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ABSTRACT 
      

Energy harvesting devices capture the ambient energy surrounding a system and convert it 
into usable electrical energy. With increasing demand for wearable electronics and an increased 
interest in the implementation of arrays of wireless sensors in a number of rising sectors such 
as health monitoring in civil infrastructure, MEMS sensor arrays for automotive and aerospace 
applications, and sensor arrays for environmental control, there is a surge in research in the 
area of power harvesting. One of the most effective methods of implementing a power 
harvesting system is to use ambient vibration in conjunction with a piezoelectric device to 
generate electric energy based on the direct piezoelectric effect.  

 
This paper presents an assessment of recent developments in piezoelectric based energy 

harvesting and presents the various modules needed for successful implementation. The paper 
also presents a summary of the patent activity and applications on piezoceramic energy 
harvesting. 
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INTRODUCTION 
 

With recent developments in personal electronics and micro-electronics, much research 
has been dedicated to the development of self-powered devices that can overcome the current 
reliance and limitations of finite-supply batteries. Such devices hold much potential in 
developing versatile next-generation wireless electronics for a wide variety of applications 
such as portable electronics and self-monitoring structures. To this end, the core of current 
research has focussed on utilizing ambient energy from a device’s surroundings and 
converting it into usable electrical energy. While methods of harvesting ambient solar, 
magnetic and thermal energy have all been proposed, one of the most common methods of 
power harvesting is to convert ambient mechanical vibrations into electricity through the use 
of piezoelectric materials. These materials exhibit the direct piezoelectric effect that produces 
an electrical charge across the material corresponding to a mechanical deformation. Although 
many materials can exhibit such properties, efficient energy harvesting requires the use of 
those with specific material properties, such as large electromechanical coupling factors (k) 
and high mechanical quality factors [1]. As a result, piezoceramics such as PZT are most 
often used for energy harvesting [1].   

 
This paper highlights some of the recent developments in piezoceramic energy harvesting 

along with proposed circuits that can improve the performance of energy harvesters. It also 
presents a summary of recent patent activity on piezoelectric energy harvesting.  
 

ENERGY HARVESTING DEVICES 
  

Due to significant research interest in piezoceramic energy harvesting, a wide variety of 
harvesting devices have been proposed in recent years. To simplify categorization, these can 
be divided into two broad groups: resonating structures and impulse driven generators.  

 
Resonating structures are the most common type of energy harvesting device and make 

use of a central structure that is excited by ambient vibrations approaching its resonant 
frequencies. The oscillating structure then stresses a bonded piezoceramic element generating 
a time-varying voltage. The most common example of such a resonating structure is a 
cantilevered beam with piezoelectric elements bonded to the top and bottom surfaces of the 
beam. For every deflection of the beam, the piezoelectric element is stressed in a transverse 
direction resulting in voltage generation across electrodes placed at the top and bottom 
surfaces (see Figure 1). Often, a proof mass is also placed near the tip of the beam to improve 
its displacement and control the frequency response of the beam.  

 

 
 

Fig. 1: Schematic of one cantilever beam harvester [2] 
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Due to their simplistic design and predictable response, cantilevered harvesters are the 
subject of extensive modelling and testing [2-10].  One example of such work is by Roundy 
and Wright [2]. Using a 1 cm3 volume constraint for a proposed device, the group developed 
an analytical model of the system and subsequently validated it through two optimized 
prototypes. The prototypes were then tested on a shaker at a frequency of 120 Hz producing a 
peak total of 375 µW and were able to successfully power a custom-built radio.  

 
Other research on straight cantilever beams includes the work by Sodano et al. in 

analytically modelling cantilever beams [3-8] and predicting effects such as vibration 
dampening in the beam due to energy harvesting [6]. Sodano et al. have also investigated the 
amount of power generated by a cantilevered plate and storing it in batteries or capacitors [7].  
In this, it was found that at resonant frequencies, the tested plate was able to produce 2 mW 
of power and was capable of recharging batteries [8].  

