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Constructing a ocean Internet of Things requires an essential ocean environ-
ment monitoring system. However, the widely distributed existing ocean

monitoring sensors make it impractical to provide power and transmit mon-
itored information through cables. Therefore, ocean environment monitoring
systems particularly need a continuous power supply and wireless transmis-
sion capability for monitoring information. Consequently, a high-strength,
environmentally multi-compatible, floatable metamaterial energy harvesting
device has been designed through integrated dynamic matching optimization
of materials, structures, and signal transmission. The self-powered monitoring
system breaks through the limitations of cables and batteries in the ultra-low-
frequency wave environment (1 to 2 Hz), enabling real-time monitoring of
various ocean parameters and wirelessly transmitting the data to the cloud for
post-processing. Compared with solar and wind energy in the ocean envir-
onment, the energy harvesting device based on the defective state char-
acteristics of metamaterials achieves a high-energy density (99 W/m?). For the
first time, a stable power supply for the monitoring system has been realized in

various weather conditions (24 h).

Up to 70% of the Earth’s surface area is covered by oceans, and the
construction of the Ocean Internet of Things (OloT) by various countries
aims to monitor various ocean parameters. However, a key challenge in
building OloT is how to effectively power these widely distributed sen-
sors over the long term'”, These sensors are numerous and widely dis-
tributed, with some arranged in extreme environments where battery
replacement or power supply via cable is challenging® . Thus, to ensure a
consistent power supply to sensor devices in OloT, leveraging energy
harvesting technology to convert the ocean blue energy offers a self-
sustainable solution for long-term and distributed monitoring.
Environmental energy, such as vibration’™", friction’*”®, solar
wind”*¥, and ocean waves'® %, is harvested and converted into elec-
trical energy by energy harvesting technology. For monitoring devices

14-16
’

and sensing networks operating in the ocean, ocean wave energy
harvesting offers several advantages, including (1) the highest energy
density among all renewable energy sources?, (2) no chemical pollu-
tion to the ocean environment, and (3) a longer average time of
availability. Wave energy can be available for up to 90% of the time
compared with wind and solar energy, which are typically 20-30%*.
The development of wave energy harvesting technology has resulted
in numerous large harvesting devices, including attenuators®, oscil-
lating wave surface converters®, pressure-differential wave energy
converters”, point absorbers®, operating water columns®, and bulge
head energy converters®. Masuda et al.*! developed a self-powered
buoy that utilizes ocean wave energy to navigate ships at sea. While
gradually increasing the energy conversion capacity, challenges are
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encountered in building and maintaining these large-scale ocean
energy harvesting systems due to their bulkiness, complexity, and high
costs. Furthermore, limitations were observed in the efficiency of
harvesting irregular low-frequency ocean wave energy in these sys-
tems. Thus, the development of an innovative and efficient device to
overcome the technical limitations of conventional ocean energy
harvesting equipment is desirable.

Professor Wang’s team proposed an energy harvesting approach
in 2012 to address the problems of complex structures and high
construction and maintenance costs of large-scale ocean wave
energy harvesting equipment. This method is based on the coupling
of triboelectrification and electrostatic induction, and it is called
triboelectric nano-generator (TENG)**~*. The main methods for wave
energy harvesting through a triboelectric mechanism include liquid-
solid contact TENG*”¢, fully enclosed TENG*~**, biomimetic structure
TENG™, and ocean energy harvesting TENG network structures*.
The application of TENG technology has demonstrated highly
effective performance for wave and tidal energy, which is prevalent
in the ocean""**. However, frictional electro-nano-generators suffer
from water ingress and coating damage in special environments,
such as typhoons and thunderstorms, resulting in the loss of their
ability to convert energy. Thus, an energy harvesting device that
is insensitive to the above factors must be designed to ensure
a continuous supply of energy to ocean monitoring devices in
extreme environments.

Metamaterials exhibit the characteristic of concentrating energy
at the defect location**"*’. Recently, point defect-based metamaterials
have gained prominence in the field of vibration energy harvesting*s~*,
Acoustic metamaterials with point defects exhibit an acoustic
localization™ and energy concentration® effect at the defect location.
The efficiency of vibration energy harvesting is enhanced by the
mutual coupling of coupled electrical Helmholtz resonators®’. External
environments, such as temperature®, affect two-dimensional (2D)
infinite metamaterials containing point defects to enhance vibration
energy harvesting. Ravanbod et al.*” designed an efficient piezoelectric
harvesting device based on the defect state properties of metamater-
ials; Akbari-Farahani et al.®® concentrated the sound energy at the
defect locations of metamaterials to enhance the acoustic wave energy
harvesting; Krushynska et al.®" investigated the band gap of metama-
terials and designed a single-phase solid metamaterial with a quasi-
resonant Bragg band gap that enables the modulation of elastic waves.
The studies above share a common feature: the highest vibrational
energy is harvested at the defect band frequencies for both elastic and
acoustic vibration energy harvesting. Inspired by these primary dis-
coveries, this study proposes an energy harvesting device for point
defect metamaterials that can modulate the elastic waves generated
during wave fluctuations and concentrate the in-plane fluctuation
wave energy at the defect location for efficient energy harvesting.

