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ARTICLE INFO ABSTRACT

Keywords: With the advancement of the Internet of Things (IoT), miniature low-power electronic devices have become
Piezoelectric energy harvester prevalent in vibration-detection applications. However, miniaturized cantilever piezoelectric energy harvesters
Negative Poisson’s ratio structure often exhibit insufficient power at low frequencies. To address this limitation, this study proposes a negative

Nonlinear gradient supercell wall thickness
Multi-objective optimization
Self-powered wireless sensing

Poisson’s ratio energy harvester with nonlinear gradient supercell wall thickness (NEH). The proposed harvester
is compared with a plain energy harvester (PEH) and a negative Poisson’s ratio energy harvester with uniform
wall thickness (UEH) using parametric 3D modeling, finite element analysis, and experimental evaluations. The
findings indicate that the NEH has a lower fundamental resonant frequency, as well as more uniform stress—
strain distribution that leads to higher output voltage and power. Subsequently, multi-objective optimization
aimed at maximizing power and minimizing stress is conducted using an optimal Latin hypercube design,
neural network, and non-dominated sorting genetic algorithm II. This process results in an optimized energy
harvester (OEH), which reduces the maximum stress by 11.85% compared with NEH and achieves a power
density of 124.89 pW/g, representing increases of 94.1%, 186.8%, and 348.56% compared with NEH, UEH,
and PEH, respectively. The OEH achieves a normalized power density of 374.11 pW cm™ Hz~! that surpasses
the previous works. Finally, a vibration-driven wireless sensing system (VPSS) is constructed to validate the
performance of the proposed energy harvesters, enabling data transmission over approximately 200 m. Under
an excitation of 5 m/s?, the OEH facilitates temperature signal transmission with 37.5% higher efficiency
compared to the NEH, demonstrating significant potential for self-powered wireless monitoring of vibrating

equipment.

1. Introduction ease of miniaturization, and environmental robustness. These advan-
tages have led to its widespread adoption in diverse applications, from
The global pursuit of energy-efficient and sustainable solutions, industrial condition monitoring and wind energy capture to biomedical

driven by energy scarcity and environmental concerns, has positioned devices like pacemakers and wearable technology [8].
energy-harvesting technology as a pivotal field [1-3]. This technology Piezoelectric energy harvesters employing cantilever beam architec-
captures ambient energy from sources like light, heat, and vibration for ture, comprising a piezoelectric layer bonded to a clamped end and a
conversion into electricity. Among these, vibration energy harvesting proof mass at the free end, have attracted significant research attention
holds significant potential for powering wireless sensors to monitor due to their structural simplicity and operational efficacy. Neverthe-
industrial and natural systems, given the ubiquity of environmental vi- less, as inertial linear resonators, their output power is maximized
brations [4,5]. Piezoelectric conversion has become the most prevalent only near the resonant frequency. Besides, with the harvester volume
of the three primary mechanisms (electrostatic [6], electromagnetic reduced, its resonant frequency will be increased, leading to the low

[7-11], and piezoelectric [12-16]), owing to its high power density, power output at low frequencies. In practical environments, vibration
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frequencies frequently fluctuate with operational conditions, such as
varying machine loads, and even minor deviations in frequency can
lead to a significant decline in performance, thereby failing to satisfy
the power requirements of microelectronic devices. Furthermore, the
ambient vibrations are normally distributed within a low-frequency
range. Consequently, enhancing the energy-harvesting efficiency of
cantilever beam designs at low vibration frequencies remains a critical
objective.

To address the above limitation, researchers have investigated struc-
tural optimization, material innovation, circuit design, and the appli-
cation of multi-stable systems. In particular, structural optimization
has led to significant advances in this field. Nabavi and Zhang [17]
developed a MEMS-based T-shaped harvester that distributed mechan-
ical strain over a wider area, achieving a power density 4.8 times that
of traditional cantilevers. Yang et al. [18] incorporated an arc-shaped
structure, whose low stiffness enables large, uniform stress distribution,
resulting in 4.25 times higher output power than flat designs under
identical conditions. Ibrahim et al. [19] designed a gauge-shaped beam
with a lower resonance frequency and higher output power, suitable for
low-frequency ambient vibrations. Leveraging the larger piezoelectric
coefficient d|5 (compared with dj, for most materials), Malakooti and
Sodano [20] developed a shear-mode harvester that generated 50%
more power than the transverse-mode (d5,) designs under the same ex-
citation. Xu et al. [21] combined a cymbal transducer with a cantilever,
using the cymbal’s force amplification and the cantilever’s flexibility to
achieve high power under low-frequency excitation. Yang et al. [22]
designed a compression-mode harvester with a two-stage force am-
plification mechanism, producing 19 mW under low-frequency weak
excitation (4.9 m/s> at 21 Hz), ideal for low-intensity environments.