 
Alternatives to straight cantilever beams have also been explored. Zheng et al. have 

developed an “air-spaced” cantilever beam designed with a tip mass to increase the 
amplitude of the generated signal [9], and thus improve the efficiency of the AC-DC 
conversion for subsequent storage. This design uses a fixed base and a proof mass that is 
attached using a mechanical beam and a separate piezoelectric beam (see Figure 2). The 
resulting asymmetric structure can undergo two modes of bending: pure bending and S-
shaped bending. For energy harvesting applications, the S-shaped bending mode must be 
avoided and the researchers use an analytical model as well as a FEM model to develop 
criteria to determine the dominant mode of bending. The model was successfully validated 
using a prototype that was able to produce 32.5 µW of power at a frequency of 150 Hz.  

 

 
 

Fig. 2: Schematic of the air-spaced cantilever beam. The bottom beam is the mechanical 
beam while the top beam is piezoelectric [9]. 

 
Other alternative cantilever beam designs also include a tapered cantilever developed by 

Glynne-Jones et al. to produce uniform strain over the length of the beam [10]. A tested 
prototype using PZT piezoceramics was able to produce 3 µW at its fundamental frequency 
of 80 Hz with a load resistance of 333.1 kΩ. The device was made from thick film printing of 
the piezoceramic material and as a result, suffered from reduced piezoelectric properties 
when compared to bulk materials. 

 
Despite their simplicity, one of the major drawbacks of the cantilevered designs is their 

poor frequency response. For optimum performance, cantilevered structures must often be 
excited close to resonant frequencies to maximize deflections and thus maximize generated 
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power. As a result, cantilevered structures must be placed in environments where the ambient 
frequencies match the device’s operating frequencies. While the operating frequency of an 
energy harvester can be tuned to a certain extent through variations of the proof mass or 
beam properties, the bandwidth of the device remains more or less fixed. In order to address 
this issue, some novel solutions have been proposed. 

 
Marinkovich and Koser have proposed a concept for Smart-Sand, a wide bandwidth 

piezoelectric energy harvester that makes use of four cantilever tethers with bonded 
piezoceramic materials to support a central proof mass (see Figure 3(b)) [11]. The non-linear 
dynamics of the device result in a large amount of bending as well as stretching of the tethers 
and consequently, a 3D finite element model of the device was created to analyze its 
behaviour. This model was then validated through a tested prototype that was able to 
successfully operate between the frequencies of 160-400 Hz without the need for any tuning 
while producing a peak 1 µW of power. The authors note that the critical frequencies of the 
device could be decreased by creating thinner and more compliant tethers or by increasing 
the mass of the proof mass. 

 

 
 

Fig. 3: The frequency response of (a) a cantilever harvester compared to (b) a Smart-Sand 
harvester [11] 

 
As can be observed from the above examples, most resonating energy harvesters operate 

at frequencies greater than 100 Hz. For low frequency application, energy harvesting must 
usually be conducted through impulse driven generators. Rastegar et al. have proposed one 
such energy harvesting platform for very low frequency vibration operating conditions (on 
the order of 0.1 – 0.5 Hz) such as ships and trains [12]. This design consists of a primary 
travelling mass that oscillates with the platform at very low frequencies moving back and 
forth within the device enclosure. As it does so, it strikes a number of secondary pendulums 
with attached piezoelectric elements that can then oscillate at their natural frequency. The 
pendulum frequency can be tuned with a tip mass to optimize power output with respect to 
the overall platform frequency. Prototypes of this device were still under construction at the 
time of the paper’s publication.  

 
A similar approach of using a moving mass to strike secondary piezoelectric elements has 

also been proposed by Renaud et al. in [13]. Using human motion to create mechanical 
vibrations, the proposed device used a sliding mass within a rigid frame to strike 
piezoelectric elements at either end of the frame. To improve the device’s power outputs, 
magnets were also attached at either end of the device to increase the force of impact. 
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Modelling results predicted that the device would be able to produce a peak 40 µW of power 
at 1 Hz and 0.1 m/s2 excitation amplitudes.   