Conventional TENGs encounter durability challenges, and the
organic materials used may decompose because of the effects of salt
water and sunlight, resulting in a loss of their ability to generate
electricity. Electromagnetic energy harvesters offer the advantages of
a simple structure and high shock resistance but suffer from low out-
put voltage. The surface vibration energy is concentrated to form a
high-density energy region based on the energy concentration prop-
erties of the metamaterial. This improves the output voltage of the
energy harvester.The phenomenon of nonuniformity of the output
phase may occur when wave energy is harvested using multiple energy
harvesting® %> cells in a device, which can significantly reduce the
efficiency of wave energy harvesting. Leveraging the defect state
properties of metamaterials enables the concentration of wave energy
at the defect location when the wave frequency matches the resonance
frequency. This mechanism significantly enhances the efficiency of
energy harvesting and ensures a sustainable and stable energy supply
for the monitoring system.

This study designs a self-powered sensing node for the sensing
network in the ocean loT system, which applies the energy con-
centration effect of point-deficient metamaterials for efficient wave
energy harvesting to supply electrical energy of the sensing nodes for
OloT systems. This device is waterproof, corrosion-resistant, and
unaffected by coatings, allowing for more effective harvesting
and conversion of wave energy in extreme weather conditions.
Compared with traditional ocean wave energy harvesters, the non-
linear electromagnetic energy harvesting device developed in this
study offers the benefits of a simple structure, superior shock resis-
tance, and cost-effectiveness. However, electromagnetic energy
harvesting devices generate high-induced currents and low voltages,
and the magnitude of the electrical output is affected by the rate of
change of the magnetic flux. To address this challenge, this study the
use of the unique defect state characteristics of metamaterials to
harvest the scattered vibration energy within the oceam wave
environment at the defect location of the metamaterials. The
advantage of this design is that it centralizes energy harvesting at a
point on a plane, thereby avoiding the issue of inconsistent AC phase
that arises when multiple energy harvesters are placed across
the plane. The article first describes the design and operational
principle of the self-powered energy ocean environment monitoring
system in the ocean loT. Subsequently, it examines the energy con-
centration characteristics of the point-defective metamaterials used
for the energy harvesting function in this monitoring system.
Experiments were conducted in the simulated wave environment and
the real ocean environment. Finally, the conclusion is presented in
the discussion section.

Results

Self-powered Ocean environmental health monitoring system
The design of a self-powered ocean environmental health monitoring
system that converts ocean wave energy into electrical energy is illu-
strated in Fig. 1. A schematic of the energy-harvesting process of a
metamaterial energy-harvesting device in an ocean wave environment
is shown in Fig. 1a. The red dashed circle represents the electro-
magnetic energy harvesting cell (active cell), which mainly consists of
the outer shell, the inner shell, the magnetic ball, and the five series-
connected induction coils solidly attached to the inner shell, whereas
all the other cells on the plane are passive cells (with no energy har-
vesting capability), which consist of the outer shell and the resonant
ball as shown by the blue dashed circle.as shown in Fig. 1a. It is
important to note that the outer shell of the energy harvesting cell and
the outer shell of the resonant cell have the same dimensions, but the
magnetic ball moves in the inner shell with a radius of motion that is
smaller than that of the resonance ball, which is a point of defect in the
fabrication in metamaterials. Figure 1b(i) illustrates the energy con-
centration characteristics of defective metamaterials under wave
excitation, where the excitation of the metamaterials is concentrated
at the defect location to generate a high-energy density zone. The
displacement cloud of a metamaterial plate with point defects when
subjected to wave excitation is modelled by using finite element
method as shown in Fig. 1b(ii). The energy concentrates per unit area at
the location of the defects, resulting in anincrease in displacement and
more energy at the defect location when the metamaterial plate is
subjected to out-of-plane excitation. The metamaterial plate consists
of 4x4 cells (scalable), including 15 resonant cells without energy
harvesting capability and 1 energy harvesting cell, as shown in Fig. 1a.
The ball-rolling resonant cells of the periodic array tune the propa-
gation of elastic waves in the metamaterial plate. When the elastic
wave propagates in the metamaterial, the resonant cell at the defect
is different from that of the entire periodic array, i.e., a local reso-
nance is formed at the defect location, which limits the elastic wave
to the defect location and generates a high-energy-density region to
realize efficient harvesting of vibration energy. Efficient harvesting
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Fig. 1| Design diagram of wave energy harvesting and self-powered health
monitoring system in OloT. a Schematic of a metamaterial energy harvester
harvesting wave energy from the ocean environment.the red dashed circle illus-
trates the electromagnetic energy harvesting cell and the blue dashed circle illus-
trates the resonant cell; b (i) Schematic of the energy concentration phenomenon
of the metamaterial with defects under wave excitation; (ii) Simulated displace-
ment clouds of metamaterial plates with point defects when excited by ocean
waves, ¢ schematic design of a self-powered ocean environmental health mon-
itoring system: (i) high-density wave energy harvesting metamaterial panels. The
green circle illustrates the resonant cell and the red circle illustrates the energy
harvesting cell, (i) rectifier module (AC > DC);(iii) Series/parallel conversion
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module for energy storage elements. (S is a single-patch double-throw switch
(ADG719-EP) integrated into the circuit to achieve series/parallel conversion of the
energy storage element. When S; is closed, the capacitors are connected in parallel
and the energy storage element is charged; when S; is closed, the capacitors are
connected in series and the energy storage element is discharged); This series/
parallel coversion modulue allows the system to be able to charge the storage at
low voltages and supply power to sensing subsystems at higher voltages, enhancing
the energy harvesting capability; (iv) energy storage module; (v) environmental
condition monitoring module (e.g. pH, temperature, and water quality); (vi) mon-
itored information receiving module; and (vii) charge/discharge curves of the
energy storage modules.

of wave energy can be realized by placing the harvester in this con-
centrated zone.