In recent years, the use of negative Poisson’s ratio (NPR) metas-
tructure in piezoelectric harvesting has increased to boost the output
while reducing the mass and volume, thereby improving the power
density [23-29]. These structures, characterized by interconnected mi-
croscale links and hinges, exhibit synchronous expansion or contraction
in two directions, a property that aligns the signs of longitudinal and
transverse stresses in bending, superimposing d;; and d;, modes to
enhance the energy output. Li et al. [25] developed an NPR can-
tilever with embedded piezoelectric elements, achieving 2.76 times
the output power of traditional designs. Chowdhury et al. [30] used
an elliptical NPR structure to double the output power. Farhangdoust
et al. [31] combined NPR and kirigami structures to enhance stretch-
ability, further increasing the output. Gao et al. [32] introduced a
layered NPR design with stronger stretchability, increasing power den-
sity by 40.73% compared to common NPR structures. Fang et al. [33]
utilized these structures with centrifugal force in a rotational harvester,
achieving 200.45% higher power at ultra-low rotation frequencies.
Chen et al. [34] incorporated a gradient NPR structure, achieving more
uniform stress distribution and 55% higher output than traditional NPR
designs.

The above research adopted traditional optimization methods, which
relied on trial-and-error approaches, lacking systematicity and effi-
ciency. Recent research has demonstrated that collaborative optimiza-
tion, which integrates genetic algorithms (GA) with analytical or finite
element models (FEM), significantly enhances the performance of en-
ergy harvesters. Nabavi et al. [35] combined a cantilever beam voltage
response analytical model (> 85% accuracy) with GA to optimize
geometric parameters, achieving a 2.13-fold improvement in energy
capture efficiency. Godoy et al. [36] implemented piezoelectric topol-
ogy optimization via electromechanically coupled FEM, increasing
energy output per unit mass. Kumar et al. [37] maximized power den-
sity through FEM-GA co-optimization of resistance, beam thickness, and
proof mass length. Nabavi et al. [38] reduced resonant frequencies (first
mode: 13%, second: 10%, third: 9.5%) using a COMSOL-MATLAB in-
terface, yielding outputs of 655 mV (first mode), 80 mV (second mode),
and 572 mV (third mode) under 9.8 m/s?> excitation. However, using
Finite Element Method (FEM) as a fitness function for optimization
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algorithms like Genetic Algorithms (GA) is computationally expensive,
as it requires numerous, costly simulations. Machine learning (ML) sur-
rogate modeling offers a solution by creating fast, approximate models
that learn the relationship between design variables and performance
from a limited set of data. This data-driven approach integrates design
of experiments, ML, and optimization to efficiently solve complex,
nonlinear engineering problems.

The above studies indicate that existing NPR energy harvesters
have only considered the linear gradient variation of supercell wall
thickness, while lacking efficient optimization methods. Therefore, this
study proposes a novel NPR energy harvester with nonlinear gradi-
ent variations in the supercell wall thickness. This nonlinear gradient
supercell wall thickness contributes to a more uniform stress—strain
distribution, which further results in higher output voltage and power.
In addition, ML-based optimization is utilized to simultaneously en-
hance the energy harvesting performance, maximizing the maximum
output power and reducing the maximum stress in the piezoelectric
components. On one hand, the power is improved for high-efficiency in
self-powered wireless sensing; on the other hand, the maximum stress
is reduced to enhance the mechanical durability of structure.

The rest of this paper is organized as follows: Section 2 outlines the
structural design of the proposed energy harvester. The working prin-
ciple of the harvester, along with comparative analyses against existing
designs, is demonstrated using finite element simulations. Section 3
details the optimization methodology and presents the corresponding
results. Experimental evaluations are provided in Section 4, covering
open-circuit voltage tests, impedance matching analysis, parametric in-
vestigations, and performance validation in an IoT application scenario.
Finally, Section 5 summarizes the key findings and conclusions of the
study.

2. Design concept

The 3D model of the proposed negative Poisson’s ratio energy
harvester has re-entrant hexagonal metastructure characterized by a
nonlinear gradient supercell wall thickness (NEH) as shown in Fig. 1.
The system consists of a cantilever beam, a piezoelectric buzzer, and
a proof mass. A cantilever beam with a re-entrant hexagonal structure
is fixed to the base, with both the base and the cantilever beam made
of photosensitive resin and manufactured using 3D printing methods.
As shown in Fig. 1(b), a mass block is attached to the upper and
lower sides of the cantilever beam free ends to reduce the resonance
frequency and increase the induced vibration stress. A piezoelectric
buzzer, composed of a piezoelectric sheet and brass film, is bonded
to the cantilever beam using epoxy resin to generate electrical energy.
When subjected to external excitation, the cantilever beam vibrates and
transmits this vibration to the piezoelectric buzzer, causing its deforma-
tion. The internal piezoelectric material then converts this mechanical
strain into an electric charge, generating an electrical output.

