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Abstract Vibration energy harvesters have been widely inves-
tigated to supply sustainable power for devicesin the Internet of
Things (10T). Despite the advancesin vibration energy harvesters,
there still remain challenges in the design and optimization of
energy harvesters to meet the increasing power demand of long-
range |oT applications. In this article, an auxetic piezoelectric
energy harvester with tapered thickness (TAEH) is proposed
to improve the ef ciency of energy harvesting by achieving
the uniform stress and high average stress. Compared with
traditional auxetic piezoelectric energy harvester with uniform
thickness (UAEH), the stress distribution with tapered thickness
is more uniform, which can contribute to a higher power output
with lower maximum stress. Furthermore, the multiobjective
optimization is used to further improve the average stress values
without increasing the maximum stress, thus increasing the
energy output. Finite element analysis is performed to validate
the performance of the energy harvesters. In the experimental
validation, it is found that with the tapered thickness introduced
to the auxetic energy harvester, the maximum power output
and power density of TAEH can be increased by 212.84%
and 279.08%, respectively, compared with UAEH. After the
optimization, these two indices of the optimized TAEH (OTAEH)
are further increased by 24.32% and 27.59%, respectively.
Speci cally, a high power density of 0.148 mW/g is achieved
in the OTAEH, indicating its high vibration energy harvesting
performance with lightweight. Finally, it is demonstrated that
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the OTAEH can generate more than 40.94 mJ within 27.6 s to
successfully power an 1oT device for temperature sensing and
long-range data transmission.

Index Terms Auxetic structure, Internet of Things (loT)
application, optimization, piezoelectric, tapered thickness.

I. INTRODUCTION

ASED on the rapid development of low-cost and low-
power sensors over the past years, the Internet of Things
(IoT) has become one of the most important technologies of
the 21st century, widely used in industrial, commercial, and
infrastructure fields [1], [2], [3]. The loT sensors are typically
powered by batteries, which however have the limited capac-
ity and require frequent maintenance and replacement [57].
Therefore, Vibration energy harvesters appear to solve the
drawbacks of batteries, which can continually scavenge energy
from widely distributed and environmentally vibration sources
(typically lower than 50 Hz) for powering sensors [4], [5], [6].
With the advantages of simple structure, high energy density,
and ease of integration, the piezoelectric mechanism has been
widely explored for energy harvesting. The cantilever beam is
the most commonly adopted structure in piezoelectric energy
harvesting for its simple construction, ease of installation,
and relatively light weight, which is covered by piezoelectric
elements near the fixed end and has a mass block at its tip to
reduce the resonant frequency [58]. Due to the fact that the
cantilevered energy harvester is essentially a linear resonant
device, when the excitation frequency deviates from its reso-
nant frequency, the output power will reduce significantly and
cannot meet the requirements of practical 10T applications.
Various methods have been developed to improve the
power output of cantilevered energy harvesters in terms of
piezoelectric materials, circuits, and structures [59]. From
the aspect of material, Tang et al. [7] proposed a MEMS
vibration energy harvester based on PMN-PT single-crystal
thick film, which can effectively enhance the power den-
sity of the energy harvester. Yang and Zu [8] presented a
systematic comparison of vibration energy harvesters using
the PZT, PZN-PT, and PMN-PT films. The experimental
results showed that energy harvesters with the PZN-PT and
PMN-PT films can significantly improve the power output
compared with the energy harvester using PZT film. Moreover,
Zeng et d. [9] investigated a high-performance piezoelectric
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energy harvester based on a PIMNT long flake array with
an optimized cut. From the perspective of circuit, SEH [10],
SECE [11], P-SSHI [12], and S-SSHI [13] are four classical
interface circuits. Based on P-SSHI, Lallart and Guyomar [12]
proposed the self-powered P-SSHI circuit by replacing the P-
SSHI switch circuit with a PKD switch circuit that contained
a digital switch, a comparator, and an envelope detector.
Experiments showed that the proposed circuit can increase
the harvested power by 160% compared with the standard
energy harvesting circuit. By combining the advantages of
SECE and P-SSHI circuits, Wang et a. [14] investigated a
synchronous charge extraction and voltage inversion circuit,
which can enhance the power output by 150% compared with
the SECE circuit. A double synchronized switch harvesting
circuit was explored by Lallart et a. [15], which can improve
the generated power by 160% compared with the SEH circuit.

