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Abstract
Different from the traditional piezoelectric vibration energy harvesting, a new strategy based on
stress-induced polarization switching has been proposed in the current paper. Two related
prototypes are presented and the associated advantages and drawbacks have been discussed in
detail. It has been demonstrated that, with the assistance of a bias electric field, the robustness of
the energy harvesters is improved. Furthermore, the real-space phase-field model has been
employed to study the nonlinear hysteretic behavior involved in the proposed energy harvesting
process. A substantially larger electric current associated with the stress-induced polarization
switching has been demonstrated when compared with that with piezoelectric effect. In addition,
the effects of bias electric potential, bias resistance, mechanical boundary conditions, charge
leakage and electrodes arrangements have also been investigated by the phase-field simulation,
which provides a guidance for future real implementations.
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Introduction

With continuous achievements in semiconductor manu-
facturing and MEMS/NEMS technologies, functionality of
small electronic devices has been largely broadened and the
electrical power consumption has been decreased to sub-
milliwatt level. However, in some applications, such as
wireless sensor networks and implantable biomedical devices,
replacement of batteries at the end of their service life can still
be costly or even impractical. In the last two decades,
vibration energy harvesting has emerged as a promising
solution for such challenges [1–3]. Various strategies have
been proposed to convert mechanical energy from vibration
into electrical power, including electrostatic induction,
electromagnetic induction, piezomagnetic effect and piezo-
electric effect. Among all the strategies, vibration energy

harvesting via piezoelectric/ferroelectric materials has been
most widely and intensively investigated for its high energy
density and high flexibility of being integrated with the
MEMS/NEMS technologies.

Most investigations of the vibration energy harvesting
via piezoelectric/ferroelectric materials in the literature to
date are confined to the linear piezoelectric effect. To generate
sufficient energy density, the energy harvesting device must
perform at its resonant frequency. As the main frequency
components of the vibration sources accessible are limited to
the low frequency range, much of the current research focuses
on lowering the resonant frequency of the energy harvesting
structures [4–6]. Another current research focus is to broaden
the resonant frequency range by introducing nonlinear effects
into the structure [7–9]. With the improvement in material
synthesizing technologies, vibration energy harvesting via
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single crystal ferroelectrics, which have a supreme piezo-
electric coefficient over ferroelectric ceramics, has also been
investigated by several researchers [10, 11].

In addition to the linear piezoelectric effect used in
conventional vibration energy harvesting, several new stra-
tegies have been proposed to harvest mechanical energy via
ferroelectric materials in recent years. In [12, 13], a novel
approach was demonstrated by Lynch et al to harvest
mechanical energy by taking advantage of a stress-induced
phase transformation in [011] cut PIN-PMN-PT single crys-
tals. During the ferroelectric rhombohedral to ferroelectric
orthorhombic phase transformation, an abrupt polarization
change was induced which is significantly greater than that
during the linear piezoelectric process. With appropriate
electrodes arrangement, the polarization change resulted in a
dramatic electric current which could be used or stored in the
energy harvesting circuit. The influence of frequency and load
resistance on the energy harvesting performance was also
discussed. An increase by tens to hundreds times of harvested
energy was demonstrated compared to that harvested with the
same crystals operating in the linear piezoelectric regime. In
[14, 15], Vaish et al presented a new technique for giant
mechanical energy harvesting by mimicking the famous
Olsen cycle which was proposed by R B Olsen in the early
1980s for enhanced thermal-electrical energy harvesting. The
corresponding mechanical-electrical cycle was consisted of
two isostress and two isoelectric field processes. The mech-
anism behind the cycle was ascribed to the ferroelectric/
antiferroelectric transformation which is similar to that used
in the explosive driven ferroelectric generator. The theoretical
calculation results showed that the harvesting energy density
could be several orders of magnitude larger than the highest
energy density by linear piezoelectric effect reported in the
literature. These two new strategies demonstrate considerable
advantages in energy density over the traditional piezoelectric
energy harvesters. However, both of them are limited in using
ferroelectric bulk materials and rely on the effect of stress-
induced phase transformation.

