferred over to C2.   

3. During the following negative half cycle, diode D1 once again charges C1 up to 

Vin. C2 cannot discharge since D2 is reverse-biased. If no external load is 

connected, then output voltage is held at Vin. 

4. In the following positive half cycle, anode of D2 is again at 2Vin but its cathode is 

at Vin since C2 was charged up to Vin in the previous cycle. As a result, C2 is 

charged up to 1.5Vin, halfway between the initial voltage on C2 and 2Vin. 

5. This charging operation continues and eventually in few cycles the output voltage 

reaches close to 2Vin. 

 

(a)                                                                            (b) 

Figure 4.2 Voltage doubler circuits. (a) half-wave doubler; (b) full-wave doubler 



89 

In case of a half wave doubler, the capacitor C2 is charged only during the positive 

half cycle of the input. Thus, only half of the input AC signal is used for charging purposes. 

The number of charging cycles required for the output to reach 2Vin can be reduced if both 

positive and negative half cycles are used. This is achieved using full wave rectifier circuit, 

shown in Figure 4.2(b), which charges capacitor C1 during positive half cycle and C2 during 

negative half cycle.  

4.1.2 Voltage Quadrupler 

A voltage quadrupler provides 4 times the peak input AC voltage at its output. The 

circuit essentially consists of two half wave doublers. The two different configurations of 

voltage quadruplers are discussed in the following sections. 

A. Cascade Configuration 

Figure 4.3 shows the schematic of cascade voltage quadrupler, which is formed by 

connecting two half wave doubler circuits in series. The sequence of events is same as that 

for a half wave doubler. Initially, only the diodes in doubler 1 are forward biased and C2 is 

charged towards 2Vin. In subsequent cycles, diodes in doubler 2 turn on and start charging C4 

up to 2Vin. As a result, the output voltage at steady state is close to 4Vin.  

In reality, it takes few cycles for output voltage to reach 4Vin level since C2 and C4 do 

not charge up to 2Vin in one cycle. The charging time constant depends on the output 

impedance of input AC source and the effective dynamic capacitance of the quadrupler 

network (Blazelabs, 2009). The output voltage can be expressed as 

dropin VnV −= 2 OUTV  (4.1)
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Figure 4.3 Cascade voltage quadrupler 

where n  is the number of cascaded stages, it equals two for the quadrupler, and dropV  is the 

voltage drop in the network under load condition. The voltage drop is mostly reactive and 

can be given by 

)34(
6

23 nnn
fC

IV load
drop −+=                                                  (4.2)

where loadI is the steady state load current, f is the input AC frequency and C is stage 

capacitance. If all capacitors in the circuit are equal, from Eq. (4.1) and Eq. (4.2), the output 

ripple voltage can be given by following expression 

1).(.
2

+= nn
fC

IV load
ripple  

(4.3)

From the above equation, it is clear that the ripple voltage increases exponentially as 

the number of cascaded stages is increased. For quadrupler, the number of cascaded stages is 

equal to 2 and therefore, the ripple voltage of cascade quadrupler configuration is equal 

to
fC
Iload3 . 
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B. Stacked Configuration 

From Eq. (4.2) and Eq. (4.3) it can be noticed that both the output voltage drop and 

the ripple voltage can be decreased by increasing the input frequency. This is usually 

achieved by using two half wave doublers in a stacked configuration, as shown in Figure 4.4. 

This implementation doubles the number of charging cycles, improves the capacitor charging 

characteristics and lowers the output ripple (Blazelabs, 2009). It is also known as a full wave 

quadrupler configuration. 

 

Figure 4.4 Stacked or full wave voltage quadrupler 

During the negative half cycle, C1 is charged up to Vin by diode D1. In the following 

positive half cycle, D2 charges the capacitor C2 up to 2Vin. At the same time, C3 also charges 

up to Vin through the diode D3. In the following negative half cycle, voltage on C3 is in series 

with the input voltage polarity and therefore, capacitor C4 is charged up to 2Vin via diode D4. 

Once charged up to 2Vin each, both C2 and C4 cannot discharge since D2 and D4 are reverse 

biased during negative and positive half cycles respectively. Thus the output voltage remains 

at 4Vin. The voltage drop in the circuit and the output ripple voltage can be given by 
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where n is the number of stacked stages, equal to 2 for the quadrupler. Thus it can be seen 

that compared with cascade configuration; the full-wave quadrupler has lower ripple and 

better load regulation. Therefore, full-wave quadrupler was selected for increasing the output 

voltage of MsM generator in this work. 

4.2 Buck-Boost Converter 

Although vibrations take place in majority of the structures, the amount of energy 

harvested often remains very low, and hence the harvesting system must operate at the 

optimal point for maximizing the power output. To achieve the maximum power transfer 

from the MsM element, the impedance matching is implemented between the MsM device 

and the interface circuit. The maximum average power transfer occurs when the impedance 

at the input of the voltage quadrupler is equal to the complex conjugate of the Thévenin 

impedance of the MsM device. As mentioned in Section 2.4, impedance matching equations 

are given by 
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where Rp and Cp are the equivalent parallel resistance and capacitance to match the 

impedance of the MsM energy harvester. ωin is the input frequency. Other variables were 

explained in Section 2.4. Ottman (2002) and Lefeuvre (2007) have proposed power 

optimization methods using dc-dc converters.   

The dc-dc converter used here is a buck-boost converter, operating in discontinuous 

conduction mode (DCM). The schematic of the DCM buck-boost converter is shown in 

Figure 4.5. The converter is made up of an inductor L1, an NMOS switch N2 and p-type 

CCR which consists of cross-coupled comparators, an inverter and a PMOS switch P2. The 

inductor current waveform is shown in Figure 4.6. 
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Figure 4.5 Buck-boost converter topology 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.6 Current and voltage waveforms for buck-boost converter 

When the NMOS switch N2 is on, the rectifier output voltage can be expressed as 
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dt
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rect 11 ==                                              
(4.7)

where Li and nmosi are the currents through L1 and N2, respectively during D1Ts time interval, 

as shown in Figure 4.6 . The energy extracted from the rectifier is stored in the inductor L1. 

When the switch N2 is turned off, the stored energy in L1 is transferred to the rechargeable 

battery via the PMOS P2 in CCR during time interval D2Ts. The average value of the current 

drawn from the rectifier over a switching period, Ts, can then be calculated as 
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where D (equal to D1 in Figure 4.6) and fs are the duty cycle and the frequency of the clock 

signal respectively. From Eq. (4.8), it is clear that for fixed duty cycle and fixed clock 

frequency operation, the average current drawn from the rectifier is proportional to the 

rectifier output voltage and independent of the load resistance. In other words, the buck-boost 

converter presents equivalent input impedance that is purely resistive in nature and is equal to 

2
12

D
fL s  (Lefeuvre, 2007). The value of this input resistance can be selected such that it 

matches the input impedance of the MsM device. The selection of th duty cycle of the clock 

signal is constrained the condition for operating the buck-boost converter in DCM, which is 

given by 

batrect V
D

DV −
<

1                                              (4.9)
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Once the duty cycle is selected, the value of the inductor and the clock frequency can 

be chosen such that the average resistance value matches the input resistance of the MsM 

device for maximum power transfer from the device. 

4.3 CMOS Controlled Rectifier (CCR) 

The voltage quadrupler circuit and the buck-boost converter, use diodes for 

rectification and power transfer to the load. The forward voltage drop across the conducting 

diodes and their conduction losses lower the efficiency of the entire energy harvesting system. 

