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ARTICLE INFO ABSTRACT

Inspired by the rapid shape transition of the Venus flytrap, a novel low-cost, bi-stable piezoelectric energy
harvester is proposed, analyzed, and experimentally tested for the purpose of broadband energy harvesting. The
harvester consists of a piezoelectric macro fiber composite (MFC) transducer, a tip mass, and two sub-beams with
bending and twisting deformations created by pre-displacement constraints at the free ends using rigid tip-mass
blocks. Different from bi-stable harvesters realized by nonlinear magnetic forces or residual stresses in laminate
composites, the bio-inspired bi-stable piezoelectric energy harvester stores the potential energy induced by the
mutual self-constraint of the sub-beams and harvests the large energy released during the rapid shape transition.
Detailed design steps and principles are introduced and a prototype is fabricated to demonstrate and validate the
concept. The experimentally measured nonlinear force-displacement curve of the harvester exhibits a dis-
continuous feature as the harvester jumps between the stable states. The dynamics of the proposed bio-inspired
bi-stable piezoelectric energy harvester is investigated under sweeping frequency and harmonic excitations. The
results show that the sub-beams of the harvester experience local vibrations including broadband high-frequency
oscillations during the snap-through. The energy harvesting performance of the harvester is evaluated at dif-
ferent excitation levels over the frequency range of 9.0-14.0 Hz. Broadband energy harvesting is attained at
relatively high excitation levels. An average power output of 0.193 mW for a load resistance of 8.2 kQ is
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harvested at the excitation frequency of 10 Hz and amplitude of 4.0 g.

1. Introduction

Energy harvesting from ambient environment has received in-
creasing attention for the purpose of powering wireless sensors and
low-power electronics. Because of its simplicity, the linear piezoelectric
cantilever is the most widely studied energy transduction device for
mechanical-to-electrical energy conversion [1]. However, linear pie-
zoelectric energy harvesters are effective only over a very narrow fre-
quency bandwidth, which leads to a significant efficiency reduction at
frequencies slightly away from the resonant frequency [2,3]. Various
approaches have been developed to broaden the operational frequency
range of piezoelectric harvesters, such as frequency-up conversion [4],
multiple resonator arrays [5], and exploitation of nonlinear responses
[6]. Among the latter, nonlinear bi-stability has exhibited versatile
features in harvesting energy from broadband vibrations due to the
large power output associated with the global snap-through dynamics.

Bi-stable piezoelectric energy harvesters can be realized through
different mechanisms, including mechanical preloading, magnetic
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interaction, or residual thermal stress in laminate composite. Extensive
reviews on bi-stable energy harvesting by exploiting different bi-stabi-
lity mechanisms and transductions were published in [7,8]. Cottone
et al. [9] used an axially loaded beam to form a buckled bi-stable pie-
zoelectric vibration energy harvester that produced up to an order of
magnitude more power than the unbuckled case. Ando et al. [10] and
Qian et al. [11] exploited the bi-stable response of an axially pre-loaded
clamped-clamped beam to the transverse excitations for piezoelectric
energy harvesting over a wide frequency bandwidth. Harne et al. [12]
developed a bi-stable energy harvesting device using an inertial mass
connected to a translational slide bearing and a pre-compressed spring.
The axial load leads to a negative stiffness that is sufficient to overcome
the positive stiffness of the system and induces bifurcation via buckling.
However, exerting a mechanical pre-load to a system usually involves
additional constraints making the system clumsy. In comparison,
magnetic interaction allows a more flexible design of bi-stable systems
because of the contactless repulsive or attractive magnetic forces. The
repulsive magnetic force between a fixed magnet and another one at the
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free end of a cantilever piezoelectric beam induces negative stiffness
into the system and results in a bi-stable harvester [13,14]. Zhou et al.
[15] used two tilted magnets and a cantilever beam with another tip
magnet to build a bi-stable piezoelectric harvester. The inclination
angle of the magnets was shown to play a vital role in broadening the
operating bandwidth and enables rich nonlinear characteristics [16]. A
magnetically coupled two-DOF bi-stable energy harvester consisting of
two rotary piezoelectric cantilevers with tip magnets was investigated
for energy harvesting from rotational motions of multiple frequency
bands [17]. One disadvantage of magnet-based energy harvesters is that
the magnetic field could interact with electronics and sensors to be
powered. Bi-stability can also be realized by laminated composites
where the residual thermal stress difference causes curvatures after the
curing procedure from a high temperature to the room temperature due
to the differing thermal expansion coefficients in different layers
[18,19]. Syta et al. [20,21] investigated experimentally nonlinear dy-
namics of a bi-stable piezoelectric laminate plate and examined the
modal response using Fourier spectrum based on the generated voltage
time series. Firouzian-Nejad et al. [22,23] characterized the static snap-
through loads, out-of-plane displacement, curvature, and natural fre-
quencies of bi-stable hybrid composite laminates by using experi-
mental, analytical, and finite element methods. Pan et al. [24] in-
vestigated the influence of the layout of the hybrid symmetric laminates
on the energy harvesting performance and the dynamics via finite
element numerical analysis and experimental validation [25]. In addi-
tion to the complicated manufacturing process and high cost, laminate
composites are sensitive to environmental moisture and temperature,
resulting in changes in material properties especially for long-term
services.

