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Preface

From time immemorial, energy has held a pivotal position in any global, continental, region‐
al or local economy. Many life-changing events have and are still taking place because of
energy. Not only have economies flourished because of energy, some have completely col‐
lapsed. There is always a race toward the improvement of existing energy sources and sup‐
ply or trying to find sustainable sources to address different problems such as global
warming, new technology or just the knowledge that the world is running out of some
forms of energy.

This book as a project, therefore, has been an attempt to bring to the fore ideas and informa‐
tion to those with interest in energy harvesting (EH) either for mere knowledge or for main‐
stream research of the methods and techniques that can be used to harvest energy for
various applications.

The book has been organized in chapters where the introduction chapter gives a general
view of global energy state, demand and some of the historical events, which have led to the
current global energy situation. A brief review of the trends in energy research, motivation
and direction is then presented. Finally, the main theme of the book (Energy Harvesting) is
summarized by outlining the subject of the book chapter by chapter.

The first main chapter discusses smart energy harvesting through the surrounding environ‐
ment, which can generate sufficient energy to drive low-power systems. This is seen as the
forthcoming revolution in smart (or self-powered) technology, which may result in the
phasing out of the usage of complex batteries and external circuit components and lead to
the reduction in the depletion and the use of natural sources to generate energy for low-
power systems. This chapter presents the fabrication methods, the growth of ZnO nano‐
structures on plastic substrates, flexible piezoelectric polymer film-based devices and how
they were tested to improve the performance of piezoelectric nanogenerator (PNG) as a
prominent energy harnessing approach for the development of sustainable independent
power sources. This chapter concludes by stating that PNG technology suffering from brit‐
tleness, leakage current issues, high-electrical output generation and long-term durability
can be possibly controlled by composite technology, i.e., polymer/nanoparticles.

Chapter 2 presents ideas on wearable human motion and heat energy harvesting system
with power management options. This chapter starts by explaining that the combined hu‐
man motion and heat energy harvesting system have been investigated. Types of the main
parts of the developed human motion energy harvester have been described and voltage
pulses in harvesters of different configurations have been explained including their designs
and most importantly some energy harvesting methods and techniques such as thermoelec‐
tric generation. This chapter discusses in detail thermoelectric generator that harvests elec‐
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tricity from waste heat of the human body and concludes with a comparison of generated
voltages and power at different activity levels and ambient temperatures.

The challenges and trends in energy harvesting through the use of radio frequency (RF) en‐
ergy harvesting (EH) antennas are presented in Chapter 3. It is observed that the main chal‐
lenge in implementing sensor devices for Internet of Things (IoTs) is the means for the
operating power supply. The presentation then outlines how energy harvesting (EH)
presents a promising solution as RF power is a suitable choice, particularly for cases where
solar harvesting is not feasible. A number of challenges poised for the implementation of RF
EH systems, especially for harvesting the ambient RF, are enumerated and discussed in de‐
tail. An exhaustive survey on RF EH systems is carried out and discussed. Important design
issues are identified with insights drawn. In conclusion, the challenges in designing anten‐
nas suitable for harvesting RF power have been investigated and a general framework for
designs suitable for ambient RF EH systems has been deduced.

In the last chapter, Chapter 4 of this book, the work on “Piezoelectric Energy Harvesting
Based on Bistable Composite Laminate” is presented. The work discusses energy harvesting
employing nonlinear systems and enumerates their advantages compared to linear systems
in the field of broadband energy harvesting. This chapter also discusses how bistable energy
harvesters have proven to be good candidates for broadband frequency harvesting due to
their highly geometrically nonlinear response during vibrations. The work states that a po‐
tential category of bistable structures is bistable composite laminate, which has two stable
equilibrium states resulting from mismatch in thermal expansion coefficients between plies.
In conclusion, this chapter has summarized and reviewed the various approaches in piezo‐
electric energy harvesting based on bistable composite laminates.

Though the book covers a number of areas of energy harvesting, it is not exhaustive in the
area of energy harvesting; however, the references and other sources given in the chapters
will be very useful to anyone who would like to pursue more reading and research in ener‐
gy harvesting.

I would like to gratefully thank Ivana Glavić, who acted as the Author Service Manager for
the book. She worked tirelessly from the inception of the book idea to its final conclusion.
Without her dedication, this project could not have come to fruition. I would also like to
extend my sincere thanks to all the language copyeditors and all the technical team who
spent many of their valuable hours to see the success of this project. Last but not least, my
deepest thanks and appreciation are extended to Intech Open publisher who gave me the
chance to edit another book on Energy Harvesting.

Reccab Manyala
University of Zambia

Department of Physics
The University of Zambia, Zambia
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1. Introduction

This introductory chapter gives a general view of global energy state, demand, and some of the
historical events which have led to the current global energy situation. A brief review of the
trends in energy research, the motivation, and direction are then presented.

2. Global energy status and research trends

The world demand for energy is projected to continue due to increased population and
associated economic activities in addition to technological developments and changes. Envi-
ronmental concerns related to traditional energy sources such as fossil fuels and recognition,
that this is a diminishing resources globally, has given impetus in the development and search
for a number of alternative energy sources. To date, new methods and techniques that allow
energy to be harvested mechanically, electronically, magnetically, thermally, biochemically, or
through some other means for different purposes and applications have been developed.
However, some of the methods and techniques still require refinement and perfection in order
to realize their full potentials. For example, despite solar cell technology having matured over
the years, its full utilization of photovoltaic (PV) systems has been hampered by high costs
related to processing technologies of silicon as well as limited conversion efficiency. In this
respect, new materials are being tested to solve the high-cost problem.

Prior to the development of coal in the mid-nineteenth century, nearly all energy used was
renewable. Energy that can be collected and naturally replenished on human timescale such as
sunlight, wind, rain, tides, waves, and geothermal heat are termed renewable energy [1]. Four
important areas—electricity generation, air and water heating/cooling, transportation, and
rural (off-grid) energy—are the areas in which renewable energy provides services [2]. There

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.77314

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



tricity from waste heat of the human body and concludes with a comparison of generated
voltages and power at different activity levels and ambient temperatures.

The challenges and trends in energy harvesting through the use of radio frequency (RF) en‐
ergy harvesting (EH) antennas are presented in Chapter 3. It is observed that the main chal‐
lenge in implementing sensor devices for Internet of Things (IoTs) is the means for the
operating power supply. The presentation then outlines how energy harvesting (EH)
presents a promising solution as RF power is a suitable choice, particularly for cases where
solar harvesting is not feasible. A number of challenges poised for the implementation of RF
EH systems, especially for harvesting the ambient RF, are enumerated and discussed in de‐
tail. An exhaustive survey on RF EH systems is carried out and discussed. Important design
issues are identified with insights drawn. In conclusion, the challenges in designing anten‐
nas suitable for harvesting RF power have been investigated and a general framework for
designs suitable for ambient RF EH systems has been deduced.

In the last chapter, Chapter 4 of this book, the work on “Piezoelectric Energy Harvesting
Based on Bistable Composite Laminate” is presented. The work discusses energy harvesting
employing nonlinear systems and enumerates their advantages compared to linear systems
in the field of broadband energy harvesting. This chapter also discusses how bistable energy
harvesters have proven to be good candidates for broadband frequency harvesting due to
their highly geometrically nonlinear response during vibrations. The work states that a po‐
tential category of bistable structures is bistable composite laminate, which has two stable
equilibrium states resulting from mismatch in thermal expansion coefficients between plies.
In conclusion, this chapter has summarized and reviewed the various approaches in piezo‐
electric energy harvesting based on bistable composite laminates.

Though the book covers a number of areas of energy harvesting, it is not exhaustive in the
area of energy harvesting; however, the references and other sources given in the chapters
will be very useful to anyone who would like to pursue more reading and research in ener‐
gy harvesting.

I would like to gratefully thank Ivana Glavić, who acted as the Author Service Manager for
the book. She worked tirelessly from the inception of the book idea to its final conclusion.
Without her dedication, this project could not have come to fruition. I would also like to
extend my sincere thanks to all the language copyeditors and all the technical team who
spent many of their valuable hours to see the success of this project. Last but not least, my
deepest thanks and appreciation are extended to Intech Open publisher who gave me the
chance to edit another book on Energy Harvesting.

Reccab Manyala
University of Zambia

Department of Physics
The University of Zambia, Zambia

PrefaceVIII
Chapter 1

Introductory Chapter: Trends in Research on Energy
Harvesting Technology

Reccab Ochieng Manyala

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77314

Provisional chapter

Introductory Chapter: Trends in Research on Energy
Harvesting Technology

Reccab Ochieng Manyala

Additional information is available at the end of the chapter

1. Introduction

This introductory chapter gives a general view of global energy state, demand, and some of the
historical events which have led to the current global energy situation. A brief review of the
trends in energy research, the motivation, and direction are then presented.

2. Global energy status and research trends

The world demand for energy is projected to continue due to increased population and
associated economic activities in addition to technological developments and changes. Envi-
ronmental concerns related to traditional energy sources such as fossil fuels and recognition,
that this is a diminishing resources globally, has given impetus in the development and search
for a number of alternative energy sources. To date, new methods and techniques that allow
energy to be harvested mechanically, electronically, magnetically, thermally, biochemically, or
through some other means for different purposes and applications have been developed.
However, some of the methods and techniques still require refinement and perfection in order
to realize their full potentials. For example, despite solar cell technology having matured over
the years, its full utilization of photovoltaic (PV) systems has been hampered by high costs
related to processing technologies of silicon as well as limited conversion efficiency. In this
respect, new materials are being tested to solve the high-cost problem.

Prior to the development of coal in the mid-nineteenth century, nearly all energy used was
renewable. Energy that can be collected and naturally replenished on human timescale such as
sunlight, wind, rain, tides, waves, and geothermal heat are termed renewable energy [1]. Four
important areas—electricity generation, air and water heating/cooling, transportation, and
rural (off-grid) energy—are the areas in which renewable energy provides services [2]. There

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.77314

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



is no doubt that traditional biomass used for fuel fires is one of the oldest forms of renewable
energy. The use of biomass has been traced back to about 790,000 years ago. According to
much literature, biomass for fire did not become commonplace until many hundreds of
thousands of years later, sometime between 200,000 and 400,000 years ago. Many authors put
the second oldest usage of renewable energy as harnessing the wind in order to drive ships
over water. The practice can be traced to ships in the Persian Gulf and on the Nile some
7000 years ago. However, historical records show that the primary sources of traditional
renewable energy were human labor, animal power, water power, wind, in grain crushing
windmills, and firewood, a traditional biomass.

Fears that civilization would run out of fossil fuels started to emerge in the 1860s and 1870s
and the need was felt for a better source of energy.

The start of a major global energy crisis of the twentieth century began to unfold as petro-
leum production in the United States and some other parts of the world peaked in the late
1960s and early 1970s. World oil production in different oil producing countries began a
long-term decline after 1979. The problems brought about by these events created a crisis
which came to be known as the 1970s energy crisis. Major industrial countries of the world,
particularly the United States, Canada, Western Europe, Japan, Australia, and New Zealand,
faced substantial petroleum shortages, real and perceived, as well as elevated prices. The
year 1973 saw the first worst oil crisis period. This was followed by another energy crisis in
1979, when the Yom Kippur War and the Iranian Revolution triggered interruptions in
Middle Eastern oil exports [3–6]. The major industrial centers of the world were forced to
contend with escalating issues related to petroleum supply. Western countries started creat-
ing reliance on the resources of potentially unfriendly countries in the Middle East and other
parts of the world.

What followed after the 1970 oil crisis led to stagnant economic growth in many countries as
oil prices rose sharply. Although there were genuine concerns with supply, part of the run-up
in prices resulted from the perception of a crisis. The combination of stagnant growth and price
inflation during this era led to the coinage of the term stagflation.

Both the recessions of the 1970s and adjustments in local economies saw many nations and
countries finding ways to use petroleum in a more efficient manner. Strategies were developed
and put in place which saw the petroleum prices worldwide return to more sustainable levels
in the 1980s [7].

The 1970 oil crisis period was not uniformly negative for all economies. Petroleum-rich coun-
tries in the Middle East benefited from increased prices and the slowing production in other
areas of the world. Some other countries, such as Norway, Mexico, and Venezuela, benefited as
well. Major economic booms were experienced in the United States in places such as Texas and
Alaska and some other oil-producing areas due to high oil prices even though most of the rest
of the country struggled with poor and stagnant economy. Many of the economic gains,
however, did not continue as oil prices stabilized and dropped in the 1980s [8–10].

While all these events were taking place, researchers worldwide intensified their efforts toward
the search and development of energy that is collected from renewable resources, which
are naturally replenished on a human timescale, such as sunlight, wind, rain, tides, waves, and
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geothermal heat for industrial and domestic uses. The sources called renewable energy sources
often provide energy in four important areas: electricity generation, air and water heating/
cooling, transportation, and rural (off-grid) energy services.

With the emergence of new technologies employing semiconductors requiring low current and
the realization that fossil fuels cause climate change and global warming coupled with high oil
prices, the search for new and renewable energy and energy sources intensified. There has
been increasing different world government support in terms of driving renewable energy
legislation, incentives, and commercialization. New government spending, regulations, and
policies that were implemented helped the energy industry weather the global financial crisis
better than many other sectors. In a report of 2011 by the International Energy Agency, it is
projected that solar power generators may produce most of the world’s electricity within
50 years, reducing the emissions of greenhouse gases that harm the environment [11]. These
sentiments have been echoed by the United Nations Secretary Ban Ki-moon.

As of 2011, small solar PV systems provided electricity to a few million households, and micro-
hydro configured into mini-grids served many more. Though rural folks in least developed
countries have no electricity, many households now rely on renewable energy such as biogas
made in household-scale digesters for lighting and/or cooking. Others rely on new generations
of more efficient biomass cook stoves. These efforts are, however, doing very little to address
the bigger problem of global warming. On the other hand, the United Nations is highly in
support of the renewable energy initiatives and believes that renewable energy has the ability
to lift the poorest nations to new levels of prosperity [12].

Apart from the mainstream technologies using large amounts of energy, new gadgets in many
households globally presently rely on continuous supply of small amounts of energy. Different
forms of renewable energy sources are now in abundant supply for their operations. Mobile
phones, portable Compact Disc players, and sport lights have evolved so much that most of
them use rechargeable batteries. Though some of these gadgets are working quite well, resear-
chers are still pushing the limits to perfect their energy supplies.
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households globally presently rely on continuous supply of small amounts of energy. Different
forms of renewable energy sources are now in abundant supply for their operations. Mobile
phones, portable Compact Disc players, and sport lights have evolved so much that most of
them use rechargeable batteries. Though some of these gadgets are working quite well, resear-
chers are still pushing the limits to perfect their energy supplies.
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amount of electrical energy is generated by the consumption of the natural sources like oil, 
gas, coal, and water. However, the natural sources are limited in supply, and the continuous 
energy generation using these sources creates global warming issues and pollution, which 
will effect on the lifespan of the human race. Moreover, the regeneration of the natural sources 
takes hundreds of the thousand years. The international energy agency (IEA) statistics depicts 
that the energy crisis is increasing day by day due to the lifestyle choices, climate change, 
industrialization of sectors, and typical regulation policies by power management sectors. 
The energy crisis arises due to two major problems: (1) the power supply and demand and 
(2) overconsumption of natural sources [1]. It is imminent to the present human generation 
and a serious issue for the future generation mankind. Alternative energy harvesting (AEH) 
options and energy policies are introduced across the world to overcome the energy crisis [2].

To drive any electronic device/sensor effectively depends on the following key factors such as 
interfacing circuit components, a processing unit, a sensing unit to measure/monitor various 
stimuli, and a battery source to power up the whole unit [3]. Among them, removing the toxic, 
complex wiring battery source and reducing the interfacing circuit components are the prime 
factors to improve the smart electronic device technology. This is possible only by the devel-
opment of a nano/micro-sustainable independent power source coming from the surrounding 
environment. The AEH approaches will have many benefits such as saving natural resources, 
eco-friendly operation, portable/wearable, low cost, and finally removing the battery energy.

Many researchers believed and developed that the AEH approaches using the multifunctional 
nanomaterials and its devices will reduce the partial amount of energy crisis and make it pos-
sible to create a new type of multifunction smart sensors/devices in various fields such as bio-
medical, automotive, wireless-sensor networks, and communication electronics [4]. The rapid 
development, the invention of new nanomaterials, and cost-effective device designs are highly 
desirable to utilize the surrounding waste mechanical energy (machine vibrations, human 
body motions, wind/water motions, and ocean waves) in our surrounding environment [5].

Until now, piezoelectric nanogenerators (PNGs) [6], triboelectric electric nanogenerators 
(TNGs) [7], pyroelectric nanogenerators (PyNG) [8], and thermoelectric generator (TMNG) [9] 
are widely investigated and practically demonstrated to convert the waste mechanical/thermal 
energy into useful electrical energy. Among them, PNG technology is highly reliable, stable 
operations, smaller device area, and diverse application fields. To date, extensive fabrication 
methods, growth of various one-dimensional (1D)/two-dimensional (2D) inorganic piezoelec-
tric nanostructures (NSs) on plastic substrates [6], flexible piezoelectric polymer films, and 
device designs (planar, stretchable, cylindrical, or fiber) were developed to improve the PNG 
technology as a prominent energy-harnessing approach for creating the sustainable indepen-
dent power source to drive the low-power consumed electronic devices/sensors. Moreover, the 
device compatibility, electrical output performance (nW/cm2 to μW/cm2) under various harsh 
environments, and flexibility issues were optimized to think about the real-time commercial-
ized PNG product [10]. On the other side, few PNGs have dual functionality such as wear-
able/portable independent power source to drive the commercial electronic devices and can 
also work as a self-powered sensor (or a battery-free sensor) to measure/monitor the various 
physical, chemical, biological, and optical stimuli [11]. The study reports suggest that PNG 
technology based on the type of materials is classified into three categories such as (1) inorganic 
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nanostructures (NSs)-based PNG, (2) polymer matrix-based PNG, and (3) composite (polymer 
+ inorganic NPs) PNG as shown in Figure 1 [12]. Wang et al. reported the first PNG report-
based ZnO nanostructures (named as inorganic PNG) and later showed the many possible 
ways to improve the instantaneous power density of the PNG [6]. Many other fellow research-
ers across the world extend the growth of other nanostructures and its device designs for inor-
ganic PNG, but it has few ample drawbacks such as typical growth process of piezoelectric NSs, 
brittleness, lower force limits, failure instability, and leakage current issues [6, 10, 11]. Further, 
PNG was implemented with the flexible polyvinylidene fluoride (PVDF) and its copolymers 
due to its high flexibility, easy process to prepare flexible films, low electrical output perfor-
mance, and accepting large mechanical force. However, it has one major disadvantage such as 
low piezoelectric coefficient and relative permittivity at room temperature than the inorganic 

Figure 1. The schematic represents the overview of PNGs: classification, drawbacks, and advantages.
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Figure 2. (a) The schematic represents the proposed HPSs using the polymer SCT, ITG, and GT. (b) Device layers of the 
composite PNG. (c) Possible types of composite PNGs such as planar film, pattern type, and single wire/fiber.

piezoelectric NSs. Recently, our group and many other research groups successfully overcome 
the issues of the inorganic and polymer PNGs by developing the composite PNG technology 
[13–15]. The major key factor in designing the efficient, flexible composite PNG device is the 
development of multifunctional hybrid or composite piezoelectric structures (HPSs). It indi-
rectly depends on the selection of individual high-performance inorganic and polymer materi-
als and cost-effective fabrications processes. These kinds of composite PNGs are highly suitable 
to work as sustainable independent power sources as well as self-powered sensors to measure 
various physical parameters such as physical, optical, biological, and chemical stimuli.

The chapter describes the cost-effective HPSs (flat, spherical beads, worm structures, micro-
pillars, irregular films, and hemispherical strips) developed by the simple fabrication pro-
cesses such as solution-casting technique (SCT) [13, 14], ionotropic gelation process (IGT) 
[15], and groove technique (GT) [16]. The digital photographs of the as-fabricated HPSs 
are shown in Figure 2a. The HPSs were fabricated using the particular weight ratio of the 

Energy Harvesting8

inorganic nanostructures such as BaTiO3 nanoparticles and nanocubes, and the polymers 
are PVDF (polydimethylsiloxane), PDMS, and calcium alginate biopolymer. Further, these 
structures are used to fabricate the composite PNG devices. The device structures have three 
main layers such as (1) piezoelectric active layer (i.e., HPSs) and (2) top/bottom electrode 
layers (aluminum (Al), gold (Au), and platinum (Pt)) on the HPSs and top/bottom packaging 
layers (PDMS) as shown in Figure 2b. The sandwich structure of all these layers without an 
airgap forms as a composite PNG device. Based on our previous works, the composite PNGs 
classified as three types such as planar film, pattern type, and single wire/fiber-type PNGs, 
and the corresponding schematic diagrams are shown in Figure 2c. Further, these PNGs are 
used as self-powered sensors/systems to monitor the fluid velocity and pH value of the alka-
line solution. Self-powered flexion sensor to classify/measure the individual finger motions, 
nonlinear muscle motions of human body parts, acceleration sensors to measure the various 
accelerations of the linear motor shaft, and driving the commercial light-emitting diodes 
(LEDs)/liquid crystal display (LCD).

2. Experimental section

The hybrid or composite piezoelectric structures (HPSs) were developed using the homoge-
neous mixture of the various inorganic nanostructures, fillers into the polymer matrix. The 
shapes of the HPSs mainly depended upon the selection of the template polymer matrix, 
fabrication method, and the type of raw materials used (particular amount). In this case, the 
developed HPSs (flat film, spherical beads, linear and nonlinear worms, and hemispherical 
strip) are having multifunctional properties, and the process is eco-friendly, cost-effective, 
and easy to make the large-scale production at a given time interval. The followed synthesis 
procedures for functional nanoparticles and the fabrication methods for HPSs are solid-state 
reaction (SSR) nanoparticles [15], molten salt method (MSM) nanocubes [13], solution-casting 
technique (SCT)-flat film [13], ionotropic gelation process (ITG) spherical beads [15], worm 
structures [17, 18], and groove technique (GT)hemispherical strip [16].

2.1. Synthesis of BaTiO3 nanoparticles and BaTi(1−x)ZrxO3 nanocubes

2.1.1. BaTiO3 nanoparticles (BTO NPs)

The crystalline, randomly oriented BTO NPs were synthesized by SSR method [15], and the 
corresponding possible chemical reaction is.

   BaCO  3    (solid)  +  TiO  2    (solid)  ↔  BaTiO  3    (solid)  +  CO  2    (gas)   (1)

Here, the precursor materials such as barium carbonate and titanium dioxide were taken accord-
ing to the atomic ratio of the final product and thoroughly grinded in the ethanol medium. The 
obtained homogeneous powder was placed in an alumina tube and fired at an elevated tem-
perature of 1200°C for 2 h in an open tube furnace. After cooling down to the room temperature, 
the alumina tube was removed from the furnace and the final product collected and crushed 
into a fine powder form.

Hybrid Structures for Piezoelectric Nanogenerators: Fabrication Methods, Energy Generation…
http://dx.doi.org/10.5772/intechopen.74770

9



Figure 2. (a) The schematic represents the proposed HPSs using the polymer SCT, ITG, and GT. (b) Device layers of the 
composite PNG. (c) Possible types of composite PNGs such as planar film, pattern type, and single wire/fiber.

piezoelectric NSs. Recently, our group and many other research groups successfully overcome 
the issues of the inorganic and polymer PNGs by developing the composite PNG technology 
[13–15]. The major key factor in designing the efficient, flexible composite PNG device is the 
development of multifunctional hybrid or composite piezoelectric structures (HPSs). It indi-
rectly depends on the selection of individual high-performance inorganic and polymer materi-
als and cost-effective fabrications processes. These kinds of composite PNGs are highly suitable 
to work as sustainable independent power sources as well as self-powered sensors to measure 
various physical parameters such as physical, optical, biological, and chemical stimuli.