Based on a phase-field investigation of the stability of
several nanoscale periodic domain patterns, a conceptual
design of a thin film vibration energy harvester has recently
been proposed by Huber et al [16]. A periodic stripe-type
domain pattern was employed in their work. By bending the
substrate, 90° ferroelastic domain wall was forced to sweep
back and forth, causing a macroscopic electric charge change
on the film surface. During the working cycle, the volume of
different domains accommodated according to the external
stress level, whereas the topology of the domain pattern
remained unchanged. The concept is very interesting and
attractive for its theoretically large energy density compared
to that using piezoelectric effect. However, the application of
this concept largely relies on the stability of the domain
pattern. As is well known, the stability of the domain con-
figuration is very sensitive to many factors, such as the size,
the boundary conditions of the devices and the impurities or
defects distribution in the materials [17–19]. So the robust-
ness of this concept is deficient and needs to be carefully re-
examined.

Inspired by the work reviewed above, a new strategy is
presented in this paper. Similar to the work in [16], the
mechanism is based on the stress-induced polarization
switching. To get a high electric current output, a significant
polarization change associated with external stress is always
pursued. The polarization change in linear piezoelectric effect
can be regarded as an intrinsic component which is due to
stress dependence of the spontaneous polarization magnitude
within ferroelectric domains. In addition to the intrinsic
contribution, the whole polarization can also be changed due
to the extrinsic contribution during the change of domain
structures which can be altered by external stress (stress-
induced polarization switching). There is an overwhelming
superiority in magnitude for the extrinsic contribution com-
pared with the intrinsic one. So it is reasonable to expect that
the energy density will be largely increased, which has been
theoretically proved in [16]. Here, instead of relying on the
stability of the domain pattern, a bias electric field is imposed
to ensure a stable repeatable working cycle. With the pre-
scribed mechanism, two novel energy harvesting prototypes
are proposed. Like in the traditional piezoelectric energy
harvesting device, a ferroelectric film is deposited on a can-
tilever type structure. Different electrode modes (parallel plate
mode and interdigitated mode) are manufactured on the thin
film which can be used to apply a bias electric field and be
connected to the harvesting circuit. The stress-induced
polarization switching causes a reversible polarization change
along the electrodes direction which is represented by the AC
current in the harvesting circuit. Working process is slightly
different in the two proposed prototypes. In what follows,
advantages and drawbacks associated with them are addres-
sed in detail. Furthermore, the analysis of processes and
phenomena in the prototypes is carried out by the state-of-the-
art real-space phase field model, and the effects of bias
electric potential, bias resistance, mechanical boundary con-
ditions, charge leakage and electrodes arrangements are
carefully studied and discussed. The phase field simulation
demonstrates possible advantages and drawbacks of the pro-
posed strategy and provides useful instructions for future real
implementations.

Methods

Stress-induced polarization switching

Ferroelectric materials are a subgroup of piezoelectric mate-
rials and are distinguished from the others for their sponta-
neous polarizations which can be switched by external
electric field or stress under Curie temperature. The phe-
nomena and underlying mechanism for polarization switching
in ferroelectrics have already been demonstrated and well
addressed in the literature. In addition, the mechanism has
been used by several researchers for invoking novel MEMS
actuators [20, 21]. Here, we only briefly introduce stress-
induced polarization switching phenomenon, and for more
details, [22, 23] can be consulted. As shown in figure 1, when
ferroelectric materials are exposed to an external stress which
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is larger than the coercive stress, polarization switching will
be induced. The polarization switching takes place mainly via
non 180° domain wall motion. In addition to the domain wall
motion, domain wall nucleation and collapse can also be
induced, which makes it difficult to keep the topology of the
domain pattern unchanged. When the external stress is less
than the coercive stress, no stress-induced polarization
switching will happen. But the external stress will cause a
change in spontaneous polarization according to the piezo-
electric effect. To get a macroscopic piezoelectric polarization
change, the ferroelectric materials must be poled first. The
polarization change associated with stress-induced polariza-
tion switching is orders of magnitude larger than that with the
piezoelectric effect. The associated process is intrinsically
nonlinear and hysteretic and requires to be carefully treated.

New vibration energy harvesting prototypes

To convert the huge polarization change in stress-induced
polarization switching process into useful electrical energy,
two new vibration energy harvesting prototypes are pro-
posed. For the first prototype, similar to the traditional
vibration energy harvesting devices, a ferroelectric thin film
is deposited on a vibration structure, such as a cantilever.
The vibration of the structure leads to stretching or com-
pression of the thin film, which is confined in the linear
piezoelectric region in traditional harvesting devices, but
here it must be larger than the coercive stress to induce
polarization switching. On both sides of the thin film are
electrodes which are connected to the harvesting circuit. As