Even with the use of Schottky diodes, the forward voltage drop is still around 0.2 V for each 

diode, which is undesirable considering the fact that the output voltage of the MsM generator 

is only about 1.5 V. In order to reduce these losses, CMOS controlled rectifier (CCR) circuit 

is used instead of silicon or Schottky diodes. CCR exhibits similar characteristics as that of a 

diode, to allow unidirectional current conduction when the voltage on one side of the diode is 

higher than the other side, but has almost close to 0 V forward voltage drop. CCR also helps 

to adaptively control the dead time of the PMOS and NMOS switches in the buck-boost 

converter. 

Figure 4.7 shows the schematic of both n-type and p-type CCR. It consists of n-

channel or p-channel power transistor, a pair of cross-coupled comparators and an inverter. 

The power transistor device is large in size (W/L ratio) to provide very small forward voltage 

drop. The CCR conducts when the voltage at its input terminal, VX, is greater than or equal to 

the voltage at its output terminal, VY. The difference between VX and VY is sensed using two 

cross coupled comparators. Whenever VX exceeds VY, output of comparators An1 and Ap2 
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turns high, whereas output of An2 and Ap1 becomes low respectively. As a result, the power 

transistors are turned on and current flows through the CCR as long as VY is less than VX. 

Once VY is higher than VX, the outputs of the comparators flip and the power transistors turn 

off. The cross-coupled connection from the output of An1 and Ap1 to the input of An2 and Ap2 

implement positive feedback which helps in speeding up the response time of the 

comparators and rail-to-rail output voltage.  

 

Figure 4.7 Block diagram of n-type and p-type CCR. 

Figure 4.8 shows the transistor level schematic of p-type and n-type CCR. Source 

terminals of transistors Mn1-4 and Mp1-4 are used for input, which solves the problem of 

common-mode input voltage range limitation (Man et al, 2006). To make sure that the power 

transistor turns off completely, the inverter at the comparator output is powered from the 

high voltage node of the CCR. The important design considerations are the forward voltage 

drop and the slew rate of the CCR. The use of large size power transistor and positive 

feedback mechanism in comparators improve the overall performance of the CCR. 



98 

 

Figure 4.8 Transistor level schematic of p-type and n-type CCR  

4.4 Schmitt Trigger Oscillator 

As mentioned in the description of the buck-boost converter, condition for DCM 

operation decides the duty cycle of the clock signal used to control the NMOS switch. The 

clock signal is provided by a Schmitt trigger type oscillator. The Schmitt trigger circuit is 

identical to an inverter except that the transfer characteristics of Schmitt trigger exhibit a 

hysteresis curve with two switching thresholds, VSPH for output going from high to low and 

VSPL for output changing from low to high as shown in Figure 4.9. This hysteresis property 

gives an option to vary the duty cycle of the output by changing the thresholds of the Schmitt 

trigger.  

Schematic of the Schmitt trigger is shown in Figure 4.10. The operation of this circuit 

is explained in (Baker, 2008). The threshold voltages VSPH and VSPL of the Schmitt trigger are 

determined by solving following set of equations: 
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Figure 4.9 Power supply independent Schmitt trigger oscillator to control the switch of the 

buck boost converter 

 

Figure 4.10 Power supply independent Schmitt trigger oscillator to control the switch of the 

buck boost converter 
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Given the set of threshold voltages, the ratio of the NMOS and PMOS 

transconductances can be selected to satisfy the above set of equations. If we define 

5

6

3

1

β
β

β
βκ == as a transconductance ratio, then the hysteresis of the Schmitt trigger is given by 

κ
κ
+

+
=−

1
thpthn

SPLSPH

VV
VV                                              (4.11) 

Thus, the hysteresis depends only on the threshold voltages of NMOS and PMOS 

transistors and the transconductance ratio and is independent of the supply voltage. 

Figure 4.10 shows the schematic of a voltage-controlled oscillator using Schmitt 

trigger. Input to the Schmitt trigger is a sawtooth waveform provided by charging and 

discharging capacitor C. The constant current sources, transistors Mp1 and Mn1, provide 

charging and discharging currents ID1 and ID2 respectively. When VOUT is low, Mp2 allows 

charging of C till the voltage across C reaches VSPH. The Schmitt trigger output turns low, 

which causes C to discharge through Mn2 and Mn1 till the voltage across C drops to VSPL. The 

Schmitt trigger output goes high and the sequence of operation repeats thereafter. The time 

taken for charging and discharging capacitor C, t1 and t2 respectively, are given by 

1
1

D

SPLSPH

I
VVCt −

⋅=    (4.12a)

2
2

D

SPLSPH

I
VVCt −

⋅=    (4.12b)

The frequency of oscillation and the duty cycle are given by  
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As shown earlier, the hysteresis of the Schmitt trigger is independent of the supply 

voltage. The drain currents ID1 and ID2, are decided by the current mirror from the power 

supply independent bias circuit. Thus, both the frequency and duty cycle are independent of 

the power supply. The duty cycle required for DCM operation of the buck-boost converter is 

selected by adjusting bias currents. All the bias currents used in CCR and Schmitt trigger 

oscillator are generated using a reference bias circuit explained in the following section. 

4.5 Bias Circuit 

To provide bias currents and voltages to all the circuit blocks discussed so far, a 

stable reference bias circuit is needed. The bias circuit should be able to maintain the 

reference currents and voltages constant over different process corners, temperature 

variations and supply voltage fluctuations. Furthermore, since the output voltage in case of 

MsM generator is very small, the bias circuit should be able to operate at low power supply. 

To meet these requirements, a low voltage, supply independent bias circuit from (Dong and 

Allen, 2002) was designed. 
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Figure 4.11 Low voltage supply independent bias circuit 

Figure 4.11 shows the schematic of the bias circuit. The reference current is generated 

by passing the current from Mp2 through resistor R. Transistors Mp2, Mp4 and Mp5 form a 

current mirror, which forces drain currents through Mn1, Mn2 and Mn3 respectively, 

proportional to the size ratios of respective current mirror transistors. The reference current 

can be calculated by applying KVL equation for Mn1 and Mn2. 

RIVV REFGSGS .12 +=  (4.14a)

R

II

R
VI

DD

GS
REF

1

1

2

2 22
ββ

−
=

Δ
=          (4.14b)

where ID1 and ID2 are drain currents and β1 and β2 are transconductances of Mn1 and Mn2 

respectively. Since the drain currents of both Mn1 and Mn2 are equal to IREF, the above 

equation can be expressed as 
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From above set of equations, to ensure that VGS2 >VGS1 and to maintain same current 

IREF through Mn1 and Mn2, the transconductances β1 and β2 are selected such that β1 is K times 

greater than β2. The IREF can then be expressed as 

2

1
2 )1(
.
2

−= K
R

I REF β
 (4.16)

Thus the reference current is independent of the supply voltage. To make β1 greater 

than β2, transistor Mn1 is made K times wider than Mn2. The circuit operation can be 

explained as follows.  

Transistors Mn1, Mn2, Mn3, Mp5 and Mp2 form a negative feedback to maintain the 

current through R constant. If IREF increases, then the voltage at node A (VGS2) goes up. This 

causes Mn2 to conduct more and voltage at node B (VGS3) goes down. Consequently, current 

through Mn3 decreases and voltage at node C goes up. The reduced gate-to-source voltage of 

Mp5 and Mp2 now results in less current through the current mirror and the reference current 

goes down. Thus the negative feedback mechanism opposes any change in IREF. The 

variation of IREF with Vddbias change is shown in Figure 4.12. 

The minimum power supply voltage is given by 

4,2,min, povnGSddbias VVV +=  (4.17)
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Figure 4.12 Variation of the reference current with the power supply change 

Startup circuit based on leakage currents of Mp1 and Mp3 is also shown in the bias 

circuit schematic. At the start, Mp1 and Mp3 leak current into the gates of Mn1, Mn2 and Mn3. 