Compared with preparing different piezoelectric materials
and changing the circuit, designing the beam substrate is more
straightforward. One popular method is to design different
shapes of cantilever beams to replace the traditional rectangu-
lar ones. Roundy et al. [16] adopted a trapezoid shaped beam
to improve the power output. In experiments, the trapezoidal
one showed a 30% gain in the power output over the rectan-
gular one. Goldschmidtboeing and Woias [17] validated that
the triangular beam can tolerate higher excitation amplitude
than the rectangular one, which could be further utilized
to improve the efficiency of piezoelectric energy harvesting.
Linear and quadratic shape variations are considered by Ben
Ayed et da. [18] to enhance the power output of the energy
harvester. The experimental results showed that the quadratic
shape can produce twice as much power as a rectangular
shape. Besides changing the shape of the cantilever beam,
Wang et a. [19] varied the thickness of the cantilever beam.
The power output of the varied-thickness energy harvester is
increased by 78% compared with the uniform-thickness one.
Raju et al. [20] tailored the cantilever beam to be tapered
in both width and thickness, which can increase the output
voltage by 126.6% compared with the traditional cantilever
beam. In addition to the planar cantilever beam structure,
Yang et al. [21] proposed an arc-shaped piezoelectric energy
harvester. Under the same testing conditions, the arc-shaped
energy harvester was able to generate up to 4.25 times as
much power as the traditional planar energy harvester. Since
the coefficient dis of the piezoelectric material is larger
than the coefficient dz;, Zhao et al. [22] utilized two PZT-
51 elements to construct a dis mode piezoelectric energy
harvester for improving the efficiency of energy harvesting.
Moreover, Yang and Zu [23] proposed a compressive-mode
piezoelectric energy harvester containing two elastic beams
and a flexible compressive center, which can improve the
power output under low frequency excitations. Wang et a. [24]
utilized flextensional transducers and piezoelectric stacks to
construct a piezoelectric energy harvester that can withstand
high loads of thousands of newtons.

In recent years, researchers have introduced the auxetic
structures into piezoelectric energy harvesters, which can
improve the output power and reduce the harvester weight
and volume at the same time, therefore increasing the energy
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density [25], [26], [27], [28], [29], [30], [31]. Auxetic structures
are those that have a negative Poisson’s ratio, meaning they
expand in one direction when an opposite direction is stretched.
This special property arises from their microstructure that
is composed of interconnected hinges and links. Auxetic
structures have received particular attention for their potential
applications in aerospace, medical, and industria fields. For
a bending piezoelectric energy harvester, the generated power
is proportional to the sum of the average longitudinal and
lateral stresses in the piezoelectric element. The application of
auxetic structures in bending piezoelectric energy harvesters
can result in the same sign of the average longitudinal and
lateral stresses, which could superimpose the d3; and ds
modes of the piezoelectric element to enhance the power
output of the energy harvesters [27]. Li et al. [27] proposed
a piezoelectric energy harvester consisting of an auxetic
cantilever beam sandwiched by two piezoelectric elements.
The testing results showed that the power output of the
proposed auxetic energy harvester was 2.76 times that of the
conventional energy harvester. Roy Chowdhury et al. [32] used
eliptical auxetic structures to improve the power density of
the piezoelectric energy harvester, which can be increased by
up to two times compared with the typical energy harvester
in literature. Farhangdoust et al. [33] combined auxetic
and kirigami structures to enhance the piezoelectric energy
harvesting efficiency. Moreover, Fang et a. [34] investigated
an auxetic rotational energy harvester to achieve high power
density at ultralow rotational frequencies. Dueto the advantages
of the introduced auxetic structures and centrifugal force, the
power of the proposed design can be increased by 200.45%
compared with that of the traditional one. Other than uniform
auxetic structure, gradient auxetic structures were considered
by Chen et al. [35] to further improve the power output of the
piezoelectric energy harvester by making its beam stress more
uniform.

In the existing literature, it can be found that the auxetic
structures can significantly improve the output power of
piezoelectric energy harvesters in sacrifice of the increased
maximum stress, that is, the existing auxetic energy harvesters
can improve the power output with unavoidable increase
in the maximum stress compared with energy harvesters
without auxetic structures, which is not desirable considering
the mechanical durability [33], [36]. Moreover, there lacks
systematic optimization methods to improve the performance
of the auxetic energy harvester in the existing studies. With
the increasing power need of long-range sensing applications
such as long-range radio (LoRa), it is in great need to design
and optimize the auxetic piezoelectric energy harvester to
further improve the energy harvesting performance whereas
without further increasing the stress. For this aim, an auxetic
energy harvester with tapered thickness is designed in this
article. Due to its numerous numerical structural parameters,
the multiobjective nondominated sorting genetic algorithm 11
(NSGA-II) isused for its optimization considering both energy
output and stress, which can obtain optimal design parameters
of the harvester regarding different 10T application conditions.
The remainder of thisarticleis organized as follows. Section |1
describes the designs of the proposed tapered thickness auxetic
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Fig. 2. Piezoelectric energy harvesters with different types of substrates: (a) plain substrate, (b) auxetic substrate with uniform thickness, and (c) auxetic

substrate with tapered thickness.