As shown in Fig. 1(c), the wall thickness increases nonlinearly
from the fixed to the free end. 20 re-entrant hexagonal NPR cells are
arranged on the cantilever beam and distributed in two columns and
ten rows. The two columns of cells are symmetrical and identical to
each other. The position near the fixed end is defined as Row 1, and the
position near the free end is defined as Row 10. The structural details
of the re-entrant hexagonal cell in Column 1, Row 10 are shown in Fig.
2(@) (I; =8.5mm, /, =575 mm, /3 =10 mm, w = 8.4 mm, § = 75°,
t1op = 1.5 mm). The wall thickness (¢) of the cells in each row varies
nonlinearly, whereas the other parameters (/;,/,, /5, w, ) are constant.
To describe the nonlinear variation in the wall thickness of the cells in
each row, a cubic function is used as follows:

1y = k3xd + kX + by x +b,x =1,2,3,...,10 €))

where x represents the row number, and 7, represents the wall thickness
of row x. The cubic function is employed to describe the nonlinear
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Proof mass
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Fig. 1. The 3D model of the proposed nonlinear gradient supercell wall thickness re-entrant hexagonal energy harvester: (a) Isometric view, (b) exploded view,

and (c) top view.

(@)

Fig. 2. (a) A re-entrant hexagonal NPR structure, (b) PEH substrate, (c) UEH substrate, and (d) NEH substrate.

variation of the wall thickness as it provides the necessary mathemat-
ical flexibility to compensate for the nonuniform stress distribution of
the cantilever beam. By adjusting the coefficients ks, k,, k|, and b, the
structural stiffness and mass distribution can be precisely modulated
to achieve a more uniform strain field across the piezoelectric patch,
thereby optimizing the electromechanical conversion efficiency.

To prove the superiority of the proposed design, it is necessary
to compare the proposed energy harvester with other designs. Three
different energy harvester models are designed and established for
comparative analysis: a traditional plain substrate (PEH), a re-entrant
hexagonal substrate with a uniform wall thickness (UEH), and a re-
entrant hexagonal substrate with a nonlinear gradient supercell wall
thickness (NEH). As shown in Fig. 2 (b), (c), and (d), their lengths,
widths, and thicknesses are identical. However, the key difference is
that the latter two substrates employ different NPR structures. From
Fig. 2(a), it can be observed that the unit cell contracts along 2-axis
when compressed along 1-axis, as opposed to the expansion of a regular
structure with a positive Poisson’s ratio. This property is called the
negative Poisson’s ratio (NPR).

The design principles of the proposed NEH are described as follows.
Based on the positive piezoelectric effect, when piezoelectric materials
are subjected to mechanical stress, a charge separation phenomenon oc-
curs on their surface, thereby forming an electric field or voltage. When
a piezoelectric energy harvester operates in the bending mode, both
the strain coefficients d;; and d3, (d3; = d3,) of the piezoelectric sheet
can generate electric power. Therefore, the open-circuit voltage output
of the piezoelectric sheet under this condition can be approximately
expressed as:

dyit, . _
Uoc = —L (011 +022) (2)
€33

where 7, and ¢33 are the thickness and permittivity of the piezoelectric

sheet. o,; and o,, are the average stresses of the piezoelectric sheet

in the longitudinal (along 1-axis) and lateral (along 2-axis) directions.

When the load resistance is matched to the internal impedance of the

piezoelectric sheet, it can be expressed as
1 Ip

Ry =—= ——~ 3
LT 2nfC,  2nfenA, ®
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Fig. 3. Decomposition diagram of the re-entrant hexagonal energy harvester with nonlinear gradient supercell wall thickness.

where f and A, are the excitation frequency and electrode area. Based
on (1) and (2), the corresponding maximum output power generated
by the piezoelectric sheet can be expressed as

2
Yoc 5
V2 Tf1,A,d3,
Pmax = R =
L £33

(51 +52)° )

It can be observed from (3) that the maximum electrical power gen-
erated by the piezoelectric sheet is directly proportional to the square
of the sum of the average stresses experienced (i.e., (7, + 322)2).
Therefore, compared with the traditional plain substrate (c,, is close
to zero), the substrate with the NPR structure (c,, has the same sign as
o)1) can increase the output power. In NPR structures, the thinner the
wall, the greater the local stress experienced by the piezoelectric patch
during vibration. Furthermore, in the cantilever beam model, the stress
decreases from the fixed end to the free end during the vibration. Under
the same excitation level, when the wall thickness is small, the stress
is excessive, leading to the material fatigue; when the wall thickness is
high, the stress is so small that the energy harvested is low. Thus, both
the conditions when the wall thickness from the fixed end to the free
end is uniformly small or large are not preferred from the aspects of
mechanical durability or energy harvesting ability. Therefore, the NEH
proposed in this work considered nonlinear gradient wall thickness for
seeking the optimization design. Overall, by comparing PEH, UEH, and
NEH, this strategy allows for a systematic investigation of the effects
of different internal structures and wall thickness distributions on the
overall performance of energy harvesters.