Once the gate voltages of Mn1, Mn2 and Mn3 are higher than VTHN, they turn on and pull down 

the gate voltages of PMOS current mirror transistors. Thus the circuit reaches stable 

operating state. The circuit has only one high impedance node, node B. To maintain stable 

bias voltage at this high impedance node, transistor Mn4 is used as a compensation capacitor. 
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4.6 Power Loss 

In the interface circuit as shown in Figure 4.13, power consumption of the circuit 

components and their efficiency are of prime importance. The power consumption of the 

interface circuit is treated as power loss. The power loss can be classified into three types, 

which are conduction loss, switching loss and the power consumption in the comparators and 

other control circuits.  
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Figure 4.13 Interface circuit for MsM energy harvester 

4.6.1 Conduction Losses 

The conduction loss of the interface circuit includes the MOSFET conduction losses 

in the quadrupler and buck-boost converter, and inductor copper loss.  

A. MOSFET Conduction Losses 

The MOSFET conduction losses result from on resistance Ron of MOSFETs. These 

MOSFETs include the MOSFET switches of CCRs in the quadrupler, PMOS and NMOS 

switches in the buck-boost converter. Defining the RMS value of the current through a 

MOSFET as ISrms, the MOSFET conduction loss is 
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onSrmsavon RIP ×= 2
,  (4.18)

The DCM buck-boost converter waveforms are shown in Figure 4.6. There are three 

subintervals in each switching period Ts. During the first subinterval of length D1Ts, NMOS 

switch N2 is on. Inductor current iL(t) and N2 current inmos(t) increase linearly and reach peak 

value Ipk at the end of this subinterval. During the second subinterval of length D2Ts, N2 is off 

and P2 is on. Inductor current iL(t) and P2 current ipmos(t) decrease linearly during this interval. 

Both currents reach to zero at the end of the subinterval and remain zero during the third 

subinterval. Both switches N2 and P2 are off during the third subinterval. For DCM buck-

boost converter, RMS currents through N2, Inmos,rms and P2, Ipmos,rms can be calculated by 

3/1, DII pkrmsnmos =  (4.19a)

3/2, DII pkrmspmos =  (4.19b)

Therefore, MOSFET conduction losses Pon,buck-boost in the buck-boost converter are 
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where Pon,nmos and Pon,pmos are the MOSFET conduction losses of N2 and P2, respectively. 

Ron,nmos and Ron,pmos are MOSFET on resistances of N2 and P2, respectively. 

B. Inductor Copper Loss 

The inductor copper loss originates from the power dissipated in the resistance of the 

wire. Assume that the RMS value of the inductor current is IL,rms and the inductor serial 

resistance is RCu. The inductor copper loss can be expressed as 
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4.6.2 Switching Losses 

Semiconductor devices such as MOSFETs and silicon diodes are charge controlled 

devices. To change the conduction state of a MOSFET, the controlling charge on its gate and 

in its channel must be depleted or injected. Similarly, to switch the conduction state of a 

silicon diode, the stored minority charge in the vicinity of the semiconductor junctions inside 

the device must be changed during the switching time. The amount of the controlling charge 

impacts the switching time as well as the switching loss. Charge and energy are also stored in 

the device capacitors and parasitic inductances. All of them influence the switching loss and 

efficiency. The main switching losses include gate driving loss, body diode conduction loss 

during the dead-time, switching losses of MOSFETs, body diode reverse recovery loss, 

ringing loss, capacitive loss, inductive loss and so on. 

A. Gate Driving Loss 

The gate potential of a MOSFET must be changed by removing or injecting charge on 

to the gate capacitor to turn the MOSFET on or off. The average power dissipated during the 

switching time is given by 

sgg fWP ⋅=  (4.22)

where Wg is the energy transferred to the gate per switching cycle including any dissipation 

in the driving circuitry. 
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B. Body Diode Conduction Loss during the Dead-time 

In buck-boost converter, switches N2 and P2 turn off and on sequentially in each 

switching interval. To avoid short circuit condition during the switching, it is necessary to 

provide sufficient dead-time between N2 turning off and P2 turning on to ensure that the two 

switches never conduct at the same time. However, if the dead-time is too long, which means 

P2 is switched on very late after the N2 is off, the body diode of the P2 may be on to transfer 

the inductor current during the dead-time in each cycle. For the low voltage and low power 

applications such as MsM energy harvester, the conduction loss due to the large forward 

voltage drop of the PMOS body diode ( VVdiode 9.0≈ ) is significant. This power loss can be 

expressed as 

( ) sdeadLDLonsdeadLDdead ftIRIVftIVP +=≈  (4.23)

where VD is the voltage drop across the body diode including the forward voltage drop Von 

and the voltage drop across the on resistance RD of the body diode. tdead is the dead time per 

switching cycle. 

C. Transistor Switching Losses 

When turning off a MOSFET switch, the transistor voltage and current cannot change 

simultaneously. Let’s consider the switching loss of N2 in Figure 4.13. When N2 is turning 

off, the drain-source voltage of N2 goes from 0 to Vrect. At first, CCR is off because of low 

voltage on P2. During this period, N2 current inmos(t) still follows iL(t). When the voltage over 

P2 is high enough to turn on P2, inmos(t) starts to decrease and ipmos(t) increases. The power 

loss during this transition period ton is given by (Erickson and Maksimovic, 2001)  



109 

onLrectoff tiVW
2
1

=  (4.24)

The switching loss during the turn-on transition is similar to the switching loss during 

the turn-off transition. Hence, the total energy loss during the turn-on and turn-off transition 

per switching cycle is ( )offon WW + , and the average switching loss is 

soffonsw fWWP ⋅+= )(  (4.25)

D. Body Diode Reverse Recovery Loss 

In buck-boost converter, If N2 is completely off while P2 is still off because of the 

long response time of the CCR comparator, the body diode of P2 is forced to conduct the 

inductor current. Once P2 turns on, the voltage drop on P2 is reduced and the body diode 

turns off. When the body diode is forward-biased, minority charge is present in the vicinity 

of the diode semiconductor junction. When turning off the body diode, this stored minority 

charge must be removed, either actively via negative current, or passively via recombination 

inside the device. The energy loss during this period is called the body diode reverse 

recovery loss and is expressed as (Erickson and Maksimovic, 2001) 

srrectrLrectsDD fQVtiVfWP ⋅+=⋅= )(  (4.26)

where Qr is the recovered charge and tr is the reverse recovery time. 

The power consumption of the control circuits including the comparators of CCR, 

bias circuit and Schmitt trigger oscillator is given by 

∑=
i

ciddicontl tiVP )(  (4.27)

where Vddi and ici(t) is the power supply voltage and current of a control circuit. 
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The total average power loss in the DCM buck-boost converter is 
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Similarly, the total average power loss in the active full-wave quadrupler is 
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where fin is the input frequency of the MsM energy harvester. 

4.7 Simulation Results 

Using the measured model parameters in Chapter 3 and AMI0.5µm process 

technology, the interface circuit is designed and simulated. In equivalent circuit model of 

MsM energy harvester, nonlinearities are ignored. The excitation force is modeled as a 

sinusoid current source. As mentioned in Section 3.1.2, the output power calculated based on 

the sinusoid signal is higher than the actual output power. The output voltage of the full-wave 

quadrupler driving a pure capacitor is shown in Figure 4.14. The steady state output voltage 

is 3.46 V. The simulation results indicate that the efficiency of the voltage quadrupler using 

CCR is around 93.9% and the output power is 4.132 mW when the input power to the 

interface circuit is 4.402 mW. The optimal load resistance for the MsM harvester is 1.4 kΩ 

obtained from the simulation as shown in Figure 4.15. The efficiency of the DCM buck-boost 

converter to implement the optimal resistance for the MsM generator is around 86.4% in the 

simulation. The total power consumption of the conditioning circuit is 0.83 mW. The power 

consumption of different components is shown in Figure 4.16. It is clear that the power 
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losses due to CCRs of P2 and voltage quadrupler are dominant. All design parameters and 

simulation results are listed in Table 4.1. 