The design of the self-powered ocean environmental health
monitoring system is shown in Fig. 1c. Figure 1c (i) and (ii) illustrate the

wave kinetic energy harvesting and conversion modules. As illustrated
in Fig. 1c(i), an energy-harvesting metamaterial device is placed on the
sea surface and driven via the kinetic-potential energy change
of wave undulations to convert wave energy into electrical energy.
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As illustrated in Fig. 1c(ii), the alternating current (AC) is then con-
verted to direct current (DC) using the rectifier module. As shown in
Fig. 1c(iii), the design in this paper adds a new conversion module
before the energy storage module, which is used to solve the problem
of a single capacitor’s low energy storage voltage that cannot drive the
monitoring module.The electromagnetic energy harvester can charge
multiple storage capacitors at the same time when connected in par-
allel, and the storage capacitors can output a high voltage when con-
nected in series. Switch S is a single-patch, double-throw (ADG719-EP)
switch that is controlled by a chip on the microcontroller. The capa-
citors (0.1F, 5.5V) are part of a series/parallel conversion module, which
comprises multiple double-patch, double-throw (SGM7222YMS10/TR)
chips integrated into the microcontroller. When the energy storage
module is charging, S, is closed, creating a parallel connection between
the capacitors. Conversely, when the energy storage module is dis-
charging, S, is closed, forming a series connection between the capa-
citors, providing the monitoring module with a 3.3 V DC voltage. The
energy storage module, where several capacitors provide sufficient
driving voltage, is illustrated in Fig. 1c(iv). Figure 1c(v) illustrates the
ocean environment monitoring module that transmits the monitored
data via the wireless module to the receiver module in Fig. 1c(vi). The
charging and discharging curves of the energy storage module, which
exhibit a cyclic charging and discharging phenomenon after the initial
charging is completed, are illustrated in Fig. 1c(vii).

A new conversion module is added in this design before the
energy storage module to address the issue of a single capacitor
having a low storage voltage and being unable to drive the mon-
itoring module. The capacitors are connected in parallel during
charging and in series during discharging, providing sufficient driv-
ing voltage for the monitoring module. S, is on and S, is off during the
charging stage. The parallel connection between capacitors and
charge C;, C,, ...Cyo, and Cyo, respectively, is controlled by the serial/
parallel conversion modules. S, is turned on and S; is turned off
after charging is complete. The serial/parallel conversion modules
regulate the series connection between the capacitors, providing a
3.3 V DC voltage to the monitoring module. The energy storage
module, where several capacitors provide sufficient driving voltage,
is illustrated in Fig. 1c(v). The charging and discharging curves of the
energy storage module, which exhibit a cyclic charging and dis-
charging phenomenon after the initial charging is completed, are
illustrated in Fig. 1c(vi). Figure 1c(vii) illustrates the ocean environ-
ment monitoring module that transmits the monitored data via the
wireless module to the receiver module in Fig. 1c(viii).

Energy concentration characteristics of defective metamaterials
To establish a theoretical foundation for energy-harvesting metama-
terial plates with high-density energy regions, the finite element ana-
lysis approach was used to examine the response of a periodic array of
rolling-ball resonator metamaterial plates at defect locations. This
analysis aims to determine the response of the metamaterial plate at
the target location when subjected to excitation.

The energy harvesting metamaterial plate, comprising 4 x 4 local
resonance cells (0.06 mx0.06 m each), is shown in Fig. 2a. The
structure of the periodic array rolling ball resonance cell and the
energy harvesting cell can be seen. Figure 2b illustrates the simple
Brillouin region ((I'-X-M-T, I-X=X-M)) corresponding to a 2D metama-
terial single cell, which is parametrically scanned over the simple
Brillouin region for this single cell***. An electromagnetic energy
harvesting cell is placed in a cell, indicated by the red star in Fig. 2c,
which serves as an active energy harvesting cell. All other cells were
positioned with rolling-ball cells without energy harvesting capability.
This configuration creates a defect around the energy harvesting cell,
achieving the goal of high-density energy harvesting. Table 1 shows the
physical parameters of the metamaterial resonant cell and the energy
harvesting cell at the defect location.