Bionic designs have been widely explored recently for the devel-
opment of piezoelectric energy harvesting. By learning from the audi-
tory hair bundle, a compliant bi-stable mechanism consisting of a four-
bar linkage system was developed to enhance the performance of pie-
zoelectric vibration energy harvesting [26]. Inspired by the structures
of tree leaves, leaf-like piezoelectric harvesters composed of triangle
polyvinylidene fluoride (PVDF) films and stiffeners mimicking bionic
leaf veins were prototyped and tested for wind energy harvesting
[27,28]. Enlightened by the parasitic relationship between a dodder
and the host plant, a host-parasite piezoelectric energy harvester was
proposed to achieve the bi-stability and frequency up-conversion for
low-frequency, low-amplitude vibration energy harvesting [29]. A
piezoelectric composite energy harvester was designed by imitating the
unique microstructure of sea sponges, which has demonstrated re-
markable improvements in vibration energy harvesting due to the well-
distributed stress on the piezoelectric component [30]. This effort
proposes a novel low-cost, magnet-free, bi-stable piezoelectric energy
harvester inspired by the rapid shape transition of the Venus flytrap
leaves. A cantilever beam is cut into two sub-beams, whose free ends
are constrained by an in-plane pre-displacement to create the bending
and twisting curves and to harvest the mechanical potential energy
during the snap-through. The force—displacement relationship, non-
linear dynamics, and energy harvesting performance of the proposed
bio-inspired bi-stable piezoelectric energy harvester are analyzed and
experimentally investigated under different excitation frequencies and
levels.

2. Bio-inspired design

A good example of the bi-stable nonlinearity in nature is the Venus
flytrap, which could trap agile insects by quickly closing its two curving
leaves within a very short time (100 ms) [31]. The Venus flytrap leaves
are bi-curved in two directions and have two layers of lopes with local
tissues, porous structures, and fluid in between. The leaves will close
when the inner layer contracts and outer layer stretches and will open
in reverse, as shown in Fig. 1(a) and (b), respectively. The curved leaves
are almost flat in the first stable (open) state and concave at the second
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stable (close) state [32]. The plant achieves the open state by stretching
its leaves back, during which the leaves store potential mechanical
energy in the form of elastic energy. The stored energy will be released
in the form of hydraulic movement in the porous structures when the
leaves are triggered to snap shut. The rapid shape transition from the
open state to the close state as the leaves sense external stimulus is
referred to as the snap-through phenomenon. The sudden snap-through
of a nonlinear bi-stable structure is usually associated with a large en-
ergy release, which results in large power output desired for vibration
energy harvesting. If this snap-through mechanism could be used for
energy harvesting, large power output can be achieved due to the
concomitant higher energy release. In summary, the knowledge learned
from the snap-through mechanism of the Venus flytrap includes: 1) the
leaves are bi-curved in two directions, and 2) the leaves store potential
mechanical energy.

Inspired by the rapid shape transition of the hyperbolic leaves of the
Venus flytrap, a low-cost, magnet-free, bi-stable piezoelectric energy
harvester is developed to harvest energy from broadband vibrations.
The host structure of the proposed bio-inspired bi-stable piezoelectric
energy harvester (BBPEH) is tailored from a cantilever beam, as illu-
strated in Fig. 2(a), by cutting off a strip in the middle of the beam
along the length direction. The resultant structure has two sub-beams,
as shown in Fig. 2(b), which are specifically inspired by the double-leaf
structure of the Venus flytrap. The energy is harvested by bonding a
piezoelectric transducer on the surface of one of the sub-beams near the
clamped end, as displayed in Fig. 2(c). It is worth noting that more
piezoelectric transducers could be attached to the other sub-beam or
the opposite surface of the same sub-beam to improve the power
output. To introduce the curvature in the length and width directions,
an in-plane pre-displacement A is applied oppositely to the two free
ends of the sub-beams, which are then constrained by two rigid blocks,
as depicted in Fig. 2(d). The in-plane pre-displacement is exerted along
the width direction of the sub-beams towards to the cut-off middle strip
as indicated by the two vectors in Fig. 2(d). It is worth mentioning that
the pre-displacement should be less than the net distance between the
two sub-beams to avert overlap.