Table 4.1 Simulation results of interface circuit 

Parameter Value 
Cp 1.5 µF 

C1~4 47 µF 
L1 6.8 µH 

Bias currents in CCRs 35 nA/3 µA 
Optimal resistance 1.4 kΩ 

Switching frequency fs 10 kHz 
Duty cycle D 1% 

Total efficiency 81.10% 
Input power 4.402 mW 

Output power 3.572 mW 
Efficiency of the voltage quadrupler 93.90% 

Efficiency of the buck-boost converter 86.40% 

Note: fin=324 Hz, Rin=44.5 Ω, Lin=20.38 mH 

 

Figure 4.14 Simulated output voltage of the voltage quadrupler driving a capacitive load 



112 

 

Figure 4.15 Input power, output power and efficiency of the voltage quadrupler as a function 

of the load resistor 

 

Figure 4.16 Power consumption of different circuit components 
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4.8 Measurement Results of the Prototype 

 

Figure 4.17 Prototype of the interface circuit 
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Figure 4.18 Measured output voltage of the voltage doubler and quadrupler driving a 

capacitive load 

Before measuring the manufactured chip of the self-powered interface circuit, a 

prototype of the interface circuit was built as shown in Figure 4.17 and measured. The full-
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wave quadrupler was built using four Schottky diodes B540C and 47 µF capacitors. The 

DCM buck-boost converter consists with a NMOS switch ZVN421, a Schottky diode 

1N5711 and a 22 µH inductor. The rechargeable battery is Panasonic VL-2020/VCN. The 

switching frequency signal is generated by a function generator and buffered by two inverters 

MC74HC04AN before driving the NMOS switch. 

The steady state output voltage of the voltage quadrupler driving a capacitive load 

only is 3.52 V instead of 6V (1.5 V × 4) when the matching capacitance is 0.67 µF as shown 

in Figure 4.18. One of the reasons for this big voltage drop is the forward voltage drop of 

B540C ( 2.0≈onV  V at 400≈DI µA). Second, the operating condition of the whole energy 

harvesting system is different from a simple open circuit condition. Observed from the 

experiment, the quadrupler continues to conduct current even after the output voltage has 

reached the steady state due to the leakage losses. Any current conduction in the quadrupler 

affects the induced voltage on the pick-up coil. Figure 4.18 also shows the output voltage of 

full-wave doubler driving a capacitor. The output voltage of the doubler is 2.54 V, which is 

much closer to 3 V for the ideal case compared with the full-wave quadrupler. It’s because 

the leakage loss of the voltage doubler is much less than that of the voltage quadrupler.  

The maximum DC output power of the quadrupler driving a resistive load is 705 µW 

as shown in Figure 4.19 when the load resistance is 3.7 kΩ and matching capacitance is 1.41 

µF. The power density after voltage quadrupler is 202.4 µW/cm3. Using a method to 

calculate the power density, the power density excluding the coil volume is 4.4 mW/cm3, 

which is 7.2 times of the power density of the MsM energy harvesters (900 µW/cm3), 
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designed by Wang (2007). The output power as a function of the load resistance is shown in 

Figure 4.19. 
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Figure 4.19 Measured output power of voltage quadrupler as a function of load resistance 

The input resistance of the DCM buck-boost converter is set to equal the optimal 

resistance of the voltage quadrupler to maximize the power flow from the MsM mechanical 

part to the rechargeable battery. In the experiment, the switching frequency is set to 13 kHz 

and pulse width is 1 µs. The switching frequency and diode current waveforms are shown in 

Figure 4.20. The diode current was measured using a current probe. The power delivered to 

the rechargeable battery and resistive load is obtained by measuring the current flowing into 

the battery and resistive load, i.e. the diode current and the battery voltage. Figure 4.21 shows 

that the power delivered to the battery and resistive load is quite constant and around 630 µW 

when the load resistance is varied from 4.6 kΩ to 10 MΩ. As a result, using the DCM buck-
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boost converter, the output power of the MsM energy harvester is independent of the load 

resistance. The efficiency of the DCM buck-boost converter is 89%.  

 

Figure 4.20 Switching frequency and diode current waveforms 
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Figure 4.21 Measured output power delivered to the battery and resistive load as a function 

of load resistance 

The performance of this work is compared with the energy harvesters done by other 

researchers. The power density as a function of the volume for different energy harvesters is 

Switching frequency

Diode current
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shown Figure 4.22. It can be concluded that the power density of this work including the coil 

using the output power of the voltage quadrupler is higher than most of the energy harvesters 

in the literature. 

 
Figure 4.22 Comparison of different energy harvesters 

4.9 Conclusions 

A self-powered interface circuit has been designed for MsM energy harvester. The 

complex conjugate impedance matching technique has been used for maximum power 

transfer from the generator to WISP. The entire circuit efficiency is 81.1% in the simulation 
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using MOSIS AMI 0.5 μm technology. Measurements from the prototype circuit show that 

the DC output power of 705 µW can be achieved using the full-wave quadrupler, and power 

density is 202.4 µW/cm3. The power delivered to the rechargeable lithium battery is around 

630 µW and is independent of the load resistance. 
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CHAPTER 5  

WIDEBAND ENERGY HARVESTER 

The energy harvester designed in the previous chapters can be classified as a linear 

converter, which has high conversion efficiency only when the ambient frequency closely 

matches the single-mode natural frequency of the beam based on linearized vibration model. 

The output power from such converter decreases rapidly if a slight mismatch exists. 

However, in most of the environments, depending on the operating conditions, the 

frequencies of the ambient vibration are random or time varying. In order to extract abundant 

energy from such wideband vibrations, the harvester should have sufficient bandwidth to 

cover peak power frequencies of the excitation vibrations. 

In this chapter, a nonlinear MsM based vibration energy harvester utilizing a 

clamped-clamped buckled beam is proposed. The modeled beam is subjected to an axial 

force beyond the first buckling load under a transverse harmonic excitation. The governing 

equations for the energy harvester beam structure are derived using extended Hamilton 

principle. A single-mode Galerkin approximation is used to discretize the nonlinear partial-

differential equation governing the motion of the beam about its buckled configuration, 

resulting in an ordinary differential equation with respect to time only. The dynamic 

equations for the nonlinear energy harvester are then solved using numerical methods and the 

simulation results are presented. An experiment was carried out on the clamped-clamped 

beam with a heavy proof mass mounted in the middle of the beam. The important 

characteristics such as the resonance frequency, the bandwidth and the output power were 

measured and discussed. Nonlinear behavior of the beam in both prebuckled and postbuckled 
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stages was both observed. The buckled beam showed the maximum 7.4 Hz bandwidth and 

captured around 10 µW output power. 

5.1 Clamped-clamped Buckled Beam  

Nonlinearities in structural mechanics arise from many different origins including 

material, geometric, inertia, and friction nonlinearities (Emam, 2002). Geometric 

nonlinearities originate from nonlinear strain-displacement relationships. Sources of this type 

of nonlinearity include midplane stretching, large curvatures of structural elements, and large 

rotation of elements. Because of the midplane stretching, the governing equation of a 

clamped-clamped buckled beam possesses cubic nonlinearities. 