A finite element schematic of the 4 x4 periodic array of the
rolling-ball resonator metamaterial plate is illustrated in Fig. 2c. The
location of the red pentagram in Fig. 2c signifies the location of the
point defect, where the rolling-ball energy harvester from Fig. 1b(i) is
positioned to capture the concentrated vibration energy inside the
plate. To simulate wave excitation to the plate, a vertical surface
excitation (a =1g) is applied to the lower surface of the metamaterial
plate, and the response generated by this excitation is detected at the
defect location. This study creates defective bands within the local
resonance band gap to achieve metamaterials with energy-
concentrating characteristics at ultra-low frequencies. Figure 2d illus-
trates the theoretical band structures of the point-defect nonlinear
local resonance metamaterial. The defect band in the energy band
structure can be created by artificially introducing a defect cell (in this
study, an energy harvesting cell) into the periodic array cell. The band
gap containing the third-order eigenfrequency is the defect band
introduced by this defect, as illustrated in Fig. 2d. Within the frequency
range of this defect band, the elastic wave propagates through the
metamaterial and concentrates at the defect location. The metama-
terial exhibits a local resonance band gap at low frequencies (0.9-2 Hz)
and a Bragg band gap at higher frequencies (6.7-9.6 Hz). In-plane
vibrations of the metamaterial plate are suppressed in the frequency
range of the band gap. In particular, the in-plane vibrations of the plate
are concentrated at the location of the point defect within the fre-
quency range of the local resonance band gap (0.9-2 Hz), creating a
high-energy-density region.

The displacement cloud of the metamaterial plate in the low-
frequency range (0.5-3 Hz) is illustrated in Fig. 2e. Figure 2e(i), e(v),
and e(vi) are outside the frequency range of the local resonance band
gap, whereas Fig. 2e(ii), e(iii), and e(iv) fall within the frequency range
of the local resonance band gap. The wave excitation is vertical to the
defective metamaterial plate. From the displacement cloud, the reso-
nant balls in each cell roll along the sphere cavities when the meta-
material plate is excited by waves, converting the out-of-plate
excitation into in-plate excitation, which is concentrated at the energy
harvesting device at the defect location, generating a high-energy-
density region at the defect location. A limitation of this design is that
the combination of vertical and lateral excitation could result in mis-
tuning of the defect location because of the presence of lateral motion
breaking the symmetry. Regarding the metamaterial energy con-
centration, the best results are achieved when the surface excitation
frequency is 1.9 Hz (defective band). This establishes a theoretical basis
for subsequently placing a nonlinear electromagnetic energy harvester
at the defect location of the metamaterial plate to achieve high-density
energy harvesting.

To explore the frequency range of the local resonance defect
band, the effect of geometrical parameters on the local resonance
band gap of the defective metamaterial plate was examined. Figure 2f
illustrates the thickness of the substrate plate, the size of the cell, the
size of the outer shell, the size of the resonant ball (essentially the
mass),and the plate material. The effect of base-plate thickness on the
high-energy density region (local resonant band gap frequency range)
of the energy-harvesting metamaterial is illustrated in Fig. 2f(i). Elastic
waves propagate through the metamaterial plate when the energy-
harvesting metamaterial is excited by ocean waves. For the local
resonance band gap, where the high-energy density region is situated,
the central frequency of the band gap increases from 1.87Hz to
1.95Hz, and the width of the band gap decreases from 0.75Hz to
0.45 Hz as the thickness of the base plate increases. Consequently, the
strength of the energy-harvesting metamaterial plate is increased by
increasing the thickness of the base plate. However, the local reso-
nance band gap frequency range decreases, and the high-density
energy-harvesting range also decreases, which is not ideal for efficient
wave energy harvesting. The effect of the single cell size on the high-
energy-density region (local resonance band gap frequency range) of
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Fig. 2 | Finite element analysis of energy-harvesting metamaterials. a High-
density energy-harvesting metamaterial plates (0.3 m x 0.3 m) based on defect
characteristics: © ABS plastic plate; @ resonant cell; ® energy harvesting cell;

b simple Brillouin region for two-dimensional metamaterials; ¢ finite element
model of a defective metamaterial plate; d theoretical band structures of defective
metamaterial plates; e displacement clouds when an acceleration excitation a=1g

f=3Hz

U

E PVC ABS " Alalloy Tialloy
Plate material

is applied to the lower surface of a metamaterial plate containing a point defect: (i)
f=0.5Hz; (ii) f=1Hz (iii) f=1.5 Hz; (iv) f= 1.9 Hz (Defective band); (v) f= 2.5 Hz; (vi)
f=3Hz; feffect of geometrical parameters of high-density energy-harvesting
metamaterial devices on the frequency range of defect bands: (i) plate thickness;
(ii) cell size; (iii) outer shell size; (iv) rolling-ball size; (v) plate material.

the energy-harvesting metamaterial is illustrated in Fig. 2f(ii). As illu-
strated in Fig. 2f(ii), an increase in the size of the single cell results in a
decrease in the band gap width from 1.15 Hz to 0.85 Hz, and the center
frequency of the band gap decreases from 2.78 Hz to 2.4 Hz. Although
the increase in the size of the single cell has a decreasing effect on the
range of the high-energy-density region (local resonance band gap), it
reduces the center frequency of the region, aligning most of the fre-
quency range within the band gap with the frequency range of ocean
waves. This enables better adaptation to the frequency range of ocean
waves and enhances the high-density harvesting of ocean wave energy.