shown in figure 2, when subjected to compressive stress, the
initially horizontal polarization will try to switch vertically
(Tetragonal symmetry is assumed here for simplicity).
However, according to the symmetry involved, two possible
variants (upward and downward) could be induced with
equal chance. To get a macroscopic polarization change
along the electrodes direction (vertical direction), a pre-
ference must be introduced. Thus a constant downward
external electric field is applied by connecting the electrodes
to a DC voltage source. In addition, to sense or capture the
vibration-induced electrical energy, a resistance is connected
with the DC voltage source in series. The simple energy
harvesting circuit taken here is shown in figure 2(b). It is
similar to that taken by Ullakko et al in their work for
mechanical energy harvesting via magnetic shape memory
alloy [24]. It needs to be pointed out that in a complete
energy harvesting cycle, ideally, no energy is extracted from
the DC voltage source. The work done by the DC voltage
source can be calculated by:

W U I t U I t U Q Qd d , 1DC DC DC DC out inò ò= = = -( ) ( )

where Qout− Qin=0 holds in a complete cycle. Addi-
tionally, the mechanical work done by external stress is
converted into two parts. One part is dissipated into thermal
energy during the microstructure evolution process and the
other part is converted to useful electrical energy via elec-
tric-elastic coupling effect, which is harvested by the bias
resistance at last. A potential drawback associated with the
first prototype is that a tensile stress must be applied to
switch back the vertical downward polarization. However,
most of the commercially available ferroelectric ceramics are
very sensitive to such tensile stress. Ferroelectric single
crystals may provide a possible solution for their excellent
mechanical properties.

Another prototype is illustrated in figure 3, where inter-
digitated electrodes are used instead of parallel plate ones. In
the initial state without external compressive stress, the
polarization distribution is determined by the bias electric
field. When a large enough compressive stress is applied,
stress-induced polarization switching takes place. The stress-
unfavored horizontal polarization will try to switch vertically,
which leads to a macroscopic polarization reduction along the
external electrodes direction (horizontal direction). In this
case, both types of the vertical polarization variants can be
induced as no external preference is imposed in the vertical
direction. However, it will not affect the performance of the
devices for only polarization along the electrodes direction
that matters. When the compressive stress is withdrawn, the
vertical polarization will automatically switch back under the
influence of the bias field. So no tensile stress is needed. Here,
the role of the bias electric field, which gives both preference
(along electrodes direction) and backward switching force, is
slightly different from that in the former prototype. Theore-
tically, the bias electric field strength here should be larger
than that in the parallel plate prototype. Conclusively, the
effect of the external stress in this prototype can be regarded
as depolarizing the polarization along the bias electric field

Figure 1. Comparison of stress-induced polarization switching and
piezoelectric effect.
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direction through stress-induced polarization switching.
Similar mechanism has been investigated by Carman et al for
vibration energy dissipation [25].

With the above strategy, the energy density is largely
increased when compared to the traditional linear piezo-
electric harvester. Furthermore, the robustness deficiency
problem associated with the work in [16] is also improved.
Theoretically, the application of the proposed strategy is no
more confined to the nanoscale single crystal situation. It can
even be applied in the macroscale range with ferroelectric
ceramics, only if the stress-induced polarization switching is
induced. However, as pointed out above, the process related
to the stress-induced polarization switching is intrinsically
nonlinear and hysteretic and requires further analysis. The
state-of-the-art phase field model is implemented in the fol-
lowing sections to investigate the working process. Addi-
tionally, several important factors, which have pronounced

impacts on the energy harvesting performance, are carefully
discussed.

Phase field model and numerical implementation

In the last two decades, phase field models based on
Ginzburg–Landau theory have emerged as a powerful tool to
investigate microstructures in ferroelectric, ferromagnetic and
multiferroic materials [16–19, 26, 27]. A lot of works by
various researchers have been devoted to phase field model-
ing of phase and domain structures and their evolution in
ferroelectric materials. In addition, the phase field model
approach has recently been extended to real-space simulation,
which enables us to address any ferroelectric structures with
arbitrary geometries and boundary conditions [28–31]. As in
[16], the state-of-the-art real-space phase field model is used
in the current paper to investigate the nonlinear hysteretic
behavior involved in the energy harvesting process. The
model established by Bhattacharya et al in [28] is employed
and the associated model parameters are adopted (BaTiO3

was considered in their simulations). The governing equations
are normalized following the same procedure as presented in
the paper mentioned. Details regarding the model and mat-
erial parameters are presented in the appendix. For further
information, [28] can be consulted.