The nonlinear responses of the buckled beams have been investigated by many 

researchers in the past century. Burgreen (1951) investigated experimentally and analytically 

the free vibrations of a simply supported buckled beam using single-mode discretization. The 

natural frequencies of the buckled beams are shown to be dependent on the amplitude of 

vibration. Eisley (1964a, 1964b) extended the concept. He investigated the forced vibrations 

of the buckled beams and obtained similar forms of the governing equations for both simply 

supported and clamped-clamped buckled beams using single-mode discretization. Holmes 

(1979) analyzed a simple nonlinear model of a simply supported buckled beam undergoing 

the lateral vibrations. The resulting Duffing equation can be applied for any situation in 

which the undamped system possesses two stable equilibrium separated by a saddle point. 

Moon (1980) and Holmes and Moon (1983) investigated chaotic motions of buckled beams 

under forced harmonic excitations. Abu-Ryan et al. (1993) investigated the nonlinear 
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dynamics of a simply supported buckled beam using single-mode approximation to a 

principal parametric resonance. They obtained a sequence of supercritical period-doubling 

bifurcations leading to chaos and snapthrough motions. Tseng and Dugundji (1971) analyzed 

the stability and snap-through problem of a clamped-clamped beam under harmonic 

excitation using two-mode approximation. Kreider and Nayfeh (1998) investigated 

experimentally the nonlinear vibrations of a clamped-clamped buckled beam and observed 

period-three, period-five and quasi-periodic motions. Quasi-periodic motion consists in side 

bands around the peaks corresponding to the excitation frequency and its harmonics. These 

motions cannot be predicted using single-mode approximation. To explain the mechanism of 

the quasi-periodic motion, Emam and Nayfeh (2003) used four-mode discretization. They 

investigated the dynamics of the buckled beams under a transverse harmonic excitation. The 

presented theory identified the mechanism responsible for the creation of the sequence of 

period-doubling bifurcations leading to chaos, snapthrough, and quasi-periodic motions. 

One of the motivations to investigate the buckled beams is to improve the structural 

performance and to extend their life in the design of engineering structures. In the energy 

harvesting field, research is ongoing to utilize the cubic nonlinearity of the buckled beam to 

build a wideband energy harvester. 

A schematic of a wideband energy harvester is shown in Figure 5.1. The clamped-

clamped beam consists of Metglas layers which are bonded on a brass substrate and is 

wounded by a pick-up coil. This buckled beam was originally flat and has been compressed 

over the critical buckling load crP to a static deflection position 0w  by an axial force P with 
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clamped ends. The buckled beam is excited by the base motion y. The nonlinear MsM energy 

harvester is assumed to operate around the first buckling mode of the clamped-clamped beam. 

y&&
 

 Figure 5.1 Schematic of nonlinear MsM energy harvester 

5.2 Governing Equations and Boundary Conditions 

Figure 5.1 shows that axes x and z are in horizontal and vertical directions 

respectively. The source vibration y is in the transverse z direction. The beam configuration is 

a unimorph structure with MsM layers on the top side of the substrate. Both the substrate and 

MsM laminate have the same width b and length l and their thicknesses are ts and tM 

respectively. To derive the model of the nonlinear vibration of the wideband MsM energy 

harvester, some assumptions are made. First, the in-plane deformation is ignored. Second, the 

transverse shear strains are ignored. Consequently, the rotation of the cross section is due to 

bending only. The last assumption is that no transverse normal strain is considered. Therefore, 

the beam can be modeled according to the Euler-Bernoulli beam theory. 
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To derive the equations of motion and associated boundary conditions for the beam, 

the extended Hamilton principle is developed. 

( ) 0
0

=++−∫
ft

t
ncM dtWWVT δδδδ  (5.1)

where T is the kinetic energy, V is the elastic potential energy, WM is the magnetic energy, 

Wnc is the non-conservative work, and t0 , tf the initial and final times respectively. 

The kinetic energy is given by 
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where subscripts s and M indicate the substrate and MsM layer, respectively. Ms mmm +=  is 

the total mass per unit length. 

 The first variation of the kinetic energy between t0 and tf can be obtained by (Emam, 

2002) 
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where the first term vanishes by virtue of Hamilton’s principle. 

The elastic potential energy due to bending is given by 
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According to the Euler-Bernoulli beam theory 
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According to the Hooke’s law, the stress of the substrate is given by 

εσ ss E=  (5.6)

For MsM layer, the second equation in Eq. (2.3) can be rewritten as 

eHE H
M −= εσ  (5.7)

Assuming the solenoid coil is long and neglecting fringing effect, magnetic field intensity H 

can be expressed by Ampere’s law  
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Substituting Eqs. (5.5) ~ (5.8) into Eq. (5.4) the elastic potential energy due to bending is 
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where  
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The potential energy due to the axial force P is given by (Emam, 2002) 
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The potential energy due to the midplane stretching is given by (Emam, 2002) 
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where As and AM are the cross section area of the substrate and the MsM layer, respectively.  
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Therefore, the total potential energy can be expressed as 
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The magnetic energy is given by 
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The nonconservative work is given by 
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where q is a distributed load in the transverse direction, v
dt

d v =
ϕ , and v is the applied voltage. 
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Substituting Eq. (5.3), Eq. (5.15), Eq. (5.17) and Eq. (5.18) into Eq. (5.1) yields 
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Because Eq. (5.19) must hold true for any arbitrary wδ , iδ , and ( )xw ∂∂ /δ , the integrand 

should be zero. As a result, the governing equations for the nonlinear MsM energy harvester 

are 

0

2

2

2
0 0

2

2

2

2

2

4

4

2

2

=
⎭
⎬
⎫
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−

⎪⎩

⎪
⎨
⎧

⎢
⎢
⎣

⎡
⎥⎦
⎤

∂
∂

−+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

∂
∂

+
∂
∂

−
∂
∂

−
∂
∂

−∫ ∫

dx
x
wi

l
hANdE

w
t
wcqdx

x
w

x
w

l
EA

x
wP

x
wEI

t
wm

MM
H

l

m

l

δ

δ
 (5.20a)

0
2

0
2

2

=++⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−∫ v
M

sl
MM

H

i
l

ANdx
x
w

l
hANdE ϕμ  (5.20b)

The boundary conditions are 

lxx
x
w

x
wEI ==

∂
∂

=
∂
∂ and0ator02

2

 (5.21)

and 

lxxwdx
x
w

x
w

l
EA

x
wP

x
wEI

l

====⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

∂
∂

−
∂
∂

+
∂
∂

∫ and0at0or0
2 0

2

3

3

 (5.22)



127 

Assuming the buckled beam has been compressed past the critical buckling load, Pcr, to a 

static deflection w0. Following the Rayleigh-Ritz procedure outlined in Chapter 2, w(x,t) can 

be expressed as 
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where )(0 xw is the static deflection of the buckled beam, )](,),([)( 1 xxx
rNφφ L=φ  is modal 

vector of the beam, and T
N trtrt

r
)](,),([)( 1 L=r  is generalized coordinate vector. 

The axial force P is given by 
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and the initial static deflection w0 satisfies 
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where Pcr is the fundamental buckling load of a clamped-clamped beam. 

Substituting Eqs. (5.23) ~ (5.25) into Eq. (5.20), the governing equations can be 

obtained by 
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From the fourth term on the left hand side of Eq. (5.26), the MsM energy harvester 

with a buckled beam possesses both quadratic and cubic nonlinear terms for )(tr in time 

domain which makes wideband design possible. The reduction of the governing equations 

and mode shape functions will be explored in the following section. 

5.3 Vibration around the Buckled Configuration 

Assuming the relative displacement to the static deflection w0 is wv, the total 

displacement, Eq. (5.23), can be rewritten by 

),()(),( 0 txwxwtxw v+=  (5.27)

Substituting Eq. (5.27) into Eq. (5.20), the governing differential equation of the 

buckled beam with clamped-clamped ends and excited by the transverse base vibration 

)sin( ty Fω  can be obtained by eliminating the current i: 
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where c is the damping factor ( em ccc += ).  