The effect of outer shell size on the high-energy-density region
(local resonance band gap frequency range) of the energy-harvesting
metamaterial is illustrated in Fig. 2f(iii). As illustrated in Fig. 2f(iii), the
width of the local resonant band gap increases from 1.15 Hz to 1.35 Hz
and the center frequency of the band gap decreases from 3.33 Hz to 2.56
Hz as the ball outer shell increases. Consequently, increasing the ball
outer shell can effectively broaden the high-energy-density region for

ocean wave energy harvesting, enabling high-density harvesting of ocean
wave energy. The effect of the resonant mass (rolling magnetic ball size)
on the high-energy-density region (local resonant band gap frequency
range) of the energy-harvesting metamaterial is illustrated in Fig. 2f(iv).
The frequency range of the local resonant band gap increases from 1Hz
to 2 Hz, and the center frequency of the band gap decreases from 2.83 Hz
to 2.05Hz as the resonant mass increases. The effect of energy-
harvesting metamaterial plate materials on the local resonance band
gap is discussed in Fig. 2f(v). The main considerations are Polyethylene
(PE, E=1Gpa, p=900kg/m’),Polyvinyl Chloride (PVC, E=2Gpa,
p=1500 kg/m?),Acrylonitrile Butadiene Styrene (ABS, E=2.5Gpa,
=900 kg/m?), Aluminum (Al alloy, £ =72 Gpa, p = 2700 kg/m’), Titanium
(Ti alloy, E=116 Gpa, p=4500 kg/m®.According to the findings pre-
sented in Fig. 2f(v), the choice of the metamaterial plate material mar-
ginally influences the bandwidth and central frequency of the local
resonance band gap. The band gap bandwidth for metamaterials with a
non-metallic material substrate is 0.8 Hz, whereas that for those with a
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Table 1| Physical parameters of the metamaterial resonant
cell and the energy harvesting cell

Item Notation [unit] Value
Metamaterials resonant cell

Length lL(m) 0.06
Width [5(m) 0.06
Height h(m) 0.001
Density of the plate Pplkg/m®) 2100
Young’s modulus of the plate Eo(Pa) 7x108
Poisson’s ratio of the plate Vo 0.29
Radius of the outer shell Rp(m) 0.02
Density of the rolling ball orkg/m?) 7800
Young’s modulus of the rolling ball m(E,m?®) 21x10"
Poisson'’s ratio of the rolling ball v, 0.3
Radius of the rolling ball R/(m) 0.015
Energy harvesting cell at the defect location

Induction coil (enameled copper wire)

Induction coil resistance Rp(Q) 0.017
Inductor Rina(mH) 2
Turns of coil n 200x5
Rolling magnetic balls (NdFeB)

Radius of the magnetic ball Rn(m) 0.0075
Radius of the outer shell Ro(m) 0.02
Radius of the inner shell Rs(m) 0.015
Magnetic flux density R(mT) 345

metallic material substrate is 0.5 Hz. However, the center frequency for
band gaps using a metallic material substrate reaches 2.3 Hz, which
exceeds the frequency range of ocean waves. Considering the buoyancy
and strength requirements of wave energy harvesting devices, this study
selects ABS as the optimal material for constructing the energy-
harvesting device’s plate. Therefore, a larger resonant mass results in
a wider local resonant band gap and a wider frequency range for
high-density energy harvesting of ocean wave energy. In summary, the
criteria for the design of the metamaterial plane to achieve high-density
energy harvesting include a thin substrate, a large cell, and a heavy
resonant mass.

Kinetic behavior and output characteristics of metamaterial
energy harvesting device

As illustrated in Fig. 3a, b, the experiments simulated wave excitation
in both stable and harsh environments, examining the motion states
and energy output voltages of the rolling ball within the energy-
harvesting metamaterial device under different wave excitation states.
In harsh ocean environments such as typhoons, the acceleration of
waves is generally greater than 0.5g°*“°, which is related to many fac-
tors such as ocean depth, area, and wave period. The acceleration of
waves is used as an index to distinguish stable and harsh ocean wave
environments. Table 2 shows the conditions used to simulate different
types of ocean wave environments. The experiments revealed that
when the water tank’s acceleration was less than 0.5g, small stable
waves were generated. When the acceleration was 0.5g, large stable
waves were generated. When the acceleration was larger than 0.5g,
the wave becomes huge. When the acceleration was greater than 2g,
the waves in the water tank significantly impacted the metamaterial
energy harvesting device, occasionally causing the metamaterial plate
to flip over. Thus, in this study, the simulated ocean waves under dif-
ferent excitations are classified as stable waves and harsh waves. When
the applied acceleration exceeds 2g, the wave impact on the water tank
may cause the metamaterial to break. Consequently, the maximum
excitation acceleration is limited to 2g.

The motion state and output voltage of the rolling ball in the
metamaterial energy harvester under steady wave environments and
harsh wave environments are illustrated in Fig. 3c. The motion analysis
of the energy harvester in the point defect metamaterial is mainly
discussed around the relative position and velocity of the rolling
magnetic ball. The red dotted line in Fig. 3c is the center axis of the
rolling magnetic ball energy harvester. This study determines the
energy output state of an energy harvester by determining the position
and velocity of a rolling magnetic ball relative to the central axis.
Figure 3c(i)-c(vi) simulate the motion state and energy output of the
rolling ball in the metamaterial energy harvester in a stable wave
environment, and Fig. 3c(vii)-c(xii) simulate the motion state and
energy output of the rolling ball in the metamaterial energy harvester
in a harsh environment. In the output voltage curve, each color block
(orange, green, and blue) represents the complete cycle of motion of a
rolling magnetic ball in the energy harvesting device. The output
response and motion cycle of the green block are used as examples.
The motion state and output voltage of the rolling ball in the meta-
material energy harvester under steady wave environments (a<0.5g)
and harsh wave environments (a>0.5g) are illustrated in Fig. 3c. The
motion analysis of the energy harvester in the point defect metama-
terial is mainly discussed around the relative position and velocity of
the rolling magnetic ball. The red dotted line in Fig. 3¢ is the center axis
of the rolling magnetic ball energy harvester. This study determines
the energy output state of an energy harvester by determining the
position and velocity of a rolling magnetic ball relative to the central
axis. Figure 3c(i)-c(vi) simulate the motion state and energy output of
the rolling ball in the metamaterial energy harvester in a stable wave
environment, and Fig. 3c(vii)-c(xii) simulate the motion state and
energy output of the rolling ball in the metamaterial energy harvester
in a harsh environment. In the output voltage curve, each color block
(orange, green, and blue) represents the complete cycle of motion of a
rolling magnetic ball in the energy harvesting device. The output
response and motion cycle of the green block are used as examples.

