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Abstract  

Piezoelectric transducers have been widely employed for energy harvesting from 

vibration or kinetic energy sources. These systems, however, suffer from low energy 

density and consequently low power density at frequencies corresponding to common 

ambient vibrations. An alternative approach, using ferroelectric and ferroelastic 

switching offers potentially much greater energy density, at the cost of loss of linearity. 

Using a simple model of switching, a working cycle that could generate electrical 

energy from a harmonically varying source of stress is explored. The cycle uses 

depolarization by stress, followed by repolarization with combined electromechanical 

loading. A harvesting electric field and bias electric field are imposed to ensure a 

stable repeatable working cycle during the depolarization process and repolarization 

process, respectively. The bias electric field affects ferroelectric/ferroelastic switching, 

leading to a preferred direction of repolarization. By contrast, without bias electric 

field, stress alone would not trigger repolarization because of mechanically equivalent 

states with opposite polarization. The results illustrate that the bias electric field can 

be much lower than the harvesting electric field, requiring only a small electrical 

energy input during the cycle. Finally, the conversion efficiency of this cycle is 

estimated and improvements to the cycle are explored by adjusting the electrical and 

mechanical field amplitudes.   
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1. Introduction 

Technological development has promoted mobile electronics, biomedical implanted 

devices, and wireless sensor network systems. However, the limited lifetime and 

energy density of batteries, and the inflexibility of wired power sources cannot satisfy 

all of the resulting power requirements [1-4].  For example, some implanted devices 

should not be replaced frequently; some sensors are remotely located and must 

operate for long periods without servicing. Therefore, it is reasonable and promising 

to use energy harvesting technologies to convert energy from ambient vibrations or 

motion into electricity. This has the further advantage of providing renewable energy 

[5-9], thereby avoiding the ongoing cost of replacing batteries or installing wired 

systems. Among all the power sources, vibrations, which can be created by fluid flows, 

vehicle motion or human motion, are relatively available in a range of different 

environments. Thus there has been great interest in vibration energy scavenging based 

on piezoelectrics, electromagnetics and electrostatics [8, 9]. Given their simplicity and 

efficiency, piezoelectric materials have considerable potential for energy harvesting; 

various kinds of piezoelectric energy harvesters have been proposed and employed in 

last decade [10-13].  

 

Existing research has shown that piezoelectric energy harvesters perform most 

effectively and efficiently near resonance [14-16]. Researchers have attempted to 

improve their efficiency by optimizing their structures with a view to frequency 

response. While some concentrated on reducing or controlling the resonant frequency 

to fit the ambient vibration source frequency, others broadened bandwidth to enhance 

adaptability[3, 5-9, 17-22]. Researchers also explored piezoelectric energy harvesting 

from multi-axis vibrations, through innovative design of the piezoelectric component 

and distribution of inertial mass[23, 24]. Further design enhancements improved 

efficiency and effectiveness through material choice, operating mode (d31 versus d33) 

and device geometry[10, 16, 25-31]. 

 

Ferroelectric materials offer the potential for increased power density, relative to 

piezoelectrics, by exploiting ferroelectric switching, which is a non-linear 

phenomenon resulting from the presence of multiple symmetry variants below the 

Curie temperature [32]. Switching is normally induced by external electric field, but 

can also be driven by stress, in which case it is known as ferroelastic switching. A few 

examples of ferroelectric/ferroelastic energy harvesters have been proposed[33-36]. 

Balakrishna et al. [34] developed a concept for a  thin-film ferroelectric energy 

harvester. When a tetragonal ferroelectric material experiences uniaxial tensile stress, 

the spontaneous polarization vectors can align with the axis of stress due to 
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ferroelastic switching. With appropriately placed electrodes, the process can drive a 

flow of charge. By contrast, compressive stress can make the spontaneous 

polarization vectors switch back, reversing the charge flow. The resulting output 

power density is greater than typical piezoelectric energy harvesters. However, the 

design proposed by Balakrishna et al. [34] relies on a specific domain pattern that is 

difficult to fabricate, and may be susceptible to mechanical shock. Wang et al. [35, 

36]proposed an improved design, using a bias field to stabilize the energy harvester. 

The prototypes are similar to existing cantilever-type piezoelectric energy harvesters, 

with the advantage of simplicity of manufacture. 