For the clamped-clamped beam, boundary conditions on both ends are  
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Recall that the initial static deflection w0 is governed by Eq. (5.25) 
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The deflection w0 is assumed to follow the first buckling mode shape obtained by 

solving Eq. (5.31),  
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where )/()(4)2/( 22
0 EAPPllww crc π−== (Emam, 2002) is the deflection at the midspan 

of the beam. 

 Substituting Eq. (5.24), Eq. (5.31) into Eq. (5.28) yields 
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Applying Eq. (5.32) and Eq. (5.33), and using the following nondimensional variables: 
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where EAEIrg =  is the radius of gyration of the cross-section, Eq. (5.34) can be reduced 

to 
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where the overdot indicates the derivative with respect to time t̂ , the prime indicates the 

derivative with respect to the spatial coordinate ξ .  The value of a represents the extent of 

the initial buckled level. 

Assume the induced wv due to the ambient vibration is much less than the static 

deflection w0. Following Nayfeh et al. (1995) and Emam (2002), the linear vibration mode 

shapes and corresponding natural frequencies associated with the nonlinear vibrations of the 

buckled beams can be obtained by dropping the nonlinear, damping, and forcing terms in Eq. 

(5.36).  
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where )(ˆ ξφ  is the linear vibration mode shape and ω̂  is its corresponding natural frequency. 

Substituting Eq. (5.39) into Eq. (5.38) leads to 
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1and0at0ˆˆ ===′= ξξφφ  (5.41)

The general solution of Eq. (5.40) can be expressed as the superposition of a homogeneous 

solution and a particular solution. 
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++++=

+=
 (5.42)

where ci (i = 1, 2, 3, 4, 5) are unknown constants, πξξφ 2cos)(ˆ
5cp =  and 

242
2,1 ˆ42 ωππ ++±=s  (5.43)

Substituting Eq. (5.42) into Eq. (5.40) and Eq. (5.41) yields five homogeneous algebraic 

equations as shown in Eq. (5.44) in ci and the natural frequency ω̂ . The natural frequency ω̂  

can be obtained by calculating the eigenvalues. Then solving the five algebraic equations 

yields the corresponding mode shapes. 
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The linear vibration mode shapes are normalized by 

  ijji d δξφφ =∫ ˆˆ
1

0

 (5.45)

where ijδ  is the Dirac delta function. Using Galerkin’s method, Eq. (5.40) is multiplied by φ̂  

and integrated with respect to ξ from 0 to 1 resulting in 

  2
1

0

ˆˆ)ˆ( ωξφφ =∫ df  (5.46)

where 

  ∫ ′−′′+=
1

0

322 2sinˆ2cos2ˆ4ˆ)ˆ( ξπξφπξπφπφφ daf iv  (5.47)

Figure 5.2 shows the variation in the nondimensional natural frequencies ω̂ with 

change in nondimensional initial buckled level a. It can be concluded that the natural 

frequencies of the odd modes change with the initial buckled level, while the even modes are 

independent of the initial buckled level resulting from c5=0. 
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Figure 5.2 Nondimensional natural frequency as a function of the nondimensional buckled 

level 

5.4 Dynamic Equation of the Clamped-Clamped Buckled Beam 

After solving the mode shape, according to the single-mode Galerkin discretization, 

Eq. (5.26) can now be solved for r(t) 

)ˆ()(ˆ)ˆ,(ˆ trtv ξφξ =  (5.48)

where )(ˆ ξφ is the linear vibration mode shape of the buckled beam and )ˆ(tr  is generalized 

coordinate. Substituting Eq. (5.48) into Eq. (5.36) and using Galerkin method yields 
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where 
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Note Eq. (5.49) and all variables defined in the above equation are nondimensional. 

Similarly, substituting Eq. (5.32) and Eq. (5.33) into Eq. (5.26), after transferring back into 

dimensional variables, yields 
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where 1ω  is the natural frequency of the first linear buckling mode and 
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5.5 Simulation Results 

A clamped-clamped buckled beam with the same dimension in the experiment is 

employed in the simulation to examine the behavior of the nonlinear MsM energy harvester. 

Assume that the buckled beam only operates in the first buckled mode and under the primary 

harmonic excitation whose frequency equals the first linear natural frequency of the buckled 

beam. When the initial buckled level a equals 1, the natural frequency of the first mode is 
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138.2 Hz. The periodic motion of the beam from the simulation results is shown in Figure 

5.3(a). The induced voltage on the pick-up coil is also shown in Figure 5.3(b). When the 

initial buckled level is increased to 6.5, the natural frequency of the first mode also increased 

to 836.7 Hz. The amplitude of the periodic motion of the beam and the induced coil voltage 

are increased by increasing the initial buckled level as shown in Figure 5.4(a) and (b). The 

input accelerations are kept the same in these two simulations. The input excitation amplitude 

is 5 µm for 138.2 Hz. 

Increasing the excitation amplitude increases the relative displacement and changes 

the frequency response of the buckled beam. A chaotic response of the buckled beam can be 

induced by increasing the excitation amplitude up to some magnitude. The relative 

displacement and induced voltage are shown in Figure 5.5(a) and (b) respectively. The phase 

space of the chaos is shown in Figure 5.6. Three equilibrium positions are observed which 

are one saddle at )0,0(),( =vv & , and two wells in the chaotic response.  

If the nearness of the input vibration frequency Fω  is expressed as (Emam, 2002) 

σεωω 2+= nF  (5.53)

where ε is a bookkeeping parameter such that 1<<ε , is σ the detuning parameter. The 

frequency response of the clamped-clamped buckled illustrates a hardening effect. The peak 

frequency is bent to the higher frequency as shown in Figure 5.7. For the larger buckled level 

a, the peak frequency is bent to the even higher frequency. Therefore, the nonlinearity is 

more significant for the larger buckled level. This frequency bending demonstrates the 

possibility of the wideband. Note that the predicted frequency response using the single-
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mode approximation has a quantitative error. It should illustrate a softening effect in the real 

system as mentioned in Emam (2002). 

 

(a) 

 

(b) 

Figure 5.3 Periodic response of the buckled beam under the primary harmonic excitation with 

the nondimensional initial buckled level a=1. (a) relative displacement; (b) the induced 

voltage and nondimensional excitation force 
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(a) 

 

(b) 

Figure 5.4 Periodic response of the buckled beam under the primary harmonic excitation with 

the nondimensional initial buckled level a=6.5. (a) relative displacement; (b) the induced 

voltage and nondimensional excitation force 
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(a) 

 

(b) 

Figure 5.5 Chaotic response of the nonlinear energy harvester. (a) relative displacement; (b) 

induced voltage and nondimensional excitation force 



139 

 

Figure 5.6 Phase space of the nonlinear energy harvester 

 

Figure 5.7 Frequency response of the clamped-clamped buckled beam 
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 Figure 5.8 Output power as a function of excitation frequency for the nonlinear energy 

harvester and the linear energy harvester 

To check the bandwidth of the energy harvester, the frequency response of the 

nonlinear MsM energy harvester is simulated. Figure 5.8 shows the frequency response of 

the same beam under the same boundary condition and excitation acceleration. Both the 

linear generator and nonlinear generator are comprised of a clamped-clamped beam but with 

a different proof mass in order to have the same natural frequency. The nonlinear one utilized 

a buckled clamped-clamped beam with the first buckling mode shape and operates at the first 

linear natural frequency. The initial buckled level of the nonlinear generator is set to be unity. 