 
One of the main limitations of impulse driven harvesters is that the majority of the energy 

by the impacting object on the piezoelectric harvester is returned to the object in the 
collisions. Umeda et al. investigated the effects of such collisions between a steel ball and a 
piezoceramic plate and developed an analytical model for the system in [14]. Through 
subsequent testing, they found that the device was only 9.4% efficient in extracting energy 
from the steel ball. Goldfarb and Jones [15] found similar results with a stack piezoceramic 
configuration and observed that the majority of the energy was returned back to the 
excitation source. Consequently, the stack configuration was found to be most effective at 
low input frequencies around 5 Hz.  Xu et al. [16] compared the effects of impact loading to 
slowly applied compressive loading for a piezoceramic material and found slow compressive 
loading to produce more energy than impact loading due to the brittle nature of 
piezoceramics and poor energy transfer between the impacting object and the material. 

 

Reference Device Type Power  
[µW] 

Frequency 
[Hz] 

Overall Size 
[mm] 

Roundy [2] Resonant - Cantilever Beam 375 120 30 x 3.6 x 7.7 
Sodano  [7] Resonant - Cantilever Plate 2000 50 80 x 40 x 1.0 
Zheng [9] Resonant - Cantilever Beam 32.5 150 42 x  22 x 0.85a 
Glynne Jones [10] Resonant - Cantilever Beam 3 80 23 x 20 x 0.1  
Marinkovich [11] Resonant - Tethered Mass 1 160-400 4 x 4 x 0.5a  
Renaud  [13] Impulse Driven 40 1 12 x 10 x 5  

 

a Estimated from given values 
 

Table 1: Summary of energy-harvesting devices 
 

ENERGY HARVESTING CIRCUITRY 
 

The successful storage and use of energy generated by various harvesting devices requires 
the use of specific circuitry to rectify and optimize the output from the devices. These are 
characterized below. 
 
Energy Storage 
 

The power produced by piezoelectric elements from ambient energy is too low to directly 
power most devices. As a result, the energy must first be stored using appropriate methods 
and then be utilized for higher power applications. The two most common choices for energy 
storage are capacitors and rechargeable batteries. In comparing the two, Umeda et al. [17] 
found that capacitors were the more efficient choice for their tested device, but their storage 
capacity was too low for many applications. Similarly, Starner [18] found batteries more 
suitable for high power applications with capacitors more efficient for low-excitation 
piezoelectric elements. Capacitors were also considered the storage means of choice for 
many in-vivo applications due to their less intrusive nature. 
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AC/DC Converter 
 
The nature of harvesting energy from mechanical vibrations means that the charge 

generated by the piezoelectric element is oscillatory in nature and hence must be rectified 
through an AC/DC converter before it can be stored. The most common implementation of 
this circuit component is a simple diode bridge rectifier connected to the electrodes of the 
piezoelectric element. However, to overcome the bias voltages of the diodes, the 
piezoelectric element must often undergo significant excitation magnitudes [19]. Liu et al. 
[19] have proposed an alternative active rectifier circuit that makes use of a MOSFET based 
full inverter circuit to apply an average-value voltage across the piezoelectric element. The 
resultant circuit is described as being 78% efficient and the tested device was able to produce 
7 mW of power as opposed to 5 mW obtained from a similar diode bridge rectifier. 

 
DC-DC Step Down Converter 

 
One method of optimizing the power flow from energy harvesting device to the battery is 

through the use of a DC-DC step down converter. Since the voltages generated by a 
piezoelectric element can be very high, a DC-DC converter can regulate the voltage to an 
acceptable level for the battery or the load. To further optimize the circuit’s performance for 
varying voltages, the converter can be controlled through a controller circuit. Ottman et al. 
[20] proposed one such circuit that controls the DC-DC converter through the use of duty 
cycles to hold the optimal voltage at the rectifier output. At high excitation levels of the 
piezoelectric element, the circuit can be effectively implemented through fixed-duty PWM 
signals and a switching MOSFET. At low excitation levels, however, the duty cycles vary 
over a wide range and this requires complex controllers that are power inefficient for 
implementation.  
 