 

Building on previous work, a novel energy harvesting method depending on 

ferroelectric switching is discussed in this paper. The system works by partially 

depolarizing a polycrystalline ferroelectric material with stress, and then repolarizing 

the material with combined electromechanical loading. The working cycle does not 

require any specific microstructure or domain patterning, so it could be used with 

ordinary bulk ferroelectrics. A possible realization would generate the stresses needed 

in the ferroelectric component by attaching it to a substrate whose curvature is varied 

during the harvesting cycle. Thus cantilever devices, similar to existing piezoelectric 

energy harvesters, could be used. The only added complexity is provided by external 

control of voltages, so the device would require a more complex external energy 

harvesting circuit than that needed for a piezoelectric energy harvester. For an initial 

study, we use Hwang’s model of switching [37] to explore potential working cycles. 

This model has the advantage of simplicity and speed, though more sophisticated 

models, backed by experimental measurements, would be required for a fuller 

analysis. From the preliminary results, it is found that a working cycle with positive 

net energy output can be achieved. Additionally, the conversion efficiency of the cycle 

is estimated and improved by adjusting the electrical and mechanical field amplitudes.  

 

2. Concept for a ferroelectric/ferroelastic energy harvester 

Ferroelectric ceramic materials are produced by sintering powders, and when cooled 

to below the Curie temperature, they adopt a ferroelectric state such as a polar 

tetragonal, orthorhombic or rhombohedral crystal structure. For simplicity, we 

consider a tetragonal ferroelectric capable of  90° and 180° switching, as 

investigated by Lynch and Hwang et al. [32, 37] among others. Consider a unit cell of 

one crystal polarized parallel to the z-axis, as shown in figure 1a. We restrict attention 

to the case where the unit cell has axes c and a, with c a .  The 180° switching 

process can be induced by electric fields in the –z direction that exceed the coercive 

electric field 
cE  and reverse the polarization direction.  In addition to this, uniaxial 



4 
 

tensile stress along the x-axis can cause 90° switching, but the new direction of 

polarization is uncertain due to symmetry of the tetragonal unit cell, as shown in 

figure 1b. Similarly, in figure 1c, the uniaxial compressive stress can give rise to 90° 

switching with an equal probability of four polarization directions. However, when a 

bias electric field, BE , is applied in the +z direction at the same time as the uniaxial 

compressive stress, then the 90° switching has a preferred direction, as shown in 

figure 1d. The bias field BE  can be much less than cE . A cycle of switching can be 

made to drive charge onto and off surface electrodes, thereby providing an energy 

harvesting process in which mechanical energy is converted to electrical energy. 

 

(a)                 (b) 

 
(c)         (d) 

 
Figure 1. 90° and 180° ferroelectric/ferroelastic switching processes (a) A tetragonal unit cell with c > a. 

180° switching is induced by an electric field (b) Uniaxial tensile stress causes 90° switching, aligning 

polarization vectors with an axis. (c) Uniaxial compressive stress causes 90° switching, aligning 

polarization vectors with a plane. (d) 90° switching induced by compressive stress and bias electric 

field together aligns polarization vectors with a preferred direction. 

 

One way of realizing such a process is illustrated in Figure 2. A thin ferroelectric layer 

is bonded to a conductive substrate whose curvature then imposes strain on the 

ferroelectric material. The device is provided with an upper electrode, connected to an 

external circuit and the substrate is held at zero voltage. In the initial state (figure 2a), 

the ferroelectric layer is polarized in the downward direction with positive charges on 

the top electrode. When a tensile stress is applied to the ferroelectric film (figure 2b) 

charge flows from the top electrode to the external circuit. A harvesting voltage can be 

applied, against which the device does work. The electromechanical repolarization 

process is as follows: The ferroelectric layer is first relaxed (figure 2c). Then, 
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compressive stress and a small bias electric field are applied, figure 2d; this 

repolarizes the device, allowing it to return to the state in figure 2a. 

 

 

(a)                               (b) 

 

   (d)                               (c) 

   

Figure 2. (a)-(d) Schematic illustration of one realization of an energy harvester concept. 

 

While figure 2 illustrates a particular realization of an energy harvesting device, in the 

present work we explore only the working cycle at a notional material point, making 

almost no assumptions about the material arrangement, mechanical loading, or 

external electrical circuit. The only assumptions external to the material model itself 

are the availability of a harmonically varying, uniaxial stress, aligned with the x-axis, 

and the ability to control electric fields aligned with the z-axis. An energy harvesting 

cycle is then modelled and explored. 