The model is numerically implemented with the general
PDE module in COMSOL Multiphysics, where the finite
element method with backward differentiation is applied. For
simplicity, only a two-dimensional simulation is carried out.
The computational area and boundary conditions are shown
in figure 4. A rectangle with normalized dimension
1600×200 (l′×h′) is considered. The middle element on
the lower boundary is simply supported. A shear force with
the distribution shown in the figure is applied on the lower
boundary, which resembles the stress distribution imposed
by the deformed substrate. The maximum magnitude of
the shear force changes with time following the sine law

Figure 2. Demonstration of the prototype with parallel plate electrodes: (a) working mechanism; (b) energy harvesting circuit.

Figure 3. Demonstration of the prototype with interdigitated
electrodes.

4

Smart Mater. Struct. 26 (2017) 065022 D Wang et al



as: t tsin .0 0s s w¢ ¢ = ¢ ¢ ¢( ) ( ) The normalized time period of the
external force taken in the simulation is 6.4× 105. A fixed
electric potential 0j¢ is applied on the upper boundary in series
with bias resistance R′, while the lower boundary is elec-
trically grounded. While other electric boundary conditions
can be imposed, our main focus in this paper is on this par-
allel plate case. Simulations with different values of 0j¢ and R′
have been conducted to investigate their effects on the energy
harvesting capability of the new strategy. The governing
equation for the upper electrical boundary condition can be
deduced from the conservation law of electrical charge in
combination with Ohm’s law. ‘Zero flux’ limitation is
imposed for all the other mechanical and electrical boundary
conditions. As done by most researchers, natural boundary
conditions are adopted for the time-dependent Ginzburg–
Landau equation. The initial condition for the polarizations is
set as: p1

¢ =1 and p2
¢ =0, which leads to a convergent

simulation. The free Quad meshing method built in the soft-
ware is employed and the maximum element size in the
simulation is kept as 5.

Results and discussions

New energy harvesting mechanism demonstration

To demonstrate the energy harvesting mechanism of the
proposed strategy and the related nonlinear hysteretic polar-
ization switching phenomenon, a typical energy harvesting
process for the parallel plate mode is shown in figure 5. The
normalized bias electric potential 0j¢ and bias resistance R′ in
this simulation are 0.3 and 5 respectively. All the polariza-
tions point in the positive x1¢-direction ([1 0] phase), when the

simulation starts, which is consistent with the prescribed
initial condition. Then the polarization evolves quickly to
accommodate the ‘zero flux’ electric boundary conditions
(left and right boundaries) as shown in figure 5(a) (2) at
t′=1000. As the external compressive stress increases, the
domain with polarization in the negative x2¢-direction ([0 1]
phase) grows by the motion of the 90° domain wall as shown
in figures 5(a) (3)–(4), until it completely occupies the entire
computational area as shown in figure 5(a) (5) at t′=30 000.
In contrast, the domain with polarization in the positive
x2¢-direction ([0 1] phase), which is also stress-favored, does
not grow but vanish. This is a direct result of the imposed bias
electric potential .0j¢ The domain pattern does not change as
the external compressive stress increases to its peaks, then
begins to decrease and subsequently turns tensile. When the
tensile stress increases to a sufficient level, new domains with
horizontal polarizations nucleate at the soft-spot separated
from the [0 1] phase by 90° domain wall and begin to grow.
Theoretically, both the [1 0] and [1 0] phases can be induced
from the energy point of view, but it has no effect on the
performance of the energy harvesting devices as pointed out
above. In the current simulation, both of these two phases are
firstly induced as shown in figures 5(a) (8)–(10). However, as
calculation continues, the [1 0] phase occupies most of the
computational area at last as shown in figure 5(a) (11). Only
minor changes occur near the left and right boundaries, which
seek a maximum volume of the tensile stress-favored polar-
ization, as the external tensile stress increases to its peak as
shown in figure 5(a) (12) at t′=4.80× 105. As the tensile
stress decreases to zero, the bias electric potential-favored
polarization grows slightly as shown in figures 5(a) (13)–(14).
The whole process is repeated for subsequent cycles of the
external stress.