These rigid blocks can also be used to tune the local resonant fre-
quency of the nonlinear harvester. The in-plane pre-displacement
constraint induces both bending and twisting deformations in the sub-
beams, therefore, curvatures in both the length and width directions.
The deformed structure also stores the potential energy of bending and
twisting deformations resulting from the applied pre-displacement
constraint, which is analogous to the potential mechanical energy in the
Venus flytrap. Since the bending and twisting deformations are
achievable bi-directionally for the sub-beams, the structure has two
stable states as illustrated in Fig. 2(e) and (f), respectively.

The proposed BBPEH satisfies the two conditions learned from the
snap-through mechanism of the Venus flytrap. When the harvester is
subjected to base excitations at the clamped end, it will vibrate either
locally around one of the stable states (shown in Fig. 2(e) and (f)) or
globally snap from one stable state to the other. The design takes full
advantage of the mutual constraint and balance of the two sub-beam
structures to achieve the self-twisting and pre-stress purpose. Compared
with the bi-stable piezoelectric energy harvesters made of magnets
[15,17] or composite laminates [20,21,25], the merits of the proposed
BBPEH lie in its easy manufacturing, low-cost, and the elimination of
the magnetic field, as usually used in previously proposed bi-stable
energy harvesters. Since the proposed BBPEH does not need additional
magnets and is simply made of metal sheet, the cost can be lower than
the magnet- and composite laminate-based harvesters with the same
piezoelectric MFC transducer. Additionally, the quickly snap-through
motion between the two stable states can cause local high frequency
vibrations of the sub-beams due to the sudden energy release. As such,
even under a low-frequency excitation, the sub-beams can locally vi-
brate at very high frequencies because of the snap-through. This cap-
ability to convert low-frequency excitations to a high-frequency
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Fig. 1. Bistability of the Venus flytrap leaves which have bi-directional curves with stored mechanical potential energy: (a) first stable state when the two leaves open

(b) second stable state when the two leaves close.
(a) ()

Sub-beams

Displacement
constraint (A)

Piezo-MFC

First stable state

Second stable state

Fig. 2. Design of the proposed bio-inspired bi-stable piezoelectric energy har-
vester: (a) cantilever beam (b) tailored cantilever beam with two subbeams (c)
the piezoelectric transducer was attached to one of the sub-beams to harvest
vibration energy (d) applied in-plane displacement constraint (e) bi-curved sub-
beams under the applied constraint (first stable state) (f) second stable state.

vibrations has not been extensively explored but can be very effective to
attain large power outputs especially when using piezoelectric trans-
duction.

3. Modeling and experimental tests

A prototype of the bi-stable piezoelectric harvester was built using a
metal cantilever structure, piezoelectric macro fiber composite (MFC,
M2814-P2, Smart Material Corp.), and two rigid copper blocks.
Fig. 3(a) and (b) show the first and second stable states of the manu-
factured prototype of the BBPEH. The active length and width of the
piezoelectric MFC are 28 mm and 14 mm, respectively. The thickness of
the beam is 0.381 mm. The rest of the dimensions of the harvester are
noted in Fig. 2(c).

3.1. Modeling

It is challenging to develop a rigorous analytical model to char-
acterize the proposed BBPEH because of the irregular structure and
complicated constraints. The dynamics of a bi-stable beam structure
with the axial pre-stress can be described by a simplified lumped-mass

Piezoelectric MFC

S —

Fig. 3. The prototype of the proposed bio-inspired bi-stable piezoelectric en-
ergy harvester: (a) first stable state, (b) second stable state.

model with coupled higher-order terms induced by the axial motion
[11,33]. The coupled governing mechanical and electrical equations are
written as

% + 28w, % + Ok + x2) + f,(x) + Ov + OxPv = —uj 1

cpv+%—ex—ax2x=o @
where x and v are the tip displacement of the BBPEH and voltage output
across the external resistive load R, the over dots indicate the deriva-
tives with respect to time. £ is the damping ratio, f and «a are the
coefficient of the coupled higher order terms induced by the axial
stresses, 8 and 8 are the linear and nonlinear electromechanical cou-
pling coefficients, u is the inertia force factor due to the distributed
mass of the harvester, y is the base excitation acceleration, f,, is the
nonlinear restoring force, which contributes to the bi-stability due to
the negative stiffness. C, is the capacitance of the piezoelectric MFC,
which is 48 nF as specified in the datasheet. It should be pointed out
that the model considers the nonlinearity resulting from the pre-stress
and the middle plane stretch of the beam but does not take the twisting
motion into account. Below, using experimental results, it is shown that
the system could be represented by this simplified single degree-of-
freedom model with acceptable errors.