3. Analysis

As shown in Fig. 3, an electromechanical coupling model is built
in COMSOL Multiphysics to preliminarily validate the assumed advan-
tages of the NEH. This model consists of five main parts: a cantilever
beam base, epoxy resin layer, piezoelectric sheet, brass film, and proof
mass. The geometric size parameters of these components are shown
in Table 1. The piezoelectric sheet and brass film are combined to
form a piezoelectric buzzer. The base of the cantilever beam is man-
ufactured from photosensitive resin using 3D printing technology and

Table 1
The geometric size parameters of the components.

Components Parameters Symbols Values (mm)
Length I 97
Cantilever beam base Width wy 20
Thickness t 3
Length Ly 20
Proof mass Width w,, 10
Thickness Ly 4
Length I 86
Piezoelectric sheet Width w, 20
Thickness 1, 0.25
Length A 86
Brass film Width w, 20
Thickness ty 0.2
Epoxy resin layer Thickness 1, 0.05

firmly bonded to the piezoelectric buzzer with a layer of epoxy resin.
The epoxy resin and cantilever beam base have the same geometric
dimensions, thus ensuring the consistency and stability of the overall
structure. The contact interfaces between the structural layers are
modeled using a bonding constraint to enforce displacement continuity.
This boundary condition ensures that the mechanical strain is fully
transferred from the cantilever beam through the epoxy layer to the
piezoelectric components without relative slip. The epoxy resin is de-
fined as a linear elastic material with a thickness consistent with the
experimental setup. In addition, the added proof mass helps adjust the
operating frequency range of the system, making it more suitable for
specific application scenarios. To ensure the convergence and accuracy
of the numerical results, a mesh independence study is performed. The
structure is discretized using fine tetrahedral elements, and the final
mesh consists of more than 150,000 elements. This discretization level
ensures that the calculated fundamental resonant frequency remains
stable, with a variation of less than 1% upon further mesh refinement.
This confirms that the training dataset for the surrogate model is
independent of the mesh size.

Based on the finite element model, the fundamental resonant fre-
quencies of the PEH, UEH, and NEH are identified as 44.3, 29.6,
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Fig. 4. Displacement distributions of the substrates: PEH along (a) 1-axis and (d) 2-axis, UEH along (b) 1-axis and (e) 2-axis, and NEH along (c) 1-axis and (f)
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Fig. 5. Strain distributions of the piezoelectric patches in (a) PEH, (b) UEH, and (c) NEH, stress distributions of the piezoelectric patches in (d) PEH, (e) UEH,

and (f) NEH.

and 24.4 Hz, respectively. The results show that introducing an NPR
structure into the cantilever beam matrix can significantly reduce the
resonant frequency, and introducing a nonlinear gradient supercell
wall thickness design into the NPR structure can further enhance the
effect of reduction. This reduction is attributed to the synergistic effect
of the special mechanical behavior of the NPR structures and the
wall thickness of the nonlinear gradient supercells, which jointly alter
the equivalent stiffness and mass distribution characteristics of the
structure.

Then, a 5 m/s? base excitation along 3-axis is applied to investigate
the characteristics of the three energy harvesters. The longitudinal and
lateral displacements of the cantilever beam base during the vibration
period are shown in Fig. 4. The displacements of the three structures
along the 1-axis (longitudinal) are all positive, indicating that the
structures undergo tensile deformation in the longitudinal direction.
Meanwhile, there are differences in the displacement conditions along
the 2-axis (lateral): the lateral displacement of the PEH is negative [Fig.
4(d)], indicating that the plain substrate has contracted in the lateral

direction. The lateral displacements of the UEH and NEH are both
positive [Fig. 4(e) and (f)], indicating that these structures undergo
tensile deformation in the lateral direction, presenting an NPR effect.
Moreover, the lateral displacement of the NEH is greater than that of
the UEH, indicating that the introduced nonlinear gradient supercell
wall thickness design enables the re-entrant hexagonal NPR structure to
have a greater displacement under the same excitation. In addition to
the displacement, the strain and stress distributions of the piezoelectric
patches are plotted in Fig. 5. Due to the NPR effect and the stress
concentration it causes, the average strain and stress in the UEH [Fig.
5(b) and (e)] and NEH [Fig. 5(c) and (f)] are enhanced compared with
those in the PEH [Fig. 5(a) and (d)]. Deduced from (1), the higher
values of the average stresses with the same signs can contribute to
a higher output power of the energy harvester.

Furthermore, the proposed NEH exhibits a more uniform strain and
stress distribution compared to the UEH. This is because the introduc-
tion of a nonlinear gradient in supercell wall thickness further improves
the uniformity of stress and strain distributions across the piezoelectric
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Fig. 6. The (a) flowchart of multi-objective design and (b) BP neural network model structure of the proposed energy harvester.

sheet, leading to higher average stress and strain and thus a significant
enhancement in output power.