The chapter describes the cost-effective HPSs (flat, spherical beads, worm structures, micro-
pillars, irregular films, and hemispherical strips) developed by the simple fabrication pro-
cesses such as solution-casting technique (SCT) [13, 14], ionotropic gelation process (IGT) 
[15], and groove technique (GT) [16]. The digital photographs of the as-fabricated HPSs 
are shown in Figure 2a. The HPSs were fabricated using the particular weight ratio of the 

Energy Harvesting8

inorganic nanostructures such as BaTiO3 nanoparticles and nanocubes, and the polymers 
are PVDF (polydimethylsiloxane), PDMS, and calcium alginate biopolymer. Further, these 
structures are used to fabricate the composite PNG devices. The device structures have three 
main layers such as (1) piezoelectric active layer (i.e., HPSs) and (2) top/bottom electrode 
layers (aluminum (Al), gold (Au), and platinum (Pt)) on the HPSs and top/bottom packaging 
layers (PDMS) as shown in Figure 2b. The sandwich structure of all these layers without an 
airgap forms as a composite PNG device. Based on our previous works, the composite PNGs 
classified as three types such as planar film, pattern type, and single wire/fiber-type PNGs, 
and the corresponding schematic diagrams are shown in Figure 2c. Further, these PNGs are 
used as self-powered sensors/systems to monitor the fluid velocity and pH value of the alka-
line solution. Self-powered flexion sensor to classify/measure the individual finger motions, 
nonlinear muscle motions of human body parts, acceleration sensors to measure the various 
accelerations of the linear motor shaft, and driving the commercial light-emitting diodes 
(LEDs)/liquid crystal display (LCD).

2. Experimental section

The hybrid or composite piezoelectric structures (HPSs) were developed using the homoge-
neous mixture of the various inorganic nanostructures, fillers into the polymer matrix. The 
shapes of the HPSs mainly depended upon the selection of the template polymer matrix, 
fabrication method, and the type of raw materials used (particular amount). In this case, the 
developed HPSs (flat film, spherical beads, linear and nonlinear worms, and hemispherical 
strip) are having multifunctional properties, and the process is eco-friendly, cost-effective, 
and easy to make the large-scale production at a given time interval. The followed synthesis 
procedures for functional nanoparticles and the fabrication methods for HPSs are solid-state 
reaction (SSR) nanoparticles [15], molten salt method (MSM) nanocubes [13], solution-casting 
technique (SCT)-flat film [13], ionotropic gelation process (ITG) spherical beads [15], worm 
structures [17, 18], and groove technique (GT)hemispherical strip [16].

2.1. Synthesis of BaTiO3 nanoparticles and BaTi(1−x)ZrxO3 nanocubes

2.1.1. BaTiO3 nanoparticles (BTO NPs)

The crystalline, randomly oriented BTO NPs were synthesized by SSR method [15], and the 
corresponding possible chemical reaction is.

   BaCO  3    (solid)  +  TiO  2    (solid)  ↔  BaTiO  3    (solid)  +  CO  2    (gas)   (1)

Here, the precursor materials such as barium carbonate and titanium dioxide were taken accord-
ing to the atomic ratio of the final product and thoroughly grinded in the ethanol medium. The 
obtained homogeneous powder was placed in an alumina tube and fired at an elevated tem-
perature of 1200°C for 2 h in an open tube furnace. After cooling down to the room temperature, 
the alumina tube was removed from the furnace and the final product collected and crushed 
into a fine powder form.

Hybrid Structures for Piezoelectric Nanogenerators: Fabrication Methods, Energy Generation…
http://dx.doi.org/10.5772/intechopen.74770

9



2.1.2. BaTi(1−x)ZrxO3 nanocubes (BTZO NCs)

The MSM for synthesizing the inorganic perovskite nanostructures (NSs) [12] reduces the 
processing temperature and improves crystalline quality as compared to the NSs prepared by 
the SSR method. Here, the BTZO NCs are prepared by the homogeneous mixer of the reactant 
precursors (BaCO3, TiO2, ZrO2), the eutectic products (molten salts are NaCl, KCl, and Na2SO4) 
and fired at a temperature of 750°C for 3 h in an open tube furnace. After natural cooling, the 
obtained product was washed several times to remove the existing unwanted salts precursors 
and finally heated at 60°C/overnight in a hot air oven. The final product was again crushed 
into a fine, smooth powder used to evaluate the structural, surface morphological, and func-
tional characterization studies. In this case, the various amounts of zirconium (Zr) foreign 
atoms (x = 0, 0.05, 0.1, 0.15, and 0.2) were doped into the B-site of the parent BTO lattice and 
the corresponding structural, energy harvesting capability was investigated thoroughly [12].

2.2. Fabrication of hybrid piezoelectric flat film

Various types of the hybrid piezoelectric flat (HPF) films were developed by the mixing of 
the particular weight ratio or volume percentages of the inorganic NSs into the fixed amount 
of the template polymer matrix. The performance, functionality of the as-fabricated HPF film 
depends upon the optimized weight ratio, the thickness of the film, and the homogeneous 
distribution of the NPs into the template polymer matrix. Here, PVDF/BTO NCs, PVDF/BTZO 
NCs [12], PDMS/BTO NCs [19], and PVDF/activated carbon (AC)-based HPF films [20] were 
fabricated and tested to harness the mechanical energy and to sense/monitor the physical, 
chemical, and optical stimuli.

2.2.1. Fabrication of the PVDF/BTZO NCs, PDMS/BTO NCs HPF, and PVDF/activated 
carbon (AC) films

Highly flexible, cost-effective PVDF/BTZO and PVDF/BTO NCs HPF films [12] were fabricated 
using the simple ultrasonication method followed by the SCT. The HPF film was made up of the 
two key steps. One, the transparent, homogeneous PVDF solution was prepared by the sonica-
tion (approximately 1 h) of the PVDF powder (1 gm) into an 8-mL mixed solution obtained from 
the solvents such as N,N-dimethylmethanamide (DMF) (5 mL)/acetone (3 mL). During the soni-
cation process, there is a possibility to generate the high temperature and the polymerization 
of the PVDF, the phase may be possible to vary. Therefore, a cold-water bath setup arranged 
around the glass vials contains the PVDF powder/solvents. A clear transparent solution was 
obtained when the PVDF powder completely dissolved in DMF/acetone solution. Second is the 
particular weight ratio (0.5 or 1, etc.) of the as-synthesized BTO NCs were weighted, poured into 
the transparent PVDF solution, and the ultrasonication process continued for one more hour. 
For every 15 min of the sonication process, small mechanical agitation was performed in glass 
vials using the fine glass rod. There is a high chance that the clustered BTO NCs will settle at the 
bottom of the glass vial, and the generated ultrasound energy from the microtip probe will not 
dissolve these clustered BTO NCs into the PVDF solution. A clear non-transparent, whitish-col-
ored hybrid solution was obtained after the 90% dissolution of the BTO NCs into a polymerized 
PVDF solution. The obtained whitish hybrid solution was removed from the sonication setup 
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and cooled down to room temperature in an air atmosphere. After that, the hybrid solution was 
poured into fixed glass Petri dish and heat treated at 60°C overnight. Highly flexible PVDF/BTO 
NCs HPF film was obtained when the solution completely dried. Further, the structural and 
functional properties of the as-fabricated films (desired dimension) were investigated carefully. 
The fabrication process of the remaining HPF films such as PVDF/Zr-doped BTO NCs [12], 
PDMS/BTO NCs [19], and PVDF/AC [20] was similar and is explained in detail in our previous 
published reports.

2.3. Fabrication of hybrid (BTO NPs/calcium alginate) piezoelectric spherical beads 
(HSB), linear and wavy-pattern worm (LW, WPW) structures

The HSB [15], HLW [17], and HWPW [18] structures were fabricated using the eco-friendly, 
cost-effective ITG process. In this case, nontoxic polysaccharide, three-dimensional scaffold-
structured biopolymer was used as a template matrix to prepare the HPSs. The IGT pro-
cess mainly consists of three major key steps. One, the preparation of the clear transparent 
sodium alginate (Na-alg) solution using the alginic acid sodium salt (2 g) obtained from the 
brown algae magnetically stirred (50°C for 2 h) in particular amount of double distilled water 
(100 mL). Second is the preparation of the non-transparent hybrid (Na-alg/BTO NPs) solu-
tion by the homogeneous mixing of the as-synthesized BTO NPs into the obtained transpar-
ent Na-alg solution. The hybrid solution was thoroughly stirred magnetically at the elevated 
temperature of 70°C for 2 h without the sign of BTO agglomeration. The third is the gelation, 
replacement of sodium atoms in a hybrid solution by the calcium atoms to form as the ionic 
gelation of the BTO NPs/calcium alginate (BTO NPs/Ca-alg). Here, the substitution of the 
Ca-atoms is possible, when the squeezed hybrid (Na-alg/BTO NPs) solution is poured into a 
1 wt% of calcium chloride (CaCl2) bath. The procedure mentioned above is common for three 
structures such as HSB, HLW, and HWPW, and the only difference is the instrument used to 
drop the hybrid solution into the CaCl2 bath, free-fall height between the droplet position, 
and CaCl2 solution. The hybrid solution-loaded pipette dropper or a perforated metal mesh is 
used for HSB structure, the plastic syringe used for HLW structure, and the freehand drawing 
of the hybrid solution-loaded pipette dropper used for HWPW. The pure (Ca-alg) spherical 
beads and HLW structures were prepared by following the same protocol, whereas the pure 
wavy-pattern worm structures are not possible to prepare due to the high volatility of the 
Na-alg solution and the drawn pattern completely overlapped each other. Further, the struc-
tural, optical, and functional properties of the as-fabricated HPSs were investigated carefully 
[15, 17, 18].

2.4. Fabrication of hybrid (BTO NPs/PDMS) piezoelectric hemispherical strip

The adaptable, highly flexible hybrid piezoelectric hemispherical strip (HPHS) is fabricated 
using the innovative, cost-effective GT. This kind of structure, approach is highly suitable to 
prepare the unconventional HPSs for measuring the nonlinear mechanical motions. Here, 
the shapes of the piezoelectric strip mainly depend on the type of the groove used during 
the fabrication time. The GT for HPHS mainly has four key steps. One, the preparation of the 
hemispherical groove on PET sheet and the placing of the flexible metal wire (titanium (Ti) 
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For every 15 min of the sonication process, small mechanical agitation was performed in glass 
vials using the fine glass rod. There is a high chance that the clustered BTO NCs will settle at the 
bottom of the glass vial, and the generated ultrasound energy from the microtip probe will not 
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ored hybrid solution was obtained after the 90% dissolution of the BTO NCs into a polymerized 
PVDF solution. The obtained whitish hybrid solution was removed from the sonication setup 
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drop the hybrid solution into the CaCl2 bath, free-fall height between the droplet position, 
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used for HSB structure, the plastic syringe used for HLW structure, and the freehand drawing 
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beads and HLW structures were prepared by following the same protocol, whereas the pure 
wavy-pattern worm structures are not possible to prepare due to the high volatility of the 
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prepare the unconventional HPSs for measuring the nonlinear mechanical motions. Here, 
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or copper (Cu)) exactly at the center of the groove by using the two rigid supports at the ends 
of the PET groove. Second is the preparation of the hybrid (PDMS/BTO NPs) solution, pour-
ing the required solution into that PET groove. Third is placing the loaded PET groove into a 
hot air oven and fired at 70°C for 30 min. Fourth is the peel-off dried hybrid strip having one 
rectangular side base and another hemispherical side groove (replica of the PET groove) [16]. 
The flexibility, twisting capability, structural, functional, and energy-harvesting capability 
were evaluated and tested to monitor the human body physical moments.

Further, as fabricated, all the HPSs were utilized to harness the mechanical energy by fabricating 
the flexible/non-flexible PNGs and showed the possible prototype designs to monitor/sense the 
applied input stimuli without using the additional battery source, circuit components.

3. Results and discussion

The piezoelectric BTO and BTZO NCs prepared by the low-temperature MSM and the corre-
sponding FE-SEM images at 200 nm are shown in Figure 3a and b. The Raman spectra of NCs 
have the active vibration modes. They are [A1(TO), E(LO)] at 196 cm−1, A1(TO) at 256 cm−1, 
[B1(TO+LO), E] at 310 cm−1, and [A1(TO), E] at 520 cm−1, and A1(LO), E] at 720 cm−1. The major 
peak at 310 cm−1 confirms the existence of the tetragonal phase of BTO having the possibility 
of a higher piezoelectric coefficient than all other phases of BTO. Also, the crystalline phase 
confirmation of BTZO NCs, HPF films, was confirmed by the XRD patterns, FT-IR techniques, 
and the information was given in our previous published report [13]. As shown in Figure 2b, 
the composite PNG was fabricated using the as-developed HPF film (2.5 cm × 2.5 cm), top/
bottom electrodes and top/bottom packaging layers, respectively.

Initially, the mechanical force 11 N was applied exactly perpendicular to the PNG0 [PVDF/
BTO NCs] and PNG1 [PVDF/BTZO NCs (x = 0.1)] devices, and the corresponding electrical 
responses are shown in Figure 3e and f. Here, the PNG1 shows a higher electrical response 
(11.9 V, 1.35 μA) than the PNG0 response (7.99 V, 1.01 μA) due to the Zr-doped BTO NCs. 
Here, the PVDF solution amount, device area, and applied force were kept constant. And the 
only difference is the substitution of a particular amount of Zr+4 into the Ti+4 site in the BTO 
lattice, which will be possible to enhance the piezoelectric coefficient than the pure BTO NCs. 
Here, the PVDF polymer has dual functionality such as supporting crosslinker to hold the 
BTO NCs to form a hybrid film and the small contribution to enhancing the generated elec-
trical energy due to the small piezoelectric coefficient of PVDF (β-phase). Further, the PNG1 
was tested to measure the various fluid velocities of the water at the outlet of pipe, and the 
corresponding electrical responses are shown in Figure 4a. It demonstrates that the increasing 
water velocities (31.43, 78.6, and 125.7 m/s) at the outlet pipe will be possible to generate dif-
ferent mechanical forces that act on the PNG1 and to respond with the increased piezoelectric 
potentials (self-powered fluid velocity sensor). It suggests that the PNG1 is a potential candi-
date to work as self-powered fluid velocity sensor without using any external battery energy 
and the additional circuit components.
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Figure 3. Flexible HPF film fabricated by solution-casting technique and its electrical response of PNGs. (a and b) High 
crystalline BTO and BTZO (x = 0.1) NCs synthesized by the MSM. (c) Raman spectra of the BTO and BTZO NCs. (d) 
Digital photograph of the as-fabricated non-transparent HPF film and the inset shows the as-fabricated transparent pure 
PVDF film. (e and f) Generated electrical response (voltage, current) of the PNG0 (BTO NCs/PVDF) and PNG1 (BTZO 
NCs/PVDF) upon mechanical force (11 N). The figures are reproduced with the permission from Ref. [13]. Copyright of 
American Chemical Society (ACS) publications.
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(11.9 V, 1.35 μA) than the PNG0 response (7.99 V, 1.01 μA) due to the Zr-doped BTO NCs. 
Here, the PVDF solution amount, device area, and applied force were kept constant. And the 
only difference is the substitution of a particular amount of Zr+4 into the Ti+4 site in the BTO 
lattice, which will be possible to enhance the piezoelectric coefficient than the pure BTO NCs. 
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crystalline BTO and BTZO (x = 0.1) NCs synthesized by the MSM. (c) Raman spectra of the BTO and BTZO NCs. (d) 
Digital photograph of the as-fabricated non-transparent HPF film and the inset shows the as-fabricated transparent pure 
PVDF film. (e and f) Generated electrical response (voltage, current) of the PNG0 (BTO NCs/PVDF) and PNG1 (BTZO 
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American Chemical Society (ACS) publications.
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Figure 4. (a) Demonstration of the self-powered fluid velocity sensor using the PNG1. (b) Output voltage response of 
PDMS and PDMS/BTO NCs-based devices upon the mechanical force. (c) PNG device electrical responses as a function 
of the weight ratio of BTO NCs into the PDMS matrix. (d) Driving commercial five green LEDs using the PDMS/BTO 
NCs film-based PNG device (15 wt%). The figures are reproduced with the permission from Refs. [13, 19]. Copyright of 
American Chemical Society (ACS) publications.

Similarly, the PNG fabricated with the HPF film is made up of the flexible PDMS/BTO NCs 
(thickness ≈ 790 μm), and the corresponding electrical responses are shown in Figure 4b and c. 
The PNG device with 15 wt% of BTO NCs generates a higher amount of piezoelectric potential 
electrical energy upon a low mechanical force of 988.14 Pa. Whereas in the case of the PNG 
device without BTO NCs, it generates almost zero electrical output upon mechanical force, 
because PDMS matrix does not have any piezoelectric property (non-centrosymmetric behav-
ior) as shown in Figure 4b. Also, the PNG electrical output upon constant mechanical force as a 
function of the weight ratio of BTO NCs into the PDMS has been verified, and the correspond-
ing electrical response is shown in Figure 4c. It demonstrates that the linear increment output 
behavior is observed when increasing the weight ratio of BTO NCs (i.e., from 0 to 15 wt%) in 
PDMS matrix. Beyond the 15 wt% of BTO NCs into the PDMS, it will result in the decreased 
electrical output. It may be due to the agglomeration of BTO NCs in the PDMS results in the 
lower cumulative electric dipole moment, and at the same time, the applied mechanical force 
may not be possible to distribute evenly on the PNG surface. Next, the potentiality of the PNG 
device (15 wt% of BTO NCs) output was tested to drive the commercial purchased five green 
LEDs connected in series. LEDs were in OFF condition when no mechanical force acts on the 
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PNG and successfully lit up when the force acts on the PNG device as shown in Figure 4d. It 
demonstrates that the as-developed HPF film-based device is a highly potential candidate to 
work as a sustainable independent power source.

Researchers are directed toward the development of the cost-effective, eco-friendly fabrication 
methods to prepare the innovative HPSs-based PNG devices for various applications. For the 
first time, ionotropic gelation (ITG) technique and 3D template structure-based alginate bio-
polymer were introduced into the energy-harvesting field, and the possible HPSs for harness-
ing the waste mechanical energy is shown. Figure 5 shows the digital photographs, the surface 
morphology of the as-fabricated HSB, HLW, and HWPW structures and the corresponding 
PNG device electrical responses. Here, the piezoelectric tetragonal crystalline phase of BTO 
NPs was not changed even after the substitution of BTO NPs into the Ca-alginate polymer. The 
HSB-based PNG device fabricated by mixing the particular amount of HSBs into the PDMS 
matrix forms a flat film, and the followed the above-demonstrated sandwich fabricating the 
structure. Figure 5a(iii) demonstrates that the higher electrical output voltage (≤11 V) gener-
ated for the HSB-based devices as compared to the pure PDMS (<3 V) and pure Ca-alg beads/
PDMS (≤7 V)-based devices upon constant mechanical force. Here, a small amount of electrical 

Figure 5. ITG approach for innovative HPSs and its device electrical responses: (a) digital photograph of HSB: (i) surface 
morphology and (ii) generated an electrical response of the PDMS-, PDMS/Ca-alg-, and PDMS/HSB-based devices 
upon the constant mechanical force. The inset shows the frequency-dependent electrical response of the PDMS/HSB-
based device. (b and c) Digital photograph of HLW and HWPW structures: (i) surface morphologies and (ii) the length-
dependent electrical response of the HLW and HWPW structure-based devices. The inset shows the various lengths of 
the optical photographs of the HWPW structures. The figures are reproduced with the permission from Refs. [15, 17, 
18]. Copyright of Elsevier.
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Figure 4. (a) Demonstration of the self-powered fluid velocity sensor using the PNG1. (b) Output voltage response of 
PDMS and PDMS/BTO NCs-based devices upon the mechanical force. (c) PNG device electrical responses as a function 
of the weight ratio of BTO NCs into the PDMS matrix. (d) Driving commercial five green LEDs using the PDMS/BTO 
NCs film-based PNG device (15 wt%). The figures are reproduced with the permission from Refs. [13, 19]. Copyright of 
American Chemical Society (ACS) publications.

Similarly, the PNG fabricated with the HPF film is made up of the flexible PDMS/BTO NCs 
(thickness ≈ 790 μm), and the corresponding electrical responses are shown in Figure 4b and c. 
The PNG device with 15 wt% of BTO NCs generates a higher amount of piezoelectric potential 
electrical energy upon a low mechanical force of 988.14 Pa. Whereas in the case of the PNG 
device without BTO NCs, it generates almost zero electrical output upon mechanical force, 
because PDMS matrix does not have any piezoelectric property (non-centrosymmetric behav-
ior) as shown in Figure 4b. Also, the PNG electrical output upon constant mechanical force as a 
function of the weight ratio of BTO NCs into the PDMS has been verified, and the correspond-
ing electrical response is shown in Figure 4c. It demonstrates that the linear increment output 
behavior is observed when increasing the weight ratio of BTO NCs (i.e., from 0 to 15 wt%) in 
PDMS matrix. Beyond the 15 wt% of BTO NCs into the PDMS, it will result in the decreased 
electrical output. It may be due to the agglomeration of BTO NCs in the PDMS results in the 
lower cumulative electric dipole moment, and at the same time, the applied mechanical force 
may not be possible to distribute evenly on the PNG surface. Next, the potentiality of the PNG 
device (15 wt% of BTO NCs) output was tested to drive the commercial purchased five green 
LEDs connected in series. LEDs were in OFF condition when no mechanical force acts on the 
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PNG and successfully lit up when the force acts on the PNG device as shown in Figure 4d. It 
demonstrates that the as-developed HPF film-based device is a highly potential candidate to 
work as a sustainable independent power source.