energy harvester. The design principle of the proposed har-
vester and the comparison with its counterpart are shown
through the finite element analysis (FEA) in Section Ill. The
optimization process and results are performed in Section V.
Section V presents the experimental results, including the open
circuit test, impedance matching, parametric study, and loT
application test. Furthermore, the main conclusions are drawn
in Section V1.

Il. DESIGN CONCEPT

The proposed auxetic piezoelectric energy harvester is
plotted in Fig. 1(a), which consists of a proof mass (structural
steel), a piezo buzzer, and a tapered cantilever beam with the
auxetic structure. This cantilever beam is made of polylactic
acid (PLA 1.75 mm), which is manufactured by a 3-D printer
(Raise3D Pro3plus). Thefill rate, layer thickness, and printing
speed of the 3-D printer are set to be 95%, 0.05 mm, and
30 mm/s. The piezo buzzer, formed by a piezoelectric patch
(PZT-5A) and a brass film, is attached to the cantilever beam
through epoxy and can completely cover the auxetic structure.
To ensure the precision and strength of this epoxy bonding,
the manufactured cantilever beam is sent to the piezoelectric
factory, where the bonding operation is carried out using
the professional piezoelectric patch bonding machine. The
LoRa application of the proposed auxetic piezoelectric energy
harvester is depicted in Fig. 1(b). It can be observed when the
energy harvester vibrates under excitations, the piezo buzzer
can convert the structura deformation to electrical energy
through the direct piezoelectric effect. This electrical energy
will be modulated by the modulation circuit for powering

sensors and wireless communication modules in the LoRa
platform. Then, the wireless communication module can use
the network, provided by the mobile operator, to transmit the
sensor data to the cloud server, which can further be accessed
by mobile electrical devices for monitoring.

To prove the superiority of the proposed design, it is
necessary to compare the proposed energy harvester with
other designs. In the comparative study, piezoelectric energy
harvesters with three types of substrates are adopted for com-
parison. The exploded and side views of the energy harvesters
are depicted in Fig. 2: the plain substrate (PEH), the auxetic
substrate with uniform thickness (UAEH), and the auxetic
substrate with the tapered thickness (TAEH). It can be seen
that the three energy harvesters adopt the same piezoelectric
patch (I, = 60 mm, wp = 33 mm, t, = 0.2 mm), the
proof mass (Im = 33 mm, wy, = 10 mm, t,, = 10 mm), and
the substrate length and width (I, = 76 mm, w,, = 33 mm).
The thickness (t, = 4 mm) of PEH and UAEH is constant,
while that of TAEH is tapered (tp, = 4.6 mm,ty; =
1.8 mm). This tapered angle can be expressed as
arctan(lp/(tp2 tp1)). In this section, before the optimization,
two auxetic energy harvesters UAEH and TAEH adopt the
same auxetic pattern consisting of re-entrant hexagona unit
cels (la=12 mm,w, = 14 mm,t; = 1.6 mm, =66.8) as
shown in Fig. 3(a). From Fig. 3(b), it can be found that the unit
cell contracts along 2-axis when compressed along 1-axis, as
opposed to the expansion of a structure with a normal positive
Poisson’s ratio. This property of the auxetic structure is called
negative Poisson’s ratio.

The design principles of the proposed TAEH are described
as follows. When a piezoel ectric energy harvester worksin the
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bending mode, both the coefficients d3; and dsp (d31 = dsp)

of the piezoedlectric patch can generate electric power. The

corresponding maximum power output of the piezoelectric
patch can be expressed as [27]
fAtnd2