4. Optimization

Due to the complex geometric shape and multi-physics field cou-
pling characteristics of NPR energy harvesters, traditional theoretical
modeling methods are difficult to accurately establish the quantitative
relationship between geometric parameters and energy harvest perfor-
mance. Moreover, although NEH has a higher stress level, according
to the stress-life curve, an increase in stress will lead to a decrease in
fatigue lifetime. To exploit the potential of this nonlinear gradient su-
percell wall thickness design while achieving the best balance between
the maximum output power (Power) and maximum stress (Stress)
of the energy harvester, this section employs ML-based optimization
techniques to conduct multi-objective optimization on the NEH. The
workflow of the proposed optimization process is shown in Fig. 6(a).
Firstly, the geometric parameters are initialized via optimal Latin hy-
percube sampling (OLHS) to generate sampling points. After modeling
in SOLIDWORKS, FEA can be performed in COMSOL to obtain the
Power and Stress, forming the sample dataset. Then, using this dataset,
the back propagation (BP) neural network is employed to train the sur-
rogate model and verify its accuracy. Subsequently, the non-dominated
sorting genetic algorithm II (NSGA-II) method can be applied to derive
the Pareto solutions. Finally, the optimal solution can be screened out
from the Pareto solutions using the entropy weighted technique for
order preference by similarity to ideal solution (EW-TOPSIS) method.

Specifically, an initial dataset consisting of 524 samples is obtained
by using the OLHS method to generate initial samples and conducting
FEA. Compared to conventional random sampling, OLHS achieves su-
perior space filling properties by sampling each design variable exactly
once at each level. This prevents the clustering of sample points and
allows the surrogate model to capture the global characteristics of the
design space more efficiently, which is critical for reducing the number
of computationally expensive FEA simulations required for training.
The inputs of the dataset are the four coefficients (ks3, k,, k; and b)
in the cubic function describing the nonlinear gradient supercell wall
thickness of the NEH in the previous text, and the outputs are the Power
and Stress. To eliminate dimensional differences and improve model
performance, Z-score normalization is applied to the initial dataset,
converting the original data into a standard normal distribution form
with a mean of 0 and a standard deviation of 1. The standardized data

not only have a unified scale but also effectively enhance the training
efficiency and prediction accuracy of the model.

The architecture of the BP neural network model is shown in Fig.
6(b). The BP neural network is chosen as the surrogate model due
to its robust universal approximation capabilities. Given the highly
nonlinear nature of the electromechanical coupling in NPR structures,
the BP network effectively bypasses the need for complex analytical
derivations while providing rapid and accurate performance predic-
tions, significantly accelerating the iterative optimization process. In
this architecture, the number of neurons (n) in the hidden layer and
the learning rate (a) of the optimizer will have an impact on the model
performance. Therefore, the parameter analysis of » and « is required.
Fig. 7 shows the parametric analysis results of the » in the hidden layer.
It can be observed that when # is 10, the loss values of both the training
set and the validation set are small and closest, which indicates that
the model has good generalization ability. When » is 50, 250, or 1000,
as the number of training iterations increases, the loss value of the
training set continues to decrease, but the loss value of the validation
set first decreases and then increases. This indicates that the model
has experienced overfitting, that is, the model begins to over-learn the
details and noise in the training data, thereby affecting its performance
on unseen data. In conclusion, » is ultimately set to be 10 to achieve the
best balance between the training efficiency and model performance.

Fig. 8 shows the parametric analysis results of the a. It can be
observed that when « is 0.0001, although the training speed of the
model is relatively slow, it can eventually converge. As « increases, the
training speed of the model significantly accelerates. When « is 0.005,
not only does the model have a fast convergence speed, but also the loss
values of both the training set and the test set drop to an extremely
low level (close to 0), indicating that the model has excellent fitting
ability and generalization performance. However, when « continues to
increase, the model begins to exhibit overfitting, which is manifested
as a continuous decline in the loss value of the training set and a
gradual increase in the loss value of the test set. In conclusion, the « is
ultimately set to be 0.005 to achieve the best balance between training
efficiency and model performance.

After determining the above parameters (n and «), the specific
settings for the training of the model are as follows: the dataset divided
into a training set (80%), a validation set (10%), and a test set (10%);
the nonlinear activation function is adopted between layers to enhance
the nonlinear expression ability of neural networks and overcome the
limitations of linear models. During the model training process, the
optimizer is used for parametric optimization (¢ = 0.005), the loss
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Fig. 7. The results of the number of neurons parametric analysis: (a) n = 10, (b) n = 50, (c) n = 250, and (d) comparison chart.
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Fig. 8. The results of the learning rate parametric analysis: (a)

function selects the root mean square error (RMSE), and the number
of training iterations is set to 10000. After the model training is com-
pleted, the fitting results of the proposed energy harvester are shown in
Fig. 9. The R? value of the Power in the final trained model is 0.9966,
with a maximum error of 1.56% and an average error of 0.56%. The
R? value of the Stress is 0.7845, with a maximum error of 8.85% and
an average error of 3.46%.