As illustrated in Fig. 3c(i), when a wave with a=0.1g and f=2Hz
excites the energy-harvesting metamaterial plate, the plate undergoes
slight oscillations against the surface of the wave, inducing the rolling
magnetic ball in the electromagnetic energy harvester to roll slightly
along the surface of the outer shell and rotate around the center of
mass of the magnetic ball. When observing the motion of the meta-
material plate under this excitation, the rolling magnetic ball in the
electromagnetic energy harvesting device is divided into two primary
states: (1) rolling along the surface of the outer shell, with the sequence
By-(blue arrow)-A;-(yellow arrow)-B;, B;-(blue arrow)-C;-(yellow arrow)-
B;, and (2) rotation of the magnetic ball along its center of mass,
representing the jittering of the rolling magnetic ball at different
positions. Combined with the time domain response signal of the
voltage output from the energy harvesting device illustrated in
Fig. 3c(ii), in one motion cycle, the kinetic energy of the rolling mag-
netic ball is converted into potential energy when moving from posi-
tion B; to position C;, and the output response at position C; is
0.Conversely, the potential energy of the rolling magnetic ball is
converted into kinetic energy when moving from position C; to posi-
tion By, reaching the highest speed at position B;, and the output
response is the largest at 0.07 V. Similarly, when moving from position
B; to position A;, the kinetic energy of the rolling ball is converted into
potential energy, the speed of the rolling ball gradually decreases to O,
and the induced voltage is 0. The time domain response signal also
reveals a “concentrated response” in the output signal range because
of the tiny voltages produced by the rolling magnetic ball along its
center of mass. In this case, the induced voltage is insufficient to pass
through the rectifier, representing the lower limit of the low-power
supply. In summary, based on the defective state characteristics
of metamaterials, energy-harvesting devices can also generate
high densities of induced voltage under the excitation of small waves,
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Fig. 3 | Experiments of the response of a high-density energy-harvesting
metamaterial device under various wave size conditions. a schematic of the
experimental rig; b photographs of the experimental rig: (i) oscilloscope, which
shows the energy-harvesting metamaterial plate output voltage; (ii) computer; (iii)
signal controller, which generates sinusoidal signals; (iv) power amplifier;(v) triaxial
shakers that provide excitation in the x-, y- and z-directions;(vi) flume, which
simulates the ocean wave environment; ¢ motion state analysis and output voltage
of a rolling magnetic ball in a metamaterial energy-harvesting device under various
wave conditions:(i), (ii): @ = 0.1g, f=2 Hz, x-direction excitation; (iii), (iv): a=0.5g,
f=2Hz, x -direction excitation; (v), (vi): a=1.0 g, f=2 Hz, x-direction excitation;

(vii), (viii): a=1.5g, f=2 Hz, z-direction excitation; when the energy harvesting
metamaterial plate is in the multi-direction excitation state; (ix), (x): a =1.5g,
f=2Hz, x-y-direction excitation, when the energy harvesting metamaterial plate is
in the multi-direction excitation state; (xi), (xii): a=2.0 g, f=2 Hz, z-direction
excitation, when the energy harvesting metamaterial plate is in the overturning
state; where (i)-(vi) simulate the motion state and energy output of the rolling ball
in the metamaterial energy harvester in a steady wave environment, (vii)-(xii)
simulate the motion state and energy output of the rolling ball in the metamaterial
energy harvester in a harsh environment.

efficiently converting small wave energy into electrical energy for low-
power devices.

The rolling magnetic ball in the nonlinear electromagnetic energy
harvester causes a small rotational jitter around a wave at a=0.5g and
f=2Hz, as a stable position when the energy-harvesting metamaterial
plate is excited, as illustrated in Fig. 3c(iii). The motion of the energy-
harvesting metamaterial plate is primarily divided into three states: (1)
B,-(yellow arrow)-Ay-(blue arrow)-By; (2) By-(yellow arrow)-B,-(blue
arrow)-B,; (3) B,-(yellow arrow)-C,-(blue arrow) -B,, in a cyclic motion.
In the time domain signal illustrated in Fig. 3c(iv), the point marked by
C, is the output voltage of the energy harvester in the metamaterial
plate at state C,.In this state, the kinetic energy of the rolling magnetic
ball is converted into gravitational potential energy, the velocity is O,

the change in magnetic flux in the induction coil is 0, and the induced
voltage is 0. Similarly, the point marked by B, represents the output
voltage of the energy harvester at position B,.At this time, the grav-
itational potential energy of the rolling magnetic ball is converted into
kinetic energy, the speed is maximum, the rate of change of magnetic
flux in the induction coil is maximum, and the induced voltage reaches
a peak of 0.1V. The point marked by A, is the output voltage of the
electromagnetic energy harvester at position A,, where the kinetic
energy of the rolling magnetic ball is converted into gravitational
potential energy. At position A,, the velocity is O, the rate of change of
the magnetic flux in the induction coil is 0, and the induced voltage is
0. Consequently, under the excitation of small waves, the kinetic
energy is converted into electrical energy under the accumulation of
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Table 2 | Conditions of the ocean wave environment simula-
tion experiments