P= M(ﬁ + 3)2

T
33

where f represents the excitation frequency. Ay, tp, and 1, are
the electrode area, thickness, and permittivity of the piezoelec-
tric patch, respectively. 11 and 722 are the average stresses
of the piezoelectric patch in the longitudinal (along 1-axis)
and lateral (along 2-axis) directions. It can be found from (1)
that the maximum power output of the piezoelectric patch
is proportional to its average stresses. When a piezoelectric
patch is attached to a conventional plain substrate with a
positive Poisson’s ratio, the deformation of the substrate could
be transferred to the piezoelectric patch; thus, the piezoelectric
patch would expand along 1-axis when compressed along
2-axis, resulting in the opposite signs of 717 and ~22. The
generated power by the two stresses would cancel each other.
On the other hand, in auxetic energy harvesters with negative
Poisson’s ratio, the piezoelectric patch can expand or contract
simultaneously along 1- and 2-axis, which results in the same
sign of 717 and “2. The same sign of these two average
stresses contributes to the superposition of the power generated
by them. Additionaly, the geometric corner and singularity
in the auxetic structure can increase the values of ~77 and
22, which can further enhance the power output. Hence, the
two aforementioned properties of the auxetic structure can
significantly improve the power output of the auxetic energy
harvesters UAEH and TAEH.

Moreover, comparing UAEH and TAEH, UAEH adopts a
cantilever beam with uniform thickness, causing the dramati-
cally decrease from the large stress at the fixed beam root to
the ultrasmall stress at the free beam tip. This uneven stress
distribution results in the low energy harvested in the part of
piezoelectric patch away from the fixed end. In TAEH, due to
the adopted tapered thickness beam, the stress away from the
fixed end can be significantly increased, contributing to a more
uniform stress distribution than that in UAEH [19]. Therefore,
the average stresses “11 and ~22 in TAEH are larger than those
in UAEH, which can contribute to a larger total power output.

@

I1l. FINITE ELEMENT ANALYSIS

As shown in Fig. (4), an electromechanical coupling model
is built in COMSOL Multiphysics to preliminary validate the
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assumed advantages of TAEH. A fixed boundary condition
is imposed at one end of the beam, while a proof mass is
attached to the other end. The piezoelectric buzzer, which is
formed by the piezoelectric path and brass film, is bonded to
the cantilever beam using an epoxy film. The auxetic structure
is fully coated with epoxy, resulting in the same pattern of
the auxetic structure and epoxy. In addition, Fig. 4(b) depicts
the utilization of triangular meshing and sweeping methods in
meshing.

Based on the finite element model, the first resonant
frequencies of PEH, UAEH, and TAEH are identified to
be 104.06, 47.19, and 42.21 Hz. This frequency shift phe-
nomenon can be explained by the lumped parameter model. In
this model, the energy harvester is treated as a single-degree-
of-freedom system, and the corresponding natural resonant
frequency of the harvester can be calculated as

N= — )

where k and M represent the equivalent stiffness and mass
of the energy harvester. In the comparative study, al energy
harvesters adopt the same proof mass, resulting in amost
the same equivalent mass M. Then, the introduced auxetic
structure would reduce the structural stiffness of the energy
harvester, which results in a smaller equivalent stiffness k.
Therefore, the auxetic structure would reduce the resonant
frequency of the harvester, leading to the frequency shift
phenomenon.

Then, a 5-m/s®> acceleration excitation aong 3-axis is
applied to explore the characteristics of three energy har-
vesters. Since the vibration excitation is along 3-axis, the
energy harvesters would perform the bending motion, causing
the substrates to be stretched or compressed along 1-axis.
Fig. 5 shows the condition that the substrates are all stretched
along l-axis (positive displacement along 1-axis). Under
this stretching, the plain substrate with positive Poisson’s
ratio would contract along 2-axis, resulting in a positive
displacement on the left side of the substrate and a negative
displacement on the right side [Fig. 5(d)]. On the other
hand, for the auxetic substrates with negative Poisson’s ratios
[Fig. 5(e) and (f)], they would expand along 2-axis to exhibit
a negative displacement on the left side of the substrate and a
positive displacement on the right side. This negative Poisson’s
ratio can result in the same sign of 717 and ™22 in auxetic
energy harvesters.

Besides the displacement, the stress distributions of the
piezoelectric patches are plotted in Fig. 6. Due to the special
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geometry of the auxetic structures, the average stresses in
UAEH [Fig. 6(b)] and TAEH [Fig. 6(c)] are enhanced com-
pared with that in PEH [Fig. 6(a)]. Deduced from (1), the same
sign and higher values of the average stresses can contribute
to a higher power output of the auxetic energy harvester.