3.2. Measurement of the force—displacement relationship

An experiment was carried out to derive the nonlinear restoring
force curves describing the relation between the displacement and
force. The experimental setup is shown in Fig. 4, in which a stander and
a ball-screw mechanism were used to drive the force gauge (Mark-10
M2-2) forward and backward. The clamped end of the BBPEH was fixed
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Fig. 4. Experimental setup of the force-displacement measurement: (a) overall
experimental setup, (b) close-up view of the ball-screw driving system, laser
displacement sensor, and force gauge.

to a support, and the free end was connected to the force gauge with a
U-shape adapter and two pins. The two pins clip but do not hold tightly
the free end of the harvester to allow the harvester to move freely in the
axial direction as the free end is driven forward and backward by the
force gauge. The laser displacement sensor (Micro Epsilon optoNCDT
1302) is used to measure the tip displacement of the harvester, which is
the travel distance of the ball-screw. The Spider 80X (by Crystal In-
struments Corp.) and laptop are used to collect the data from the dis-
placement sensor. The force-displacement relationship was measured
by driving the force gauge in both forward and backward directions, as
indicated by the solid and dashed arrow lines in Fig. 4. When the force
gauge moved forward the harvester snapped from the first stable state
to the second one as shown in Fig. 3. By reversing the force direction,
the harvester snapped from the second stable state back to the first one.
The measured force was read directly from the force gauge.

The measured force-displacement variations are plotted in Fig. 5(a).
The star and circle markers in the figure represent the measured data
points as the force gauge moved forward and backward, respectively,
while the curves are the fitted models with the sixth order polynomials.
Ao and Cy mark the two equilibrium positions with the pentagrams
corresponding to the two stable states, where the forces are zero. To
measure the negative force (A-Ap) in the experiment by driving the
force gauge forward, the beam was pulled backward to a position in
advance and was then gradually pushed forward by the force gauge.
Similarly, to measure the positive force (C-C0) by driving the force
gauge backward, the beam was firstly pushed to a position and was then
slowly pulled backward. The force-displacement curves of the proposed
BBPEH are quite different from that of a general bi-stable system, which
usually characterized by one continuous force-displacement curve
[34].

The nonlinear restoring force follows the A-Ay-B-By (C-Co-D-Do)
branch as the force gauge moves forward (backward). The force firstly

Energy Conversion and Management 222 (2020) 113174

@ 2 5
O+ Measurement
——=Fitted curve

B

4 S o = J
- w5 (3‘“" : | -’
e S e e
st smh\t : : oo st able stal
| v |
2 e ] i
-0.025 -0.0125 0 0.0125 0.025
Displacement (m)
b) 0.015 P
1 Snap through
0.01 —P, (inter-well vibration) |
0.005
8
€ 0 |
% Intra-well !
o vibration
-0.005 | ]
I .......
0.01f :
I
0.015 : o | ‘
-0.035 -0.02 0 0.02 0.03

Displacement (m)

Fig. 5. Measurement of the nonlinear restoring force: (a) measured for-
ce—displacement curve, (b) the potential function of the BBPEH.

increases along with the displacement to a maximum value at B (D),
after which it decreases due to the negative stiffness. The nonlinear
restoring force causes the jump to the other branch at the point By (Dg)
if the displacement keeps on increasing and exceeds X; (X;), which
indicates that the harvester snapped from the first (second) stable state
to the second (first) one. The harvester exhibits a softening stiffness
from point Ag to A (Co to C), hardening stiffness from point Ay to B (Cq
to D), and negative stiffness from point B to By (D to Dy).

The polynomial curve fittings of the nonlinear restoring forces are
given by

£ = Ziﬁzo kux!, A — Ay — B — B branch

fu) = )
f, = Z?:o kyixt, C — Cy — D — Dy branch 3)
where the coefficients {ky,i=0,1,2, ..,6} = [1.710, —6.016,
—3.052 x 10%, —2.816 x 105, —1.335 x 108, —3.363 x 10, —3.510 x 10'°],
and {ky, i=0,1,2, ..6} = . It should be

[—1.520, 54.48, 1.798 x 10%, 1.930 x 10°, 1.296

X 108, —4.962 x 10%, 7.605 X 10'°]
noted that the measured or fitted restoring force f,, = mf,, where m is
the effective mass of the harvester that can be identified from the local
natural frequencies and the linear stiffness near the equilibrium posi-
tions. In the numerical integration, the nonlinear restoring force at each
time step is determined from the displacement at the current time step
and the restoring force at the previous one. For instance, if the dis-
placement x (¢,) of the harvester at the current time step ¢, is less than X,
the restoring force is f,, along the branch A-Ay-B-By; while if the
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Table 1
Rule-base for the nonlinear restoring force f,.