 

The energy harvesting cycle could work with either a single crystal or a 

polycrystalline ceramic ferroelectric. The macroscopic properties of the ceramic, 

especially the remanent polarization, arise from a combination of all the individual 

grains. At the microscopic level, the polarization varies from grain to grain, see figure 

3, and so individual grains will switch to differing degrees. However, the cycle will 

still work for a macroscopic aggregate of such grains, even though some individual 

grains may not contribute. The material point modelled here is assumed to consist of a 

sufficient number of grains such that the behavior of the individual grains is smeared 

out by the homogenizing effect of the polycrystal. 

 

 

 

 



6 
 

 

 

         (a)                           (b) 

 

         (d)                           (c) 

 
Figure 3. Ferroelectric switching in a ceramic at microscopic level (a) The unpoled state of a 

ferroelectric ceramic. (b) Switching induced by an electric field above the coercive field. (c) Switching 

induced by tensile stress above the coercive stress. (d) Switching induced by compressive stress and 

bias electric field. Hexagonal regions illustrate grains, with average polarization shown by arrows. 

 

 

 

3. Model of the ferroelectric/ferroelastic switching cycle 

The proposed working cycle for energy harvesting is studied by simulating a notional 

material point, which is a small region of polycrystal consisting of 10000 randomly 

oriented grains. Note that a typical grain size is 1-5μm. Hwang et al. [37] developed a 

simple ferroelectric/ferroelastic polarization switching model, in order to predict the 

polarization switching in ferroelectric materials, which has been widely used [38-40]. 

In the model of Hwang et al. [37], the ceramic is treated as a composite of 

independently acting grains, with random crystallographic orientations. For simplicity, 

each grain is regarded as being in a tetragonal state and comprising a single polarized 

domain. The properties, including polarization and strain of the ceramic, are 

approximated by the average values over all the grains. Hwang’s model does not 

account for the details of grain-grain interactions and variation of stress or electric 

field through the ceramic. In this respect it has been superseded by more sophisticated 

models of switching in ceramics [38]. However, the model has advantages in rapidity, 

simplicity and reliability. The rapidity of the calculations is particularly advantageous 



7 
 

for assessing a range of harvesting cycles in order to find and optimize a viable cycle. 

Hwang’s model is also rate independent, and so does not account for the effect of 

varying cyclic frequency. However, it is known that several material parameters, such 

as dielectric and piezoelectric properties are frequency dependent[41-43]. Of 

particular significance, the coercive field and coercive stress can be expected to 

increase with frequency[44]. Nevertheless, there is evidence that the coercive field is 

reasonably stable over the likely range of operating frequencies of the energy 

harvester(1Hz -1 kHz)[32]. Mechanical resonance would also be a significant issue in 

the design of a particular realization of the harvesting cycle.    

 

The strain or remanent polarization in a local coordinate system of each grain can be 

transformed to a global coordinate system by: 

 j kj kP a P   (1) 

 ij ki lj kle a a e   (2) 

Where jP  and kP  are the components of the polarization of each grain in the global 

and local coordinate systems respectively, and the kja  are the direction cosines of 

each grain’s local coordinate system. ije  and kle  are the components of the 

spontaneous strain in the global and local coordinate systems respectively.  In the 

local coordinates, the polarization is aligned to one of the three orthogonal co-ordinate 

axes and has magnitude 
0P . Similarly, the spontaneous strain components in each 

grain are   2
0 0 03

c a a e   parallel to the polarization direction and   

  1
0 0 03

a a a e    perpendicular to the direction of polarization, where  

 0 0e c a a   is the axial strain change caused by 90° switching, while c , a  and 

0a  are the edge lengths of the tetragonal unit cell and a reference cubic unit cell 

respectively. Equal stress and electric field are applied to each grain in the global 

coordinate system. Each grain is then checked for switching and if a switching 

criterion is satisfied, its polarization and strain are switched accordingly. Simulation 

proceeds stepwise applying successive changes in loading and tracking the state of 

each grain as it switches. 