Furthermore, comparing the two auxetic energy harvesters
UAEH and TAEH, the maximum stress of TAEH (11.4 MPa)
is dlightly lower than that of UAEH (12.5 MPa). In UAEH,
the stress is approximately linearly distributed along the length
of the beam (adong 1-axis), that is, the stress is mainly
concentrated on the fixed beam root and the stress at the free
end is small, resulting the low power contribution of the free
tip. However, in TAEH, the introduced tapered thickness beam
can increase the stress at the free tip, which results in the
much more uniform stress distribution than that in UAEH. Due
to this uniform stress distribution, the proposed TAEH shows
larger average stresses and can produce higher power than the
conventional auxetic energy harvester UAEH, whereas with
lower maximum stress. It should be mentioned that during
the design process, it is essentia to ensure that the maximum
stress cannot exceed the yield stress of the materia to ensure
the lifetime of the energy harvester.

IV. OPTIMIZATION

It can be found from [37] that the performance of auxetic
energy harvesters is highly dependent on their structural
parameters. However, there are few literatures reporting the

37835

Initialization of design parameters

Optimal Latin hypercube
DOE sampling

r— Obtain database by FEA

.

Construct surrogate Add sample

points and update
model by IIBF model the model

Accurate?
l Yes

Multi-objective
optimization by NSGA-II

No

Add sample
points and
update the model

t

9
No Converge?

l Yes

Pareto front sets

Fig. 7. Flowchart of multiobjective design of the proposed energy harvester.

optimization of auxetic energy harvesters. Due to the numer-
ous structural parameters in the auxetic energy harvesters, it is
difficult to use the mathematical method for the optimization.
Thus, in this section, the multiobjective numerical optimization
method is utilized to optimize TAEH. The workflow of the
proposed optimization procedure is plotted in Fig. 7. First, the
design parameters are initialized, and the sampling points are
generated by the design of experiment (DOE) method. Then,
the FEA of these sampling points is performed to build the
database. This database can be further utilized to construct
the surrogate model by the radia basis function (RBF) model,
which could be used to predict the performance of TAEH.
Finaly, the Pareto solutions of TAEH can be obtained by the
NSGA-II method.

As aforementioned, the maximum power output (Pmax)
and maximum stress ( max) Of the energy harvester greatly
affect the practical application of the harvester; thus, the
optimization objective is to increase the maximum power
output of TAEH while reducing its maximum stress. Moreover,
the desired performance of TAEH can be obtained by
designing the structural parameters of the auxetic substrate
(Ip, Wo, to1, , Wa, ta, ). Forthecomparison of TAEH before
and after optimization with other energy harvesters (PEH and
UAEH), the length (I, = 76 mm) and width (Wp, = 33 mm) of
the auxetic substrate remain constant, and the other structural
parametersare set at reasonableinterval saccording to geometric
constraints and referring to [38]. As aresult, the multiobjective
optimization formula of TAEH can be expressed as

max [Pmax(tb1, »Wa,ta, ),  max(tbr, ,Wa,ta, )]
12mm typ; 22mm
1 4
13mm wy; 15 mm
1.2mm t; 22mm
60 75 . (©)]
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Specifically, the DOE method is utilized to effectively obtain
sample points for the surrogate model. In this research, 50
sample points are created using the optimal Latin hypercube
method. The optimal Latin hypercube is a widely used and
effective DOE method for several reasons [39]. First, the
optimal Latin hypercube alows creation of experimental
designs with as many points as needed or desired, that is,
it can cover small or large design spaces for experimental
designs (no constraints in terms of data density and location).
This adegquate design points can create more combinations
to be studied for each factor. Besides, the optimal Latin
hypercube can ensure a uniform distribution of sample points
and allow for capturing higher order effects of the structural
parameters on the performance of TAEH. Moreover, the
FEA is performed on these sampling points to create the
database.

Based on the database, the surrogate model can be built
by the RBF method to predict the performance of TAEH
(maximum power output and maximum stress). The RBF
method is a neural network, which is characterized by a fairly
fast training rate and can be used to approximate various
nonlinear spaces. The cross-validation method is commonly
used to ensure the accuracy of the RBF model [40]. In this
article, 50 sample points are utilized to build the RBF model,
while other five random sample points are generated to cross-
validate the accuracy of the RBF model. These sample points
are analyzed by both the FEA and RBF method, and the
relative error () is used to judge the error of the RBF results
yr (X) compared with FEA results y(x)

(¥ y(X)
= v AN 4
e @

The relative errors  of the RBF method at the five random
sample points are plotted in Fig. 8. It can be observed that the
relative errors of the maximum power output and maximum
stress are less than 3% and 4%, respectively, validating the
sufficient accuracy of the RBF method in predicting the
harvester performance.