Displacement S (x, th-1) Ji (x, ) and branch
x(ty) <Xz T fusA>BorB— A
X <x(ty) <X fa f1,C—>BorB—-C

fra fy,B>CorC—B
x(ty) > Xy fra f, D=>CorC—>D

displacement is larger than X;, the restoring force is f,, along the branch
C-Co-D-Dy. It is more complicated when x (t,) jumps between X; and X;,
in which case the nonlinear restoring force depends on the force from
the previous time step. If f,, (x, t,—1)) = f,;, which implies f,; (x, t,—1)) is
on the branch A-Ay-B-By, f,(x,t,) =f, at the current time step,
otherwise, f,(x, t,) = f.,. Based on the analysis above, a rule-base for
the nonlinear restoring force is established and used in the numerical
integrations of Egs. (1) and (2) as presented in Table 1.

This variation of the force-displacement curves is attributed to the
boundary conditions, imperfect geometry properties, and asymmetrical
stress distribution in the harvester. Similar force—displacement curves
were also found in other bi-stable systems, such as the bi-stable com-
posite structure [35] and shallow arch [36]. It was observed during the
experiments that the large deformation firstly appeared close to the
clamped end of the harvester and then gradually spread toward the free
end as the forcing increased. The potential energy function of the
BBPEH was obtained by integrating the fitted polynomials of the non-
linear restoring forces and plotted in Fig. 5(b), which suggests that the
harvester has two asymmetric potential wells and independent barriers.
The asymmetry in the potential wells results from the manufacturing
error in the geometries of the two sub-beams and the effect of the
piezoelectric MFC transducer. The trajectories of both the intra-well
and inter-well motions of the BBPEH are illustrated in Fig. 5(b). An
initial attempt has been given to build a FE model and simulate the bi-
stable nonlinear behavior of the proposed BBPEH statically, which is
desirable and valuable for the verification and parameter studies of the
force—displacement curves. However, it’s found that the pre-displace-
ment constraint exerted by the rigid blocks at the free ends of the sub-
beams is very challenging to consider in the model. The rigid blocks not
only purely apply the in-plane pre-displacement constraint, but also
flatten out the twisted deformations at the free ends. As a result, all the
degree-of-freedom at the free ends of the sub-beams have the same
motion with the rigid tip mass. Another challenge is that the imperfect
connection between the two rigid blocks and the free ends results in
friction between the sub-beams and the blocks and consequently a big
energy loss, which could be observed from the hysteretic behavior of
the force-displacement curve. Nevertheless, numerically modeling the
force—displacement relationship of the harvester by effectively taking
these challenges into account will be the future research directions to
fully understanding the nonlinear behaviors of the system.

The intra-well and inter-well dynamics of a bi-stable system pri-
marily depend on the potential function apart from the external ex-
citation. It is worth noting that the potential function, as well as the
force—displacement curves of the proposed BBPEH, is set by the pre-
displacement A once the geometric dimensions are given. Intuitively,
exerting a larger pre-displacement A to the free ends of the sub-beams
needs more effort than applying a smaller one due to the larger re-
storing force. In principle, a larger A injects more potential energy to
the system in the form of larger stress and strain. This implies that the
system created with a larger A has deeper potential wells and higher
barriers, and higher energy release accompanied by larger amplitude
vibrations during the snapping through. However, bi-stable energy
harvesting systems with deeper potential wells and higher barriers re-
quire larger external excitations to activate the desired snap-through
dynamics when compared with the ones with lower potential wells. It
has also been shown that the asymmetry in the two potential wells has a
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Fig. 6. Experimental setup of dynamics tests.

significant influence on the energy harvesting performance of bi-stable
harvesters under random excitations [37]. The asymmetry in the po-
tential wells degrades the mean power output for the random excita-
tions of low to moderate noise intensities [38]. In the proposed BBPEH
configuration, the asymmetry in the potential wells can be reduced or
even eliminated by subtly tailoring the width of the sub-beams.