 

With regard to the switching criterion, Hwang et al.[37] proposed critical values of 

both electric field and stress for switching, based on the work dissipated during the 

switching process, and applicable to both 90° switching and 180° switching. When 

the combined electrical and mechanical work for a possible switch exceed the critical 

value 
0

02P E (where 0E  is equal to coercive electric field), switching occurs. The 

switching criterion can be expressed by 

 
0

02i i jk jkE P e P E      (3) 
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Where iE  and jk  are the components of the applied electric field and stress, and 

iP  , jke  are the changes in spontaneous polarization and strain respectively. There 

can be a possibility for multiple switches to be energetically equivalent, in which case 

the simulation proceeds by choosing randomly among the equivalent switching 

processes. By averaging over all the grains in the ceramic, the macroscopic changes in 

polarization and strain can be estimated. Hence the model provides a very simple way 

to evaluate the working cycle of an energy harvester concept: externally imposed 

stresses and electric fields drive the material between states, and the resulting energy 

flows may be assessed to find whether a net electrical energy output has been 

achieved. The working mechanism of the energy harvester is ferroelectric/ferroelastic 

switching but the material need not be fully depolarized or repolarized during the 

working cycle.  

 

To assess the energy flows in the harvesting cycle, ignoring the reversible linear 

piezoelectric, dielectric and elastic effects, the net electrical work input over the cycle 

can be expressed as  

 e i iW E dP    (4) 

Similarly, the mechanical work input is  

 
m ij ijW de    (5) 

The net electrical energy output eW  can be decomposed into an input part, in which 

increments i iE dP  are positive and an output part, where the work increments are 

negative, giving  

 e e-out e-inW W W     (6) 

A similar decomposition for mechanical work allows the various energy flows into 

and out of the material to be assessed. Whilst several ways of assessing efficiency are 

possible, in the present work we adopt a simple definition given by 

 e

m

W

W



   (7) 

This measure indicates the conversion efficiency of net mechanical work input into 

net electrical work output.  

 

4. Simulation of an energy harvesting cycle 

The simulation is initiated with a random distribution of polarization directions in the 

grains. The cycle then consists of uniaxial stress applied along the x-axis, varying 

between a maximum tensile stress T  and a maximum compressive stress C . At the 

same time, an electric field is applied parallel to the z-axis, with a steady value HE  
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applied while the stress is tensile and increasing in magnitude, followed by zero 

electric field while the stress is tensile and decreasing. The applied field HE  resists 

the flow of charge during the depolarizing process; hence the material does external 

electrical work. During the repolarization process, when the stress is compressive and 

increasing in magnitude to C  a steady bias electric field BE  is applied along the 

z-axis, assisting repolarization. The electric field is then reset to zero when the stress 

is compressive and reducing – see figure 4.  

 

The cycle is initiated with one of two pre-processes: the first half cycle is either the 

depolarization process, with tensile stress applied, or the repolarization process, with 

compressive stress. The first of these cases is shown in figures 4 and 5; here the cycle 

is initiated by the strong electric field applied concurrently with the tensile stress, and 

can be thought of as “electric field triggered”. The other case, where the repolarization 

process comes first, is shown in figures 5 and 6. This case can be thought of as “stress 

triggered”. In either case, the cycle eventually stabilizes, though it may take more than 

one full cycle to do so.  

 

In figure 4a, the changes of electric field and remanent polarization with time are 

shown for the electric field triggered process. The results are normalized by the 

parameters 0E , 
0P , 0e  and 0 , where 

0

0 0 02 /P E e  . The corresponding 

changes of stress and remanent strain are shown in figure 4b, where zE  and 
r

zP  are 

the macroscopic electric field and remanent polarization respectively.   and 
r

xe  

are the applied stress and remanent strain in the x-axis respectively, and 0t t  is the 

normalized time in the process. Since the model is rate independent, the time scale is 

arbitrary. The ceramic is initially unpoled with zero remanent polarization. When 

electric field is applied along the z-axis, the ferroelectric material becomes polarized, 

resulting in a significant increase of the remanent polarization 
r

zP  and a decrease of 

the remanent strain 
r

xe . The electric field is held constant during the energy 

harvesting stage ( 00 t t  ) while tensile stress is applied. During this process, the 

ceramic only partially depolarizes, because the harvesting electric field prevents the 

stress driven switching in some grains. Next, the harvesting electric field drops to zero 

while the stress is unloaded, 0 02t t t  . Following this, the compressive stress and 

bias electric field are applied in order to repolarize the ceramic. The simulation 

illustrates that remanent polarization 
r

zP  increases and remanent strain 
r

xe  

decreases during this stage (
0 02 3t t t  ). Finally, from 3 0t  to 4 0t , the bias electric 

field returns to zero while the compressive stress is released. The loading cycle is 

repeated and the material response stabilizes during the second cycle. In the example 

shown in figures 4 and 5, the harvesting electric field 0H 4E E  and the bias electric 