Based on the surrogate model, the NSGA-II method is
utilized to obtain the Pareto front of the two optimization
objectives Pmax and max- The NSGA-II method can find
multiple Pareto-optimal solutions in one single simulation run,
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which has been demonstrated as one of the most efficient
algorithms for multiobjective optimization on a number of
benchmark problems [41]. In the NSGA-II method, the non-
dominated sorting techniques is used to provide the solution
as close to the Pareto-optimal solution as possible, and the
crowding degree and crowding comparison are adopted to
ensure population diversity. Besides, the €lite strategy is
introduced to preserve the best solution of current population
in the next generation. As a result, the NSGA-II method can
search for optimal solutions in a wide range with fast and
efficient convergence, and handle complex problems starting
from infeasible solutions. Considering the complex geometry
and electromechanical coupling effect of the proposed energy
harvester, it is reasonable to adopt the NSGA-I1 method, which
can accurately predict the performance of the design, and
obtain the accurate optimization result with relatively low
computing time.

Based on the adjustment of the algorithm parameters, the
population size, number of generations, crossover probability,
crossover distribution index, and mutation distribution index
are set to be 12, 20, 0.9, 10, and 20, respectively. After the
optimization, the resulting Pareto front is depicted in Fig. 8. It
can be found the two objectives conflict with each other, that
is, the increase of maximum power output inevitably leads to
the increase of maximum stress. Considering that the output
power should be as high as possible in the premise of the fact
that the maximum stress of TAEH cannot be further increased
after the optimization, the most satisfactory solution (knee
point) selected from the Pareto front is marked as an asterisk in
Fig. 9, with its detailed design parameters listed in Table I. At
this point, it can be observed that the maximum power output
of the optimized TAEH (OTAEH) is increased by 18.92%
compared with that of the unoptimized TAEH, which is due
to its increased average stress (T11 + “22) aong 1-axis and
2-axis. Furthermore, through the simulation, it can be found
that the OTAEH at this point has the resonant frequency of
35.1 Hz.

V. EXPERIMENTAL VALIDATION

As shown in Fig. 10, to validate the proposed design, an
experiment is set up and the prototypes of energy harvesters
are fabricated. It can be seen, in Fig. 10(a), that the energy
harvester is fixed on a shaker (Econ LT- 50ST) through a
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Fig. 10. (&) Experimental setup. (b) Front and (c) side views of the energy harvesters.

TABLE |
OPTIMAL DESIGN PARAMETERS OF TAEH
Harvester TAEH Optimized TAEH

ty; (mm) 1.8 1.4
o () 2.674 22
w, (mm) 14 14.78
t, (mm) 1.6 1.62
0 () 66.8 74.17
Prax (mW) 4.339 5.16
011 + 022(MPa) 6.7 8.42
Omax (MPa) 11.4 11.3

connecter. A controller (Econ VT-9008), a power amplifier
(Econ VAS-L1000A), and an accelerometer (Econ EV4200)
are utilized to perform a closed-loop control. The voltage
output of the energy harvester is measured by an oscilloscope
(InfiniiVision 3000 X-series, Keysight). Moreover, the front
and side views of the four types of energy harvesters are
shown in Fig. 10(b) and (c), respectively. The substrates of the
energy harvesters are made of polylactic acid by 3-D printing,
and the tip mass and the piezoelectric buzzer are bonded
to the substrate through epoxy. In Fig. 10(b), the substrate
of PEH is plain, and the substrates of UAEH, TAEH, and
OTAEH contain auxetic structures. It can be observed that
there exists difference in the auxetic patterns of OTAEH and
TAEH. In Fig. 10(c), the substrates of PEH and UAEH both
show uniform thickness, while the substrates of TAEH and
OTAEH are tapered.