3.3. Dynamics experimental setup

Experiments were conducted on the prototype to validate the de-
sign, identify the system parameters, and evaluate the energy har-
vesting performance of the proposed BBPEH. The experimental setup is
shown in Fig. 6, where the harvester was fixed on a VT-600 shaker
providing base excitations. A Polytech Laser Vibrometer (Model # PSV-
500) was used to measure the tip velocity and to record the voltage
output of the harvester. The input signal was generated from the laser
vibrometer, amplified by an amplifier, and then fed to the shaker. The
PCB accelerometer (PCB 356A17) was employed to measure the base
excitation acceleration. Frequency sweep experiments were performed
firstly with very low excitation levels (amplitudes) to identify the local
resonant frequency w, under the open circuit condition and the elec-
tromechanical coupling coefficient 6 of the harvester at the first stable
state. The local vibration resonant frequency of the harvester was found
to be w, = 78.35 rad/s. The remaining system parameters were iden-
tified from the frequency sweep experiment under a higher excitation
level and given as follows: E=56x%x1073, 8=
1.0,6 =2.821 x 1075, 6 = 0.2, 1 =033, and a = 6.08 X 1072,

4. Results and discussion
4.1. Frequency sweep excitations

The numerical integrations of the governing Egs. (1) and (2) were
performed using the input acceleration excitations measured from ex-
periments. The nonlinear restoring force at each time step of the nu-
merical integration was determined using the proposed rule-base in
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Fig. 7. Frequency sweep experiment results of intra-well vibrations: (a) ex-
periment, (b) simulation.

Table 1. The excitation frequency linearly increases and decreases in
the range of interest for the upward and downward frequency sweep
experiments and numerical integrations. The measured excitation ac-
celeration also linearly increases and decreases along with the upward
and downward frequency sweeps. For the intra-well dynamics test, the
excitation acceleration level is lower, between 0.35 g and 0.55 g, in
comparison to 2.1 g to 4.1 g noted as the higher excitation level to
activate the large amplitude inter-well vibrations. The experimental
measurements and simulated results of the frequency sweep at a lower
level are plotted in Fig. 7(a) and (b), respectively, including the tip
displacements, velocities, and voltages across an external resistive load
of R = 180 kQ. The left column of Fig. 7 plots the upward frequency
sweep results, while the right column shows the downward frequency
sweep results. The displacement responses in Fig. 7 clearly show that
the system only oscillates around the first stable state for both the up-
ward and downward frequency sweep, and the voltage responses are
small, in particular for the case of the upward frequency sweep. The
numerical integration results in Fig. 7(b) agree well with the mea-
surements for the small-amplitude intra-well oscillations in Fig. 7(a).
Fig. 8(a) and (b) plot the experimentally measured and numerically
simulated frequency sweep results at a higher excitation level. The
snap-through vibrations could be observed from the displacement re-
sponses in Fig. 8(a) and (b) for both the upward and downward fre-
quency sweep. Relatively large voltage levels are harvested over the
frequency interval of [10.6, 12.3] Hz from the vibrations associated
with snap-through responses. However, discrepancies are observed for
the global vibrations from Fig. 8(a) and (b). Specifically, the integration
results of the downward frequency sweep show a slightly wider fre-
quency bandwidth (10.8-11.8 Hz) of the inter-well vibrations than the
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Fig. 8. Frequency sweep experiment results of inter-well vibrations: (a) ex-
periment, (b) simulation.

experimental results (10.6-11.2 Hz). These discrepancies are attributed
to the model errors, noise in the measured acceleration excitation, and
multiple solutions, especially the error in the measured and fitted for-
ce—displacement relation. For instance, the model does not consider the
twisting motion of the two sub-beams, which could result in evident
errors at higher excitation accelerations.

The pre-displacement A plays a key role in the bi-stable dynamics of
the harvester as qualitatively discussed in the Subsection 3.2. To verify
the analysis, frequency sweep experiments were conducted to the
prototype with two different pre-displacements, specifically,
A = 2.0 mm and 2.5 mm. Both the tip velocity and voltage responses of
the upward frequency sweep experiments are presented in Fig. 9 for the
two pre-displacements. The results show that the frequency range of the
large-amplitude snap-through vibration concomitant with higher vol-
tage output is extended from [10.6 12.3] Hz to [10.8 12.9] Hz by the
increased pre-displacement constraint. This can be attributed to the
deeper potential wells and higher potential energy induced by the
larger pre-displacement. In addition, a slight increase in the start fre-
quency of the snap-through motion is also observed from the responses
of the harvester with a larger pre-displacement constraint (see Fig. 9).