Non-Linear Voltage Processing 

 
Another method of improving the power flow from the piezoelectric element is through 

the use of non-linear voltage processing. In this, the rectified voltage of the piezoelectric 
device is subjected through a non-linear circuit component such as a switched inductor to 
improve power flow. While many forms of non-linear voltage processing have been 
developed, the most common of these are synchronous charge extraction and Synchronized 
Switching Harvesting on Inductor (SSHI) [21]. Lefeuvre et al. compared these methods to a 
baseline rectified energy harvesting device to observe their performance in [22]. Based on 
their experiments, synchronous charge extraction was found to be the most effective 
optimization technique and its performance was independent of the circuit load.  However, 
this method peaked at low electromechanical coupling factors (k2 < 0.006) and its 
effectiveness decreased as k increased. The two SSHI methods (parallel and series) delivered 
lower peak power outputs when compared to the synchronous charge extraction but still 
offered improvements over the standard interface circuit. 
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ENERGY HARVESTING PATENT ACTIVITY  
 

An examination of international patent databases shows that the number of patent families 
published each year on piezoelectric-based energy harvesting has increased steadily since 
2003 (Figure 4). Aerospace is a prominent application area cited in the patent literature, and 
automotive and medical applications are also significant. The Boeing Company had the 
largest number of patent families of any single corporate entity for the search strategy used 
(the search strategy is shown in the caption of Figure 4). A discussion of some of the main 
patents and the direction of the technology is presented below.    
 

 
 

Fig. 4: Number of patent families that contain piezo*, as well as (energy or power) in close 
proximity to (harvest* or scaveng*), in the title, abstract or claims (* is a wild card). The 

point for 2009 is based on an extrapolation of data for January 1 to July 10, 2009. A patent 
family includes all patents or applications for a given invention for multiple countries and 

issuing authorities, including the US, Europe and Japan.  Data was obtained using PatBase® 
(Registered trademark of RWS Information Ltd. and Minesoft Ltd - www.Patbase.com). 

 
Harvesting of vibrational energy in aircraft or space structures is of particular interest for 

powering devices such as wireless sensors used in integrity and performance monitoring. 
Wireless designs reduce weight and complexity by eliminating cabling. Furthermore, energy 
scavenging at a remote site solves accessibility problems when the device location makes 
battery replacement difficult. Recent patents by Boeing focus on mechanical designs that 
provide broadband response [23-26], small vibration amplitude response [23, 24], and those 
which have reduced size and weight [24]. Patent [24] cites all three of these features and uses 
initially parallel piezoelectric and biasing beams that are slightly bowed by mechanical 
stress. Notably, the designs described in [23, 24] both respond to low frequencies (a few Hz 
or less), even though they are not impulse driven. Boeing also has intellectual property on 
energy storage circuitry that improves energy conversion efficiency using diode-based 
passive switching [27]. However the practicality of inductance values used in the circuit may 
restrict its use to frequencies in the kHz range. 

 
A notable application for piezoelectric energy harvesting is to power sensors with wireless 

communications in a vehicle’s tires. Patents and applications in this area are held by 
Michelin [28] and Bridgestone [29]. Parameters such as temperature, pressure, and number 
of rotations could be monitored and used in warning systems or possibly used for feedback 
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control of tire pressure. Transmission of manufacturing information is also contemplated. In 
the medical field, piezoelectric energy harvesting may be used to power various implanted 
devices. Recent examples found in the patent literature include a stent that can detect 
blockage and can also carry out other functions such as vibrating to prevent blockage or 
deliver drugs [30]. Another example uses piezo-harvested power to drive pH sensors to 
detect and communicate the presence of organ ischemia [31]. 
 

CONCLUSIONS 
 
Piezoceramic energy harvesting holds much promise in the development of new versatile 

electronics. The ability to capture ambient energy from a device’s surroundings and convert 
it into usable electrical energy is an attractive prospect in many fields and hence has been the 
subject of much academic and industrial interest. However, despite significant research, 
piezoceramic energy harvesting remains an emerging technology that requires much 
advancement before it can be commercially viable. The power generated by current 
piezoelectric harvesters remains too low for many applications even with the development of 
optimizing circuitry. Also, the frequency response of most prototypes is very limited for 
many practical applications. As a result, further research must be conducted to improve the 
power generated by piezoceramic elements. This can be achieved through developing new 
harvester designs that can maximize the amount of stressed material and consequently 
improve the generated power. Novel structural designs can also help improve the frequency 
response of the device. Finally, alternative piezoceramic materials and their characteristics 
must be investigated to find those most appropriate for the specified applications. The 
development of such piezoceramic energy harvesting platforms will help achieve the many 
potential benefits of this promising technology.  
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