Researchers are directed toward the development of the cost-effective, eco-friendly fabrication 
methods to prepare the innovative HPSs-based PNG devices for various applications. For the 
first time, ionotropic gelation (ITG) technique and 3D template structure-based alginate bio-
polymer were introduced into the energy-harvesting field, and the possible HPSs for harness-
ing the waste mechanical energy is shown. Figure 5 shows the digital photographs, the surface 
morphology of the as-fabricated HSB, HLW, and HWPW structures and the corresponding 
PNG device electrical responses. Here, the piezoelectric tetragonal crystalline phase of BTO 
NPs was not changed even after the substitution of BTO NPs into the Ca-alginate polymer. The 
HSB-based PNG device fabricated by mixing the particular amount of HSBs into the PDMS 
matrix forms a flat film, and the followed the above-demonstrated sandwich fabricating the 
structure. Figure 5a(iii) demonstrates that the higher electrical output voltage (≤11 V) gener-
ated for the HSB-based devices as compared to the pure PDMS (<3 V) and pure Ca-alg beads/
PDMS (≤7 V)-based devices upon constant mechanical force. Here, a small amount of electrical 

Figure 5. ITG approach for innovative HPSs and its device electrical responses: (a) digital photograph of HSB: (i) surface 
morphology and (ii) generated an electrical response of the PDMS-, PDMS/Ca-alg-, and PDMS/HSB-based devices 
upon the constant mechanical force. The inset shows the frequency-dependent electrical response of the PDMS/HSB-
based device. (b and c) Digital photograph of HLW and HWPW structures: (i) surface morphologies and (ii) the length-
dependent electrical response of the HLW and HWPW structure-based devices. The inset shows the various lengths of 
the optical photographs of the HWPW structures. The figures are reproduced with the permission from Refs. [15, 17, 
18]. Copyright of Elsevier.
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Figure 6. (a) Demonstration of the SFS to measure individual human finger flexion/movements and the strip-type 
HSBbased PNG device mounting on the forearm of the human hand. (b) The electrical response of the SFS concerning the 
finger motions and the inset shows the magnified electric response of SFS. (c) Schematic represents the demonstration of 
the SPS using the parallel connection between the HWPW-based PNG device and the HLW pH sensor. (d) The electrical 
response of the SPS under various alkaline solutions ranges from a value of 12 to 8. The figures are reproduced with the 
permission from Refs. [17, 18]. Copyright of Elsevier.

output voltage is generated when there is no BTO NCs in the beads and the PDMS matrix, 
due to the existence of the small air gap in the as-fabricated final device structure results in the 
introduction of the triboelectric effect of Ca-alg and PDMS layer along with the Al foil electrode. 
Therefore, the generated final electrical output of HSB-based PNG is due to the synergistic 
electric of the piezoelectric effect from the BTO NCs and triboelectric effect from the Ca-alg 
and PDMS layers. Further, the HLW and HWPW structure-based PNG devices were fabricated 
and tested to harness the mechanical energy. The generated HLW-based device positive output 
increased from (≈5 V) to (≈10 V) upon hand mechanical force, when the length of the HLW struc-
ture increased from 1.5 to 3.5 cm as shown in Figure 5b(iii). The similar behavior is observed 
for the HWPW-based PNG devices, that is, the voltage increased from (≈1.5 V) to (≈10 V), when 
the length of the HWPW structure is from 0.85 to 1.95 cm as shown in Figure 5c(iii). To identify 
the role of Ca-alg in these structures, the pure linear worm structure-based device (without an 
air gap) has been fabricated and the zero electrical output has been generated, which confirms 
that no triboelectric effect was introduced into these device structures. Further, these structure-
based devices were used to measure the flexion/extension of the individual finger motions 
(human hand) and the cumulative fist movement, that is, self-powered flexion sensor (SFS) as 
shown in Figure 6a and b. Also, the monitoring of the pH value of the alkaline solutions ranges 
from 12 to 8 (self-powered pH sensor (SPS)) as shown in Figure 6c and d.
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In the case of SFS, the finger motion generates the small amount of mechanical force through 
the tendon-muscle unit of the forearm, which perpendicularly acts on the SFS results in the 
change in electrical response concerning the individual finger. Here, the location of the SFS 
on the forearm, length, and sensitivity of the SFS will determine the perfect classification and 
measurement of the individual fingers (thumb, index, middle, ring, and pinky) as shown in 
Figure 6b. Whereas in the case of the SPS, HWPW-based device works as a sustainable inde-
pendent power source to drive the HLW pH sensor as shown in Figure 6c. The output voltage 
of the HLW pH sensor decreases from 33 to 7.3 mV, when the pH buffer solution changed 
from 12 to 8. It indicates that the change in resistance of the pH sensor decreases gradually 
concerning the decrease in the pH value of buffer solution as shown in Figure 6d.

To measure the nonlinear surface motions of any object or biological body requires the highly 
adaptable, flexible, and having a small device area. For this, efficient, adaptable HPHS are fab-
ricated by the invention of the cost-effective GT. Here, the hybrid strips are possible to make 
any shape depending on the type of the groove used, proper hybrid (polymer + inorganic 
0.3Ba0.7Ca0.3TiO3–0.7BaSn0.12Ti0.88O3 (BCST) NPs) solution. The synthesis process, crystalline 
phase information, ferroelectric hysteresis loop characterization, and the surface morphologi-
cal studies of BCST NPS were given in our previous report [16]. Figure 7a shows the sche-
matic diagram of the detailed process of the GT for the HPHS explained in the experimental 
section. The crystalline phase of the HPHS (PDMS/BCST NPs), pure PDMS, and BTO NPs 
was investigated by the Raman spectra as shown in Figure 7b. Briefly describing, the peak 

Figure 7. (a) Cost-effective grove technique (GT) for preparing the HPHS and its optical photograph. (b) Raman spectra 
of the pure PDMS, HPHS and the inset shows the high crystalline BTO NPs. (c) Optical photograph of the as-developed 
hemispherical composite strip-type PNG (HS-CSPNG) and the development of flexible energy-harvesting glove (using 
three devices) and its flexion movement during the electrical measurement. (d) Output voltage response of flexible 
energy harvesting glove upon the flexion/extension movements of human hand fingers. The figures are reproduced with 
the permission from Ref. [16]. Copyright of Royal Society of Chemistry.
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Figure 6. (a) Demonstration of the SFS to measure individual human finger flexion/movements and the strip-type 
HSBbased PNG device mounting on the forearm of the human hand. (b) The electrical response of the SFS concerning the 
finger motions and the inset shows the magnified electric response of SFS. (c) Schematic represents the demonstration of 
the SPS using the parallel connection between the HWPW-based PNG device and the HLW pH sensor. (d) The electrical 
response of the SPS under various alkaline solutions ranges from a value of 12 to 8. The figures are reproduced with the 
permission from Refs. [17, 18]. Copyright of Elsevier.
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Figure 7. (a) Cost-effective grove technique (GT) for preparing the HPHS and its optical photograph. (b) Raman spectra 
of the pure PDMS, HPHS and the inset shows the high crystalline BTO NPs. (c) Optical photograph of the as-developed 
hemispherical composite strip-type PNG (HS-CSPNG) and the development of flexible energy-harvesting glove (using 
three devices) and its flexion movement during the electrical measurement. (d) Output voltage response of flexible 
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between 300 and 310 cm−1 in HPHS and BCST NPs was confirmed by the existence of the 
higher tetragonal phase content. Whereas the peaks in PDMS spectra confirm the existence 
of the CH3 (symmetric, asymmetric stretching’s), Si─C (symmetric), Si─CH3 (symmetric), and 
Si─O─Si (symmetric) vibration bands. Further, as-developed HPHS are used to fabricate the 
HS-CSPNG devices, and flexible energy-harvesting glove and the corresponding digital pho-
tographs are shown in Figure 7c. The flexible energy-harvesting glove was tested to harness 
the waste biomechanical energy, that is, harnessing the flexion/extension movements of the 
finger converted into a useful electrical signal. The single HS-CSPNG device generates an 
approximately peak-to-peak voltage of ≈10 V, a series connection of two HS-CSPNGs and 
three HS-CSPNGs generates (≤30 V) and (≤60 V) upon flexion/extension movements of the fin-
ger (Figure 7d). It demonstrates that the as-developed HPHSs and the HS-CSPNGs are highly 
potential candidates to harness the waste mechanical energy, having a reduced device area 
and low cost. Further, these HPHS are used to develop the self-powered muscle-monitoring 
system to measure the nonlinear surface motions of the human body parts at a time with-
out using any additional storage battery, circuit components (reference). Other than these, 
as-developed PVDF/AC hybrid film was tested to harness the mechanical energy and also 
used to develop the self-powered acceleration sensor to measure the various accelerations of 
the linear motor shaft load. The detailed fabrication protocol, characterization analysis, and 
electrical responses were given in our previously published report [20]. The described basic 
approaches for piezoelectric nanogenerators and self-powered sensors in the present work 
can pave the way to develop the next-generation flexible/portable smart electronics/sensors.

4. Conclusions

In summary, the lead-free piezoelectric BaTiO3 NPs, NCs, and BCST NPs along with the polymer 
support can be possible to generate the innovative HPSs to improve the instantaneous power 
density of the PNG. The flexible HPSs performance depends on the weight ratio of nanopar-
ticles in a polymer matrix, thickness of the film, external poling process, and the applied per-
pendicular mechanical force. The fabrication methods for HPSs are cost-effective, eco-friendly, 
simple, and possible for the large-scale production. The synergistic (piezoelectric-triboelectric) 
effect at the material design level or the device design level will enhance the generated power 
density of the device. Few times, as-fabricated PNGs have a dual functionality such as harness-
ing the mechanical energy (sustainable independent power source) and can also work as a self-
powered sensor without using additional storage components. The results demonstrate that the 
HPSs and its nanogenerators are potential candidates to develop the self-powered sensors/sys-
tems to monitor the physical/optical/chemical stimuli and glow the low-power consumed LEDs.
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Abstract

A combined human motion and heat energy harvesting system are under investigation. 
Main parts of the developed human motion energy harvester are flat, spiral-shaped induc-
tors. Voltage pulses in such flat inductors can be induced during the motion of a permanent 
magnet along its surface. Due to the flat structure, inductors can be completely integrated 
into the parts of the clothes, and it is not necessary to allocate extra place for movement of 
the magnet as in usual electromagnetic harvesters. Prototypes of the clothing with inte-
grated proposed electromagnetic human motion energy harvester are created and tested. 
Voltage of generated impulses is shown to be high enough to be effectively rectified with 
commercially available diodes and ready to be stored; however, efficiency depends on prop-
erties of controlling circuit. In order to increase the sustainability of the energy source and 
its stability, an option for combining a motion energy harvester with a human body heat 
energy harvester is also considered. Thermoelectric generator that harvests electricity from 
waste heat of human body is presented, and generated voltage and power are compared 
at different activity levels and ambient temperatures. Power generated with thermoelectric 
generator located on lower leg reached up to 35 mW with peak voltages reaching 2 V at 
certain conditions. A possible power management set-up and its efficiency are discussed.

Keywords: human motion energy harvesting, smart apparel, flat inductors, 
thermoelectric generators, microwatt power management

1. Introduction

Electronic devices are becoming smaller, lighter, and consume less power. These tendencies 
cause search for energy sources that will produce electricity using energy that is available in 
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

A combined human motion and heat energy harvesting system are under investigation. 
Main parts of the developed human motion energy harvester are flat, spiral-shaped induc-
tors. Voltage pulses in such flat inductors can be induced during the motion of a permanent 
magnet along its surface. Due to the flat structure, inductors can be completely integrated 
into the parts of the clothes, and it is not necessary to allocate extra place for movement of 
the magnet as in usual electromagnetic harvesters. Prototypes of the clothing with inte-
grated proposed electromagnetic human motion energy harvester are created and tested. 
Voltage of generated impulses is shown to be high enough to be effectively rectified with 
commercially available diodes and ready to be stored; however, efficiency depends on prop-
erties of controlling circuit. In order to increase the sustainability of the energy source and 
its stability, an option for combining a motion energy harvester with a human body heat 
energy harvester is also considered. Thermoelectric generator that harvests electricity from 
waste heat of human body is presented, and generated voltage and power are compared 
at different activity levels and ambient temperatures. Power generated with thermoelectric 
generator located on lower leg reached up to 35 mW with peak voltages reaching 2 V at 
certain conditions. A possible power management set-up and its efficiency are discussed.

Keywords: human motion energy harvesting, smart apparel, flat inductors, 
thermoelectric generators, microwatt power management

1. Introduction

Electronic devices are becoming smaller, lighter, and consume less power. These tendencies 
cause search for energy sources that will produce electricity using energy that is available in 
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our surrounding environment (light, motion, heat, etc.) [1]. With such energy source, electronic 
device would become independent and there would be no need to periodically access the bat-
tery to change or charge it. It would also allow designing embedded systems, which will be 
protected from harmful environmental influence. Wearable electronic systems integrated in 
clothing elements are one of the device groups that need to be protected [1, 2]. Aims and tasks 
for such systems are security and monitoring of physiological parameters [3, 4], determina-
tion of location [5], and communication [6, 7]. At the moment, practically all such systems are 
based on integration of various sensors in clothing to gather information about surroundings 
and send it to remote receivers for data storage and processing, as well as to inform person 
about the changes in the environment or any harm or danger [3]. Powering of such systems is 
possible by using electrochemical batteries [8, 9], solar cells [10, 11], thermoelectrical elements 
[12], converters of mechanical energy (piezoelectric [1, 13], electrostatic [1], and electrody-
namic [1, 14] energy harvesters). Cost of change or charging as well as necessity to access elec-
trochemical elements are considered as major disadvantages. Mentioned alternative energy 
sources use various physical phenomena and can be combined to work together, optimizing 
work of wireless electronic devices. Mechanical energy harvesters are regarded as most per-
spective and universal energy source for wearable electronics according to various scientists 
[1, 15]. Multiple publications offer such harvesters for footwear [16], add-on for bags or purses 
[14], or as accessories [17]. In almost all cases, the construction of these harvesters consid-
ers either human body part direct force [16] or periodic motion [14] conversion into electric 
energy. Most of prototypes are three-dimensional devices [14, 18], which makes it impossible 
to implement them into clothing without changing its functionality and appearance.

Authors and other researchers have previously shown that it is possible to use flat spiral-
shaped coils [19, 20] as inductors in electrodynamic harvesters and elements of electronic cir-
cuits. Another advantage of electromagnetic harvesters is their ability to work without direct 
contact between harvester elements, as it is necessary, for example, with piezoelectric harvest-
ers; therefore, it is possible to implement them without changing shape, elasticity, and other 
mechanical properties of clothing [19].

It is possible to use different technological methods when designing wearable electronic elements 
[21, 22], which allows to make flexible and stretchable connections for components. One of the 
technologies that can be used for electronic connections is embroidery, which can be considered 
as one of the most perspective ways to make conductive structures in textiles and on the surface 
of clothing elements. It is possible to make structures (connections, resistive, and inductive ele-
ments) that preserves properties of fabric and only minimally changes clothing shape. Recently 
embroidery was suggested as a method to make inductive elements for resonant circuits [21].

Another perspective wearable energy harvesting method is the use of thermoelectric genera-
tors, which use waste heat as energy source. Due to rigidity, these harvesters are mainly used 
for such wearables as wristwatches [23, 24]. However, commercially available thermoelectric 
elements are available in various sizes; therefore, they can be used in clothing as well. The 
main advantage of these harvesters is that they provide direct current (DC), which can be 
generated in both high and low activities of a person who wears it.

Work [19] presents possibility to design clothing and human body part movement energy 
transformer, which generated electrical energy using motion of permanent magnet in parallel 
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with flat spiral inductors. Design, properties, and performance of such generators as well as 
possibilities to implement these generators into various clothing elements are presented and 
discussed in the following parts of this chapter.

2. Analysis of electromotive force and energy generated in inductive 
elements in homogenous magnetic field

Proposed human motion energy harvester working principle is based on electromagnetic 
induction phenomenon, when electromotive force (EMF)  ℰ  and current I in closed loop is 
induced by changing flux of the magnetic field ΦM.

Assuming wire inductance is negligible, self-inductive electromotive force (EMF) will not be 
generated. Induced EMF can be calculated according to Faraday’s law: electromotive force is 
proportional to the rate of change of magnetic flux ΦM:

  ℰ =   
d  Φ  M  

 ____ dt   =   d (BScos𝛼𝛼)  ________ dt    (1)

Supposing that magnetic field is homogenous (B = const) and perpendicular to coil plane ( α = 0 ),  
rate of change of magnetic flux will be proportional to crossed area changing rate:

  ℰ = B   dS ___ dt     (2)

where  ℰ  is the electromotive force [V], B is the magnetic induction [T], S is the magnetic field 
crossed conductor loop area [m2], and t is the time [s].

If load resistance is much higher than resistance of winding, it can be assumed that there is 
no significant current flow, so generated voltage is equal to EMF. This is not optimal load 
condition and can be only used to characterize output voltage for ideal case. In reality, smaller 
load resistance leads to current increase, but it also decreases output voltage because every 
real generator has internal resistance (dependent on used materials, construction, etc.), which 
dissipates part of generated energy on itself. For this reason, it is possible to find the optimal 
condition for real generator, where load receives the highest energy. It happens when load 
resistance value is equal to internal resistance of generator. In such case, voltage on load and 
internal resistance is equal to half of EMF; they both share the same dissipated energy. Total 
energy available on the resistive load according to the Joule-Lenz law is:

  W = ∫ Pdt = ∫    U   2  ___ R   dt  (3)

where U is the voltage on resistive load [V]; R is the resistance of the load [Ω]; P = U2/R is the 
instantaneous power [W].

By using analytical expression for spiral shaped, for example, Archimedean spiral, induc-
tion element, or element group, it is possible to apply Eq. (2) for specific instance. Generated 
EMF will depend on the magnet velocity v and shape of the inductor, which is crossed by 
magnetic field:
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  ℰ ∼   dS ___ dt   = f (v, shape)   

Ref. [25] shows analysis of power and energy for different shapes of flat inductor (square, 
rhombic, and circular) and theory is backed up with experimental data. Square and rhombic 
edge length a were considered equal to the diameter of round wire 2r to obtain data in Table 1.

Theoretical analysis of different shapes shows that the highest energy should be obtained 
from square-shaped coil (magnet size is assumed to be equal to coil size). Experimental data 
for various sizes and shapes of inductors proved theoretical predictions. Relative energy and 
equations are shown in Table 1.

3. Experimental: motion energy harvester

3.1. Flat inductors

Flat inductors can be manufactured in various ways, many of which are related to types of 
clothing manufacturing technology. Here are some ways to produce flexible inductive coils 
for proposed harvesting:

1. Printed circuit board (PCB) technology on elastic substrate. This method can be used to 
create inductors of any shape with high resolution and also combine some parts of power 
management system on a flexible substrate (Figure 1). Since the final product is very thin, 
integration into apparel is easy and done without significant alterations, but the same reason 
creates significant coil resistance as copper tracks are long and usually thinner than 100 μm to 
keep the whole structure flexible. Even though longer conductor track produces higher volt-
age, larger internal resistance (over a hundred of ohms) reduces power output significantly.

2. Various shapes and sizes can be created by using embroidering by conductive yarns. The 
test structure (Figure 2) has the upper (needle) polyester thread and the lower (bobbin) con-
ductive thread, which is a silver-coated polyamide thread Elitex 110 dtex/f34x2. The length of 
the tested square-shaped coil is 25 mm, and it consists of 19 windings. The main disadvantage 
as compared to PCB technology is the resolution as winding density is much lower which 
leads to lower generated voltages.

Shape Induced EMF Generated energy Energy (rationed) 
according to theory

Energy (rationed) in 
experiments

Square  ℰ = Bav  W =    B   2   a   3  v _____  R  1  
   1 1

Rhombic  ℰ = B  v   2  2t · tg (α)   W = 0.94    B   2   a   3  v _____  R  2  
   0.94 0.93

Circular  ℰ = 2rvB  √ 
_________

 1 −   (1 −   vt __ r  )    
2
     W = 0.66    B   2   a   3  v _____  R  3  

    0.85 0.79

Table 1. Results of theoretical calculations and experimental results for inductors with different geometrical shapes [25].
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3. A thin copper wire can also be sewed on a fabric, for example, with zigzag stitch technol-
ogy by using embroidering machine like SZK JCL 0100-585. Wires are much more fragile 
than threads, but this technology puts noticeably lower stress on the wire during production 
as the wire is supplied by a dedicated device and fixed to a fabric with zigzag stitch. The 

Figure 1. Flat spiral coil, made of 35 μm thick copper tracks and polyurethane substrate (created in Fraunhofer Institute 
for Reliability and Microintegration IZM, Berlin, Germany); length of an edge is 25 mm.

Figure 2. Embroidered flat square-shaped (length of an edge is 25 mm) inductor.
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lower internal resistance is an additional advantage of such a method in comparison with 
the abovementioned. Figure 3 shows Archimedean spiral with 25 mm diameter, 25 windings 
with a 0.2 mm copper wire. Stitching step must be adjusted carefully to protect the wire and 
its insulation layer from accidental damage by needle.

4. Coils can be made as a design element by machine production or handcrafting. Article [26] 
shows multiple examples of creation of inductors by crocheting (Figure 4) and knitting.

5. Manually made coils in Archimedean spiral shape [19] were the ones used in further dis-
cussed prototypes. All of them were 25 mm in diameter and winded using 0.22 mm copper 
wire, except coils mentioned in Table 2.

3.2. Number of flat inductors in the generator and its testing

To achieve maximal performance of the generator and acquire the highest amount of energy, 
it is necessary to place several inductors into elements of clothing in a way that magnet could 
induce electromotive force in several inductors sequentially. It is possible in such places where 
one part of clothing moves as fast and close to other parallel part as possible. Works [25, 27] 
analyze dependence of voltage impulses with regard to their placement to find maximal count 
of inductors that are allowed to be placed in clothing in path of movement of one magnet. By 
placing four inductors on magnet trajectory and analyzing relative increase of momentary 
power in respect to inductor placement, it was shown that it is reasonable to position two or 
three inductors so that their generated voltage impulses add with each other.

Figure 3. Copper wire sewed on a textile substrate (created in RWTH Aachen University – Institut für Textiltechnik, 
Aachen).
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Mechanical manipulator was used to compare different inductors, generated electromotive 
force, and overall energy. It provided controlled and repeatable conditions for tests of various 
inductors. Mechanical manipulator moved square-type permanent magnet (Nd2Fe14B, 0.2 T, 
20 × 20 × 2 mm) along spiral flat inductors with controlled velocity. Voltage impulses were 
registered for each tested inductor on resistive load equal to inductors’ internal resistance. 
Generated power and energy were defined using Eq. (3).

Table 2 shows experimental data of flat inductors that are made in various ways. It can be 
seen that embroidered coils have less windings compared to manually made coils as well 

Figure 4. Crocheted flat inductor [26].

Coil type Internal 
resistance, Ω

Mean 
energy, μJ

Mean 
crossing 
time, s

Mean 
power, μW

Notes

Embroidered coil 8.3 2.21 0.075 29.84 Diameter 25 mm with 19 windings

Sewn coil with zigzag 
stitch technology

0.7 6.62 0.072 91.25 Diameter 25 mm, copper wire 
diameter 0.2 mm, 25 windings

Manually made coil 2.2 113.82 0.130 875.54 Diameter 30 mm, copper wire 
diameter 0.22 mm, 60 windings

PCB coil 116 4.31 0.146 29.62 Diameter 30 mm, 80 windings

Table 2. Experimentally defined performance of inductors created by different techniques.
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as relatively high internal resistance. This is the reason why energy and power are low in 
comparison with others. The sewn coil energy and power values are smaller than those of 
the manually created coil, which is explained by the fact that such coils have two times lower 
number of windings, which cannot be increased by using manufacturing techniques.

Power from PCB technology coil falls behind manually winded coil as tracks are very thin, 
introducing significantly larger internal resistance, even though generated voltage is larger 
(up to 0.2 V for a single coil) due to larger number of windings. Manually made coils produce 
about 30 times higher power, but voltage reaches only 0.12 V on the load resistance.

3.3. Prototypes of clothes with energy harvesters

3.3.1. General considerations

Previously done tests with automatic magnet movement with constant parameters provide 
data for different inductor comparison, but the actual environment for proposed harvesters 
is far from constant. Multiple clothing prototypes were created for real-life results, two of 
them are described in the following sections. Both were tested on a person with different 
walking speeds.

Since the requirements for highest voltage and power are relative to the highest speed of the 
magnet’s motion and as small as possible distance between the magnet and the inductor, the 
most suitable place is a sleeve and side of an outerwear. These positions are shown in Figure 5.

3.3.2. Prototype 1

Energy harvester with planar structure integrated into the men’s insulated outerwear and 
generator is located at the anterior superior iliac spine level (Figure 6). The location of the 
inductive elements in the prototype 1 is marked in Figure 5 by 1 and the location of the 
magnet is indicated by 2. Insulated in outerwear, integrated electromagnetic human motion 
energy harvester contains two parts:

• The inductive element consists of three groups of spiral-shaped coil with identical direc-
tion of winding turns, which are connected in series (coil groups have 1 cm space between 
them and generated voltages gave the same polarity). Each coil group consists of five layers, 
placed one onto another with insulating layer in between, coils have 2.5 cm diameter and 50 
windings.

• The second generator part is lightweight, small, and strong neodymium (Nd) magnet with 
double magnetic field structure and induction 0.26 T. An arc-shaped magnet is 1/6 from 
concentric circles with r1 = 2.5 cm and r2 = 4.0 cm.

The volume of the generator (coils + magnet) is approximately 4.63 cm3. The total mass of the 
integrated elements is about 50 g.