Based on the ML surrogate model established above, the NSGA-II
method is adopted to conduct multi-objective optimization of NEH. The
advantage of employing NSGA-II lies in its elite retention strategy and
its effectiveness in handling conflicting objectives, such as maximizing
power while reducing stress. By utilizing a fast non-dominated sorting
procedure, the algorithm maintains a diverse set of solutions, ensuring
that the final Pareto front offers a comprehensive range of optimal
design configurations for various application requirements.. The value
range of each row wall thickness (z,) is set to be [0.5 mm, 2 mm].
The determination of these optimization ranges is informed by the
precision of the 3D printing and the need to maintain the negative

(b)
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34
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1 4
0 - T T T T T T
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(d) Iterations
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o
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0.0 4 T T
1E-4 0.001 a 0.01

a = 0.0001, (b) @ = 0.005, (c) a = 0.05, and (d) comparison chart.

Poisson’s ratio effect. A minimum thickness of 0.5 mm is required
to ensure structural stability during vibration, while a maximum of
2 mm prevents the structure from becoming too rigid, which would
otherwise reduce the energy output at low frequencies. Therefore, the
multi-objective optimization formula of the NEH can be expressed as

max Power
{min Stress
0.5mm <t <2 mm,
045<b<1, )]
s.t. 0<k; £0.05,
0 <k, <0.005,
0 < k3 <0.0005.

After adjusting the algorithm parameters many times, the size of
population, the number of iterations, the mutation probability, and the
crossover probability are ultimately set to be 100, 200, 0.3, and 0.8,
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respectively, and binary encoding is adopted. The Pareto front solutions
obtained after optimization and the optimal solution (OEH) screened
out by the EW-TOPSIS method are shown in Fig. 10. It can be observed
that the Power and Stress of OEH are 3.052 mW and 2.15 MPa at the
optimized point, respectively. The values of the four coefficients (ks,
ky, k; and b) of the OEH are ultimately set to be 5e - 4, 0, 2.348e -
3, and 0.505, respectively. To verify the accuracy of the results, FEA is
conducted for verification: The maximum output power and maximum
stress of OEH at 40 kQ are 3.007 mW and 2.38 MPa, indicating the
prediction error of 1.5% and 9.66% using the ML model, respectively.
Specifically, results show that the Power and the Stress of the OEH
have been increased by 85.41% and decreased by 11.85%, respectively,
compared with those of the original NEH (1.6218 mW, 2.73 MPa).

As shown in Fig. 11(a), the output power of the re-entrant hexagonal
energy harvester increases generally with rising stress. The majority of
data points are concentrated on the left side of the region, exhibiting a
distinct linear trend, although a small subset of data displays a scattered
distribution with minor fluctuations. The operational point of the OEH
falls within this linear range, indicating that the fitting model achieves
a satisfactory level of accuracy in this domain. As shown in Fig. 11(b),
the output power decreases with increasing frequency, demonstrating a
clear negative correlation. Furthermore, the OEH maintains high output
power at lower frequencies, making it well-suited for low-frequency

vibrational environments. This advancement offers a novel strategy for
optimizing other NPR energy harvesters.

5. Experimental validation

As shown in Fig. 12, to verify the proposed design, a vibration
experimental platform is built, and its main equipment includes a
computer, a vibration controller (VT-9002), a power amplifier (VSA-
H132 A), a vibration table (VE-51100ST), a fan (HG-1100), an ac-
celeration sensor, and an oscilloscope. During the experiment, the
computer transmits control signals to the controller, which converts the
control signals into pulse signals and transmits them to the vibration
table, thereby driving the table to generate vibration. Meanwhile, the
acceleration sensor will feed back the acceleration signals of the table
to the controller. The controller dynamically adjusts the drive pulse
signals based on the feedback signals to perform a closed-loop control.

Fig. 13(a) and (b) respectively show the back and front views
of PEH, UEH, and NEH. To mitigate the discrepancies caused by
manufacturing tolerances, high precision 3D printing is utilized for
the cantilever substrates. The piezoelectric buzzers are bonded to the
substrates by a manufacturer using an automated pattern dispensing
process. This approach ensures that the epoxy resin is precisely aligned
with the structural walls of the re-entrant hexagonal cells while main-
taining a bonding thickness consistent with the numerical model. The
patterned application is critical as it prevents resin from filling the
hollow voids of the NPR structure, thereby preserving the structural
flexibility required for effective strain transfer and negative Poisson’s
ratio effects. It can be observed in Fig. 13(b) that the substrate of PEH is
plain, and the substrates of UEH and NEH contain re-entrant hexagonal
structures. The supercell wall thickness of UEH is uniform, while the
supercell wall thickness of NEH is nonlinear gradient. Moreover, Fig.
13(c) presents a comparison between OEH and NEH. It can be observed
from Fig. 13(d) that, after optimization, the supercell wall thickness of
UEH and NEH increases in each row.