10 
 

field is 0B 0.2E E . The maximum compressive stress was 0C 6   and the 

maximum tensile stress was 0T 4  . This tensile stress value should be kept low 

enough to avoid fracture in the ceramic.  

(a)                                (b)   
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Figure 4. Simulation of the electric field triggered working cycle: (a) electric field and remanent 

polarization in preprocessing and stable cycle vs time. (b) stress and remanent strain in versus time.  
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Figure 5. Simulation of the electric field triggered working cycle: (a) remanent polarization versus 

electric field. (b) stress versus remanent strain. 

 

In figure 5a, the pre-process and stable cycle is shown in electric field - remanent 

polarization space. Figure 5b shows the corresponding change of remanent strain with 

applied stress in the first two cycles. Initially, the strong electric field causes a rapid 

polarization process, which produces a negative strain along the x-axis. By time 

0t t , a tensile stress has been applied simultaneously with the high electric field, and 

the remanent strain has increased non-linearly while a partial depolarization occurred. 

The tensile stress peaks at approximately 6 0  and reduces to zero, after which 

compressive stress is applied with bias field, causing repolarization. The hysteresis 

loop closes during the second cycle. 
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A second way of initiating the stable harvesting cycle is shown in Figure 6. The 

parameters used in this case are the same as for the first method, but the cycle starts 

with compressive stress. During the first stage, 00 t t  , although there is a bias 

electric field inducing polarization, the remanent polarization of the ceramic does not 

reach the fully polarized state. From 2 0t  to 3 0t , the harvesting electric field is applied, 

which polarizes the ceramic and this initiates the stable energy harvesting cycle.  
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Figure 6. Simulation of bias electric field and compressive stress triggered working cycle: (a) electric 

field and remanent polarization in preprocessing and stable cycle versus time. (b) stress and remanent 

strain versus time.  
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Figure 7. Simulation of working preprocessing of the compressive stress triggered cycle. (a) remanent 

polarization versus electric field. (b) stress versus remanent strain 
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Figure 7, shows the stress-triggered preprocess and the stable energy harvesting cycle. 

This indicates that, in order to polarize the ceramic, a strong electric field zE  is 

needed for both trigger methods. However the cycle is robust in the sense that if the 

ferroelectric material becomes fully depolarized at any point, the application of 

electric field HzE E  will repolarize the ceramic and restart the energy harvesting 

cycle. This robustness relies on the harvesting field HE  being greater than the 

coercive field of the material. 

 

 

5. Exploration of the energy harvesting cycle parameters 

 

Based on simulations, the conversion efficiency of this energy harvesting cycle can be 

estimated and the cycle optimized. By varying the values of harvesting electric field 

HE , bias electric field BE , maximum tensile stress T , and maximum compressive 

stress C ,  a parametric search for an improved working cycle is made. 

 

First consider the effect of varying the harvesting electric field HE , while keeping 

C 04  , T 06  , and B 00.2E E . Figure 8 shows a selection of stable remanent 

polarization-electric field hysteresis loops and the corresponding stress-remanent 

strain hysteresis. The harvesting field is varied in the range 01-10E . The magnitude of 

the harvesting electric field should be neither too great, nor too small. If it is too small, 

there is little electrical work done against the field during the energy harvesting stage, 

but if it is too great, it will hold the polarization aligned with the z-axis, and prevent 

switching.  
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Figure 8. The effect of harvesting electric field 
HE  on the energy harvesting cycle: (a) Remanent 

polarization versus electric field. (b) Stress versus remanent strain. 
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Figure 9. The effect of harvesting electric field 
HE  on energy flows (a) The electric energy output and 

conversion efficiency. (b) Energy inputs.  