The generator was tested by a wearer during the process of walking at fixed speeds (Figure 6).  
The typical shape of the pulses of generated voltage during the periodic motion of hands 
along the wearer’s body are shown in Figure 7.
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The voltage generated during one full motion cycle of the magnet along the coil consists of 
two pulses. The full motion cycle—the period of double step—is formed for each arm from 
both forward and reverse movements. Some asymmetry of pulses connected with the trajec-
tory of sleeve movement was observed. It was observed that during the movement of sleeve 
forward, trajectory of magnet is maximally close to the coils and voltage generated in pulse is 
higher (left pulse in Figure 7), while during movement of sleeve backwards, magnet is further 
away from them and generated voltage is lower (right pulse in Figure 7). Impulses are not 
symmetrical due to natural hand movement and clothing deformation.

The numerical data of harvester-relevant characteristics for the full walk cycle are shown in 
Table 3. Maximal mean power 0.50 ± 0.10 mW is observed at a walking speed of 6 km/h.

3.3.3. Prototype 2

In a men’s jacket (prototype 2), energy harvester elements are integrated at the carpal joints 
level, maintaining symmetry (Figure 5, positions 3 and 4). The energy harvester’s parts in the 
prototype 2 are the following:

• inductor array: three sets of coils are placed near to each other and connected in a series in 
a way that generated voltage for each set has opposite polarity;

Figure 5. Positions of parts of electromagnetic harvester. 1 and 3 – Positions for flat inductors, 2 and 4 – For the permanent 
magnet.
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Figure 7. Prototype generated voltage pulses at walking speed of 6 km/h.

Figure 6. Testing prototype 1 on treadmill.
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• magnetic field source: two round magnets with 20 mm diameter and 0.2 T magnetic 
induction.

Volume of the generator (coils + magnet) is approximately 4.95 cm3. The total mass of inte-
grated elements is 30 g. The voltage pulse generated is shown in Figure 8 (Table 4).

3.4. Power management

As generated pulses have low amplitude, even such a simple and important task as rectifica-
tion brings in some challenge. To verify usability of prototype 2, it was tested against typical 
full-bridge rectifier with DFLS120L Schottky diodes and resistive load (Figure 9), in which the 
values were changed (10, 30, 50, 70, 100, and 200 Ω). Voltage was measured before and after 
the rectifier (Figure 8) to get information about energy lost on the rectification circuit.

The most effective load for any generator is the one with value equal to internal resistance of 
the generator itself. This is because the energy on the load is the highest at these circumstances. 

Walking speed, 
km/h

Mean energy, mJ Time of 1 walking 
cycle, s

Mean power, 
mW

Mean power density, 
mW/cm3

3.0 0.23 1.27 0.18 0.04

4.5 0.29 1.10 0.26 0.06

6.0 0.49 0.98 0.50 0.11

Table 3. Prototype 1 in use—Performance.

Figure 8. Voltage before rectifier (V1) and on 70 Ω load (V2); x axis — Time (ms), y axis — Voltage (V).
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As we have additional interface (bridge rectifier) between the load and the generator and it 
is changing its parameters depending on the generated voltage, multiple load values were 
tested. Internal resistance of the prototype 2 was 17 Ω, voltage measurements were done on 
the generator and load at the same time.

To evaluate generator effectiveness in prolonged period, 40 consecutive impulses were 
recorded during the normal movement of a test subject. True root mean square (RMS) values 
for every two impulses (1 s) of input and output voltages were calculated, resulting an average 
value and standard deviation of distinct measurements. By known load value, RMS current 
was calculated, that was used for generated power estimation as the current is the same for 
input and output. Each true RMS calculation was done for time period of a full second, thus 
numerically power from this RMS value is equal to energy. Results are provided in Table 5.

Standard deviation for voltage RMS measurements is small enough to consider average values 
for current measurements being true. Average power and energy is the product of RMS volt-
age and current on input and output. Efficiency increases with load resistivity because higher 
load value leads to smaller current in circuit, which decreases voltage drop on rectification 
elements, thus reducing wasted energy. On the other hand, it also decreases output power; 
accordingly, a trade-off must be chosen between efficiency and high enough output voltage 
and current as real-life load like sensors, batteries, and other systems will depend on that.

Figure 9. Measurement schematic. V1 is measured voltage before rectifier (input voltage), V2 is output voltage on the load.

Walking speed, 
km/h

Mean energy, 
mJ

Time of 1 walking 
cycle, s

Mean power, 
mW

Mean power density,  
mW/cm3

3.0 0.24 1.35 0.18 0.036

4.5 0.30 1.28 0.23 0.046

6.0 0.49 1.11 0.44 0.088

Table 4. Prototype 2 in use—Performance.

Energy Harvesting32

4. Combination of the motion energy harvester with the human 
body heat energy harvester

Taking into account the fact that electromagnetic harvester will generate electricity only when 
a person that wears it is moving, its energy might be insufficient to continuously supply power 
to wearable electronic systems. To increase overall energy supply, it can be useful to combine 
energy harvesters that rely on different kinds of waste energy from human body. One of the 
kind might be thermal energy that can be converted to electricity using thermoelectric elements, 
for example, Peltier elements. Various studies [28–30] have shown that use of thermoelectrical 
generators may be a successful solution for harvesting energy for wearable electronic devices.

To evaluate possible gain of combining electromagnetic and thermoelectric generators, it was 
decided to build prototype using thermoelectric elements.

Thermoelectric harvester prototype with 5 Peltier elements was made to convert waste heat 
of human body into electrical energy (Figure 10). All five elements were connected in series 
to achieve higher generated voltage. System is mechanically connected using elastic strings to 
apply it to naked skin on arm or leg. Total surface area taken by Peltier elements is 4500 mm2, 
which is optimal to cover forearm or lower leg.

Measurements were performed in two different environments:

1. Indoors—activities inside the building at 20°C ambient temperature, low air flow

2. Outdoors—activities outside at 5°C ambient temperature, wind speed approximately 3 m/s.

Generator was tested both covered with clothing and uncovered, during three levels of activity: 
“no activity”—the person is at rest, “low activity”—walking, and “high activity”—running.

Table 6 represents both open circuit voltage (UOC) and power (P) at balanced load:

Measurements reveal that even in quite difficult for the heat exchange conditions (indoors, cov-
ered, no activity) with generator based on 5 Peltier elements, it is possible to generate voltage 
up to 55 mV, which is enough to convert it to higher voltages with Step-Up converter, for exam-
ple, LTC3108 manufactured by Linear Technology. This means it is possible to get continuous 

10 Ω 30 Ω 50 Ω 70 Ω 100 Ω 200 Ω

RMS on load (mV) 57.77 ± 1.14 98.65 ± 2.28 106.99 ± 2.24 133.59 ± 2.02 157.54 ± 3.43 168.83 ± 1.83

RMS on input (mV) 168.66 ± 1.64 204.01 ± 2.23 206.43 ± 2.71 227.87 ± 2.47 242.50 ± 4.54 247.7 ± 2.85

RMS current (mA) 5.78 3.29 2.14 1.91 1.58 0.84

Output power/energy 
for an impulse (μW, μJ)

166.84 162.19 114.47 127.47 124.09 71.26

Input power/energy for 
an impulse (μW, μJ)

487.13 335.43 220.86 217.44 191.02 104.55

Efficiency (%) 34 48 52 59 65 68

Table 5. Prototype 2 rectification experimental data. RMS calculated for time period of 1 s (two impulses).
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50 μW power from the generator all the time while it is on a wearer. This power is enough to 
power devices such as wearable wireless sensors for physiological signal monitoring [31].

If conditions are good for generator (outdoors, uncovered, high activity), it is possible to 
obtain up to 3 mW power, which could be enough for activities such as wireless data trans-
mission. This is contributed by both higher temperature difference between skin and air as 
well as good airflow, resulting in higher heat transport through Peltier elements.

Most probable results that should be expected for person with moderate activity during the 
day would be 0.1–0.2 mW on average, which is typical power consumption for high-perfor-
mance general purpose microcontrollers [32].

Power generated by both electromagnetic and thermoelectric harvesters are similar, therefore 
both can provide comparable energy to be stored to single capacitor or battery. Taking into 
account the discontinuous nature of each generator, storing energy in the same element might 
result in less interruption in the supply of energy.

Figure 10. Thermoelectric generator on lower leg.

Indoors Outdoors, cold weather

Covered Uncovered Covered Uncovered

Type of activity UOC, V P, mW UOC, V P, mW UOC, V P, mW UOC, V P, mW

No activity 0.065 0.05 0.09 0.1 0.145 0.28 0.34 1.5

Low activity 0.11 0.21 0.172 0.41 0.195 0.51 0.43 2.45

High activity 0.14 0.42 0.26 0.93 0.234 0.74 0.46 2.97

Table 6. Performance of the thermoelectric generator.
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An interesting moment of such thermoelectric generator that could be quite useful is the 
moment of putting it on—when generator, that has ambient room temperature, is exposed to 
warm skin, at least 10°C difference between sides of Peltier elements is produced. The gener-
ated voltage and the power developed by Peltier elements at this time are shown in Figure 11.

As we can see, peak power and voltage can be observed for about 10 seconds. Amount of gen-
erated voltage and power depends on ambient temperature, skin temperature, speed of put-
ting the generator on, and several other factors. Power generated during this process fluctuates 
between 3 and 35 mW and voltages between 0.5 and 2 V. This can be quite useful energy, because 
start-up process of voltage converters that do not use external power source will be very slow if 
converter is being operated with lowest input voltages. For example, ultralow voltage step-up 
converter and power manager LTC3108 should be able to charge its output capacitor about 10 
times faster if input voltage is 500 mV instead of 100 mV. It means that self-powered wearable 
electronic device will gather energy to start work much faster when using this advantage.

5. Discussion

Produced prototypes proved possibility to integrate human motion energy harvester into 
apparel without compromising its usability and characteristics. According to [33], this was 
the main problem of published energy harvesters developed for human motion energy 
harvesting.

Figure 11. Open circuit voltage and power generated by thermoelectric generators during putting on.
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As prototype 1 had thicker construction because of the materials and thermal insulation layer, 
harvester showed more stable results and higher generated energy than prototype 2. Thicker 
and more robust construction provides less free movement of individual garment parts, creat-
ing more distinct trajectory for harvester elements.

Considering necessity for integration into apparel, proposed flat inductor system has mul-
tiple advantages over other harvesters: flexibility, variable size, and harvester elements are 
located in different places and direct contact is not necessary, energy is harvested from human 
natural movements, and so on. Proposed harvester does not rely on inertia and can be used in 
broad movement frequency diapason with unchanged efficiency.

Since harvester parts are not meant to be enclosed in any rigid housing, there is no need to 
allocate any space for magnet movement like it is in traditional cylindrical coil construction 
[14], flat coils with magnetic suspension [34], or with the magnet moving through the coil [20]. 
Power density is considerably higher than for other electromagnetic harvesters summarized 
in [1], but most of them rely on inertia and thus have resonant frequency, which is high (e.g., 
P/V = 2,2 mW/cm3 at f = 320 Hz).

As human movement nature is individual and changes on many occasions, the same harvester 
can show different results for another clothing, user, or simply during time. Systems relying 
on inertial movement, for instance, MEMS, have much more stable performance. Prototype 1 
shows 20% deviation in results, while prototype 2 up to 30%, invariance increases with faster 
walking pace. Generated energy is dependent on various factors, many of them are uncontrol-
lable, for instance, specific walking features, pace, body load, and so on.

Comparing with other published electromagnetic harvesters, proposed harvester can gener-
ate high enough voltage to be rectified with off-the-shelf diodes with efficiency above 50%. 
On an average, peak output voltage is below 1 V, but such values can also be further used for 
low-power management systems, for example, voltage boost converter LTC3105 from Linear 
Technology starts up from 0.25 V (then works from 0.225 V) and can be programmed to load 
the harvester in a way to get the most effective power output. Such converter will start up 
on rectified pulses above 250 mV as they have relatively low frequency, it may give enough 
power at appropriate output voltage like 3.3 V for direct usage, but the most perspective 
objective is further accumulation in a battery or a capacitor. Some short activities like body or 
environmental parameter measurements might be powered directly, but it is unlikely due to 
unavoidable power losses in all power management steps.

Thermoelectric elements have several advantages when compared to electromagnetic motion 
harvesters: it generates electricity even when the person is not moving; relatively high volt-
ages (up to several Volts) can be generated when system is applied to a person; generated 
electricity is direct-current (DC) type, therefore no rectifying is needed. These advantages 
make thermoelectric generators very beneficial addition to electromagnetic motion harvesters 
because (1) system that is powered by harvesters can be powered continuously, because ther-
moelectric generators will supply power, when it is not generated by movement; (2) startup, 
which is most difficult moment for every low-power harvesting system, can be done much 
faster and easier because higher energy generated by thermoelectric generators during put-
ting on the wearable; and (3) generated DC voltage can be used as a bias voltage or additional 
power source to improve efficiency of rectifier used for electromagnetic generator.
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6. Conclusion

The combination of human motion and heat energy harvesting systems is under investiga-
tion. The electromagnetic human motion energy harvester which consists only of flat ele-
ments and can be completely integrated into the apparel is under discussion. Main parts 
of the developed human motion energy harvester are flat, spiral-shaped inductors. Voltage 
pulses in such flat inductors are induced during the motion of a permanent magnet along 
its surface. By not using common method of magnet moving inside the coil but applying the 
proposed method with magnet and coil moving in parallel planes, new possibilities are cre-
ated because such kind of movements precisely coincide with the relative motion of one part 
of apparel along the other. It is not necessary to keep hollow place for the movement of the 
magnet as in usual electromagnetic harvesters, because the parts of harvester are placed in 
separate elements of apparel. Due to the above-mentioned properties, the mean power den-
sity of developed harvester exceeds the values given for three-dimensional harvesters with 
traditionally used cylindrical coil. The prototypes of the clothing with integrated electro-
magnetic human motion energy harvester with flat inductors were tested. The power devel-
oped by the harvester during the walking with a speed of 6 km/h was up to 0.5 mW, which is 
suitable for powering wireless sensors. The voltage generated by the proposed harvester is 
shown as ready to be rectified with off-the-shelf diodes for further power management steps.

Thermoelectric harvester is proposed as addition to electromagnetic harvester. Combined 
system benefits not simply from extra power but from possibilities to differentiate power 
flow, for example, less powerful harvester can be used as independent source for control or 
power management system for the main harvester. As thermoelectric harvester does not fully 
depend on human movement, it can provide great support for motionless periods, creating 
more complete power harvester system.
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Abstract

Dielectric elastomers are a type of electroactive polymers that can be conveniently used as
sensors, actuators or energy harvesters and the latter is the focus of this review. The rela-
tively high number of publications devoted to dielectric elastomers in recent years is a direct
reflection of their diversity, applicability as well as nontrivial electrical and mechanical
properties. This chapter provides a review of fundamental mechanical and electrical prop-
erties of dielectric elastomers and up-to-date information regarding new developments of
this technology and it’s potential applications for energy harvesting from various vibration
sources explored over the past decade.

Keywords: dielectric elastomer, circuits, materials, applications, electrostatic

1. Introduction

Energy harvesting (EH) is a process of converting energy existing in other forms or wasted
energy into electrical energy that can be used as an alternative to the existing energy sources.
Despite the semantics behind the words harvesting and scavenging the first one has been widely
accepted in literature and will be used throughout this paper. EH from vibrations has formed
its own niche because many natural phenomena as well as man-made machines and structures
generate vibrations that can be converted into electrical energy. For instance, different methods
can be used, various materials can be employed, and linear, parametric or nonlinear systems
can be utilised for optimising the devices’ efficiency. A number of transduction methods
capable of such a conversion have been suggested, including piezoelectric, electromagnetic,
electrostatic and triboelectric.
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EH using dielectric elastomeric materials is based on the principle of varying capacitance,
however, instead of a traditional capacitor with two parallel plates separated by air a dielectric
elastomer (DE) is used. This polymer, coated with compliant electrodes on each side, becomes
a variable capacitance capacitor and can be used in two opposite modes: actuation, with a high
potential in soft robotics and energy generation (Figure 1(a)). When the electric field is above
its supported regime a DE is in the actuation zone, below—the generation one. Although there
are many interesting and useful applications of DE actuators, this chapter will concentrate on
the energy harvesting potential of DEs.

In the energy harvesting mode DEs can generate electricity when stretched by an externally
applied force. The DE EH approach has recently seen an increasing amount of attention from a
variety of science branches, including chemistry, electrical and mechanical engineering, robot-
ics and MEMS, due to the multidisciplinary nature of the topic and a wide range of potential
applications.

Pioneering work on DE EH was conducted by Pelrine et al. [1], who set the basic principles of
using DEs for EH. Since then various advantages and disadvantages of this EH method have
been investigated, in particular in the context of its high energy density [2]. The maximum
energy density that has been achieved by a DE generator is 3:8μW=mm3 [3], whereas the
electromagnetic and piezoelectric generation resulted in 2:21μW=mm3 [4] and 0:375μW=mm3

[5] respectively.

This chapter focuses on the DE EH applications and provides an overview of the work done
up-to-date in the field, mainly after the book published in 2008 [6]. The chapter is divided into
five sections based on the main components of the DE EH theory and cover electrical and
material background, failure modes, initial voltage issue and applications.

2. Electrical background

The basic equation describing the behaviour of an ideal capacitor, with two parallel plates and
air between them, is well-known and states that:
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Q ¼ CV, C ¼ EE0A
z

(1)

where Q is the charge held on the electrodes, V is the voltage over the capacitor and C is the
capacitance, e is the relative permittivity of the substance between the plates, e0 ¼ 8:854
�10�12 Fm�1 is the permittivity of free space, A represents the effective area of the plates and
z is the distance between the plates. When the distance between the plates is changed (the
plates area is assumed to be a constant) the capacitance will be changed accordingly. Thus, the
variable capacitance indicates the two energy harvesting schemes: constant voltage and con-
stant charge. First one assumes the application of an initial voltage to the plates and then the
distance between the two plates is reduced, leading to an increase in the capacitance and
thereby in the charge increase that can be harvested at the minimum distance between two
plates. A similar approach can be employed when the constant charge scheme is used. In this
case increasing the distance between the two plates reduces the capacitance and thereby
increases the voltage that can be harvested. The energy gain is related to the difference in its
values between the maximum and minimum capacitances. The electrical energy stored in a
classical capacitor is given by the following equation:

U ¼ 1
2
CV2 ¼ 1

2
QV (2)

where the second equality can be obtained by using Eq. (1). However, in some applications
moving physically capacitor plates is not feasible or efficient. Thus, a material mimicking the
properties of a capacitor can be used instead and DEs are a perfect fit for that. Indeed, DEs are
extremely poor conductors, relatively inexpensive in production and can be repeatedly
deformed and stretched. To manufacture a DE-based capacitor a DE is sandwiched between
two deformable electrodes serving as an insulator. Another important property of DEs from
the EH point of view is their high deformability because it enables the capacitor to reach high
values of the capacitance by stretching the DE and, subsequently, significantly reducing its
thickness, i.e. z, as can be seen from Eq. (1) expressed in a slightly different form:

C ¼ ede0A
z

¼ ede0P
z2

(3)

where P ¼ Az is the material volume and εd is the relative permittivity of the dielectric
elastomer. It should be noted that whilst the area of the electrodes (plates) for a conventional
electrostatic energy harvester remains constant, the area of the DE capacitor changes under
deformation. Since a DE can usually be treated as an incompressible material, i.e. its volume
does not change under deformation, Eq. (1) can be expressed in the form of Eq. (3). Thus, cyclic
stretching can be used to increase an initial bias voltage of the capacitor to a higher voltage that
can be harvested. The diagram demonstrating all stages of this repeatable EH process is
presented in Figure 1(b), where the numbers 1–4 in Figure 1(b) represent the stages of the
energy harvesting cycle and may be explained as following:

1. The DE is stretched increasing the area of the electrodes and decreasing the thickness
between the electrodes, leading to an increase in the capacitance.
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2. A charge is placed over the DE.

3. The DE is allowed to return to its original shape that decreases the capacitance, resulting in
a higher potential voltage over the elastomer.

4. The gained electrical energy is then removed.

Pelrine et al. [1] derived the following formula for estimating the energy gain per cycle, eg:

eg ¼ Pede0
2

Ec
2 � Es

2� �
(4)

where Ec and Es, defined as E ¼ V=z, represent the electric field at the contracted and stretched
states, respectively.

Having outlined the basic principle of energy harvesting using DEs, let us consider electrical
methodology designed for EH. Currently, three EH schemes are being used: constant voltage,
constant charge and constant field. The term ‘constant’ refers to the electrical state of the DE
during the transition of the material from the stretched to its relaxed state. The first two schemes
are the most investigated ones and have been used before in electrostatic EH; their advantages
and disadvantages have been discussed in [7, 8]. The cycles’ stages for constant voltage and
constant charge are shown in Figure 2(a) and (b), where λmin and λmax denote the minimum and
maximum stretching states, respectively.

The constant voltage scheme in Figure 2(a) begins with stretching the DE and charging it at its
maximum stretching state (line 1). Reaching the maximum voltage, controlled by the electrical
breakdown (Section 5), the material is released and returns to its unstretched state along the
constant voltage line 2 with the corresponding decrease in the capacitance. To maintain the
constant voltage the charge needs to be decreased from Qhigh to Qlow; the charge difference
flows to a reservoir (e.g. battery) through the circuit controlled by diodes. The capacitor is then
discharged into the reservoir so that the DE returns to its original state (line 3), and after that
the next cycle can begin. The amount of harvested energy per one cycle is represented by the
area circumscribed by the three lines and can be calculated as [8]:

Figure 2. Common energy harvesting schemes. (a) Constant voltage scheme. (b) Constant charge scheme.
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eVg ¼ 1
2
ΔCV2

high (5)

where ΔC is the difference between high and low capacitance values.

A range of electrical circuits for DE generators is discussed in [7]. In particular, it is mentioned
that the constant voltage scheme is the most practical one to realise. This is due to the lack of
switches that can be difficult to effectively integrate into a EH device, especially considering
the exact timings necessary to achieve the maximum efficiency.

The constant charge scheme is depicted in Figure 2(b) and uses the variable capacitor as a
pump to move a charge from a low to high voltage. This is done by initially stretching the DE
and placing a charge onto it while the latter is at its high stretching state (line 1). The power
supply is then disconnected and the DE is released to return to its original state increasing the
voltage from Vlow to Vhigh due to the decreasing capacitance (line 2). At this point the electrical
energy is harvested and the DE reverts back to its initial state (line 3). The energy harvested per
one cycle is represented by the area enclosed by the three lines and equals [8]:

eQg ¼ 1
2
ΔCVlowVhigh (6)

Although the constant charge scheme may be useful and effective as shown by Blokhina et al.
[9], who considered a constant charge circuit for a nonlinear electrostatic vibration energy
harvester, it is hampered by its need for switches which can reduce the power output and
increase the complexity of the entire circuit. Thus, following this argument and discussion in
[7] it is save to say that the constant voltage scheme is more preferable for implementation.
However, high voltage is not suitable for most micro-power devices operating at a low voltage,
in which a DC-DC voltage step down is normally needed. This extra component can reduce
the overall efficiency of the DE EH so that the constant charge scheme may provide a greater
efficiency for such applications.

Most recent works have been based on the electrical circuitry first implemented by Huang
et al. [10], which operates according to the constant voltage scheme. In the latter work the
authors devised an electrical circuit, shown in Figure 3(a), which can measure the charging
and harvesting currents as well as the voltage over the DE. It has also been confirmed that

Figure 3. Dielectric elastomer energy harvesting circuits. (a) A common circuit for dielectric elastomer EH research. (b) A
circuit highlighting features for the optimised scheme.
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2. A charge is placed over the DE.