An experimental inversion method is employed to identify and
calibrate key simulation parameters, such as the structural damping
ratio. By refining these parameters based on the measured open-circuit
voltage and frequency response curves, the numerical model achieves
a closer approximation of the experimental result. As evidenced by
the preceding FEA, the maximum stress of OEH is lower than that of
NEH. According to fatigue strength theory, the fatigue life of materials
is inversely proportional to stress amplitude, suggesting that OEH is
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Fig. 13. The (a) back and (b) front views of the prototypes of the PEH, UEH, and NEH; the (c) front view and (d) wall thickness variations of OEH and NEH.

expected to exhibit a longer service life compared to NEH. To validate
this inference, durability tests are conducted on both OEH and NEH
under an excitation of 1 m/s> over a period of 50 h. As shown in
Fig. 14, the initial open-circuit peak-to-peak voltage of NEH is 7.27 V,
decreasing to 5.24 V after 50 h, representing a reduction of 27.9%. In

contrast, the initial peak-to-peak voltage of OEH is 9.04 V, declining
to 7.36 V after 50 h, representing a reduction of 18.58%. The voltage
degradation profiles of both devices demonstrate nonlinear behav-
ior, characterized by a relatively rapid decline within the first 10 h,
followed by stabilization and fluctuation around 5.24 V (NEH) and
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when connected to different load resistances.

7.36 V (OEH), respectively. This trend indicates that internal damage
accumulation in the materials gradually reaches a state of dynamic
equilibrium. The results confirm that OEH exhibits superior retention of
electrical performance during prolonged operation, demonstrating en-
hanced durability and supporting the earlier life expectancy prediction
based on stress levels.

As shown in Fig. 15(a), to verify the superiority of the proposed
NEH, the frequency response test at 5 m/s*> under open-circuit con-
dition is first conducted to identify the resonant frequencies of the
PEH, UEH, and NEH, which are found to be 45.6, 28.5, and 23.6 Hz,
respectively. The simulation errors of their resonant frequencies are
2.93%, 3.72%, and 3.28%, respectively, which are relatively small. This
verification process confirms the accuracy of the FEA simulation model.
After that, they are connected to load resistance for measuring output
power, and the impedance matching results are plotted in Fig. 15(b),
where the maximum output power of PEH, UEH, and NEH reaches
0.764, 1.0573, and 1.5121 mW at 20, 25, and 25 kQ, respectively.

Furthermore, the corresponding power mass densities of these en-
ergy harvesters are found to be 27.84, 43.55, and 64.34 pW/g, respec-
tively. Therefore, it can be found that compared with UEH and PEH,
the power mass and volume density of NEH are increased by 47.6%
and 131.1%, 43% and 97.9%, respectively, proving the effectiveness
of the introduced nonlinear gradient supercell wall thickness design in
NEH.

As an upgrade of NEH, the resonance frequency of the OEH is found
to be 17.6 Hz and the maximum output power at 40 kQ is 2.831 mW.
Fig. 16 presents the maximum output power of OEH and NEH when
connected to different load resistances, validating the effectiveness of
the optimization method. In addition, the power mass density of OEH
reaches 124.89 pW/g, which increases 94.1%, 186.8%, and 348.56%
compared with that of NEH, UEH, and PEH, respectively.

Moreover, the normalized power density (NPD) of OEH is compared
with that of the existing NPR piezoelectric energy harvesters obtained
from references, further proving the superiority of the proposed design.
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Fig. 16. The maximum output power of the OEH and NEH when connected
to different load resistances.

The NPD (max power divided by the volume of the piezoelectric sheet
and the resonant frequency) of the energy harvesters is summarized in
Table 2. The NPD of OEH is 374.11 pW cm~3 Hz~!, which is higher than
those of existing energy harvesters. This indicates that the proposed
energy harvester has superior energy harvesting performance at low
frequencies.

After that, to validate the proposed energy harvester to stably
supply power for Internet of Things (IoT) devices under low-frequency
vibration conditions, the previous vibration experimental platform is
combined with wireless IoT devices to construct the vibration-powered
sensing system (VPSS). The utilized IoT device is depicted in Fig. 17(a),
where the red board is the rectifier bridge, the blue board is the energy
storage module (ESM), the black board is the energy user module
(EUM), and the green board is the long-range (LoRa) module. When
the system is subjected to vibration excitation, the energy harvester
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Table 2
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The performances of NPR piezoelectric energy harvesters in the literature.

Resonant frequency (Hz)

Max power (pW) NPD (uWW cm™3 Hz™!)