Figure 5(b) displays the temporal evolutions of average
polarization in x2¢-direction and electric current through the
resistance. The external stress curve is added into the figure
for reference. In each stress cycle, there exist two abrupt
changes in the polarization curve, to which two electric pulses
correspond. These two abrupt changes are ascribed to the
stress-induced polarization switching via domain nucleation
or domain wall motion. Between every two abrupt changes,
the polarization alters with the external stress slowly due to
the intrinsic stress dependence of the polarization (piezo-
electric effect), which is the fundamental mechanism of the
traditional piezoelectric energy harvesters. The corresponding
electric current is hardly noticeable when compared to that
associated with the stress-induced polarization switching
process. Thus, the energy density is largely increased with the
new strategy, but the electric pulses can be harmful for the
energy harvesting circuit, which needs to be carefully studied
and handled in the future work. Additionally, the hysteresis
loops between the average polarization and external stress are
displayed in figure 5(c).

Further, to make a direct comparison between the energy
power of the current strategy and that in [16], the electric
energy, extracted by the bias resistance in a single period, is

Figure 4. Representation of the boundary conditions for the phase
field simulation.
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Figure 5. Energy harvesting process with R0.3, 5:0j¢ = ¢ = (a) domain pattern evolution; (b) temporal evolution of average polarization and
electric current; (c) hysteresis loop P′-σ′.
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computed by:
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The normalized energy output computed in the current
simulation is 1093.94. The corresponding real value equals to

a p1093.94 .0 0
2⋅ Thus the energy output per unit area can be

deduced as a p l p a c1093.94 ,0 0
2

0 0 0⋅ ¢( ) which equals to
0.17 J m−2. It’s noticed that the energy harvested here is
larger than that in [16] (0.04 J m−2). This directly results from
the larger external stress range imposed here. Instead, the
stress range in [16] needs to be carefully designed and has a
strict limitation due to the robustness deficiency. The elastic
energy input in the current simulation is calculated as 3720.34
by:

W x td d . 3u

tinput
lower bd.

12 1
1ò s¢ = ¢ ⋅ ¢ ¢¶ ¢

¶ ¢
⎜ ⎟
⎛
⎝

⎞
⎠∮ ( )

Thus the theoretical energy efficiency W′output/W′input is 0.294.

Effects of bias resistance R′

Simulations with different R′ values have been carried out,
which reveal that the bias resistance R′ has a big effect on the
nonlinear hysteretic polarization switching process and the
quantity of harvested energy. There are two extreme cases,
one with R′=0 and the other with R .¢  ¥ For the former
one, the energy harvesting circuit is shorted and the electric
potential on the upper boundary is fixed with the bias one .0j¢
So the polarization switching is induced under a fixed bias
electric field h .0j- ¢ ¢( ) However, as R′ equals to 0, no
electric energy can be harvested in this condition. For the
latter case, the energy harvesting circuit equals to be turned
off and the bias potential has no effect. To accommodate the
‘zero flux’ (no electric current) electric boundary condition
for the upper boundary, many small domains are formed,
which makes the polarization switching difficult. Thus, the
amount of energy harvested in this situation is also very
small.

To demonstrate the effect of resistance R′, an energy har-
vesting process with a different R′ value R0.3, 420j¢ = ¢ =( )
is shown in figure 6. As the external compressive stress
increases, in addition to the [0 1] phase, the [0 1] phase also
grows but with a lower speed as shown in figure 6(a) (3), which
is different from the situation shown in the above simulation
with R′=5. With a larger R′ value, it is more difficult for the
surface charge accumulated on the upper boundary due to the
average polarization change to release. So the speed of average
polarization change is slowed down, which is achieved by the
growth of the [0 1] phase. Figure 6(a) (4) shows the exact
moment when the horizontal [1 0] phase disappears and the
180° domain wall between the [0 1] phase and [0 1] phase
forms. With the stress further increasing, the bias electric
potential-favored [01] phase grows at the cost of [0 1] phase via
the movement of 180° domain wall as shown in figures 6(a)

(5)–(6). The [0 1] phase finally occupies the whole computa-
tional area at t′=2.74× 105 as shown in figure 6(a) (7). As in
the case with R′=5, when the tensile stress is sufficiently
large, horizontal phases nucleate. Here, only the [1 0] phase is
induced, which is different from the situation above but con-
firms the theoretical prediction.

The corresponding temporal evolution curves of aver-
age polarization and electric current are displayed in
figure 6(b). The two sharp polarization changes become
flatter in the current simulation, especially the first one. The
electric pulses in the electric current have also been flatten,
and a clear flat current step can even be seen at the place
which the first pulse should occupy. The ripple wave asso-
ciated with the flat current step can be ascribed to the
numerical calculation errors. The difference between the first
and second electric pulses results from the asymmetry
between the two polarization switching processes marked as
‘a’ and ‘b’ in the figure. It is reasonable to expect that this
difference will be homogenized in polycrystalline materials.
Additionally, the hysteresis loop shown in figure 6(c) is
much wider when compared to the one with R′=5 shown
in figure 5(c). The associated output energy in a single cycle
and energy efficiency in this simulation are 0.39 J m−2 and
0.575 respectively. Both are improved when compared with
the first simulation.