3. The DE is allowed to return to its original shape that decreases the capacitance, resulting in
a higher potential voltage over the elastomer.

4. The gained electrical energy is then removed.
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constant charge and constant field. The term ‘constant’ refers to the electrical state of the DE
during the transition of the material from the stretched to its relaxed state. The first two schemes
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and disadvantages have been discussed in [7, 8]. The cycles’ stages for constant voltage and
constant charge are shown in Figure 2(a) and (b), where λmin and λmax denote the minimum and
maximum stretching states, respectively.

The constant voltage scheme in Figure 2(a) begins with stretching the DE and charging it at its
maximum stretching state (line 1). Reaching the maximum voltage, controlled by the electrical
breakdown (Section 5), the material is released and returns to its unstretched state along the
constant voltage line 2 with the corresponding decrease in the capacitance. To maintain the
constant voltage the charge needs to be decreased from Qhigh to Qlow; the charge difference
flows to a reservoir (e.g. battery) through the circuit controlled by diodes. The capacitor is then
discharged into the reservoir so that the DE returns to its original state (line 3), and after that
the next cycle can begin. The amount of harvested energy per one cycle is represented by the
area circumscribed by the three lines and can be calculated as [8]:
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harvester, it is hampered by its need for switches which can reduce the power output and
increase the complexity of the entire circuit. Thus, following this argument and discussion in
[7] it is save to say that the constant voltage scheme is more preferable for implementation.
However, high voltage is not suitable for most micro-power devices operating at a low voltage,
in which a DC-DC voltage step down is normally needed. This extra component can reduce
the overall efficiency of the DE EH so that the constant charge scheme may provide a greater
efficiency for such applications.

Most recent works have been based on the electrical circuitry first implemented by Huang
et al. [10], which operates according to the constant voltage scheme. In the latter work the
authors devised an electrical circuit, shown in Figure 3(a), which can measure the charging
and harvesting currents as well as the voltage over the DE. It has also been confirmed that
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there is a proportional quadratic dependence of the dielectric capacitance on the membrane
stretch. Using this result it was found that the dielectric constant of the common DE VHB 4905
(3M) was e ¼ 4:03� 0:17.

The circuit shown in Figure 3(a) works as following. The DE is charged using a power supply;
the charge passes through a rectifier diode, D1, at the maximum stretch of the DE. As the DE
stretch reduces, the voltage initially increases at a constant charge, with no new charges
flowing through D1. This continues until the voltage over the DE reaches a pre-determined
discharge voltage, governed by the Zener diode D2. Once this voltage has been reached, the
charge leaves the circuit through this diode. Finally, the membrane is stretched out again,
lowering the voltage of the charge that remains, until the voltage reaches that of the power
supply, which is connected again and the cycle is repeated. The circuit shown in Figure 3(a) is
very useful for DE EH research since through its various components a large amount of
information can be gathered about the behaviour of the DE generator. For example, using the
lower of the three parallel branches, which behaves as a voltage divider, the voltage over
the DE can be constantly monitored using V3. Similarly, V1 and V2 can be used to measure the
charging and harvesting currents, respectively, utilising the measured voltage in each voltmeter
and the known resistances. Once these currents are known the input and harvesting charges can
be found using Q ¼ Ð

idt. The net energy gain can then be estimated as ΔE ¼ Vhigh � Vlow
� �

ΔQ.

The above discussion is related to the ideal material behaviour with no failure modes consid-
ered and no losses taken into account. Electromechanical coupling, e.g. further stretching of a
DE when a charge is applied and the corresponding change of the capacitance, has also not
been mentioned. Since DEs may experience electrical and mechanical failures (Section 4) it is
essential to account for them [2]. These failure modes, shown as curves on the Q� V plane in
Figure 4(a), change the idealistic EH picture. Apparently, the maximum harvested energy
corresponds to the maximum area enclosed by the lines connecting the maximum and mini-
mum stretch states, without crossing to the failure regions. In Figure 4(a) such a cycle is
constrained between the aforementioned upper and lower stretch states. It is also limited by
two failure modes, dielectric breakdown (DB) and electromechanical instability (EMI), which
are discussed in Section 4 in greater detail. An ‘optimal’ scheme, developed by Shian et al. [11],
built upon the conventional EH schemes as shown in Figure 4(a). In [11] the authors proposed

Figure 4. More recent energy harvesting schemes. (a) The optimised scheme. (b) Constant field scheme.
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this new harvesting cycle, which utilises the circuit diagram shown in Figure 3(b). This scheme
maximises the working area within the limits imposed by the failure criteria set out in [2]. The
optimal cycle is shown in Figure 4(a) in black, whereas the areas for the constant voltage
(green) and constant charge (blue) are also superimposed into the graphs to demonstrate the
difference between the schemes. One can see clearly the benefits of the optimisation by simply
comparing the corresponding areas. Following one of the conventional methods (constant
voltage or charge) a designer must lose large sections of the available energy in order to avoid
failure. It should be noted that the values for the stretch during the cycle and the maximum
charge or voltage used in the conventional schemes can be used to alter their respective areas
on Figure 4(a), in accordance with Eqs. (5) and (6). However, this system is hard to implement
for a real DE material as its rate of the stretch decrease will not be as ideal as indicated in [12].
In that work the authors attempted to optimise the system of harvesting by showing an
analytical method of determining the ideal stretch ratio at which the membrane discharging
should occur. Additionally, Hoffstadt et al. [13] conducted an optimisation of the conventional
EH cycles and determined the ideal charging and discharging times for maximal energy gain
in the optimised scheme.

The circuit, presented in Figure 3(b) was proposed to work with the above EH scheme. The
first phase of this cycle is charging the DE at its maximum stretch state, after which switch 1 is
used to disconnect the DE from the supply. The second phase of the cycle is decreasing the DE
stretching. This sees the DE discharge into a temporary storage capacitor, ΦC, which is
connected in parallel to the DE and the harvesting section of the circuit. This discharging to
the capacitor will cause the charges on the actual DE to drop, however the voltage will
continue to increase as shown by Eq. (3). The final stage of this cycle occurs at the low stretch
state, where all electrical energy is removed from both the DE and the temporary capacitor.

A relatively new constant field EH scheme, shown in Figure 4(b), proposed to improve the
conventional schemes. This cycle begins with initial stretching of the DE to its maximum level
(line 1). The DE is then charged up to an electric field pre-determined by the designer (line 2).
After that the DE streching is reduced back to its original level at a constant electric field (line 3). It
is worth to recall that the electric field is defined as E ¼ V=z, therefore, at constant electric field a
decrease in the DE stretching and the corresponding increase in the DE thickness lead to an
increase in the voltage over the DE. This is an advantage over the constant charge scheme, since
at the latter the electric field increases during the reduction of DE stretching that may cause failure
due to dielectric breakdown (Section 4). The final stage of the circuit is to remove the electrical
energy from the DE, returning the latter to its original state (line 4). Since failure by dielectric
breakdown is of no concern for this scheme this allows the DE to be operated closer to its dielectric
breakdown strength (Section 4). Czech et al. [14] analytically compared the ideal constant voltage,
constant charge and constant electric field schemes and found that the constant electric field was
the most effective. However, it should be noted that maximising the energy output by increasing
the electric field may have an adverse effect on the lifespan of the generator [15].

A few other works have been recently done on improving electrical aspects of DE EH, e.g.
Kaltseis et al. [16] developed an experiment based on operating a DE generator between two
charged reservoirs of different voltages that allowed them to monitor separately electrical and
mechanical energies and determine the net energy gain.
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this new harvesting cycle, which utilises the circuit diagram shown in Figure 3(b). This scheme
maximises the working area within the limits imposed by the failure criteria set out in [2]. The
optimal cycle is shown in Figure 4(a) in black, whereas the areas for the constant voltage
(green) and constant charge (blue) are also superimposed into the graphs to demonstrate the
difference between the schemes. One can see clearly the benefits of the optimisation by simply
comparing the corresponding areas. Following one of the conventional methods (constant
voltage or charge) a designer must lose large sections of the available energy in order to avoid
failure. It should be noted that the values for the stretch during the cycle and the maximum
charge or voltage used in the conventional schemes can be used to alter their respective areas
on Figure 4(a), in accordance with Eqs. (5) and (6). However, this system is hard to implement
for a real DE material as its rate of the stretch decrease will not be as ideal as indicated in [12].
In that work the authors attempted to optimise the system of harvesting by showing an
analytical method of determining the ideal stretch ratio at which the membrane discharging
should occur. Additionally, Hoffstadt et al. [13] conducted an optimisation of the conventional
EH cycles and determined the ideal charging and discharging times for maximal energy gain
in the optimised scheme.

The circuit, presented in Figure 3(b) was proposed to work with the above EH scheme. The
first phase of this cycle is charging the DE at its maximum stretch state, after which switch 1 is
used to disconnect the DE from the supply. The second phase of the cycle is decreasing the DE
stretching. This sees the DE discharge into a temporary storage capacitor, ΦC, which is
connected in parallel to the DE and the harvesting section of the circuit. This discharging to
the capacitor will cause the charges on the actual DE to drop, however the voltage will
continue to increase as shown by Eq. (3). The final stage of this cycle occurs at the low stretch
state, where all electrical energy is removed from both the DE and the temporary capacitor.

A relatively new constant field EH scheme, shown in Figure 4(b), proposed to improve the
conventional schemes. This cycle begins with initial stretching of the DE to its maximum level
(line 1). The DE is then charged up to an electric field pre-determined by the designer (line 2).
After that the DE streching is reduced back to its original level at a constant electric field (line 3). It
is worth to recall that the electric field is defined as E ¼ V=z, therefore, at constant electric field a
decrease in the DE stretching and the corresponding increase in the DE thickness lead to an
increase in the voltage over the DE. This is an advantage over the constant charge scheme, since
at the latter the electric field increases during the reduction of DE stretching that may cause failure
due to dielectric breakdown (Section 4). The final stage of the circuit is to remove the electrical
energy from the DE, returning the latter to its original state (line 4). Since failure by dielectric
breakdown is of no concern for this scheme this allows the DE to be operated closer to its dielectric
breakdown strength (Section 4). Czech et al. [14] analytically compared the ideal constant voltage,
constant charge and constant electric field schemes and found that the constant electric field was
the most effective. However, it should be noted that maximising the energy output by increasing
the electric field may have an adverse effect on the lifespan of the generator [15].

A few other works have been recently done on improving electrical aspects of DE EH, e.g.
Kaltseis et al. [16] developed an experiment based on operating a DE generator between two
charged reservoirs of different voltages that allowed them to monitor separately electrical and
mechanical energies and determine the net energy gain.
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3. Material background

DEs belong to a group of electroactive polymers (EAP) that received this name because of their
ability of changing their shape under applied electrical field. Essential properties of DEs for EH
applications are low mechanical stiffness, high dielectric constant, high electrical breakdown
strength, high elastic energy density and high deformability. There are a number of DEs
possessing these properties including acrylates (e.g. VHB 4905 and 4910), silicones, polyure-
thanes, rubbers, etc. It is also worth to note that DEs have a number of properties such as
nonlinear stress-strain relationship, viscoelasticity (i.e. time-dependent behaviour), electrome-
chanical coupling, temperature-dependent performance, etc., which significantly complicate
the modelling and design of DE generators. Quite extensive overview of the main properties of
these materials in the context of EH can be found in [17–21]. The relevant material properties of
DEs and their modelling are also briefly considered further in this section.

3.1. Material properties

A typical DE-based system (i.e. capacitor) comprises a DE membrane sandwiched between
two electrodes, as depicted in Figure 5. Depending on the purpose of the system in-plane
stretching of the DE can be done either by applying an electrical field (actuator) or mechanical
deformation (harvester). The applied electrical field causes the so-called Maxwell stress in the
material due to the interaction of opposite charges on both electrodes, resulting in the DE
stretching. This concept has been well demonstrated, e.g. by Mockensturm et al. [22] who
manipulated a DE membrane by altering the applied electric field to move the membrane
between its various steady state equilibria. Tensile stresses in the plane of the DE membrane,
caused by in-plane or out-of-plane loading, lead to the material deformation reducing the
membrane thickness and increasing its area, thereby changing the capacitance of the DE-
based capacitor.

A well-known material property of DEs is their high deformability, i.e. the ability to undergo
large deformations without rupture. The stretch ratio (or simply stretch), defined as a ratio
of the stretched length to the initial one λ ¼ Ls=L, may reach for some materials up to 900%
[23, 24]. This property is very important since it enables to impose relatively high levels of

Figure 5. Loading of a dielectric elastomer.
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pre-stretch on DEmembranes that improves their material performance, in particular increases
the dielectric (i.e. electrical breakdown) strength and reduces the effective compressive modu-
lus [25]. At low deformations the material demonstrates strain softening that changes to stiffen-
ing at higher deformations. This type of mechanical behaviour is usually described by a
hyperelastic constitutive model under the assumption that the DE is an ideally elastic material.
Different hyperelastic models used for DEs will be briefly described in the next sub-section. To
determine parameters of such models data from uniaxial tensile tests, and for more accurate
determination also from biaxial tests, are needed. Results of uniaxial and biaxial tests of VHB
4910 were reported in [26, 23] and for silicone-based elastomers in [27]. Results of uniaxial tests
of natural rubbers can be found in [28].

Another important property that significantly affects the mechanical behaviour of DEs is
viscoelasticity, which occurs due to the realignment of polymer chains of the materials under
loading and leads to time-dependence of deformations and stresses. For example, stress-
stretch (or strain) curves of DEs depend on the strain (i.e. loading) rate and are usually show
stiffening with increase in the rate, e.g. [24]. In particular, viscoelasticity causes dissipation, i.e.
losses, of the mechanical energy that, in its turn, reduces the efficiency of DE generators [10,
29–31]. The losses are associated with a hysteretic behaviour of a DE, i.e. the stress-stretch
curves of the material follow different paths during loading-unloading forming a hysteresis
loop whose area represents the energy loss, e.g. [32]. Creep and stress relaxation are other
phenomena associated with viscoelasticity. Creep is usually defined as a time-dependent
increase in deformation under constant load, while stress relaxation is a decrease in stress
under constant deformation. Creep is more important for DE actuators, while stress relaxation
may have a significance influence on the performance of both DE generators and actuators.
Typical tests to determine viscoelastic characteristics of a DE as well as parameters of a model
describing the material’s viscoelastic behaviour include loading-unloading tests at a range of
strain rates, single-step relaxation tests at various stretch levels and multi-step relaxation tests,
in which at each step loading follows by a sufficiently long holding period to allow for stress
relaxation [32]. The tests are usually uniaxial, however, equi-biaxial tests may also be useful.
Most of the experimental studies on the viscoelastic behaviour of DEs have been carried out for
VHB 4905 and VHB 4910 [24, 26, 32–36]. In particular, it has been shown that for this material
very rapid stress relaxation occurs within the first few seconds of holding, while after 30 min
the remaining stress almost stabilises [32]. Past experiments also showed that for VHB poly-
mers the viscoelastic relaxation time is of the order of 102 seconds at room temperature [37].
Pharr et al. [24] demonstrated that the strain rate and the specimen size had a noticeable
influence on rupture of VHB 4905. Hossain et al. [33] reported results of relaxation tests under
both mechanical and electric loading and showed that the latter had a major effect on the time-
dependent behaviour of VHB 4910. A few results of similar experiments for other DEs have
been published. In particular, Schmidt et al. [23] presented results of uniaxial and equi-biaxial
relaxation tests for Interpenetrating Polymer Network Reinforced Acrylic Elastomers (IPN),
which were produced on the basis of VHB 4910. Bernardi et al. [27] published similar results
for silicone-based DEs.

A hysteretic behaviour of DEs, especially of rubbers and rubber-like materials, and associated
with it loss of mechanical energy can also be due to the so-called Mullins effect, also known as
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3. Material background

DEs belong to a group of electroactive polymers (EAP) that received this name because of their
ability of changing their shape under applied electrical field. Essential properties of DEs for EH
applications are low mechanical stiffness, high dielectric constant, high electrical breakdown
strength, high elastic energy density and high deformability. There are a number of DEs
possessing these properties including acrylates (e.g. VHB 4905 and 4910), silicones, polyure-
thanes, rubbers, etc. It is also worth to note that DEs have a number of properties such as
nonlinear stress-strain relationship, viscoelasticity (i.e. time-dependent behaviour), electrome-
chanical coupling, temperature-dependent performance, etc., which significantly complicate
the modelling and design of DE generators. Quite extensive overview of the main properties of
these materials in the context of EH can be found in [17–21]. The relevant material properties of
DEs and their modelling are also briefly considered further in this section.

3.1. Material properties

A typical DE-based system (i.e. capacitor) comprises a DE membrane sandwiched between
two electrodes, as depicted in Figure 5. Depending on the purpose of the system in-plane
stretching of the DE can be done either by applying an electrical field (actuator) or mechanical
deformation (harvester). The applied electrical field causes the so-called Maxwell stress in the
material due to the interaction of opposite charges on both electrodes, resulting in the DE
stretching. This concept has been well demonstrated, e.g. by Mockensturm et al. [22] who
manipulated a DE membrane by altering the applied electric field to move the membrane
between its various steady state equilibria. Tensile stresses in the plane of the DE membrane,
caused by in-plane or out-of-plane loading, lead to the material deformation reducing the
membrane thickness and increasing its area, thereby changing the capacitance of the DE-
based capacitor.

A well-known material property of DEs is their high deformability, i.e. the ability to undergo
large deformations without rupture. The stretch ratio (or simply stretch), defined as a ratio
of the stretched length to the initial one λ ¼ Ls=L, may reach for some materials up to 900%
[23, 24]. This property is very important since it enables to impose relatively high levels of

Figure 5. Loading of a dielectric elastomer.
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pre-stretch on DEmembranes that improves their material performance, in particular increases
the dielectric (i.e. electrical breakdown) strength and reduces the effective compressive modu-
lus [25]. At low deformations the material demonstrates strain softening that changes to stiffen-
ing at higher deformations. This type of mechanical behaviour is usually described by a
hyperelastic constitutive model under the assumption that the DE is an ideally elastic material.
Different hyperelastic models used for DEs will be briefly described in the next sub-section. To
determine parameters of such models data from uniaxial tensile tests, and for more accurate
determination also from biaxial tests, are needed. Results of uniaxial and biaxial tests of VHB
4910 were reported in [26, 23] and for silicone-based elastomers in [27]. Results of uniaxial tests
of natural rubbers can be found in [28].

Another important property that significantly affects the mechanical behaviour of DEs is
viscoelasticity, which occurs due to the realignment of polymer chains of the materials under
loading and leads to time-dependence of deformations and stresses. For example, stress-
stretch (or strain) curves of DEs depend on the strain (i.e. loading) rate and are usually show
stiffening with increase in the rate, e.g. [24]. In particular, viscoelasticity causes dissipation, i.e.
losses, of the mechanical energy that, in its turn, reduces the efficiency of DE generators [10,
29–31]. The losses are associated with a hysteretic behaviour of a DE, i.e. the stress-stretch
curves of the material follow different paths during loading-unloading forming a hysteresis
loop whose area represents the energy loss, e.g. [32]. Creep and stress relaxation are other
phenomena associated with viscoelasticity. Creep is usually defined as a time-dependent
increase in deformation under constant load, while stress relaxation is a decrease in stress
under constant deformation. Creep is more important for DE actuators, while stress relaxation
may have a significance influence on the performance of both DE generators and actuators.
Typical tests to determine viscoelastic characteristics of a DE as well as parameters of a model
describing the material’s viscoelastic behaviour include loading-unloading tests at a range of
strain rates, single-step relaxation tests at various stretch levels and multi-step relaxation tests,
in which at each step loading follows by a sufficiently long holding period to allow for stress
relaxation [32]. The tests are usually uniaxial, however, equi-biaxial tests may also be useful.
Most of the experimental studies on the viscoelastic behaviour of DEs have been carried out for
VHB 4905 and VHB 4910 [24, 26, 32–36]. In particular, it has been shown that for this material
very rapid stress relaxation occurs within the first few seconds of holding, while after 30 min
the remaining stress almost stabilises [32]. Past experiments also showed that for VHB poly-
mers the viscoelastic relaxation time is of the order of 102 seconds at room temperature [37].
Pharr et al. [24] demonstrated that the strain rate and the specimen size had a noticeable
influence on rupture of VHB 4905. Hossain et al. [33] reported results of relaxation tests under
both mechanical and electric loading and showed that the latter had a major effect on the time-
dependent behaviour of VHB 4910. A few results of similar experiments for other DEs have
been published. In particular, Schmidt et al. [23] presented results of uniaxial and equi-biaxial
relaxation tests for Interpenetrating Polymer Network Reinforced Acrylic Elastomers (IPN),
which were produced on the basis of VHB 4910. Bernardi et al. [27] published similar results
for silicone-based DEs.

A hysteretic behaviour of DEs, especially of rubbers and rubber-like materials, and associated
with it loss of mechanical energy can also be due to the so-called Mullins effect, also known as
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stress softening [38]. This effect causes a decay of the elastic stiffness of a material under
repeated loading-unloading, which depends on the maximum stretch previously experienced
by the material. Recommendations regarding experimental characterisation of the effect can be
found in [39].

Effects of the operating temperature on the material properties of VHB 4910 and the perfor-
mance of a generator made of this material were investigated by Chen et al. [40]. In particular,
it was found that the generator operated more efficiently under lower temperatures due to
smaller viscoelastic losses.

As can be seen from above, so far VHB 4905/10 (3MTM) have received most attention from
researchers. However, other DEs, in particular natural rubbers and polyurethanes (PUR), have
been also investigated and demonstrated good potential for EH, in some cases better than
VHB, e.g. [28, 41, 42]. One of the researches, [41], examined the influence of stretching on the
electrical properties, such as the electrical (or dielectric) breakdown strength (DBS) and dielec-
tric constant, of VHB 4910 and natural rubber and suggested that the latter had advantages
over VHB in the context of EH. It also necessary to note that in our overview of the DE material
properties we mainly concentrated on their mechanical properties, while the electrical proper-
ties were only mentioned in relation to the last referred publication. Of course, the electrical
properties of DEs are also very important for EH and were considered in a number of the
references provided above. Detailed recommendations on experiments that can be used to
determine both mechanical and electrical properties of DEs are given in [39].

Finally, based on data presented in [43] we include Table 1, which provides the important
mechanical and electrical properties of some DEs that can be used for EH. More information
about specific DEs appearing in the table, in particular polyurethanes (i.e. PUR 1, PUR 2, etc.),
can be found in the source [43]; acrylate means VHB 4905.

3.2. Modelling

Modelling is essential for the development and design of DE-based devices for EH. The idea is
to simulate the performance of such devices using analytical and/or numerical models and
reduce the need for time-consuming and relatively expensive experiments. Basic theory of DEs

Name Mechanical properties Electrical properties

DE thickness (μm) Break Strain (%) E at 50% (MPa) Creep (30 min)
(10% Def.)

εd (1/8 Hz) DBS (MV/m)

PUR 1 50 421 3.36 24 6 218

PUR 2 50 252 1.47 2.9 7.1 108

PUR 3-1 49 251 1.96 1.9 7.1 132

PUR 3-2 97 319 1.3 6.5 8.0 102

Silicone 45 422 0.25 16 2.5 80

Acrylate 498 879 0.04 70 4.5 31

Table 1. Comparison of various elastomer properties.
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based on thermodynamics and continuum mechanics was described in [44]. In this section we
overview some specifics of its practical implementation.