References Volumep;,,, (cm?®)

Eghbali et al. [26] 0.072 181.91
Li et al. [25] 1 -
Eghbali et al. [29] - 59
Ferguson et al. [39] 0.072 10
Chen et al. [24] 0.12 7.19
Kabirian et al. [40] 0.16 106
Gao et al. [32] 0.36 -

This work 0.43 17.6

2030 154.99
690 -
60.1 -
191.1 265.42
122.65 142.15
3150 185.73
5660 -
2831 374.11
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Fig. 17. Schematic of the (a) IoT device and the (b) corresponding circuit topology diagram.

converts the environmental vibration energy into alternating current
through the piezoelectric effect. As shown in Fig. 17(b), the alternating
current is first converted into direct current by the rectifier bridge,
which is stored in the capacitor in the ESM. Then, the ESM adjusts the
voltage to an appropriate level to supply power to the EUM and LoRa
module. EUM performs temperature perception and data transmission
tasks. The LoRa module transmits the data collected by the EUM over
a long distance to the computer via wireless communication.

Besides, under an excitation of 5 m/s2, the corresponding vibration
frequencies for NEH and OEH are 23.6 Hz and 17.6 Hz, respectively. As
shown in Fig. 18(a), the vibration drive system, energy harvesters, and
sensing end are deployed in the indoor laboratory, and the receiving
end is placed approximately 200 m outdoors. As shown in Fig. 18(c)
and (d), the oscilloscope records the variations of each key voltage
signal during the system operation. The energy accumulation and signal
transmission stages of NEH and OEH last approximately 120 s and
75 s, respectively, indicating that the energy accumulation and signal
transmission efficiency of OEH is 37.5% higher than that of NEH. It has
been verified that due to the high output power of OEH, it can achieve
real-time self-powered temperature transmission at short time intervals.
As shown in Fig. 18(b), the computer successfully receives four signals,
corresponding to the four-voltage jump-drops of the OEH recorded
by the oscilloscope, indicating that the signal transmission is stable
and reliable. Overall, the experimental results verify the feasibility and
stability of the proposed NEH and OEH in vibration-driven self-powered
wireless sensing systems.

6. Conclusion

Although vibration energy harvesters have been widely utilized
to provide sustainable power for IoT devices, miniaturized cantilever
piezoelectric energy harvesters often exhibit insufficient power at low
frequencies. In this article, an NEH is proposed to improve the ef-
ficiency of vibration piezoelectric energy harvesting by introducing

11

a nonlinear gradient supercell wall thickness design into the NPR
structure. Compared with the traditional UEH, the NEH has a lower
resonant frequency, greater displacement, and more uniform stress and
strain distribution, which can contribute to a higher output power.
In addition, ML-based optimization techniques are also utilized to
conduct multi-objective optimization for the NEH. FEA is performed
to explore the performance of the energy harvesters, which shows that
the maximum stress of the OEH is reduced by 11.85% compared with
that of UEH. This simulation result verifies that the proposed design is
beneficial for the lifetime of the energy harvester.

In the experimental validation, under the excitation of 5 m/s?, the
power density of NEH reaches 64.34 pW/g, increased by 47.6% and
131.1% compared with UEH and PEH, respectively. This proves that the
introduced nonlinear gradient supercell wall thickness design in NEH
can effectively improve the efficiency of the energy harvesting. Besides,
through optimization, the power density of OEH reaches 124.89 uW/g,
which is further increased by 94.1% compared with the original NEH.
This validates the effectiveness of the optimization method and demon-
strates the potential of the nonlinear gradient supercell wall thickness
design. Furthermore, in IoT application testing, under the excitations of
5 m/s?, NEH and OEH respectively support the IoT system to transmit
temperature signals once every 120 s and 75 s, verifying their good
stability. Moreover, the transmission efficiency of OEH is 37.5% higher
than that of NEH, demonstrating the ability of the proposed OEH to
exhibit sufficient power for IoT devices at a lower frequency.

In future work, attempts can be made to introduce the nonlinear
gradient supercell wall thickness design into other types of NPR energy
harvesters beyond the re-entrant hexagon, thereby further expanding
their applicability and potential for performance improvement across
different structures. In application, the proposed harvester offers ad-
vantages for diverse sensing networks in smart cities, aerospace, and
marine engineering. It facilitates autonomous operation for structural
health monitoring of urban infrastructure, wireless strain sensing for
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aircraft airframes, and environmental monitoring in marine informa-
tion networks. These applications address the challenge of battery
replacement in areas where manual intervention is impractical. Ad-
ditionally, although this study successfully verifies the performance
of NEH and OEH in vibration-driven wireless sensing systems under
laboratory conditions, no protective measures are implemented for
the energy harvesters. Subsequent studies will focus on developing
specialized packaging and protective measures to ensure the stability
and reliability of the device in complex and harsh environments.
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