The frequency response test at 5 m/s> acceleration under
open-circuit condition is first conducted to identify the fun-
damental resonant frequencies of the energy harvesters PEH,
UAEH, TAEH, and OTAEH. The frequency response test
a 5 m/s® acceleration under open-circuit condition is first
conducted to identify the fundamental resonant freguencies
of the energy harvesters PEH, UAEH, TAEH, and OTAEH,
which are found to be 102.21, 47.67, 43.33, and 36.48 Hz,
respectively. The prediction errors of their resonant frequencies
are 1.81%, 1.00%, 2.58%, and 3.93%, respectively, which
are relatively small. With the knowledge of their resonant
frequencies, the base excitation is varied from 0.5 to 5 m/s?
with an interval of 0.5 m/s’> to obtain the voltage output
of four different energy harvesters at resonance. As shown
in Fig. 11(a), it can be observed that the voltage output
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Fig. 11. (a) Open-circuit voltage output of the energy harvesters at different
accelerations. (b) Power output of the energy harvesters with different load
resistance.

increases nearly linearly with the increase of the acceleration.
At different accelerations, OTAEH all produce the highest
voltage among the four types of energy harvesters, validating
that OTAEH owns the strongest voltage boosting capability.
This capability of OTAEH is beneficial to the application
of electric devices requiring high voltage supply. When the
acceleration is set to be 5 m/s?, the voltage output of PEH,
UAEH, TAEH, and OTAEH are found to be 6.17, 10.96, 19.79,
and 24.17 V, respectively, exhibiting a subsequent increase of
voltage values.

Other than the open-circuit test, the energy harvesters
are connected with load resistance for measuring the power
output. Under 5-m/s? base excitation, the impedance matching
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TABLE Il
POWER OUTPUT COMPARISON AMONG TYPICAL AUXETIC
ENERGY HARVESTERS

Power Power

References output References output
(mW) (mW)

Lietal. [27] 0.69 Sad‘kb[ﬁa etal. 397
Eghbali et al. [43] 0.153 Tikariha et al. [44] 0.79
Eghbali et al. [45] 0.06 Gao et al. [46] 3.999
Eghbali et al. [28] 2.03 Chen et al. [47] 0.692
Ferguson et al. [48] 0.191 Chen et al. [35] 0.237
Farhangdoust et al. [33] 0.165 Chen et al. [25] 0.11
Ebrahimian et al. [49] 1.3 Chen et al. [50] 0.255
Farhangdoust et al. [51] 0.046 Kabirian et al. [52] 3.15
Farhangdoust et al. [53] 0.427 This work 5.27

results are plotted in Fig. 11(b), where the maximum power
output of PEH, UAEH, TAEH, and OTAEH reaches 0.541,
1.355, 4239, and 527 mW a 10, 15, 20, and 25 k ,
respectively. Furthermore, the corresponding power density of
these energy harvesters is found to be 0.0121, 0.0306, 0.116,
and 0.148 mW/g. Therefore, it can be found that compared
with PEH and UAEH, the maximum power output and power
density of TAEH are increased by 683.54% and 212.84%, and
858.68% and 279.08%, respectively, proving the effectiveness
of the introduced auxetic structure and tapered beam in TAEH.
Moreover, through optimization, the maximum power output
and power density of OTAEH are further increased by 24.32%
and 27.59%, respectively, compared with the original TAEH. It
isfound that the above increasing percentages of power density
are higher than those of the maximum power output, which is
due to the fact that the harvester weight is further decreased
in TAEH and OTAEH. This demonstrates that the OTAEH
can achieve high-performance lightweight energy harvesting.
Overall, the finite element simulation results match well with
the experimental ones except for the dlight discrepancy, which
mainly results from fabrication accuracy, imperfect boundary
conditions, and predeformation of the energy harvester in the
experiments.

It can be observed that the optimal resistance subsequently
increases for these four harvesters, which is due to their
subsequent decrease in resonant frequency. The reason for this
is that the optimal resistance should be inversely proportional
to the resonant frequency and capacitance.

In addition to above comparative study, the power output
of OTAEH is compared with that of the existing auxetic
energy harvesters obtained from references, further proving the
superiority of the proposed design. The power output of energy
harvestersis summarized in Table 1. It can be observed power
output of the proposed design can reach 5.27 mW, which is
higher than that of existing auxetic energy harvesters. This
shows the advantage of the proposed design of generating high
power output.

Then, the energy harvesters are tested for |oT applications,
the first of which is the capacitor charging experiment since
capacitors are commonly used as energy storage elements in
energy harvesting. Under 5-m/s? base excitation, the energy
harvesters TAEH and OTAEH, working at the correspond-
ing resonant frequencies, are utilized to charge a capacitor
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Fig. 12. Capacitor charging rate of the energy harvesters TAEH and OTAEH.

(0.687 F) through a full bridge rectifier. Fig. 12 shows the
time history of the charging voltages. For TAEH, the capacitor
reaches the saturation voltage of 16.63 V in about 0.65 s.
On the other hand, for OTAEH, the charging voltage reaches
saturation 22.02 V within about 0.67 s, which means that
OTAEH is able to charge more power for the capacitor
than TAEH within similar time. This property of OTAEH is
beneficial for powering electrical devices with higher power
consumption.