As has been noted previously, the elastic behaviour of DEs under large finite deformations is
usually modelled within the hyperelasticity framework. This means that the material is
assumed to be ideally elastic and that stress-strain (or stretch) relationships are obtained based
on a strain energy density function, which is expressed as a function of the invariants of the
Cauchy-Green deformation tensor, e.g. [45]. Thus, a particular hyperelastic constitutive model
fully depends on the corresponding formulation of the strain energy density function. So far
various formations of the strain energy density function and, subsequently, hyperelastic
models have been used to describe the elastic behaviour of DEs under large deformations,
e.g. Neo-Hookean [46–48], Mooney-Rivlin [49], Ogden [27, 49, 50], Yeoh [51], Arruda-Boyce
[26, 52] and Gent [48, 53, 54]. Of course, this list is far from being exhaustive. There are other
hyperelastic models that could also be used for modelling the constitutive behaviour of DEs.
Many researchers have compared the predictions provided by different hyperelastic models
with the experimentally observed behaviour of DE membranes, e.g. Yeoh, Ogden and Arruda-
Boyce [26], Mooney-Rivlin and Ogden [55], Neo-Hookean and Gent [48]. It is important to note
there is no universal hyperelastic model that would provide accurate and reliable predictions
for all DEs. A hyperelastic model that yields excellent results for a particular DE under specific
conditions may be inapplicable for another DE. An extensive review of the hyperelastic models
can be found in [56, 57].

The hyperelastic models describe the time-invariant behaviour of DEs. However, this is not the
case because of viscoelasticity. Thus, in order to achieve more realistic predictions of the DE
performance under mechanical and/or electrical loading, especially cyclic or dynamic loading,
the time-dependency due to viscoelasticity needs to be taken into account. Wissler and Mazza
[51] suggested to use the quasi-linear viscoelastic (QLV) model. This model is based on the
assumption that the relaxation function is independent of the stretch ratio (or strain), i.e.
depends only on time. The relaxation function was determined based on experimental results
using the so-called Prony series. To combine the hyperelastic and QLV models, the coefficients
of the energy density function are multiplied by the relaxation function. The same approach
was also used by Wang et al. [58]. The model provides reasonable for quasi-static creep and
stress relaxation problems; however, its predictions noticeably deviated from experimental
results in the case of dynamic loading as the number of cycles increased [26].

Many researchers use models based on classical rheological models such as Maxwell and
Kelvin-Voight with added elements. One of the most popular models is the so-called standard
linear solid model presents a Maxwell element in parallel with an elastic spring, e.g. [37, 59,
60]. Others used an extended Kelvin-Voight model, i.e. a Kelvin-Voight element in series with
an elastic spring [58, 61]. A model combining in parallel Maxwell and Kelvin-Voight elements
has also been suggested [62]. Models based on the generalised Maxwell model, also known as
Maxwell-Wiechert model, have also been proposed and implemented [56, 63, 64]. An extensive
review of viscoelastic models can be found in [65].

It is worth to note that the viscoelastic models described above were usually implemented for
uniaxial or equi-biaxial problems that led to a set of ordinary differential equations, which
were solved numerically. However, to solve more general problems or obtain more accurate
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stress softening [38]. This effect causes a decay of the elastic stiffness of a material under
repeated loading-unloading, which depends on the maximum stretch previously experienced
by the material. Recommendations regarding experimental characterisation of the effect can be
found in [39].

Effects of the operating temperature on the material properties of VHB 4910 and the perfor-
mance of a generator made of this material were investigated by Chen et al. [40]. In particular,
it was found that the generator operated more efficiently under lower temperatures due to
smaller viscoelastic losses.

As can be seen from above, so far VHB 4905/10 (3MTM) have received most attention from
researchers. However, other DEs, in particular natural rubbers and polyurethanes (PUR), have
been also investigated and demonstrated good potential for EH, in some cases better than
VHB, e.g. [28, 41, 42]. One of the researches, [41], examined the influence of stretching on the
electrical properties, such as the electrical (or dielectric) breakdown strength (DBS) and dielec-
tric constant, of VHB 4910 and natural rubber and suggested that the latter had advantages
over VHB in the context of EH. It also necessary to note that in our overview of the DE material
properties we mainly concentrated on their mechanical properties, while the electrical proper-
ties were only mentioned in relation to the last referred publication. Of course, the electrical
properties of DEs are also very important for EH and were considered in a number of the
references provided above. Detailed recommendations on experiments that can be used to
determine both mechanical and electrical properties of DEs are given in [39].

Finally, based on data presented in [43] we include Table 1, which provides the important
mechanical and electrical properties of some DEs that can be used for EH. More information
about specific DEs appearing in the table, in particular polyurethanes (i.e. PUR 1, PUR 2, etc.),
can be found in the source [43]; acrylate means VHB 4905.

3.2. Modelling

Modelling is essential for the development and design of DE-based devices for EH. The idea is
to simulate the performance of such devices using analytical and/or numerical models and
reduce the need for time-consuming and relatively expensive experiments. Basic theory of DEs

Name Mechanical properties Electrical properties

DE thickness (μm) Break Strain (%) E at 50% (MPa) Creep (30 min)
(10% Def.)

εd (1/8 Hz) DBS (MV/m)

PUR 1 50 421 3.36 24 6 218

PUR 2 50 252 1.47 2.9 7.1 108

PUR 3-1 49 251 1.96 1.9 7.1 132

PUR 3-2 97 319 1.3 6.5 8.0 102

Silicone 45 422 0.25 16 2.5 80

Acrylate 498 879 0.04 70 4.5 31

Table 1. Comparison of various elastomer properties.
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based on thermodynamics and continuum mechanics was described in [44]. In this section we
overview some specifics of its practical implementation.

As has been noted previously, the elastic behaviour of DEs under large finite deformations is
usually modelled within the hyperelasticity framework. This means that the material is
assumed to be ideally elastic and that stress-strain (or stretch) relationships are obtained based
on a strain energy density function, which is expressed as a function of the invariants of the
Cauchy-Green deformation tensor, e.g. [45]. Thus, a particular hyperelastic constitutive model
fully depends on the corresponding formulation of the strain energy density function. So far
various formations of the strain energy density function and, subsequently, hyperelastic
models have been used to describe the elastic behaviour of DEs under large deformations,
e.g. Neo-Hookean [46–48], Mooney-Rivlin [49], Ogden [27, 49, 50], Yeoh [51], Arruda-Boyce
[26, 52] and Gent [48, 53, 54]. Of course, this list is far from being exhaustive. There are other
hyperelastic models that could also be used for modelling the constitutive behaviour of DEs.
Many researchers have compared the predictions provided by different hyperelastic models
with the experimentally observed behaviour of DE membranes, e.g. Yeoh, Ogden and Arruda-
Boyce [26], Mooney-Rivlin and Ogden [55], Neo-Hookean and Gent [48]. It is important to note
there is no universal hyperelastic model that would provide accurate and reliable predictions
for all DEs. A hyperelastic model that yields excellent results for a particular DE under specific
conditions may be inapplicable for another DE. An extensive review of the hyperelastic models
can be found in [56, 57].

The hyperelastic models describe the time-invariant behaviour of DEs. However, this is not the
case because of viscoelasticity. Thus, in order to achieve more realistic predictions of the DE
performance under mechanical and/or electrical loading, especially cyclic or dynamic loading,
the time-dependency due to viscoelasticity needs to be taken into account. Wissler and Mazza
[51] suggested to use the quasi-linear viscoelastic (QLV) model. This model is based on the
assumption that the relaxation function is independent of the stretch ratio (or strain), i.e.
depends only on time. The relaxation function was determined based on experimental results
using the so-called Prony series. To combine the hyperelastic and QLV models, the coefficients
of the energy density function are multiplied by the relaxation function. The same approach
was also used by Wang et al. [58]. The model provides reasonable for quasi-static creep and
stress relaxation problems; however, its predictions noticeably deviated from experimental
results in the case of dynamic loading as the number of cycles increased [26].

Many researchers use models based on classical rheological models such as Maxwell and
Kelvin-Voight with added elements. One of the most popular models is the so-called standard
linear solid model presents a Maxwell element in parallel with an elastic spring, e.g. [37, 59,
60]. Others used an extended Kelvin-Voight model, i.e. a Kelvin-Voight element in series with
an elastic spring [58, 61]. A model combining in parallel Maxwell and Kelvin-Voight elements
has also been suggested [62]. Models based on the generalised Maxwell model, also known as
Maxwell-Wiechert model, have also been proposed and implemented [56, 63, 64]. An extensive
review of viscoelastic models can be found in [65].

It is worth to note that the viscoelastic models described above were usually implemented for
uniaxial or equi-biaxial problems that led to a set of ordinary differential equations, which
were solved numerically. However, to solve more general problems or obtain more accurate
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results (i.e. avoid simplifying assumptions) the finite element (FE) modelling is needed. One of
the main challenges here is to develop and implement finite elements that take into account
electromechanical coupling since commercial FE software, e.g. ABAQUS, does not currently
provide such an option. FE models for simulating the DE behaviour under both mechanical
and electrical loads have been proposed in [66–68]. In particular, Henann et al. [67] employed
the developed FE model to carry out an analysis of both DE actuator and generator. Jean-
Mistral et al. [69] also used FE modelling to investigate a new technique for DE EH.

4. Failure modes

In order to fully asses the DE generators potential the failure mechanisms have to be consid-
ered. In general there are two types of failures a DE device may face: material and manufactur-
ing related. Whereas the former are discussed in this section the latter are not because they are
mostly related to imperfections due to the manufacturing process. This group includes but not
limited to failures due to non-uniform stretching of the material over the working area, poor or
uneven distribution of charges (electrodes) over the working surface, loss of contact between
electrodes and working surfaces, others malfunctioning of electrodes during normal operation.
The material related failures may be combined into four groups: rupture by stretch, loss of
tension, electrical breakdown and electromechanical instability.

Rupture by stretching occurs when the membrane is stretched too much and the internal strain
becomes too high leading to the material ripping, as explained by the classical stress-strain
curve for a material. Loss of tension occurs when the initial voltage placed over the membrane
is enough to remove the pre-strain put onto the generator in its construction.

Dielectric breakdown is a complex topic, however it is enough to say that there is a specific
electric field at which the membrane will essentially become a conductor and the generator
will fail. As the electric field is given by E ¼ V=z, the dielectric breakdown strength (DBS) is
inversely proportional to the thickness, thus the thinner the material the larger its DBS [70].
This was investigated further by Tröls et al. [41] who reported how the dielectric breakdown
strength and dielectric constant is influenced by the stretch of the material. Their main findings
regarding EEB and e for 3MTM VHB 4910 are shown in Table 2. Pre-straining, typically performed
during the manufacturing stage, can improve the DBS. The pre-straining is done by taking the DE
to a minimum level of stretch λmin in a device. Besides improving the DBS of the material, pre-
straining negates the risk of failure by loss of tension. The increase in DBS of VHB 4910 (3MTM) by
1100% under an equal biaxial pre-straining of 500% has also been reported in [71].

Value λ ¼ 1 λ ¼ 2 λ ¼ 3 λ ¼ 4 λ ¼ 5

EEB Vμm�1 – 100 124 145 163

e (1 Hz) 4.24 – 3.83 – 3.44

Table 2. Dependence of the electrical properties of VHB 4910 on the stretch ratio.
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Electromechanical instability occurs due to nonlinearities in the materials behaviour. As the
membrane stretches due to increasing electrostatic forces, nonlinearities occur in the stretching
and some areas will become wrinkled producing thinner and thicker sections.

The failure modes associated with dielectric elastomers were investigated by Koh et al. [2] who
derived the equations of failure for the two work conjugate planes of force-displacement and
voltage-charge. These equations can then be plotted as lines on the respective graphs with the
enclosed area representing the maximumworking area, which can be used to find the maximum
energy per cycle for a specific membrane. This work showed that for a membrane with modulus,
μ ¼ 106N=m2, permittivity of e ¼ 3:54� 10�11F=m and density of r ¼ 1000 kg=m3, an energy
gain of 6.3 J/g per cycle was achieved. However, this would be difficult to implement in experi-
mental conditions. Pelrine and Kornbluh [72] then updated this describing the fundamental
science and derivations behind dielectric elastomers as well as covering the failure methods and
a variety of dielectric elastomer configurations. In addition to the commonly cited failure limits
set out by Koh et al. [2], Zhou et al. [73] conducted an investigation into the performance and
lifetime of dielectric elastomer generators subjected to a cyclic deformation. Their work
hypothesised that a decrease in the generator output is due to fatigue cracks forming on the
membrane. In order to minimise this effect a smaller strain and deformation rate is proposed to
increase the lifetime of the device. With an increase in applied voltage keeping the output energy
higher, in accordance with Eq. (4).

Other failures that have not been mentioned above may be associated with the loss of electrical
contacts, different stretching capabilities of the DEs and electrodes, fatigue and durability, as
well as multiscale instabilities [74, 75].

5. Initial voltage issue

One of main concerns with dielectric elastomer generators (DEGs) is the need for an initial
voltage. Given that the larger the supply voltage, the larger the energy gain, ideally the supply
would be in the kilovolt range, which causes an issue for small-scale or portable generators.
One solution to this problem is self-priming circuits proposed by McKay et al. [76]. This circuit
allows any energy not used in powering the load to go back into the energy supply, so that
over time this increases the power input to the system. In their experiment the input voltage
was taken from an initial 10 V to 3250 V after only 236 cycles. This work is the basis for many
future real world applications, since a high voltage DC power supply or transformer is not
commonly available at small-scale portable sizes. This work would allow generators to be
started with low voltage batteries and power up to a working voltage. Illenberger et al. [77]
further advanced the theoretical aspect of self-priming circuits by providing a mathematical
analysis backed up by experimental validation with an accuracy of 0.1% after five cycles.
Panigrahi and Mishra [78] built and simulated an electrical model of a dielectric elastomer
generator using the common electrical simulation software, Pspice.

The use of self-priming circuits would allow other vibration energy harvesting techniques to
be used to initialise a dielectric elastomer generator, which has been explored in some works
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results (i.e. avoid simplifying assumptions) the finite element (FE) modelling is needed. One of
the main challenges here is to develop and implement finite elements that take into account
electromechanical coupling since commercial FE software, e.g. ABAQUS, does not currently
provide such an option. FE models for simulating the DE behaviour under both mechanical
and electrical loads have been proposed in [66–68]. In particular, Henann et al. [67] employed
the developed FE model to carry out an analysis of both DE actuator and generator. Jean-
Mistral et al. [69] also used FE modelling to investigate a new technique for DE EH.

4. Failure modes

In order to fully asses the DE generators potential the failure mechanisms have to be consid-
ered. In general there are two types of failures a DE device may face: material and manufactur-
ing related. Whereas the former are discussed in this section the latter are not because they are
mostly related to imperfections due to the manufacturing process. This group includes but not
limited to failures due to non-uniform stretching of the material over the working area, poor or
uneven distribution of charges (electrodes) over the working surface, loss of contact between
electrodes and working surfaces, others malfunctioning of electrodes during normal operation.
The material related failures may be combined into four groups: rupture by stretch, loss of
tension, electrical breakdown and electromechanical instability.

Rupture by stretching occurs when the membrane is stretched too much and the internal strain
becomes too high leading to the material ripping, as explained by the classical stress-strain
curve for a material. Loss of tension occurs when the initial voltage placed over the membrane
is enough to remove the pre-strain put onto the generator in its construction.

Dielectric breakdown is a complex topic, however it is enough to say that there is a specific
electric field at which the membrane will essentially become a conductor and the generator
will fail. As the electric field is given by E ¼ V=z, the dielectric breakdown strength (DBS) is
inversely proportional to the thickness, thus the thinner the material the larger its DBS [70].
This was investigated further by Tröls et al. [41] who reported how the dielectric breakdown
strength and dielectric constant is influenced by the stretch of the material. Their main findings
regarding EEB and e for 3MTM VHB 4910 are shown in Table 2. Pre-straining, typically performed
during the manufacturing stage, can improve the DBS. The pre-straining is done by taking the DE
to a minimum level of stretch λmin in a device. Besides improving the DBS of the material, pre-
straining negates the risk of failure by loss of tension. The increase in DBS of VHB 4910 (3MTM) by
1100% under an equal biaxial pre-straining of 500% has also been reported in [71].

Value λ ¼ 1 λ ¼ 2 λ ¼ 3 λ ¼ 4 λ ¼ 5

EEB Vμm�1 – 100 124 145 163

e (1 Hz) 4.24 – 3.83 – 3.44

Table 2. Dependence of the electrical properties of VHB 4910 on the stretch ratio.
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Electromechanical instability occurs due to nonlinearities in the materials behaviour. As the
membrane stretches due to increasing electrostatic forces, nonlinearities occur in the stretching
and some areas will become wrinkled producing thinner and thicker sections.

The failure modes associated with dielectric elastomers were investigated by Koh et al. [2] who
derived the equations of failure for the two work conjugate planes of force-displacement and
voltage-charge. These equations can then be plotted as lines on the respective graphs with the
enclosed area representing the maximumworking area, which can be used to find the maximum
energy per cycle for a specific membrane. This work showed that for a membrane with modulus,
μ ¼ 106N=m2, permittivity of e ¼ 3:54� 10�11F=m and density of r ¼ 1000 kg=m3, an energy
gain of 6.3 J/g per cycle was achieved. However, this would be difficult to implement in experi-
mental conditions. Pelrine and Kornbluh [72] then updated this describing the fundamental
science and derivations behind dielectric elastomers as well as covering the failure methods and
a variety of dielectric elastomer configurations. In addition to the commonly cited failure limits
set out by Koh et al. [2], Zhou et al. [73] conducted an investigation into the performance and
lifetime of dielectric elastomer generators subjected to a cyclic deformation. Their work
hypothesised that a decrease in the generator output is due to fatigue cracks forming on the
membrane. In order to minimise this effect a smaller strain and deformation rate is proposed to
increase the lifetime of the device. With an increase in applied voltage keeping the output energy
higher, in accordance with Eq. (4).

Other failures that have not been mentioned above may be associated with the loss of electrical
contacts, different stretching capabilities of the DEs and electrodes, fatigue and durability, as
well as multiscale instabilities [74, 75].

5. Initial voltage issue

One of main concerns with dielectric elastomer generators (DEGs) is the need for an initial
voltage. Given that the larger the supply voltage, the larger the energy gain, ideally the supply
would be in the kilovolt range, which causes an issue for small-scale or portable generators.
One solution to this problem is self-priming circuits proposed by McKay et al. [76]. This circuit
allows any energy not used in powering the load to go back into the energy supply, so that
over time this increases the power input to the system. In their experiment the input voltage
was taken from an initial 10 V to 3250 V after only 236 cycles. This work is the basis for many
future real world applications, since a high voltage DC power supply or transformer is not
commonly available at small-scale portable sizes. This work would allow generators to be
started with low voltage batteries and power up to a working voltage. Illenberger et al. [77]
further advanced the theoretical aspect of self-priming circuits by providing a mathematical
analysis backed up by experimental validation with an accuracy of 0.1% after five cycles.
Panigrahi and Mishra [78] built and simulated an electrical model of a dielectric elastomer
generator using the common electrical simulation software, Pspice.

The use of self-priming circuits would allow other vibration energy harvesting techniques to
be used to initialise a dielectric elastomer generator, which has been explored in some works
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including [69]. Their work used electret technology to generate a bias voltage of 100 V which
acted as the input to the DEG. In a later publication [79] this idea was studied by a finite
element modelling. In general there is a great potential in combining some other types of
energy generation with the self-priming circuit to raise the bias voltage to a level required.

6. Applications

A clear metric of progress being made in any energy generation field is evidenced in the new
applications and performances of new devices. For that reason this section will highlight some
of the significant breakthroughs made in recent years.

6.1. Indoor tests

Huang et al. [80] developed a DEG that was stretched radially, in-plane, in a laboratory setting.
Their device had an energy density of 550 J/kg and an efficiency of 22.1%. McKay et al. [81]
developed and tested a generator in laboratory conditions that consisted of 42 membranes
placed on top of each other. The total volume of the device was 0:86 cm3 and it could produce
an output power of 300μW at an excitation frequency of 0.5Hz. This design was further
developed [3] using 48 membranes within the same volume and a larger applied voltage saw
the output power increase to 1:8mW at 1:6Hz. Lai et al. [82] conducted a laboratory test on
dielectric elastomers in the application of human walking. Their device was simple in nature
and generated a relatively low energy gain, 10� 50μJ, however it did experimentally prove
the validity of energy harvesting from human walking. Kaltseis et al. [16] conducted a labora-
tory based experiment on a dielectric elastomer generator in diaphragm mode and showed a
specific energy of 102 mJ/g and an average power of 17 mW/g, however it only achieved a 7.5%
efficiency.

6.2. Wave energy converters

There are several types of wave energy converters that utilises DEs. Moretti et al. [83] proposed
a generator called poly-surge that has to be sealed to the seabed. Their numerical study based
on this design provided an output of 1.56 MW; however, this was based on 15m3 of dielectric
elastomer and a model, which unrealistically assumed no losses due to viscoelasticity. Later
Moretti et al. [84] developed a generator, similar in principle to an oscillating water column
(OWC) generator, but using DEs instead of an air turbine. Their generator had an output of
0:3 J, or 173 J=kg, which is equivalent to 0:15W. Vertechy et al. [85] have also investigated an
OWC generator and experimentally tested it in a tank at a scale of 1:50. Their scaled model
produced a maximum power of 76.8 mW. However, if the model was built at its full scale size,
the authors estimated that it would be capable of producing 68 kW of power at the optimal
wave conditions of 2 m height and a period of 11.7 s. Lv et al. [48] developed a DE-based wave
energy converter for capturing heaving motion of waves. Their work showed that as the input
voltage increased the experimental and theoretical power output both increased as expected,
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but the efficiency dropped. This was mainly due to the current leakage at high voltage. The
approximate energy output of the system was 0.25 mJ per cycle. Binh et al. [86] designed a
floating wave energy converter that uses a control system, which aided in maximising the
generated energy. The proposed control system allowed to increase the device efficiency of up
to 25% in numerical simulations.

6.3. Vibro-impact harvester

Recently a novel DE-based device for EH from a vibrational motion has been proposed in [87, 88].
The main idea centres around a hollow cylinder, excited by an external force, and a free moving
internal ball (friction was neglected), motion of which is constrained at both the ends of the
cylinder by DE membranes. The ball motion is excited through its impacts against the DE
membranes, which causes the membranes deformation (increase in the capacitance) leading to
energy harvesting. The cylinder can be placed under an angle βwith respect to the horizon. For an
inclination angle β ¼ 0 the motion of the cylinder should be large enough to engage the ball
motion, however for any angle β > 0 the ball will be at rest on the lower membrane and its
separation from the membrane will be engaged under a set of certain conditions. This design
was called vibro-impacting EH and the dynamics of the generator has been investigated for
various initial conditions, angles of inclination and restitution coefficients under deterministic
and random loading. Numerically simulations have shown the rich nonlinear dynamics of the
harvesters and indicated a mechanism for the device optimisation.

7. Conclusions

This chapter covers the fundamental aspects of Dielectric Elastomers and their potential appli-
cation for Energy Harvesting. The chapter intended to overview the new developments made
since the publication of [6]. There has been a significant progress made in understanding the
material and electrical properties of DEs, optimisation of the energy harvesting process and
modelling DEs. Some new ideas of ceasing the need for a substantial initial voltage using a
self-priming circuit and ferroelectrics/electrets have been explored. New concepts of DE-based
devices have been designed and tested. Nevertheless, it would be wrong to say that the
behaviour of DEs and their capabilities have been entirely studied, thus more investigations
are required.
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including [69]. Their work used electret technology to generate a bias voltage of 100 V which
acted as the input to the DEG. In a later publication [79] this idea was studied by a finite
element modelling. In general there is a great potential in combining some other types of
energy generation with the self-priming circuit to raise the bias voltage to a level required.

6. Applications

A clear metric of progress being made in any energy generation field is evidenced in the new
applications and performances of new devices. For that reason this section will highlight some
of the significant breakthroughs made in recent years.