It is obvious that the buckled nonlinear energy harvester has a much wider bandwidth (13.9 

Hz) compared with the linear energy harvester (0.2 Hz) while the buckled nonlinear energy 

harvester has a smaller peak output power (16.1 µW for the nonlinear generator versus 243.1 

µW for the linear generator). If the excitation vibration is a wideband signal and it has the 
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same acceleration for all frequencies, the total power*frequency for the nonlinear energy 

harvester is 266.2 µW·Hz. However, the total power*frequency for the linear energy 

harvester is only 85.5 µW·Hz. As a result, the nonlinear generator can harvest more energy 

than the linear generator due to its wideband characteristic. 

5.6 Measurement Results 

5.6.1 Measurement Setup 

Table 5.1 Parameters of the clamped-clamped beam  

Parameter Value 
Length 59.24mm 
Width 12.5mm 

Thickness of the brass shim 0.19mm 
Thickness of Metglas (one layer) 0.022mm 

Total thickness of the beam 0.31mm 
Young’s modulus of Metglas 100~110GPa 

Young’s modulus of brass 100~110GPa 
Proof mass 12.95g 

Turns of the coil 3000 
 
To test the model, a prototype device was built. The unimorph was comprised of a 

brass substrate and four layers of cast Metglas2605 SA1. A steel proof mass was mounted in 

the middle of the beam. The device parameters are listed in Table 5.1. The beam was 

clamped between two supporters and wounded by a pick-up coil. An aluminum vise was 

custom-machined to hold the clamped-clamped beam and the coil. The axial load was 

applied using a screw, mounted at one end of the vise and was measured by a FlexiForce 

piezoresistive force sensor from Tekscan, Inc., mounted at the other end of the vise. A 

photograph of the experimental configuration is shown in Figure 5.9. A power amplifier with 
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high drive strength, 2125MB from MB Electronics, Inc. and a vibration shaker VTS100-8 

from Vibration Test Systems, Inc. were used to drive the aluminum vise.  

 

(a) 

 

(b) 

 Figure 5.9. Experimental configuration (a) without coil; (b) with coil 
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5.6.2 Experimental Results and Discussion 

Experiments were carried out to study the nonlinearity of the prebuckled beam and 

the buckled beam under the compressive axial load and heavy proof mass. The nominal peak 

acceleration of the driving vibrations used in the experiments was approximately 38 m/s2. 

The axial load was carried from 0 N to 31 N in increment of approximately 4 N. The axial 

load as a function of the midspan deflection wc is shown in Figure 5.10. In the experiment, 

the unimorph buckled when axial load reached around 17.5 N. The natural frequency of the 

device, the bandwidth, the open circuit voltage and the peak output power were measured for 

each level of the axial load. The axial load was gradually increased until the unimorph 

entered the plastic region. Some amount of irreversible deformation existed resulting from 

internal friction and fatigue. The power output reduced to zero. Therefore, the unimorph had 

to be discarded and was not used for subsequent measurements. From Eq. (5.32), the 

theoretical critical buckling load is around 36 N. However in the experiment the critical 

buckling load is 38N using Southwell plot. The heavy proof mass in the middle of the beam 

increase the rigidity and thus the critical buckling load. However, it also induces some 

additional initial deflection. Therefore, the beam starts to bend for any axial load. The beam’s 

imperfection also affects the bending phenomena. The beam starts to illustrate the buckled 

characteristics when the compressive axial load exceeds 15 N. 

 The following factors may affect the measurement results and mismatch the 

theoretical results: 

• The unimorph is not a true long slender beam since the ratio of the unimorph’s 

length to the width is not large enough. 
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• The length of the unimorph may change slightly for different axial load. 

• Locally stiff regions were formed during the machine process and due to the 

mass bonded on the unimorph. 

• To apply the axial load and to measure it, some part of the beam must be 

outside the clamps. As a result, the actual beam length is longer than the 

effective beam length. The friction that exists between the part of the beam 

outside the clamps and the force sensor or the force applying apparatus can 

affect the end conditions.  

• The vibrations affect the clamping setup. This causes change in the applied 

axial force to the beam and also affects the end conditions.  
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Figure 5.10. Axial load versus midspan deflection 

The open-circuit natural frequency was measured for each level of axial load by 

varying the frequency of the driving vibrations manually. Figure 5.11 shows the effects of the 

compressive axial load on the natural frequency for the clamped-clamped MsM generator. 
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For the 12.95 g proof mass, the natural frequency reduces from 113.8 Hz to 94.2 Hz first 

when axial load is less than 15N. The natural frequency then increases to 105.1 Hz as the 

axial load exceeds 15 N. As mentioned by Leland and Wright (2006) that the compressive 

axial load can adjust the natural frequency of a simply supported beam below the unloaded 

natural frequency, the compressive axial load lowers the natural frequency of a clamped-

clamped beam before the beam buckles. According to the linear theory, the natural frequency 

becomes zero as the compressive axial load reaches the critical buckling load. As predicted 

in Eq. (5.44), the natural frequency of the buckled beam increases for higher axial load.  

80

85

90

95

100

105

110

115

120

0 5 10 15 20 25 30 35

N
at
ur
al
 F
re
qu

en
cy
 (H

z)

Axial Load (N)

 
Figure 5.11. Natural frequency versus axial load 

The maximum open circuit voltage was measured for each level of load when the 

clamped-clamped beam operated at the open-circuit natural frequency. Figure 5.12 illustrates 

the effect of the compressive axial load on the maximum open circuit voltage. Before the 

beam buckles, the maximum open circuit voltage decreases from 0.7 V to 0.5 V as the load is 

increased. After the beam buckles, the maximum open circuit voltage continues to decrease 
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up to 0.13V first and then increases to 0.27 V. The relationships described in Eq. (2.36) and 

Eq. (5.51), however, suggest that the maximum open circuit voltage should increase at higher 

load. For the buckled problem, the theoretical results about the effect of the buckled level on 

the open circuit voltage have been predicted in Section 5.5. This mismatch between the 

theoretical results and the experimental results might be explained by the increase in the 

device damping at higher levels of load (Leland and Wright, 2006). 
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 Figure 5.12. Maximum open circuit voltage versus the compressive axial load 

Figure 5.13 shows the open circuit voltage as a function of the input vibration 

frequency. With the heavy proof mass, the clamped-clamped beam shows nonlinearity under 

both zero and 19 N axial load. The effects of the nonlinearity include the change in the 

natural frequency and the bending of the frequency response. When the beam is under zero 

axial load, the resonance peak bends to higher frequencies as shown in Figure 5.13(a) and the 

bandwidth is 4 Hz. The midplane stretching, caused by the heave proof mass, results in the 

hardening effect. Heavier proof mass will cause larger bending of the frequency response.  
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(b) 

Figure 5.13. Peak to peak open circuit voltage as a function of input vibration frequency (a) 

when no axial load is applied to the clamped-clamped beam; (b) when 19 N axial load is 

applied to the clamped-clamped beam 
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For the buckled beam, the resonance peak bends to lower frequencies as shown in 

Figure 5.13(b) and the bandwidth is 4.6 Hz. Here, the softening effect caused by the axial 

load dominates the hardening effect caused by the heavy proof mass. For highly nonlinear 

system, a hysteresis appears in the frequency domain depending on the direction of vibration 

frequency sweep. This can be observed in the experiment. The jump phenomenon for the 

open circuit voltage is shown in Figure 5.13 (a) and Figure 5.13 (b).  