4.2. Harmonic excitations

To investigate the dynamics of the proposed BBPEH, experiments
were also carried out under harmonic base acceleration excitations with
a frequency of 12 Hz close to the local resonant frequency at different
amplitudes. The experiments are firstly performed over varying ex-
citation accelerations at 12 Hz. The peak voltage across a resistor of
8.2 kQ and velocity at each excitation level are collected and plotted in
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the bifurcation diagram in Fig. 10 (a) and (b), respectively, which
shows when the excitation acceleration level is greater than 1.8 g the
large-amplitude snap through vibrations occur. The plots in
Fig. 11(a)—(f) show the time domain velocity responses of the tip mass
and the corresponding power spectrum obtained from FFT analysis for
the excitation amplitudes of 0.1 g, 0.6 g, and 4.0 g, respectively.
Fig. 11(a) and (c) indicate that the tip mass experiences an almost
perfect periodic motion at the lower excitation levels of 0.1 g and 0.6 g,
and the corresponding power was concentrated at the excitation fre-
quency of 12 Hz, as shown in Fig. 11(b) and (d). The small amplitude
superharmonics at 24 Hz and 36 Hz appear due to the nonlinearity at
the excitation level of 0.6 g, as shown in the inset in Fig. 11(d). As the
excitation amplitude is increased further to 4.0 g, the system experi-
ences the snap-through phenomenon and exhibits very strong nonlinear
vibrations, as illustrated in Fig. 11(e), which exhibits relatively large
peaks at subharmonics and superharmonics of the excitation frequency.
These results also demonstrate that the nonlinear degree of the system
increases along with the external excitation level. The power spectrum
in Fig. 11(f) shows more peaks over multiple frequencies in addition to
the excitation frequency. Syta et al. [20] defined this type of response
with clear and distinct peaks in the power spectrum as the multi-fre-
quency regular snap-through response. The snap-through motion of the
harvester could become chaotic at different excitation frequencies and
levels. As an example, Fig. 12 presents the velocity response and the
power spectrum of the harvester under the excitation level of 4.0 g at
10 Hz, where the energy is distributed over a broadband frequency
range besides the large amplitude snap-through motion at the excita-
tion frequency. These large-amplitude nonlinear jumps between the
two potential wells with continuous spectrum over a wideband fre-
quency range is referred to as the twin-well chaotic snap-through mo-
tion [39].

Time-domain voltage responses of the harvester at the excitation
frequency of 12 Hz and different excitation levels of 0.1 g, 0.6 g, and
4.0 g are plotted in Fig. 13(a)-(f), along with the power spectrum ob-
tained from FFT analysis. At the lower excitation level of 0.1 g, the
time-domain voltage responses and power spectrum presented in
Fig. 13(a) and (b) exhibit a periodic motion at a frequency exactly equal
to the excitation frequency. Moreover, the system oscillates only in one
of the two potential wells under this small excitation level. This vi-
bration is therefore referred to as the single-well period-one motion
[39]. As the excitation level is increased to 0.6 g, the time-domain
voltage responses in Fig. 13(c) exhibit a period-doubling bifurcation,
and two peaks in the power spectrum, at the excitation frequency of
12 Hz and its harmonic at 24 Hz. The second peak at 24 Hz confirms
that the quadratic nonlinearity has a significant contribution to the
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Fig. 12. Time history and FFT of the tip velocity at the excitation frequency of
10 Hz and amplitudes of 4.0 g.
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system dynamics. This conclusion is consistent with the discussion on
the experimental results of the force-displacement relationship. It
should be noted that this periodic intra-well motion with two dominant
frequencies are different from the period-two motion noted by Panyam
et al. [39] and Emam et al. [40], where the additional peak of the
power spectrum was at the subharmonic of the excitation frequency.
The time-domain voltage response in Fig. 13(e) shows the periodic
snap-through motion with relatively high frequency vibrations at each
snap-through phenomenon, which is not observed from the velocity
response of the tip mass in Fig. 11(e). This indicates that the sub-beams
of the harvester undergo more complicated local dynamics during the
snapping through. This high-frequency response is attributed to the
local vibrations of the sub-beam, where the piezoelectric MFC trans-
ducer is attached. The high-frequency voltage response during one of
the snap-through phenomena, as shown in the dotted box, is expanded
in Fig. 13(g). The power spectrum of the voltage response plotted in
Fig. 13(f) confirms that the sub-beams experience multiple high-fre-
quency dominated dynamics. The continuously distributed spectrum
over the wide frequency range suggests the chaotic motion of the sub-
beams during the large amplitude inter-well vibrations. This suggests
that the proposed BBPEH could extend the effective frequency range
over a quite wide bandwidth aside from the single excitation frequency,
and therefore generates more power. It should be mentioned that a
much lower external resistor of 8.2 kQ was used for the inter-well vi-
bration because of the high-frequency local vibrations during snapping
through, instead of the 180 kQ used for the case of intra-well vibrations.
Nevertheless, the voltage outputs are still much higher than those of the
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local intra-well vibrations plotted in Fig. 13(a) and (c) even at a much
lower resistive load due to the large amplitude inter-well vibrations.