To further demonstrate the R′ effects, stable hysteresis
loops between the average polarization and external stress
with different R′ values (same potential 0.30j¢ = ) are shown
in figures 7(a)–(c). In addition, the relationship between the
normalized energy harvested in a single stress cycle and the
bias resistance R′ is displayed in figure 7(d). From the
figures, we notice that the influence of R′ on the energy
harvesting behavior can be divided into three regions. When
the normalized value of R′ increases from 0 to 30, the energy
harvested in each stress cycle increases rapidly. In this
region, the compressive stress-induced [0 1] phase can
occupy the whole computational area (in other words,
polarization switching process ‘a’ can finish) before the
stress reaches its peak. The increasing speed of the energy
slows down when R′ is in the region from 42 to 78. In this
region, the [0 1] phase cannot occupy the whole area before
the compressive peak. However, the process continues after
the stress peak with the aid of bias electric potential. This
process can be finished before the tensile stress-induced
horizontal phases nucleate. When R′ is larger than 78, the
energy harvested in each stress cycle decreases with the R′
value increasing. This can be ascribed to the fact that more
and more proportions of the polarizations are locked by the
larger resistance R′, which means the related polarization
variation is limited.

Effects of bias electric potential j′
0

Besides the bias resistance, the effects of bias electric
potential 0j¢ have also been investigated. The polarization
switching phenomenon in ferroelectric materials is the result
of the competition and transition between electric energy
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Figure 6. Energy harvesting process with R0.3, 42:0j¢ = ¢ = (a) domain pattern evolution; (b) temporal evolution of average polarization
and electric current; (c) hysteresis loop P′-σ′.
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Figure 7. Demonstration of the influence of bias resistance R′: (a) hysteresis loops in region I; (b) hysteresis loops in region II; (c)hysteresis
loops in region III; (d) normalized energy curve.

Figure 8. Demonstration of the influence of bias electric potential 0f¢ : (a) hysteresis loops; (b) normalized energy curve.

9

Smart Mater. Struct. 26 (2017) 065022 D Wang et al



and mechanical energy. As pointed out above, without
external bias electric potential, two types of vertical polar-
ization (the [0 1] phase and [0 1] phase) can be induced with
equal chances by the compressive stress. When the pre-
scribed bias electric potential is imposed, a preference is
introduced. In addition, the introduced bias electric potential
aids the switching from horizontal directions to vertical
ones. That is to say, the bias electric potential plays a similar
role as the compressive stress. It is resonable to expect that
with a larger bias electric potential, the direct switching
(from horizontal directions to vertical ones) becomes easier
while the inverse switching more difficult. These theoretical
predictions have been proved by the hysteresis loops (with
same resistance R′=5) shown in figure 8(a). When the
normalized bias electric potential is as large as 1.2, the
inverse switching is even prohibited by the bias electric
potential. In addition, figure 8(b) displays the corresponding
relationship between the normalized energy quantity and
bias electric potential.

Effects of mechanical boundary conditions

In the above simulations, the mechanical interactions
between the ferroelectric thin film and vibrational substrate
are captured by imposing a shear stress-type boundary
condition, which is different from the strategy adopted in
[16] where a uniform strain was applied. To compare the
effects of these two boundary conditions, additional simu-
lations with strain-type mechanical bounday condition have
been carried out. As in [16], the strain-type boundary con-
dition is implemented by specifying the horizontal dis-
placement u x1¢ ¢( ). The maximum normalized average
displacement of the film is kept as 9, which is on the same
level as that in the original simulations. The time period is
kept identical. The polarization swithing processes in these

two types of simulations are quite similar, which can be
confirmed by the polarization evolution curves with respect
to the imposed displacement or stress, as shown in
figure 9(a). In addition, it is noticed that the bias resistance
R′ has a similar effect in both cases. The main difference
between these two mechanical boundary conditions lies in
the stress-displacement relations, as shown in figure 9(b). In
simulations with strain-type boundary condition, the dis-
placement is kept nearly constant while the stress has a
quite noticeable variation during the polarization swithing
process. In contrast, the stress is nearly constant while the
displacement changes quite visibly in the stress-type case.
In the new simulations with strain-type boundary condition,
the normalized energy output in a single cycle for para-
meters R′=5 and 0j¢ =0.3, as well as for R′=42 and