Excitation accel-  Excitation Metamaterial Simulation of the

eration [g]' direction plate ocean wave
environment

0.1 x-direction No flip Stable

0.5 x-direction no flip Stable

1.0 x-direction no flip Harsh

15 z-direction no flip Harsh

15 x-ydirection flip Harsh

2.0 z-direction flip Harsh

"In harsh ocean environments such as typhoons, the acceleration of waves is generally greater
than 0.5g°“%°, which is related to many factors such as ocean depth, area, and wave period. The
acceleration of waves is used as an index to distinguish stable and harsh ocean wave
environments.

the kinetic energy of several small waves, resulting in the output vol-
tage varying from -0.1V to 0.1V.

As illustrated in Fig. 3c(v), the cyclic motion of the energy-
harvesting metamaterial plate occurs in the order Bz-(blue arrow)-As-
(yellow arrow)-B; and Bs-(blue arrow)-Cs-(yellow arrow)-As, where the
arrow indicates the direction of the rolling magnetic ball movement.
Figure 3c(vi) illustrates the time domain signal of the output voltage of
the energy-harvesting metamaterial device over 2.5 s. In this time
domain, the overall signal can be divided into three large periods,
which are then divided into three regions for analysis. The time domain
signal of the induced voltage in Fig. 3c(vi) reveals that the maximum
value of the induced voltage is 0.17 V throughout the entire stable
period.The metamaterial plate demonstrates outstanding energy
conversion capabilities when excited by large waves.

To examine the energy output capability of the metamaterial
energy harvesting device and the motion of the rolling magnetic ball in
the harsh wave environment, Fig. 3c(vii) simulates the state of the
metamaterial plate excited by the “surging wave” from the seafloor,
when the triaxial shaker applies vertical excitation to the water tank.
When the metamaterial plate is excited by the surface of the ocean in
the z-direction, the motion of the rolling magnetic ball in the energy
harvesting device is monitored. Primarily, the rolling magnetic ball
performs a jumping motion away from the surface of the inner shell,
i.e., A4-(yellow arrows)-B4-(yellow arrows)-Cy4, and C4-(blue arrows)-B,-
(blue arrows)-A,. Compared with the surface of the ocean, the energy
harvesting device of the metamaterial plate is at different heights and
moments in time. During the jumping process (B4), the magnetic ball
moves at the maximum speed, when the output voltage is maximum,
and the output voltage of the energy harvesting device can be up to
0.27 V, as shown in Fig. 3c(viii). When the rolling magnetic ball occu-
pies positions A4 and C, it remains relatively static with respect to the
inductive coil, resulting in an instantaneous voltage output of O V.
Simulating the metamaterial energy harvesting device under vertical
excitation of the experiment demonstrates that the device has robust
energy harvesting ability even under the harsh ocean environment of
“surging wave”.

In ocean environments, the energy harvesting device can
experience asymmetric excitation from multiple directions, resulting
in the flipping of the metamaterial energy harvesting device. Fig-
ure 3c(ix) simulates a working condition in which the metamaterial
energy harvesting device is subjected to simultaneous x — y multi-
directional excitations in a flipped state. Observing the motion of the
energy harvesting device reveals that this device undergoes a rota-
tional motion while moving with the wave, and the rolling ball also
rotates along the inner wall of the inner shell when the rolling mag-
netic ball is farther away from the induction coil, i.e., Bs-(yellow
arrow)-As-(blue arrow)-Bs; Bs-(yellow arrow)-Cs-(blue arrow). In the
process of movement, the speed of the rolling magnetic ball relative

to the induction coil is maximum in the Bs state, resulting in the
highest instantaneous output voltage of 0.23 V. Conversely, in the
As and Cs states, the speed of the rolling magnetic ball relative to the
induction coil is zero, leading to an instantaneous output voltage of
0. In the flip state, as shown in Fig. 3c(x), the output voltage of the
metamaterial energy harvesting device decreases. The output vol-
tage of the device in the flip state is 0.23 V. This simulation confirms
that the device also exhibits good energy harvesting capability under
asymmetric excitation.

Figure 3c(xi) simulates the motion state and energy output cap-
ability of the energy harvesting metamaterial plate in the overturning
state under ultra-large vertical excitation of a = 2.0 g. This simulated
environment is an extremely harsh ocean wave environment when the
metamaterial plate is also in the up and down state on the ocean wave
surface and the rolling magnetic ball in the energy harvester is in a
jumping state. Observing the motion of the energy harvesting device
reveals that the rolling magnetic ball and the induction coil are in a
relatively stationary state at the Ag and C¢ moments, resulting in an
instantaneous output voltage response of 0, as illustrated in
Fig. 3c(xii). At moment Bg, the rolling ball in the energy harvesting
device is in a jumping state, and the relative velocity between the
rolling magnetic ball and the inductive coil is maximum at this
instantand the output voltage reaches 0.3 V. Consequently, given that
the excitation of the wave to the energy harvesting device is suffi-
ciently large, the device still maintains a high energy output in the
overturning state.