 

Figure 9a shows the electrical energy output and energy conversion efficiency at 

various values of harvesting electric field HE . With the increase of harvesting electric 

field, the electrical energy output and net electrical energy output first rise to their 

peaks at about 0.75
0

0P E  and 0.65
0

0P E  respectively, and then reduce as HE  is 

increased beyond 3 0E . A good choice for HE  appears to be about 3-4 0E  in order to 

maximize energy output. Furthermore, the choice of HE  strongly affects the 

conversion efficiency, which reaches a maximum of around 16%, when H 04E E . 

 

Figure 9b shows how the electrical energy input and mechanical energy input vary 

with HE . The mechanical energy input peaks at about 5
0

0P E  when H 04E E  is 

applied, while approximately 0.1
0

0P E  of electrical energy is put into the cycle. Thus, 

the mechanical energy is the main energy source; only a small amount of electrical 

energy input is required.  

 

Next consider the repolarization process, and variation of the bias electric field BE .  

Figure 10 shows the electrical and mechanical hysteresis loops for BE  values in the 

range 0.1-1 0E . The other parameters are held at C 04  , T 06  , and 

0H 4E E . The results show that varying the bias electric field does not greatly affect 

the process. A small magnitude of BE  has the effect that some of the repolarization 

is driven by the harvesting field HE  instead of the intended stress-driven 

repolarization process. Thus as BE  is reduced, the cycle efficiency reduces, see 

Figure 11.   
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Figure 10. The effect of varying the bias electric field: (a) Remanent polarization versus electric field. 

(b) Stress versus remanent strain. 
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Figure 11. The effect of varying the bias electric field: (a) Electrical energy output and conversion 

efficiency (b) Energy inputs. 

 

The maximum compressive stress, C , can also affect the repolarization process. 

Figure 12a shows the effect of varying C  in the range 3-6 0 , keeping B 00.2E E , 

T 06   and 0H 4E E . Counterintuitively, increasing the maximum compressive 

stress does not necessarily enhance the repolarization process. Note that uniaxial 

compression along the x-axis tends to align the polarization vectors with the y-z plane. 

Thus, for high values of C , some grains with polarization direction close to the 

z-axis can undergo ferroelastic switching to states that force the polarization away 

from the z-axis. The result is a reduction in polarization. The z-axis polarization, 
r

zP , 

as a function of x-axis uniaxial compressive stress   is shown in figure 12b, with 

various values of bias field BE . The reduction in 
r

zP  at high values of x-axis 

compressive stress can be seen. Notice also that, when B 0E  , the compressive stress 

tends to depolarize the ceramic. A small magnitude of bias field, 0B 0.2E E  is 

sufficient to allow repolarization by compressive stress, and stronger bias field 
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generally enhances the repolarization process. The reduction in efficiency with 

increasing magnitude of compressive stress can be understood with reference to figure 

13(b). Increasing the compressive stress magnitude also increases the mechanical 

work input. However, as can be seen from figure 12(a), the electrical work output 

does not change much. Hence the efficiency falls off with increasing magnitude of 

C . Figure 12c shows the remanent strain versus stress hysteresis loops, 

corresponding to the cases shown in figure 12a.  
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Figure 12. The effect of maximum compressive stress on the energy harvesting cycle (a) Remanent 

polarization versus electric field. (b) The repolarization process at various values of bias field (c) Stress 

versus remanent strain. 
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Figure 13. . The effect of maximum compressive stress on the energy harvesting cycle  (a) Electrical 

energy output and conversion efficiency (b) Energy inputs. 

The efficiency and energy flows corresponding to figure 12 are shown in figure 13. 

Evidently, although varying C  has some effect on the mechanical and electrical 

energy inputs, it does not greatly affect the outputs or overall efficiency. The choice of 

C  can then be largely based on providing the minimum compression sufficient to 

substantially repolarize the ceramic; C 04   appears sufficient. The importance of 

the bias electric field BE  is most clearly seen in figure 12(b). If BE  is too small, the 

repolarization process does not happen and the cycle breaks down. However, provided 

BE  is great enough to enable the cycle, it has relatively little effect on energy output 

or efficiency-see figure 11(a). 

 

 

Finally, the influence of the maximum tensile stress along the x-axis, T , is explored.  