4.3. Energy harvesting performance

The energy harvesting performance of the proposed BBPEH is also
evaluated in terms of the average power outputs at different excitation
levels and frequencies. The average power outputs across the external
resistive load of R = 180 kQ at lower excitation levels of 0.1 g, 0.2 g,
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and 0.3 g are presented in Fig. 14(a) for different excitation frequencies.
It is observed that the power outputs are very small (less than 5 uW) at
the excitation frequencies away from the local resonant frequency
under the low excitation levels. The power levels increase dramatically
as the excitation frequency moves closer to the local resonant fre-
quency. The harvester experienced almost linear local intra-well vi-
brations at low excitation levels. Fig. 14(b) plots the average power
outputs across the same resistor at the moderate excitation levels of
0.4 g, 0.5 g, and 0.6 g. It should be noted that the harvester oscillates
around one of the local stable states, and snapp through does not take
place under these moderate excitation levels over the frequency ranges
of interest. The curves of the average power outputs over different
frequencies clearly bend to the left hand, noting the evident soft non-
linearity generally associated with the local vibrations of a bistable
system. As the excitation level increases, the frequency bandwidth of
the higher power output is also broadened besides the increase in
average power output.

At higher excitation levels, the large amplitude inter-well vibrations
take place over a certain frequency range, and thus much higher
average power could be attained. Since it has been found that the
voltage response of the harvester is dominated by the higher frequency
components as a result of the snap-through dynamics, the lower load
resistance of R = 8.2kQ was used in the experiments. The average
power outputs of the harvester at the excitation levels of 2.0 g, 3.0 g,
and 4.0 g and frequency varying from 9 Hz to 14 Hz are presented in
Fig. 14(c). At the excitation level of 2.0 g, the harvester has a significant
large power output over the frequency range of 10.5-12.0 Hz because
the large amplitude inter-well vibrations are activated. The harvested
power is very small outside of this frequency range due to the small
amplitude intra-well dynamics. The frequency bandwidth of the inter-
well vibration becomes wider as the excitation level increases to 3.0 g
and 4.0 g, to respectively cover 10.0-13.0 Hz and 9.5-13.5 Hz. The
average power output also evidently increases over these bandwidths.
The maximum power output is around 0.193 mW at the excitation of
10 Hz and 4.0 g. This wideband feature of the frequency range in which
the harvester could achieve snap-through dynamics accompanied by
large power outputs is a key design purpose of nonlinear energy har-
vesters in practice since ambient environment excitations usually con-
tain frequency components over a wide frequency broadband.

5. Conclusion

Inspired by the rapid shape transition of the Venus flytrap leaves, a
novel low-cost, magnet-free, bi-stable piezoelectric energy harvester is
designed, prototyped, and tested towards assessing its capability for
energy harvesting from broadband vibrations. Different from bi-stable
energy harvesters that make use of nonlinear magnetic forces or re-
sidual stress in laminate composites, the proposed bio-inspired bi-stable
piezoelectric energy harvester (BBPH) takes advantage of the mutual
self-constraint at the free ends of two cantilever sub-beams with a pre-
displacement. This mutual pre-displacement constraint at the free ends
curves the two sub-beams in two directions inducing bending and
twisting deformations with higher mechanical potential energy in the
harvester. The force-displacement curves of the prototype was experi-
mentally measured and numerically fitted by polynomial models. Both
frequency sweep and harmonic experiments are conducted on the
prototype to study the nonlinear dynamics and to evaluate the energy
harvesting performance. The results show that the sub-beams experi-
ence much richer local dynamics with multiple high-frequency vibra-
tions compared with the tip mass, even under a single low-frequency
harmonic excitation. These local high-frequency vibrations are desir-
able for a high power output. The average power output of the BBPH
shows an increasing trend in both the amplitude and frequency band-
width as the excitation level increases and is high enough to activate
large amplitude inter-well vibrations. Although results were presented
for one piezoelectric patch, additional patches that can harvest energy
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from other bending and torsion deflections can significantly increase
the demonstrated power levels.
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