6.1. Indoor tests

Huang et al. [80] developed a DEG that was stretched radially, in-plane, in a laboratory setting.
Their device had an energy density of 550 J/kg and an efficiency of 22.1%. McKay et al. [81]
developed and tested a generator in laboratory conditions that consisted of 42 membranes
placed on top of each other. The total volume of the device was 0:86 cm3 and it could produce
an output power of 300μW at an excitation frequency of 0.5Hz. This design was further
developed [3] using 48 membranes within the same volume and a larger applied voltage saw
the output power increase to 1:8mW at 1:6Hz. Lai et al. [82] conducted a laboratory test on
dielectric elastomers in the application of human walking. Their device was simple in nature
and generated a relatively low energy gain, 10� 50μJ, however it did experimentally prove
the validity of energy harvesting from human walking. Kaltseis et al. [16] conducted a labora-
tory based experiment on a dielectric elastomer generator in diaphragm mode and showed a
specific energy of 102 mJ/g and an average power of 17 mW/g, however it only achieved a 7.5%
efficiency.

6.2. Wave energy converters

There are several types of wave energy converters that utilises DEs. Moretti et al. [83] proposed
a generator called poly-surge that has to be sealed to the seabed. Their numerical study based
on this design provided an output of 1.56 MW; however, this was based on 15m3 of dielectric
elastomer and a model, which unrealistically assumed no losses due to viscoelasticity. Later
Moretti et al. [84] developed a generator, similar in principle to an oscillating water column
(OWC) generator, but using DEs instead of an air turbine. Their generator had an output of
0:3 J, or 173 J=kg, which is equivalent to 0:15W. Vertechy et al. [85] have also investigated an
OWC generator and experimentally tested it in a tank at a scale of 1:50. Their scaled model
produced a maximum power of 76.8 mW. However, if the model was built at its full scale size,
the authors estimated that it would be capable of producing 68 kW of power at the optimal
wave conditions of 2 m height and a period of 11.7 s. Lv et al. [48] developed a DE-based wave
energy converter for capturing heaving motion of waves. Their work showed that as the input
voltage increased the experimental and theoretical power output both increased as expected,
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but the efficiency dropped. This was mainly due to the current leakage at high voltage. The
approximate energy output of the system was 0.25 mJ per cycle. Binh et al. [86] designed a
floating wave energy converter that uses a control system, which aided in maximising the
generated energy. The proposed control system allowed to increase the device efficiency of up
to 25% in numerical simulations.

6.3. Vibro-impact harvester

Recently a novel DE-based device for EH from a vibrational motion has been proposed in [87, 88].
The main idea centres around a hollow cylinder, excited by an external force, and a free moving
internal ball (friction was neglected), motion of which is constrained at both the ends of the
cylinder by DE membranes. The ball motion is excited through its impacts against the DE
membranes, which causes the membranes deformation (increase in the capacitance) leading to
energy harvesting. The cylinder can be placed under an angle βwith respect to the horizon. For an
inclination angle β ¼ 0 the motion of the cylinder should be large enough to engage the ball
motion, however for any angle β > 0 the ball will be at rest on the lower membrane and its
separation from the membrane will be engaged under a set of certain conditions. This design
was called vibro-impacting EH and the dynamics of the generator has been investigated for
various initial conditions, angles of inclination and restitution coefficients under deterministic
and random loading. Numerically simulations have shown the rich nonlinear dynamics of the
harvesters and indicated a mechanism for the device optimisation.

7. Conclusions

This chapter covers the fundamental aspects of Dielectric Elastomers and their potential appli-
cation for Energy Harvesting. The chapter intended to overview the new developments made
since the publication of [6]. There has been a significant progress made in understanding the
material and electrical properties of DEs, optimisation of the energy harvesting process and
modelling DEs. Some new ideas of ceasing the need for a substantial initial voltage using a
self-priming circuit and ferroelectrics/electrets have been explored. New concepts of DE-based
devices have been designed and tested. Nevertheless, it would be wrong to say that the
behaviour of DEs and their capabilities have been entirely studied, thus more investigations
are required.
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Abstract

Energy harvesting employing nonlinear systems offers considerable advantages compar-
ing to linear systems in the field of broadband energy harvesting. Bi-stable piezoelectric
energy harvesters have been proved to be a good candidate for broadband frequency
harvesting due to their highly geometrically nonlinear response during vibrations. These
bi-stable energy harvesters consist of bi-stable structure and piezoelectric transducers. The
nonlinear response depends on the host bi-stable structure. A possible category of bi-
stable structures is bi-stable composite laminate, which has two stable equilibrium states
resulting from the mismatch in thermal expansion coefficients between plies. It has
received considerable interest in deformable structure since the “snap-through” between
two stable states results in a significant deformation without continuous energy supply.
Combining piezoelectric transducer and the bi-stable composite laminate is a feasible
method to obtain bi-stable energy harvester. Piezoelectric energy harvesters based on bi-
stable composite laminate have been shown to exhibit high levels of power output over a
wide range of frequencies. This chapter aims to summarize and review the various
approaches in piezoelectric energy harvesting based on bi-stable composite laminates.

Keywords: energy harvesting, bi-stable, piezoelectric, laminate, nonlinear

1. Introduction

With the advent of low power, wireless and autonomous sensors, energy harvesting which is
considered as a potential way to replace batteries and realize self-powering becomes a highly
active research area [1, 2]. Piezoelectric materials can be embedded in the host structure to
convert the strain energy of the host structure into electrical energy through direct piezoelectric
effect, so piezoelectric energy harvesting technique becomes one of the primary methods to
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harvest vibration energy. Compared with electromagnetic and electrostatic methods, the main
advantages of piezoelectric energy harvesting technique are the larger power density and
higher flexibility of being integrated into one system [3]. Because of the simple structure and
ease of producing relatively high average strain for a given force input, the typical piezoelectric
energy harvester consisting of a cantilever beam with piezoelectric elements attached near its
clamped end is widely analyzed and designed. The cantilever type harvester operates on the
fundamental principle of linear resonance. It means that the maximum energy transduction
from the vibration source to harvester can be achieved by tuning the host beam’s natural
frequencies to be equal or very close to the excitation frequency. Therefore, the frequency
bandwidth of linear harvester is usually limited to a specific range and the power output of
linear harvesters would be reduced drastically when the frequency of vibration source deviates
slightly from the resonant frequency of the harvesters. However, the energy of ambient vibra-
tions is distributed over a broad spectrum of frequencies or the dominant frequencies drift
with time in many applications. Several solutions were presented to solve this problem.
Tuning mechanism is a potential method for broadband energy harvesting, which uses passive
or active means to vary the fundamental frequency of the harvester to match the dominant
frequency of the vibration source [4, 5]. However, it is not very efficient when the frequency of
vibration is random or varies rapidly, and tuning mechanism requires external power or
complicated design. Nonlinear harvesters have been proposed for broadband energy
harvesting benefiting from the ability of nonlinearities to extend the coupling between the
excitation and a harmonic oscillator to a broader range of frequency.

The nonlinear harvester with a bi-stable potential is proved to be a good candidate for broad-
band energy harvesting. It has been shown that when carefully designed, bi-stable energy
harvesters can provide significant power levels over a wide range of frequencies under
steady-state harmonic excitation. Bi-stable systems have two stable equilibrium positions
between which they may snap-through under a certain level of excitation. Generally, the bi-
stable harvester can be achieved by applying magnetic force [6] or axial load [7] to buckle the
piezoelectric beam. The potential energy of bi-stability can be tuned by the magnitude of
magnetic force or axial load. However, such a magnetic bi-stable system would require an
obtrusive arrangement of external magnets and could generate unwanted electromagnetic
fields [8]. An alternative bi-stable composite laminate has been developed for broadband
energy harvesting. This review aims to review the piezoelectric energy harvesting technologies
based on two different bi-stable composite laminates and find out the potential benefits and
defects from the existing energy harvesting techniques using bi-stable composite laminates.

2. Bi-stable composite laminate

The bi-stable asymmetric composite laminate was reported by Hyer firstly in 1981 [9, 10]. He
found that thin asymmetric laminate may have two stable cylindrical shapes, which are
attributed to the thermal stresses due to the difference of thermal expansion of the laminate.
Due to the limitation of the classical lamination theory which predicts that all asymmetric
laminates have a curved saddled shape where the two curvatures are always of opposite sign,
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Hyer developed a theory to explain the characteristics of the curved shapes of thin asymmetric
laminates. This theory introduced the von-Karman geometric nonlinearities within the classi-
cal lamination theory to capture room-temperature shapes, and Rayleigh-Ritz method based
on the concept of minimum total potential energy was used to obtain the curved shapes. The
prediction of room-temperature shapes of asymmetric laminate becomes one of major research
directions in next decades. The analytical model can be improved by more reasonable hypoth-
esis for displacements and strains, so accuracy and efficiency can be achieved in a good
balance [11, 12]. Additionally, the development of finite element method makes it possible to
predict room-temperature shapes of asymmetric laminate with more complex geometry con-
ditions [13, 14]. Another interesting feature of bi-stable laminate is snap-through behavior,
which was studied extensively [15, 16]. Recently, the potential applications of the bi-stable
laminate have received considerable attention. One of potential applications is morphing
structure. The main advantage of the bi-stable laminate as a morphing structure is that it has
two stable positions where the structure can maintain without demanding an external power.
Moreover, it only needs a very small energy input to trigger it snap from one stable position to
the other with a relatively large deflection. Many researchers have studied the feasibility of bi-
stable laminate as morphing structure from different perspectives, such as actuation method
[17] and dynamics [18]. Another potential application of the bi-stable laminate is energy
harvesting. Bi-stable laminate can provide large structural deformation resulting from the
snap-through behavior. The piezoelectric elements will obtain large strain and produce high
electric power if the piezoelectric elements are attached to the surface of bi-stable laminate.
Compared to using magnetic mechanism, this bi-stable energy harvester has four main advan-
tages: (1) the arrangement can be designed to occupy a smaller space; (2) there are no magnetic
fields; (3) the laminate can be easily combined with piezoelectric materials; (4) there is potential
to control over harvester response through adjusting lay-up and geometry [19].

According to the lay-up and stable shapes, bi-stable harvester based on composite laminate
can be classified into two categories. The first one is the asymmetric laminate-based harvester.
This asymmetric bi-stable laminate is made from a carbon fiber reinforced polymer (CFRP)
with a [0/90]T layup, as shown in Figure 1(a). For asymmetric laminate, the residual thermal
stress causing curved deformation results from the differences in the thermal expansion coef-
ficient between the carbon fiber and epoxy matrix during cooling process from an elevated
cure temperature to room temperature. When the ratio of edge length to thickness increases to

Figure 1. (a) Stacking sequence [0/90]T of the asymmetric laminate; (b) two stable shapes of the asymmetric laminate.
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harvest vibration energy. Compared with electromagnetic and electrostatic methods, the main
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2. Bi-stable composite laminate

The bi-stable asymmetric composite laminate was reported by Hyer firstly in 1981 [9, 10]. He
found that thin asymmetric laminate may have two stable cylindrical shapes, which are
attributed to the thermal stresses due to the difference of thermal expansion of the laminate.
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laminates have a curved saddled shape where the two curvatures are always of opposite sign,
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a specific value, asymmetric laminates has two approximately cylindrical stable shapes, as
shown in Figure 1(b). The curvature direction of two shapes is orthogonal to each other, but
the magnitude of curvature is equal to each other.

The other category is the hybrid symmetric laminate-based harvester. Li et al. [20] presented a
bi-stable hybrid symmetric laminate (BHSL) by combining of aluminum plies and CFRP plies.
The bi-stability is induced by the difference in thermal expansion coefficients between alumi-
num and CFRP. Typically, the stacking sequence of BHSL is shown in Figure 2(a). There are
two types of region, which are the hybrid region with [902/Al/902]T and composite region with
[902/02/902]T. The stacking sequence of two regions is symmetric. This hybrid symmetric
laminate exhibits two stable cylindrical shapes with same longitudinal curvature in the oppo-
site direction, as shown in Figure 2(b).

3. Piezoelectric energy harvesting based on bi-stable laminate

3.1. Asymmetric laminate-based harvester

Asymmetric laminate has been investigated for several decades. The prediction of room-
temperature shape and bifurcation phenomena with different parameters (layup, geometry,
thickness and so on) can be achieved a reasonable level of accuracy with reliable theoretical
model and finite element method. The new challenge for asymmetric laminate is to find a
suitable application scenario according to its particular features. The application of morphing
structure was firstly presented, for example, morphing airfoil [21] and trailing edge box [22].
Though asymmetric laminate is a good candidate for morphing structure, how to trigger the
snap-through behavior becomes a problem. To address this problem, many types of research
have studied the snap-through motion of asymmetric laminate with different methods, such as
piezoelectric actuation [23], memory alloy actuation [24] and heating actuation [25]. The
method adopted in piezoelectric actuation is that applying voltage on piezoelectric patches
attached to the surface of laminate enables piezoelectric patches to deform. Thus, asymmetric
laminate can snap once the applying voltage is high enough. Piezoelectric actuation utilizes the

Figure 2. (a) Symmetric stacking sequence [902/Al/902]T ∪[902/02/902]T∪ [902/Al/902]T for a bi-stable hybrid symmetric
laminate; (b) stable shapes of two bi-stable hybrid symmetric laminate [20].
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direct piezoelectric effect. On the contrary, the voltage will be generated by piezoelectric
patches resulting from inverse piezoelectric effect when asymmetric laminate deforms under
external excitation. Therefore, the application of asymmetric laminate extends to piezoelectric
energy harvesting.

Arrieta et al. [26] firstly presented a piezoelectric nonlinear broadband energy harvester based
on asymmetric laminate in 2010. Only the experimental results were reported in this earlier
work. This square 200 � 200 mm asymmetric laminate with [902/02]T layup was mounted from
its center to an electromechanical shaker, and four PZT-5A flexible piezoelectric patches were
bonded to the surface of the laminate, as shown in Figure 3.

Five types of nonlinear responses were observed in the experiments. As shown in Figure 4(a),
these five types of responses are linear oscillation, large amplitude limit cycle oscillation
(LCO), chaotic oscillation, intermittency oscillation and 1/2 subharmonic oscillation. Large
amplitude LCO, chaotic oscillation, and intermittency oscillation involve snap-through behav-
ior between two stable shapes, so the voltage output corresponding to these three types of

Figure 3. Piezoelectric energy harvester based on asymmetric laminate [26].

Figure 4. (a) Different responses for a forcing level 2 g: Linear response at 7.5 Hz; large amplitude LCO at 8.6 Hz; chaotic
oscillations at 12.5 Hz; intermittency oscillations at 9.8 Hz; 1/2 subharmonic oscillations at 20.2 Hz. (b) Experimental
average power vs. load resistance for different responses [26].
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responses are apparently higher than remaining two responses. Accordingly, the output pow-
ers of these three types are also higher, as shown in Figure 4(b). The intermittency and large
amplitude LCO can give 34 and 27 mWrespectively under a forcing acceleration level of 2.0 g.
For chaotic oscillation, the maximum average power was found to be 9 mW. The experimental
results in this work illustrate that asymmetric bi-stable laminate has rich dynamics for
nonlinear energy harvesting and it is a potential candidate for broadband energy harvesting
through combining the ranges where large amplitude LCO, chaotic oscillation, and intermit-
tency oscillation occur.

Betts et al. [8, 27, 28] published several works to optimize configurations of asymmetric
laminate for improving electrical power generation in 2012. This piezo-laminate was consid-
ered in the actuation arrangement, as shown in Figure 5. The actuation force applied on the
center of the laminate surface while displacements of all four corners were constrained in the z-
direction. The optimization was based on the static states of the system, so the electrical energy
output depending on the snap-through between two stable shapes. The M8557-P1 MFC was
employed as a piezoelectric material. Maximization of electrical energy generated in two sets
of four piezoelectric layers was as optimizable objective under several constraint conditions,
such as laminate surface area, limitation of piezoelectric strain and bistability. Four variables
were adopted which are ply orientation, single ply thickness, aspect ratio and piezoelectric
surface area. It was found that square cross-ply laminates [0P/0/90/90P]T offered the most
extensive energy outputs while the laminate curvatures were maximized and aligned with
the piezoelectric polarization axis.

The results of optimization are meaningful for the design of bi-stable energy harvester based on
asymmetric laminate, but the optimization was carried out from a static perspective. The energy
harvesting from vibration is a dynamic problem, so the optimization results are not very suitable
for dynamic situations. Therefore, Betts et al. [29] had done some preliminary works about the
dynamic transition between stable states as the piezoelectric laminate was exposed to an oscil-
lating mechanical force in the same year. It was found that thicker laminates produced higher
levels of energy when snap-through is fully induced. Furthermore, the dynamic loading causes a
higher level of strains of piezoelectric transducers, which may cause its failure.

Next year, Arrieta et al. [30, 31] presented a new concept for broadband energy harvesting.
They changed the boundary condition from center fixation to cantilever for asymmetric

Figure 5. Actuation arrangement for a [0P/0/90/90/90P]T laminate with 40% piezoelectric coverage [27].
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laminate. A symmetric-asymmetric layup was designed to realize cantilevered boundary
condition, as shown in Figure 6(a). The symmetric layup was for clamping, and the asym-
metric layup was for bi-stable laminate. Two flexible piezoelectric transducers (Piezo QP16n)
were bonded on the surface of the asymmetric laminate and were closer to the clamped root.
The two stable shapes of this cantilevered bi-stable laminate are shown in Figure 6(b). There
are three significant advantages to this design. Firstly, this type of arrangement allows to
exploit high strains developed close to clamped root by the piezoelectric transducers; Sec-
ondly, the cantilever configuration results in large displacements given the considerable
distance from the root to the tip; Thirdly, the cantilevered configuration allows for more
natural integration with the host structure.

Two specimens with different length were fabricated and tested respectively. The nonlinear
behaviors of two specimens were studied by frequency sweep for a base acceleration, as
shown in Figure 7 where blue dots and red crosses show frequency sweep with the initial
condition on state 1 and 2 respectively, and arrows show regions of cross-well dynamics. Due
to the cantilevered boundary condition, the two stable shapes are entirely asymmetric which
leads to the different nonlinear responses depending on the initial state. Specimen B with
longer length has a broader range of cross-well oscillation than specimen A. The cantilevered
bi-stable laminate can be triggered to snap at a low level of base excitation. Additionally, the
obtained power of this design ranges from 35 to 55 mW when Synchronized Switching
Harvesting on Inductor (SSHI) circuit is adopted.

In the same year, Betts et al. [32] extended their work to experimental investigation of dynamic
response and power generation characteristics of piezoelectric energy harvester based on a
square [0/90]T laminate with the size of 190 � 190 mm. A single piezoelectric Marco Fiber
Composite (MFC) layer (M8585-P2, 85 � 85 mm) was attached to the laminate surface, as
shown in Figure 8(a). Additional masses were attached to the four corners of the laminate to
increase the achievable curvatures and help snap-through during oscillation. The whole device
was mounted to the shaker from its center, as shown in Figure 8(b). The open-circuit voltage

Figure 6. (a) Symmetric-asymmetric lay-up enabling cantilever configuration and positioning of piezoelectric transducers
[30]. (b) Stable shapes and critical displacement for a cantilevered bi-stable laminate [31].
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was measured, and the three-dimensional displacements were captured by a Digital Image
Correlation (DIC) system. They had the similar experimental results as what was found by
Arrieta et al. [26]. The experimental results have revealed that the modes of oscillation are
sensitive to the frequency and amplitude of the external vibration, as shown in Figure 9. There
are three oscillation patterns: (1) small-amplitude oscillation without snap-through; (2) uni-
form and nonuniform intermittent snap-through; (3) repeatable snap-through. The largest
power output of 3.2 mW was found when snap-through occurred.

In 2014, Betts et al. [33] continued their work and presented an analytical model and experi-
mental characterization of a piezoelectric bi-stable laminate of 200 � 200 � 0.5 mmwith [0/90]T
stacking sequence. As before, a single flexible Macro Fiber Composite (MFC) was employed as
a piezoelectric transducer and attached to one surface of the laminate. The analytical model
was an extension of the model presented in Ref. [34]. This analytical model can capture the mix
of nonlinear modes in the response of this bi-stable piezoelectric energy harvester subjected to
mechanical vibrations. As before, these modes are continuous snap-through, intermittent
snap-through (both periodic and chaotic), and small amplitude oscillations which were vali-
dated by experiments.

Figure 8. (a) Stable shapes of a [0/90]T piezoelectric laminate; (b) experimental setup showing mechanical shaker attach-
ment [32].

Figure 7. (a) Frequency-voltage response against forcing frequency of specimen A (Lx = 168 mm). Base acceleration level
of 0.33 g, and a load resistance of 66 kΩ. (b) the frequency-voltage response against forcing frequency of specimen B
(Lx = 178 mm). Base acceleration level of 0.25 g, and a load resistance of 66 kΩ [30].
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A map of these modes while varying the acceleration (g level) and frequency of excitation was
obtained based on experimental results, as shown in Figure 10(a). The results show that the
desired continuous snap-through mode for energy harvesting requires high acceleration level,
and intermittency snap-through modes can cover a broader range of frequency. The average
powers with different frequencies and accelerations were measured and compared with ana-
lytical results. The analytical results are higher than experimental results, and analytical and
experimental average powers for 10 g excitation are shown in Figure 10(b). This design can
cover the bandwidth of 19.4 Hz involving snap-through behavior at the acceleration of 10 g,
and the peak power is as high as 244 mW. Though the power output and bandwidth are so
excellent, the acceleration level demanded is much higher than the work of Arrieta et al. [30].

In 2015, Syta et al. [35] employed the same design as Betts et al. [33]. The difference is that
“0–1 test” was introduced for the experimental works to identify the chaotic dynamics

Figure 9. Different voltage outputs of bi-stable piezoelectric laminate: (a) low amplitude oscillations; (b) nonuniform
behavior and chaotic snap-through; (c) intermittent snap-through; (d) repeated snap-through [32].

Figure 10. (a) Experimentally observed mode types associated with all combinations of drive frequency (20–80 Hz) and
acceleration g-level (3–10 g); (b) average power outputs and associated modes for 10 g excitations. Experimental (black
symbols) and modeling results (gray symbols) [33].
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of this bi-stable energy harvester. Next year, Syta et al. [36] examined the modal responses of
this bi-stable electro-mechanical energy harvester with same design by Fourier spectrum and
Recurrence Quantification Analysis (RQA). RQA was used to identify the periodic and
chaotic responses from reasonably short time series.

To overcome the high excitation level demand of large amplitude LCO at high frequencies, in
2015, Li et al. [37] exploited the nonlinear oscillations around the second vibration mode of a
rectangular piezoelectric bi-stable laminate (RPBL) for broadband vibration energy harvesting at
relatively higher frequencies with relatively lower excitation acceleration. This harvester
consisted of a 150 � 50 � 0.42 mm, [02/902]T laminate and a 15 � 15 � 0.2 mm piece of PZT-5H
and copper electrode, as shown in Figure 11(a). Through finite element analysis, the frequency of
second vibration mode of state A with mass is 66.8 Hz, and the second vibration mode shape is
shown in Figure 11(b). The experimental results show that the lowest excitation acceleration
needed to trigger the LCO is 2.66 g at 59 Hz. Two optimized RPBLs were found by finite element
analysis, which illustrates that the frequency bandwidth of LCO can be broadened by decreasing
the deformation needed to trigger the local snap-through. Although this design lowers the
excitation, the power output of 0.98 mW is relatively low.