Due to the risk of fracture, the maximum tensile stress magnitude should generally be 

kept small. Initial estimates based on data for PLZT [45] suggest that T 010   

may be acceptable. However, specific tests in the device geometry would be needed to 

confirm safe tensile loading limits. Figure 14 shows the effect of varying T  on the 

harvesting cycle, keeping other parameters constant as before. This shows the 

importance of the tensile stress for depolarizing the ceramic: with T 03   almost 

no depolarization is seen. Increasing T causes more grains to switch into 

polarization directions aligned to the x  axis, and so decreases the remanent 

polarization 
r

zP  of the ceramic. Thus, greater tensile stress is desirable to improve 

the working cycle of the energy harvester.  When T 06  , the enlarged 

stress-remanent strain loop shows an effective working cycle. Figure 15 shows that 

efficiency and electrical work output increase with T , but the efficiency does not 

increase much beyond T 06   due to the gradual exhaustion of switching systems 

in the depolarization process. The analysis suggests that T  should be at least 06  



17 
 

and as great as possible whilst avoiding mechanical failure.  
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Figure 14. The effect of varying the maximum tensile stress: (a) Remanent polarization versus electric 

field. (b) stress versus remanent strain. 
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Figure 15. The effect of varying the maximum tensile stress on the energy harvesting cycle: (a) 

Electrical energy output and conversion efficiency (b) Energy inputs. 

 

 

The performance of the proposed energy harvesting cycle can be assessed in 

comparison to other proposed or real devices. For instance, based on the above 

analysis, an 8/65/35 PLZT layer with 
0 0.3P  Cm-2 and 

0 0.36E  MVm-1 would 

generate about 0.16Jm-2 per micrometre of thickness on each cycle and offer area 

power density of 160 Wm-2 per micrometre of thickness at 1 kHz under ideal 

conditions (neglecting losses in the external circuit). This power density is much 

greater than that of existing piezoelectric energy harvesters, and several times greater 

that of the proposed ferroelectric energy harvester concept in reference [34] operating 

at the same frequency. The conversion efficiency can reach about 16% ~20%, which 

is comparable to that of commercial photovoltaics [46-48]. The reported range of 
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efficiencies for linear piezoelectric energy harvesters is wide, but values in the region 

of 10-20% appear typical[49], suggesting that the proposed cycle may be competitive, 

in energetic terms, if it can be realized in practice. However, it should be noted that 

the model used was simplistic, neglecting grain-grain interactions, rate effects, 

thermal effects and cyclic fatigue in the ceramic, as well as assuming uniformity of 

stress and strain, that would not be accurate in cantilever-type devices. The theoretical 

development also neglects several practical difficulties that would need to be 

considered in developing a working device: fracture and/or mechanical fatigue will 

limit the acceptable levels of tensile stress, while the electric fields required in some 

ceramics could exceed the breakdown strength of air, requiring additional insulating 

layers that may influence mechanical performance. Edge and end effects have been 

ignored. Similarly, clamping of the ceramic by electrode layers or substrates has been 

ignored. In particular, clamping of the y-axis strain by a substrate could be significant 

if the widely-used cantilever configuration is employed. The development of an 

external circuit to control the harvester is also a significant consideration, since an 

active circuit is required to provide the bias field at the appropriate point in the cycle. 

Thus further development and experimental confirmation would be needed to be 

confident of the system’s practical value. In this sense, the results reported here 

represent only an initial assessment of a concept, intended to demonstrate its potential. 

We are currently developing experimental validation of this energy harvesting concept, 

to be reported in future work.  

 

 

6. Conclusions 

In conclusion, a novel energy harvesting cycle based on ferroelectric switching has 

been proposed and investigated using Hwang’s model of ferroelectric switching. The 

cycle has the advantage of exploiting large changes in electrical polarization during 

switching to provide a greater energy density than that usually achieved in 

piezoelectric energy harvesters. A further advantage is that the cycle could potentially 

be realized in a simple device such as a thin layer of ferroelectric material on a 

bending beam substrate: the complex switching cycle is achieved by external 

electrical control. The energy harvesting cycle was explored by adjusting the 

electromechanical parameters, and the energy output and conversion efficiency were 

estimated. The results indicate that the energy harvesting cycle could generate power 

density and conversion efficiency that are competitive with, or improve upon, existing 

piezoelectric energy harvesters. This makes the proposed ferroelectric-ferroelastic 

energy harvesting cycle a promising candidate for further development.  
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