Besides, under 5-m/s’> base excitation, the energy har-
vester OTAEH, working at the resonant frequency, is utilized
to power the loT device vibration-power sensing node
(ViPSN) [54]. The hardware architecture and prototype of
ViPSN are shown in Fig. 13. ViPSN is a programmable
platform containing severa modules, in which a bridge rec-
tifier is first adopted to achieve AC-DC conversion. Then, an
energy management unit (EMU) is utilized to manage the
generated power, which consists of functional parts: a dc—dc
buck converter, a6.8-mf capacitor (Cp) for energy storage, and
a comparator with adjustable hysteresis. The threshold voltage
(Vihreq) Of the energy management module is set to be 5 V.
Once the voltage of the capacitor reaches 5 V, it accumulates
sufficient energy to drive a temperature sensor and transmit
the measured temperature data to a connected computer via
LoRa

Fig. 14(a) shows that the computer successfully receives
the temperature data from ViPSN. The straight-line distance
between ViPSN and the connected computer is identified to
be near 300 m on the map. Moreover, the time history of the
voltage across the energy storage capacitor during the test is
also plotted in Fig. 14(b). In each cycle, the capacitor voltage
is charged from the base voltage (Vp = 3.6 V) to the threshold
voltage within 27.6 s, after which the energy is consumed
for the LoRa sensor modules. More specifically, the energy
consumed by ViPSN to complete one task can be calculated
using the formula for calculating the energy stored in a
capacitor (1/2Cp(Vt2hred Vg)), which isidentified as 40.94 mJ.
Taking the energy loss into account, the OTAEH can produce
more than 40.94 mJ within 27.6 s in this application test,
which strongly demonstrates the advantage of the proposed
OTAEH in powering high power electrical devices.

VI. CONCLUSION

Vibration energy harvesters have been widely investigated

to supplgy sustainable Bower for devices in the |0T. Despite
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the advances in vibration energy harvesters, there till remain
challenges in the design and optimization of energy har-
vesters to meet the increasing power demand of long-range
loT applications. In this article, a TAEH is proposed to
improve the efficiency of energy harvesting by achieving
uniform stress and high average stress. Compared with tra-
ditional UAEH, the stress distribution of TAEH is more
uniform, which can contribute to a higher power output
with lower maximum stress. Moreover, the multiobjective
optimization is utilized to further improve the performance
of the proposed TAEH. FEA is performed to explore the
performance of the energy harvesters, which shows that the
maximum stress of the OTAEH is reduced by 9.6% com-
pared with that of UAEH. This simulation result verifies
that the proposed deign is benefit for the lifetime of energy
harvester.

In the experimental validation, the maximum power out-
put and power density of TAEH are increased by 212.84%
and 279.08% compared with those of UAEH, verifying that
the introduced tapered thickness beam in TAEH can highly
improve the efficiency of the energy harvesting. Besides,
through optimization, the maximum power output and power
density of the OTAEH, respectively, reach 5.27 mW and
0.148 mW/g, which are further increased by 24.32% and
27.59% compared with the origina TAEH. This validates the
effectiveness of the optimization method and the fact that the
proposed OTAEH can achieve high-performance lightweight
vibration energy harvesting. Furthermore, in 10T application
testing, the OTAEH can generate more than 40.94 mJ within
27.6 s to successfully power an loT device for temperature
sensing and long-range data transmission, demonstrating the

RoLa

(a) Hardware architecture and (b) prototype of the loT device ViPSN.

(b)
6

100

(b) Time history of the voltage across the energy storage capacitor in ViPSN.

ability of the proposed OTAEH to meet the high power
requirements of 10T devices.

In future work, other than the linear varied thickness
beam (tapered), it is quite meaningful to explore nonlin-
ear varied thickness beams, such as quadratic and cubic,
to further improve the efficiency of the proposed auxetic
energy harvester. Advanced optimization methods, such as
topology and deep learning optimizations, could be utilized
to optimize the proposed energy harvester, and more types
of auxetic structures could be investigated to further improve
the performance of the auxetic energy harvester. Moreover,
it is valuable to use nonlinear techniques, such as geometric
nonlinearity, magnetic force, or impact/plucking frequency up
conversion to broaden the working bandwidth and enhance the
power output of the auxetic energy harvester. These are very
typical nonlinear techniques and they can definitely be used
in the auxetic energy harvesting [55], [56].
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