In 2014, Harris et al. [38] manufactured two piezoelectric energy harvesters and compared
their performance by experiments. One of the two energy harvesters is linear with an asym-
metric layup, as shown in Figure 12(a). The other one is bi-stable with asymmetric layup
shown in Figure 12(b) (,) and the two stable states are shown in Figure 12. The results showed
that the bi-stable harvester had higher power output over a broader range of frequencies at
low frequency and low excitation and the linear one had the potential to produce a higher peak
power but at a narrow bandwidth. In 2016, Harris et al. [19] continued their work and
investigated the dynamics of this bi-stable energy harvester by multiscale entropy and “0–1”
test. As before, these oscillation modes including single-well oscillation, periodic and chaotic
intermittent snap-through and continuous periodic snap-through were captured in experi-
ments. The multiscale entropy and “0–1” test can be helpful in the response characterization.
One benefit from this analysis method is that the continuous plate system may be character-
ized by a single variable (voltage and displacement).

Figure 11. (a) Two stable states of RPBL; (b) the second vibration mode of stable state A (with proof mass) [37].
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In the same year, Harris et al. [47] added magnets in the bi-stable system to lower the level of
excitation that triggers the snap-through for this bi-stable cantilever from one stable state to
another, as shown in Figure 13. The system performance can be adjusted by varying the separa-
tion between the magnets. The scenario without magnets was taken as a control, and the
different separations were measured. The results showed that this approach could adjust the
fundamental frequency of the harvester and the magnets benefited the increase of the bandwidth
with lower peak power at low acceleration levels and benefited the increase of peak power with
narrower bandwidth at higher excitation levels. Additionally, a single-degree-of-freedom (SDOF)
model was established based on the experimental load-deflection characteristic.

3.2. Hybrid symmetric laminate-based harvester

Besides traditional asymmetric bi-stable laminate, bi-stable laminates with novel layup supply
new potential ways to design energy harvester. In 2015, Pan et al. [40] presented a bi-stable
piezoelectric energy harvester (BPEH) based on bi-stable hybrid symmetric laminate (BHSL).
The most apparent difference between asymmetric bi-stable laminate and BHSL is the stable
shape. BHSL has two double-curved shapes, which have identical curvatures with opposite
signs, as shown in Figure 2. It has better designability compared with the traditional

Figure 12. Laminate lay-ups: (a) linear and symmetric [90/0/0/90]T; and (b) bi-stable and asymmetric [0/0/90/90]T. The
cantilevers were clamped at the left-hand side. Bi-stable states: (c) state I; and (d) state II [38].

Figure 13. (a) Detail of the ply orientations, magnet location, and MFC location; (b) stable state I and (c) stable state II [39].
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of this bi-stable energy harvester. Next year, Syta et al. [36] examined the modal responses of
this bi-stable electro-mechanical energy harvester with same design by Fourier spectrum and
Recurrence Quantification Analysis (RQA). RQA was used to identify the periodic and
chaotic responses from reasonably short time series.

To overcome the high excitation level demand of large amplitude LCO at high frequencies, in
2015, Li et al. [37] exploited the nonlinear oscillations around the second vibration mode of a
rectangular piezoelectric bi-stable laminate (RPBL) for broadband vibration energy harvesting at
relatively higher frequencies with relatively lower excitation acceleration. This harvester
consisted of a 150 � 50 � 0.42 mm, [02/902]T laminate and a 15 � 15 � 0.2 mm piece of PZT-5H
and copper electrode, as shown in Figure 11(a). Through finite element analysis, the frequency of
second vibration mode of state A with mass is 66.8 Hz, and the second vibration mode shape is
shown in Figure 11(b). The experimental results show that the lowest excitation acceleration
needed to trigger the LCO is 2.66 g at 59 Hz. Two optimized RPBLs were found by finite element
analysis, which illustrates that the frequency bandwidth of LCO can be broadened by decreasing
the deformation needed to trigger the local snap-through. Although this design lowers the
excitation, the power output of 0.98 mW is relatively low.

In 2014, Harris et al. [38] manufactured two piezoelectric energy harvesters and compared
their performance by experiments. One of the two energy harvesters is linear with an asym-
metric layup, as shown in Figure 12(a). The other one is bi-stable with asymmetric layup
shown in Figure 12(b) (,) and the two stable states are shown in Figure 12. The results showed
that the bi-stable harvester had higher power output over a broader range of frequencies at
low frequency and low excitation and the linear one had the potential to produce a higher peak
power but at a narrow bandwidth. In 2016, Harris et al. [19] continued their work and
investigated the dynamics of this bi-stable energy harvester by multiscale entropy and “0–1”
test. As before, these oscillation modes including single-well oscillation, periodic and chaotic
intermittent snap-through and continuous periodic snap-through were captured in experi-
ments. The multiscale entropy and “0–1” test can be helpful in the response characterization.
One benefit from this analysis method is that the continuous plate system may be character-
ized by a single variable (voltage and displacement).

Figure 11. (a) Two stable states of RPBL; (b) the second vibration mode of stable state A (with proof mass) [37].
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In the same year, Harris et al. [47] added magnets in the bi-stable system to lower the level of
excitation that triggers the snap-through for this bi-stable cantilever from one stable state to
another, as shown in Figure 13. The system performance can be adjusted by varying the separa-
tion between the magnets. The scenario without magnets was taken as a control, and the
different separations were measured. The results showed that this approach could adjust the
fundamental frequency of the harvester and the magnets benefited the increase of the bandwidth
with lower peak power at low acceleration levels and benefited the increase of peak power with
narrower bandwidth at higher excitation levels. Additionally, a single-degree-of-freedom (SDOF)
model was established based on the experimental load-deflection characteristic.

3.2. Hybrid symmetric laminate-based harvester

Besides traditional asymmetric bi-stable laminate, bi-stable laminates with novel layup supply
new potential ways to design energy harvester. In 2015, Pan et al. [40] presented a bi-stable
piezoelectric energy harvester (BPEH) based on bi-stable hybrid symmetric laminate (BHSL).
The most apparent difference between asymmetric bi-stable laminate and BHSL is the stable
shape. BHSL has two double-curved shapes, which have identical curvatures with opposite
signs, as shown in Figure 2. It has better designability compared with the traditional

Figure 12. Laminate lay-ups: (a) linear and symmetric [90/0/0/90]T; and (b) bi-stable and asymmetric [0/0/90/90]T. The
cantilevers were clamped at the left-hand side. Bi-stable states: (c) state I; and (d) state II [38].

Figure 13. (a) Detail of the ply orientations, magnet location, and MFC location; (b) stable state I and (c) stable state II [39].
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asymmetric laminate due to the variation of the position of the metallic layer. Moreover, the
cantilever-type boundary condition can be realized benefiting from its unique symmetric
stable shapes. In this work, to obtain more deformation, 20 pieces of PZT-5H were bonded to
the middle of two BHSL's surfaces where the curvatures distribute uniformly. Due to the
electrical conductivity of carbon fiber, the laminate can be as an electrode, and a parallel
connection was employed for piezoelectric transducers. Two types of stacking sequences and
two types of piezoelectric transducer shapes with the identical area were chosen, and four
types of bi-stable harvesters and one linear harvester (LPEH) as control sample were designed,
as shown in Figure 14. Through finite element analysis, it was found that stress mechanism of
PZTs consists of bending stress and residual thermal stress and the stable shapes cannot reflect
the deformation of the PZT. A rough power measurement, which is handshaking to actuate
continuous snap-through behavior, was employed. The maximum power of 37.06 mW with
the optimal resistance of 40 kΩ was obtained at 5 Hz from the BPEH with highest open-circuit
voltage. Additionally, through the comparison between BPEHs and LPEH, it was shown that
the BPEH could take advantages of each piece of PZT. It means the PZTs on BHSL can obtain
uniform deformations during the snap-through process, which leads that BPEH can output
much higher power.

Through previous preliminary investigation, BPEH shows good potential for energy harvester.
In 2017, Pan et al. [41] continued their work and investigated the dynamics of this bi-stable
energy harvester. The bi-stable laminate was redesigned with a smaller size of 100 � 40 mm
and 8 pieces of PZT-5H with 1.0 � 1.0 mm were bonded in the middle of laminate surface like
before. Three types of linear harvesters with two different layups and two types of PZT
positions were designed as control samples, as shown in Figure 15.

The forward sweeps and reverse sweeps at five acceleration levels were carried out for
BPEH, as shown in Figure 16. Unlike responses of three linear harvesters, which only has
have one sharp peak, responses of BPEH exhibited nonlinear characteristics. BPEH had a
softening response under low level of excitation, and it could switch to hardening response
when the excitation increased to a certain extent. Two oscillation modes were observed in
experiments, which were single-well oscillation and cross-well oscillation. BPEH only has
single-well oscillation mode under softening response at relatively low excitation level.
When the response switch to hardening, BPEH can repeatedly travel between its two

Figure 14. Stable shapes of the BPEHs and LEPH samples [40].
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potential wells, namely be under cross-well oscillation mode. When BPEH is under cross-
well oscillation mode, the output voltage is much higher than that of single-well oscillation
mode. The responses also are affected by sweep direction. The frequency range of high-
voltage branch in the forward sweep is wider than that in the reverse sweep when BPEH
exhibits hardening-type nonlinearity. Compared to LPEHs, BPEH has higher output voltage
in a wider frequency range under the same excitation level. For output power, BPEH has a
more remarkable performance than LPEHs. The maximum output power of BPEH subjected
to 5 g acceleration at 36 Hz is 5.7 times more than that of LPEH-1. The reasons for this can be
attributed to two aspects of higher voltage and more uniform strains in piezoelectric ele-
ments. The results of BPEH average power showed that the hardening responses help BPEH
extend the high-output bandwidth and the output power associated with the excitation
frequency and acceleration. All the experimental results demonstrated that BPEH has the
potential to harvest vibration energy under broadband excitations.

Figure 15. (a) Experimental setup showing mechanical shaker attachment of three types of LPEH and BPEH; (b) two
stable configurations of BPEH [41].

Figure 16. Experimental frequency-voltage responses of BPEH for acceleration ranging from 1 to 5 g [41].
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asymmetric laminate due to the variation of the position of the metallic layer. Moreover, the
cantilever-type boundary condition can be realized benefiting from its unique symmetric
stable shapes. In this work, to obtain more deformation, 20 pieces of PZT-5H were bonded to
the middle of two BHSL's surfaces where the curvatures distribute uniformly. Due to the
electrical conductivity of carbon fiber, the laminate can be as an electrode, and a parallel
connection was employed for piezoelectric transducers. Two types of stacking sequences and
two types of piezoelectric transducer shapes with the identical area were chosen, and four
types of bi-stable harvesters and one linear harvester (LPEH) as control sample were designed,
as shown in Figure 14. Through finite element analysis, it was found that stress mechanism of
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the deformation of the PZT. A rough power measurement, which is handshaking to actuate
continuous snap-through behavior, was employed. The maximum power of 37.06 mW with
the optimal resistance of 40 kΩ was obtained at 5 Hz from the BPEH with highest open-circuit
voltage. Additionally, through the comparison between BPEHs and LPEH, it was shown that
the BPEH could take advantages of each piece of PZT. It means the PZTs on BHSL can obtain
uniform deformations during the snap-through process, which leads that BPEH can output
much higher power.

Through previous preliminary investigation, BPEH shows good potential for energy harvester.
In 2017, Pan et al. [41] continued their work and investigated the dynamics of this bi-stable
energy harvester. The bi-stable laminate was redesigned with a smaller size of 100 � 40 mm
and 8 pieces of PZT-5H with 1.0 � 1.0 mm were bonded in the middle of laminate surface like
before. Three types of linear harvesters with two different layups and two types of PZT
positions were designed as control samples, as shown in Figure 15.

The forward sweeps and reverse sweeps at five acceleration levels were carried out for
BPEH, as shown in Figure 16. Unlike responses of three linear harvesters, which only has
have one sharp peak, responses of BPEH exhibited nonlinear characteristics. BPEH had a
softening response under low level of excitation, and it could switch to hardening response
when the excitation increased to a certain extent. Two oscillation modes were observed in
experiments, which were single-well oscillation and cross-well oscillation. BPEH only has
single-well oscillation mode under softening response at relatively low excitation level.
When the response switch to hardening, BPEH can repeatedly travel between its two

Figure 14. Stable shapes of the BPEHs and LEPH samples [40].
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potential wells, namely be under cross-well oscillation mode. When BPEH is under cross-
well oscillation mode, the output voltage is much higher than that of single-well oscillation
mode. The responses also are affected by sweep direction. The frequency range of high-
voltage branch in the forward sweep is wider than that in the reverse sweep when BPEH
exhibits hardening-type nonlinearity. Compared to LPEHs, BPEH has higher output voltage
in a wider frequency range under the same excitation level. For output power, BPEH has a
more remarkable performance than LPEHs. The maximum output power of BPEH subjected
to 5 g acceleration at 36 Hz is 5.7 times more than that of LPEH-1. The reasons for this can be
attributed to two aspects of higher voltage and more uniform strains in piezoelectric ele-
ments. The results of BPEH average power showed that the hardening responses help BPEH
extend the high-output bandwidth and the output power associated with the excitation
frequency and acceleration. All the experimental results demonstrated that BPEH has the
potential to harvest vibration energy under broadband excitations.

Figure 15. (a) Experimental setup showing mechanical shaker attachment of three types of LPEH and BPEH; (b) two
stable configurations of BPEH [41].

Figure 16. Experimental frequency-voltage responses of BPEH for acceleration ranging from 1 to 5 g [41].
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In the same year, Pan et al. [42] analyzed the influence of layup design on the performance of
this bi-stable energy harvester. The initial voltage induced by stable configuration and longi-
tudinal curvature with different lay-up and hybrid width was calculated and analyzed by a
static finite element analysis. The results showed that the lay-up could vary the initial voltage
and longitudinal in opposite directions, and hybrid width can adjust these two variables in the
same direction, as shown in Figure 17. Through finite element analysis, it was found that the
initial voltage of BPEH depends on strain variations in the two directions. Three types of
BPEHs were manufactured to verify the analytical results. In the experiments, three types of
oscillation modes were observed which are continuous cross-well vibration, single-well vibra-
tion, and intermittent cross-well vibration. The inherent characteristics of BPEH determine the
frequency of characterized voltage, and the stable configuration affects the vibration mode.
The BPEH with the lowest curvature can occur continuous snap-through vibration, but the
BPEH with highest initial voltage only can occur single-well vibration. The layup and hybrid
width can affect inherent characteristics and configurations at some time. The combination of
lower frequency and lower longitudinal curvature is easier to obtain desired continuous cross-
well vibration for energy harvesting.

Figure 17. Initial voltages and longitudinal curvatures with (a) different lay-up and (b) hybrid width [42].

Figure 18. Experimental output power dependence of resistance for BPEHs (a) hand-driven method; (b) shaker-driven
method [42].
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In the same year, Pan et al. [42] analyzed the influence of layup design on the performance of
this bi-stable energy harvester. The initial voltage induced by stable configuration and longi-
tudinal curvature with different lay-up and hybrid width was calculated and analyzed by a
static finite element analysis. The results showed that the lay-up could vary the initial voltage
and longitudinal in opposite directions, and hybrid width can adjust these two variables in the
same direction, as shown in Figure 17. Through finite element analysis, it was found that the
initial voltage of BPEH depends on strain variations in the two directions. Three types of
BPEHs were manufactured to verify the analytical results. In the experiments, three types of
oscillation modes were observed which are continuous cross-well vibration, single-well vibra-
tion, and intermittent cross-well vibration. The inherent characteristics of BPEH determine the
frequency of characterized voltage, and the stable configuration affects the vibration mode.
The BPEH with the lowest curvature can occur continuous snap-through vibration, but the
BPEH with highest initial voltage only can occur single-well vibration. The layup and hybrid
width can affect inherent characteristics and configurations at some time. The combination of
lower frequency and lower longitudinal curvature is easier to obtain desired continuous cross-
well vibration for energy harvesting.

Figure 17. Initial voltages and longitudinal curvatures with (a) different lay-up and (b) hybrid width [42].

Figure 18. Experimental output power dependence of resistance for BPEHs (a) hand-driven method; (b) shaker-driven
method [42].

Energy Harvesting76

L
am

in
at
e
ty
p
e

an
d
si
ze

P
ie
zo

el
ec
tr
ic

tr
an

sd
u
ce
r

ty
p
e
an

d
si
ze

B
ou

n
d
ar
y

co
n
d
it
io
n

V
ib
ra
ti
on

m
od

e
E
xc
it
at
io
n
le
ve

la
n
d

fr
eq

u
en

cy
M
ax
im

u
m

p
ow

er
P
ow

er
d
en

si
ty

B
an

d
w
id
th

A
rr
ie
ta

et
al
.[
26
]

A
sy
m
m
et
ri
c

20
�

20
cm

2
Q
u
ic
k
p
ac
k
Q
P
16
n

4.
6
�

2.
06

�
0.
02
54

cm
3
�

4
C
en

te
r
fi
xa

ti
on

L
ar
ge

am
p
lit
u
d
e

L
C
O

2
g

8.
6
H
z

27
m
W

a
28
.0

m
W
/

cm
�
3

2.
2
H
z

(8
–1
0.
2
H
z)

B
et
ts

et
al
.

[3
2]

A
sy
m
m
et
ri
c

19
�

19
cm

2
M
FC

M
85
85
-P
2

8.
5
�

8.
5
�

0.
03

cm
3
�

1
C
en

te
r
fi
xa

ti
on

R
ep

ea
ta
bl
e
sn
ap

-
th
ro
u
gh

2.
3
g

18
H
z

3.
2
m
W

a
2.
2
m
W
/

cm
�
3

__

A
rr
ie
ta

et
al
.[
30
]

A
sy
m
m
et
ri
c

18
�

9.
5
cm

2
Q
u
ic
k
p
ac
k
Q
P
16
n

4.
6
�

2.
06

�
0.
02
54

cm
3
�

2
C
an

ti
le
ve

r
C
ha

ot
ic

os
ci
lla

ti
on

0.
25

g
20
.5

H
z

5
m
W

a

55
m
W

c
10
.4

m
W
/

cm
�
3

11
4.
25

m
W
/

cm
�
3

4.
5
H
z

B
et
ts

et
al
.

[3
3]

A
sy
m
m
et
ri
c

20
�

20
cm

2
M
FC

M
85
85
-P
2

8.
5
�

8.
5
�

0.
03

cm
3
�

1
C
en

te
r
fi
xa

ti
on

C
on

ti
nu

ou
s
sn
ap

-
th
ro
u
gh

10
g

54
H
z

24
4
m
W

a
11
2.
57

m
W
/

cm
�
3

22
H
z

L
ie

ta
l.
[3
7]

A
sy
m
m
et
ri
c

15
�

5
cm

2
P
Z
T-
5H

1.
5
�

1.
5
�

0.
02

cm
3
�

1
C
la
m
p
ed

at
th
e
en

d
by

a
bo

lt
L
C
O

(2
nd

M
od

e)
3.
1
g

59
H
z

0.
98

m
W

b
21
.8

m
W
/

cm
�
3

10
H
z

(5
9–
69

H
z
by

FE
A
)

P
an

et
al
.

[4
0]

H
yb

ri
d

Sy
m
m
et
ri
c

30
�

6
cm

2

P
Z
T-
5H

2.
5
�

0.
9
�

0.
02

cm
3
�

20
H
ol
d
by

ha
nd

C
on

ti
nu

ou
s
sn
ap

-
th
ro
u
gh

B
y
ha

nd
sh
ak

in
g

5
H
z

37
.0
6
m
W

b
41
.1
8
m
W
/

cm
�
3

__

H
ar
ri
s
et

al
.

[3
8]

A
sy
m
m
et
ri
c

25
�

6
cm

2
M
FC

M
85
28
-P
2

10
.5

�
3.
4
�

0.
03

cm
3
�

1
C
an

ti
le
ve

r
Sn

ap
-t
hr
ou

gh
6
g

8.
4
H
z

7.
3
m
W

a
6.
81

m
W
/

cm
�
3

8.
4
H
z

(F
W
H
M
)

H
ar
ri
s
et

al
.

[3
9]

A
sy
m
m
et
ri
c

21
�

6
cm

2
M
FC

M
85
28
-P
2

10
.5

�
3.
4
�

0.
03

cm
3
�

1
C
an

ti
le
ve

r
Sn

ap
-t
hr
ou

gh
3
g

4.
51

m
W

a
4.
21

m
W
/

cm
�
3

5.
6
H
z

P
an

et
al
.

[4
1]

H
yb

ri
d

Sy
m
m
et
ri
c

10
�

4
cm

2

P
Z
T-
5H

1.
0
�

1.
0
�

0.
02

cm
3
�

8
C
an

ti
le
ve

r
C
on

ti
nu

ou
s
cr
os
s-

w
el
l

5
g

38
H
z

36
.2

m
W

b
22
6.
25

m
W
/

cm
�
3

8.
4
H
z

(3
0.
4–

38
.8

H
z)

P
an

et
al
.

[4
2]

H
yb

ri
d

Sy
m
m
et
ri
c

20
�

6
cm

2

P
Z
T-
5H

1.
5
�

1.
5
�

0.
02

cm
3
�

12
C
an

ti
le
ve

r
C
on

ti
nu

ou
s
cr
os
s-

w
el
l

6
g

16
H
z

42
.2

m
W

b
78
.1

m
W
/

cm
�
3

4
H
z

a R
oo

tm
ea
n
sq
u
ar
e
p
ow

er
.

b
th
e
ou

tp
u
tp

ow
er

is
m
ea
su

re
d
vi
a
ac
-d
c
ci
rc
u
it
.

c t
he

ou
tp
u
tp

ow
er

is
m
ea
su

re
d
vi
a
SS

H
I.

Ta
b
le

1.
C
om

p
ar
is
on

of
th
e
re
vi
ew

ed
p
ie
zo

el
ec
tr
ic

en
er
gy

ha
rv
es
te
rs

ba
se
d
on

bi
-s
ta
bl
e
co
m
p
os
it
e
la
m
in
at
e.

Piezoelectric Energy Harvesting Based on Bi-Stable Composite Laminate
http://dx.doi.org/10.5772/intechopen.76193

77



Three types of BPEH were actuated by two methods, which are a hand-driven method and a
shaker-driven method, respectively. The hand-driven method was utilized to confirm the
contribution of initial voltage to output power. As shown in Figure 18(a), BPEH with higher
initial voltage can generate higher power by the hand-driven method as expected. However,
the different results were found by the shaker-driven method, as shown in Figure 18(b). The
BPEH under continuous cross-well vibration outputs the highest power. However, BPEH with
the highest initial voltage only can occur single-well vibration so that it has the lower power.
BPEH, which is under intermittent cross-well vibration, generates the lowest maximum power.

4. Summary

This chapter reviewed the piezoelectric energy harvesting technique based on bi-stable
composite laminate. As an essential branch of bi-stable energy harvesting, composite lami-
nate has its unique advantages, such as inherent nonlinearity and combination with piezo-
electric materials. The comparison of the reviewed piezoelectric energy harvester based on
bi-stable composite laminate is shown in Table 1. Most of the designs are based on asym-
metric laminate due to its more mature theory and design method. However, asymmetric
laminate has observable bifurcation phenomena of size so that current designs have a
relatively large size and it is hard to decrease the size. It may limit its further application.
Hybrid laminate has a more flexible design and has an excellent potential to decrease the
size. However, the theories including statics and dynamics of the hybrid laminate are still
lacked. Also, most of the designs employ composite piezoelectric materials (MFC) as a
transducer of which useful piezoelectric volume is limited. It is against to objective of
decreasing the size and maintaining outputs. So far, the required excitation level of large
amplitude oscillation (snap-through) is high. How to lower the required excitation with
guaranteed reliability, stability and performance is a challenging task in both theory and
practice. The harvesters based on bi-stable composite laminate have a relatively high output
power (mW level) which can satisfy the requirement of conventional wireless sensors. It is
difficult to evaluate their quality whether good or bad due to the different characterization
method of power. However, portability design and low demanding are hot topics in this area
of energy harvesting. Another way for harvester based on bi-stable laminate is finding
suitable application situation, such as large amplitude and low-frequency vibration.
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