0j¢ =0.3, are 855.98 and 2180.49, respectively, which are
on the same level as the cases with stress-type boundary
condition. It needs to be pointed out that both types of the
mechanical boundary conditions are only simple approx-
imations of the actions imposed by the deformed substrate.
For a more precise simulation, the dynamics of the substrate
needs to be taken into consideration, but it would be quite
computationally costly. From the literature, stress-type
boundary conditions are often used in fluid-structure inter-
actions, which would be the case when acoustic energy
harvesting is considered [32]. Even though strain-type
boundary conditions are more popular when considering
material interfaces in solid mechanics, some examples
where the stree-type boundary condition is applied can still
be found [33, 34]. Here, the stress-type boundary condition
is adopted to demonstrate a new possibility to implement
the problem. Considering the quasi-static condition, the
differences between the results of these two mechanical

Figure 9. Demonstration of effects of mechanical boundary conditions: (a) polarization variations with respect to imposed displacement or
stress; (b) displacement–stress relations.
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boundary conditions are very small, which has been vali-
dated by the additional simulations.

Effects of charge leakage

Generally, ferroelectric materials are regarded as insulators
which have no free charges. However, a vast majority of the

ferroelectrics are actually wide-band-gap semiconductors,
which exhibit characteristic properities originating from drift
and diffusion of free charges [35–37]. Considering the fact that
a relatively high bias electric field is imposed here, the effects of
charge leakage or electrical conductivity need to be discussed.

A simple direct way to consider this problem is to
separate the effect of charge leakage from the polarization

Figure 10. Demonstration of charge leakage effect: (a) a typical energy harvesting process including charge leakage effect; (b) energy-
electrical conductivity relations; (c) a schematic representation for a simple direct way to study the problem.
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switching process and represent it as a leakage resistance, as
shown in figure 10(c). However, the polarization switching
process and charge leakage process are fully-coupled [35–37].
The polarization switching process in semiconductors is quite
different from that in insulators. To investigate the charge
leakage effect, several modifications have been implemented
in the standard phase-field model for ferroelectrics [37, 38].
For more details, see appendix A.

A typical energy harvesting process, considering charge
leakage or electrical conductivity effect, is shown in figure 10(a)
( 0j¢ =0.3, R′=5, γ′=0.0001). Different from the previous
simulation in figure 5(a), the normal component of polarizations
p n⋅ at both ends of the thin film will not vanish quickly, but
will remain during the whole process. This results from the fact
that in the current simulation free charges are allowed to exist at

both ends to accommodate the normal component of polariza-
tions p n⋅ at the boundary due to the electrical conductivity.
Further, the free charges existing in both ends will lock the
nearby polarizations. As the external compressive stress
increases, at t′=49 000, new domains with vertical polariza-
tions nucleate, as shown in figure 10(a) (2). Both the [0 1] and
[01] phases are induced, but the volume of [01] phase grows at
a faster rate due to the existence of bias electric field. At
t′=1.02× 105, [0 1] phase occupies most of the area and only
a small fraction of [0 1] phase exists near the right boundary to
accommodate the locked [1 0] phase. The topology of the
domain remains the same, as the external compressive stress
increases to its peak. As the compressive stress decreases, the
mechanical energy near the right boundary is released through
domain evolution, as shown in figures 10(a) (8)–(9). Then, the

Figure 11. Demonstration of interdigitated prototype mechanism: (a) a typical energy harvesting process with interdigitated electrodes
arrangement; (b) energy-bias resistance relation; (c) electrical boundary conditions.
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external stress turns tensile. With the tensile stress increasing to
a sufficient level, tensile stress-favored horizontal polarizations
start to grow through 90° domain wall motion, as shown in
figures 10(a) (10)–(12). Finally, [1 0] phase occupies the entire
film and remains the same as the tensile stress increases to its
peak and decreases to zero. The entire polarization switching
process is quite different from the corresponding process
without electrical conductivity, as shown in figure 5(a).

Simulations with different electrical conductivity con-
stants have also been carried out. The normalized energy
harvested through the bias resistance R′ and done by the bias
voltage source is shown in figure 10(b). The harvested energy
through the bias resistance is nearly constant while the energy
from the bias voltage is approximately linear with electrical
conductivity constant. When the normalized electrical con-
ductivity reaches 0.001, almost half of the energy harvested
by the resistance is from the voltage source.