The nonlinearity manifested as the bending of the frequency response indicates the 

possibility that the nonlinear system has a wider band than the linear system. Figure 5.14 

shows the relationship between the 3dB bandwidth and the compressive axial load. For the 

prebuckled beam, the bandwidth is nearly constant since the dominant nonlinearity is caused 

by the constant proof mass. For the buckled beam, the bandwidth changes since the 

nonlinearity due to the varying axial load becomes dominant. The maximum bandwidth of 

7.4 Hz can be obtained for the buckled clamped-clamped beam in the experiment. 

The output power was calculated from the measured RMS voltage drop across a 

known resistance. The maximum output power for each level of axial load was measured 

when the beam operated at the natural frequency and drove an optimum resistive load. Figure 

5.15 shows the maximum output power as a function of the axial load. The maximum output 

power has the same behavior versus the axial load as that of the maximum open circuit 

voltage. The maximum output power for each level of axial load is in the range between 3 

µW and 49 µW. In contrast to the relationship between the bandwidth and the axial load, the 

damping reduces the output power while increases the bandwidth. From Figure 5.14 and 
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Figure 5.15, it can be seen that the damping will increase the bandwidth at the expense of the 

output power. 
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Figure 5.14. Bandwidth versus axial load 
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 Figure 5.15. Maximum output power versus axial load 
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Preload 

 

 Figure 5.16. Waveforms of open circuit voltage, base displacement, input driving voltage 

and axial load  

Figure 5.16 illustrates the waveforms of open circuit voltage, input driving voltage to 

the power amplifier, base displacement voltage sensed by the laser sensor and the axial load 

sensed by the force sensor when the clamped-clamped beam is operating near the natural 

frequency under no axial load. The open circuit voltage waveform contains higher harmonics 

of the input driving voltage. This harmonic phenomenon is caused by the nonlinearities 

present in the system. 
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5.7 Conclusions 

The governing equations for the nonlinear MsM energy harvester with a clamped-

clamped buckled beam are explored using the extended Hamilton principle. A single-mode 

Galerkin approximation is used to discretize the integral-partial-differential equations and 

obtain an ordinary-differential equation in time only which possesses quadratic and cubic 

nonlinearities. From the simulation results, the wideband response of the nonlinear energy 

harvester is confirmed. A chaotic response of the buckled beam which has two wells and one 

saddle is observed by increasing the excitation amplitude further. The experiment was 

explored to verify the nonlinearity of the clamped-clamped beam for both prebuckled and 

buckled with a heavy proof mass. The resonance characteristics, the bandwidth and the 

output power of the prebuckled and buckled beam were measured and discussed. The 

softening effect and the hardening effect due to the nonlinearity of the beam were observed. 

However, the nonlinearity of both of the prebuckled beam and buckled beam with the heavy 

mass is not sufficient to offer a wide enough bandwidth. The increased damping also reduces 

the output power too much. A new structure that presents higher nonlinearity is desired. 
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CHAPTER 6  

CONCLUSIONS 

6.1 Conclusions 

The power supply is one of the challenging technologies for the widespread wireless 

sensors. To overcome the lifetime, power capacity and power density limitation of the power 

supply, numerous potential ambient energy sources have been investigated for their 

advantages and limitation. Energy scavenging solution is in the demands of the application and 

the environment in which the system will be used. For the structural health monitoring or traffic 

control applications, mechanical vibration is one of the promising energy sources. 

Conversion mechanisms of vibration to electrical energy were compared and energy 

conversion using magnetostrictive material was selected due to its flexibility and high 

coupling coefficient.  

Cantilever beam configuration with MsM layers bonded on top was selected for the 

design of linear MsM energy harvester. The governing equations that approximate the 

electromechanical behavior of the harvester showed that the MsM energy harvester provides 

high output current with low voltage in response to the input vibrations. To maximize the 

conversion efficiency, the natural frequency of the harvester should match the input vibration 

frequency. The natural frequency of the 2nd mode is chosen as the target operating frequency 

since the open circuit voltage is high at the 2nd natural frequency. The effects of the number 

of MsM layers, the coil design and the load matching on the output power of the MsM 

energy harvester have been analyzed. Optimization based on the analysis has been explored. 
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Experiments on the prototype MsM devices showed that the non-uniform residual strain 

distribution in beam structure significantly lowers the available output power. To increase the 

output power and power density, a uniform stress distribution should be pursued by carefully 

machining and bonding the beam.  

The low output voltage of the MsM energy harvester means that an interfacing circuit 

is needed to drive the load impedance. The designed interface circuit includes the full-wave 

voltage quadrupler and DCM buck-boost converter to implement the impedance matching. 

Experimental results show that the open circuit output voltage from the linear MsM energy 

harvester is 1.5 V when the operating frequency is 324 Hz. The AC output power is 0.97 mW 

and AC power density 279 µW/cm3. The output power after the voltage rectification is 705 

µW and power density is 202.4 µW/cm3, which is comparable to the other energy harvesters. 

The power delivered to the rechargeable battery is around 630 µW independent of the load 

impedance. Any impedance mismatch between the MsM device and the load or frequency 

mismatch between the operating frequency and the natural frequency will cause the output 

power to change significantly. It was proved analytically and experimentally that electrical 

reactive components can resonate the entire linear energy harvesting system at an operating 

frequency that is close to the natural frequency of the MsM device. However, the output 

power is reduced dramatically when the operating frequency was far away from the natural 

frequency since the force factor G becomes smaller as the operating frequency moves away 

from the natural frequency. 

The linear MsM energy harvester has a high quality factor at the natural frequency of 

the device. The output power from the linear energy harvester falls off very quickly even if 
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there is a slight mismatch between the natural frequency of device and the input vibration 

frequency. In addition, the frequencies of the driving vibration are often wideband or may 

change over time in most of the environments, depending on the operating conditions. In 

order to extract more energy from such vibrations, a wideband energy harvester is needed. 

This study proposed a new structure for the wideband energy harvester. In the wideband 

energy harvester, the cubic nonlinear of the buckled beam is explored. Since MsM is flexible, 

it is feasible to bond MsM on a buckled substrate after applying an axial force. The 

governing equation for the nonlinear energy harvester is derived by the Hamilton’s Principle. 

A numerical method is used to solve the dynamic response of the nonlinear MsM energy 

harvester. From the simulation, the wideband response of the nonlinear energy harvester is 

confirmed. It can harvest more energy than the linear clamped-clamped beam for the 

wideband ambient vibration. The buckled natural frequency is increased by increasing the 

initial buckled level. The beam displacement and the induced voltage also increase with the 

initial buckled level. The chaotic response of the buckled beam shows two wells and one 

saddle point. In the experiment, the clamped-clamped beam with a heavy proof mass or 

under the axial load beyond the critical buckling load exhibited high nonlinearity. For the 

prebuckled beam with a heavy proof mass, hardening effect due to the midplane stretching 

caused by the proof mass was observed during vibration. The softening effect was observed 

for the buckled beam. The natural frequency reduces as the axial load increases for the 

prebuckled beam whereas for the buckled beam the natural frequency increases with the axial 

load. In the experiment, 7.4 Hz bandwidth was obtained for the buckled beam. 
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6.2 Future Work 

Although the buckled beam or the clamped-clamped beam with the heavy proof mass 

exhibits the nonlinearity in the experiment, the bandwidth and the output power are not large 

enough. The large friction exists between the beam and the force sensor and axial loading 

apparatus. This causes the huge damping and reduces the output power. More efforts have to 

be made to increase the bandwidth and the output power, especially to decrease the friction. 

Therefore, a better experimental setup has to be built. To make the system operate at the 

snapthrough motion are attractive to increase the output power.  

After increasing the output power, the integrated interfacing circuit should also be 

designed to charge a rechargeable battery and integrated into the wireless sensor, WISP. The 

experiment that the MsM energy harvester drives the WISP will be explored to verify the 

availability and feasibility of the MsM energy harvester as a power supply for the WISP. 
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