Interditated prototype mechanism demonstration

Finally, to give a basic comparison between the working prin-
ciples of the prototypes with different electrodes arrangements,
the phase-field model has been further modified and imple-
mented to study the interdigitated mechanism. The electrical
boundary conditions in these simulations are as shown in
figure 11(c). As mentioned above, in this prototype the ferro-
electric film is subjected to compressive stress only. The time
period of the external stress is kept the same as before. A
consistent initial value, as shown in figure 11(a), is taken for the
simulation. After two cycles, stable simluation loops are
formed, as shown in figure 11(a). At the beginning, when the
external stress is zero, the fraction of horizontal polarizations,
which is favored by the bias electric field, is at its maximum. It
is reasonable to expect that, when the bias electric field is
increased to a large enough level, the small fractions of vertical
polarizations existing among the horizontal domains will dis-
appear (here the bias potential is 0.6). As the external stress
increases, additional domains with vertical polarizations nucle-
ate, as shown in figure 11(a) (2). With the vertical domains
growing, the average normal component of polarizations p n⋅
at the electrodes decreases, which means that the amount of free
charges at the electrodes decceases. Thus, electric current is
induced in the external electric circuits. As the external stress
further increases, more additional domains with vertical polar-
izations nucleate, as shown in figure 11(a) (4). When the
external stress increases to its peak, several quasi-votex struc-
tures are formed and the average free charges at the electrodes
nearly decrease to zero, as shown in figure 11(a) (5). Sube-
quently, the stress starts to decrease. Under the influence of bias
electrical field, domains with horizontal polarizations grow
and some of the vertical domains disappear, as shown in
figures 11(a) (6)–(9). In this process,the electrical charges at the
electrodes increase to their original states.

In addition, simulations with differernt bias resistances R′
have also been carried out. Different from the prototype with
parallel plate electrodes, the bias resistance R′ has very little
impact on the polarization switching process. The energy output
is approximately linear with bias resistance in a large resistance

range, as shown in figure 11(b). It needs to be pointed out that
the resistance value here needs to be multiplied by 4 when
compared to the one in the first prototype, because the area of
electrodes here is only 1/4 of that in the first prototype.

Conclusions

In the current paper, a new strategy for vibration energy
harvesting based on stress-induced polarization switching
has been proposed and two related prototypes have been
demonstrated. Advantages and drawbacks associated with
these prototypes have been carefully analyzed and discussed.
With the aid of a bias electric field, the robustness deficiency
problem associated with the work in [16] has been success-
fully addressed. In addition, the state-of-the-art real-space
phase field model has been implemented to investigate the
nonlinear hysteretic polarization switching phenomenon pre-
sent in the energy harvesting process. The simulation has
demonstrated that electric current amplitude associated with
the polarization switching process is superior over the one
with piezoelectric effect. Finally, the effects of several
important factors have also been studied by the finite element
simulation. These characteristics show big impacts on the
energy quantity harvested by the new strategy, thus must be
carefully treated and optimized in future real applications.
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Appendix A. Model details and normalization

The total potential energy density of a ferroelectric material
can be written as
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Here, the first term is the energy penalty associated with
domain walls; the next five terms are Landau-type energy; the
following three terms denote electroelastic coupling energy
and the last three terms correspond to pure elastic energy. ai,
bj and ck are material-specific parameters.

Based on this energy density, the governing equations
of polarization evolution are obtained by the variational
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principle and can be written as:
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subject to appropriate boundary conditions, where 1/μ>0 is
the mobility and f is the electric potential, which is related to
the electric field by E .j= -

For the model which includes the charge leakage or
electric conductivity effect, the Gauss’s law (A.3) needs to be
modified:

p q , A.5i i ii, 0 ,
fe j- = ( )

and the charge conservation law should be added:
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where qf and Ji are the free space charge and electric current
density, respectively. The charge current density is given by
Ohm’s law:

J E , A.7i ig= ( )

where γ is the electrical conductivity.
For numerical convenience, the governing equations are

normalized. The dimensionless material parameters are
defined as:
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where i=1, 2, 3; c0 is a constant with units of stress, which
is chosen to be 1 GPa; and p0 is the spontaneous polarization
of the material.

Appendix B. Material parameters

BaTiO3 is chosen for the current numerical simulation. The
corresponding spontaneous polarization is p0=0.26 Cm−2.
Other material parameters are listed in table B1. In addition,
the dimensionless parameters are provided in table B2.
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