Characterization of a self-powered Ocean environment
monitoring system

In this section, previously investigated high-density energy-harvest-
ing metamaterials were used to develop a self-powered ocean
environment monitoring system to collect real-time ocean para-
meters such as temperature, pH, and salinity. An experimental rig of a
self-powered ocean health monitoring system that converts wave
energy into electrical energy for the normal operation of the mon-
itoring system is illustrated in Fig. 4a. 16 empty balls are placed
around the high-density energy-harvesting metamaterial plate to
maintain sufficient buoyancy during practical tests. In the test, the
wave energy high-density energy harvesting device based on the
defective state characteristics of metamaterials was connected to the
monitoring device with wires, and the parts were sealed with hot melt
adhesive to waterproof the system to ensure the hermeticity of the
ocean environmental health detection system. A schematic of the
circuit for the self-powered ocean environment monitoring system is
illustrated in Fig. 4b. Due to the electromagnetic induction effect, the
energy-harvesting device generates an AC voltage when excited by
ocean waves. As illustrated in Fig. 4c, the rectifier circuit was used to
convert the AC voltage into a DC voltage, which was used to charge
the external capacitor C (0.22 F). The flume was excited using a
shaker set at a frequency of 2 Hz, and the optimum load resistance R,
in the circuit was set to 6.2 Q. This section of the experiment aims to
measure the time required for the external capacitor C to accumulate
the maximum charge and the time it takes for the external capacitor
C to release the stored charge under the load resistance R, after
reaching the maximum charge.

As illustrated in Fig. 4c, the entire charging and discharging process
takes 794 s. At the initial time, the voltage across both sides of the
external capacitor is 0.0165 mV, which is negligible in the analysis. The
voltage across the external capacitor increases continuously during
the capacitor charging process, reaching a peak voltage of 0.156 V at
282 . Theoretically, the peak voltage across the external capacitor is
determined using the equation U, =1.2RMS(U,) = 0.157V, where U,
represents the AC voltage output by the energy-harvesting device when
wave excitation is received. After the voltage across the external capa-
citor reaches its peak, the external capacitor is connected to the load
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capacitor R for the discharge experiment. As shown in Fig. 4c, the
voltage across the external capacitor converges to O after 512 s of con-
tinuous discharge. The oscilloscope showed a negligible residual voltage
of 0.0166 mV across the external capacitor at the end of the discharge
experiment. The charge/discharge test demonstrates that the electrical
energy generated by the energy-harvesting metamaterial board can be
harvested and used when the harvester is excited by waves.

As illustrated in Fig. 4d, the output voltage, current, power, and
energy density of the energy-harvesting metamaterial plates were
experimentally measured at various wave frequencies. The output power
within the band gap frequency significantly exceeds that outside the
band gap frequency. Consequently, the output characteristics of the
metamaterial energy harvester at 2 and 4Hz were compared. At a
simulated ocean wave frequency of f=2Hz, which falls within the fre-
quency range of the metamaterial local resonance band gap, the RMS
value of the output voltage from the metamaterial energy harvesting
device is 0.13 V. At a simulated ocean wave frequency of f=4 Hz, which is
outside the frequency range of the metamaterial local resonance band
gap, the RMS value of the output voltage is 0.01V, and the band gap
frequency is within the metamaterial energy. The output voltage cap-
ability of the harvesting device increased by 1300%. The RMS value of the
output power is 2.72mW at f=2 Hz and 0.01 mW at f=4 Hz. The output
power of the energy-harvesting device in the band gap is increased by
three orders of magnitude. The unit power density is 81.1 W/m? at f=2 Hz
and 1.02W/m® at f=4Hz. The unit power density of the energy-

harvesting device in the band gap frequency range was increased by a
factor of 80. Therefore, the combination of the high energy density
properties of elastic wave localization and the amplification of point-
defective metamaterials with an electromagnetic energy harvester can
form a new vibration energy harvester, achieving high-performance
vibration energy harvesting for powering low-power sensing devices.

Table 3 compares the structural features and energy output
capability of the point defect metamaterial energy harvesting
device designed in this study with those of existing wave
energy harvesting devices in the literature. Table 3 reveals that the
point-defect metamaterial energy harvesting device designed in
this study exhibits superior harvesting capability for the kinetic
energy of low-frequency waves and offers advantages such as
very low internal resistance, high output current, simple structure,
and absence of chemical coating compared with the existing har-
vesting device.

Application of a self-powered Ocean environment

monitoring system

To validate the monitoring effectiveness of the self-powered ocean
environment monitoring system, this section conducts field applica-
tion tests on the self-powered monitoring system. Figure 5a shows a
complete self-powered ocean environment monitoring system, which
mainly consists of high-density energy harvesting metamaterials and
environment monitoring software. Figure 5b shows the experimental
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photographs of the self-powered ocean environment monitoring sys-
tem in the day-time and night-time segments of the application. The
self-powered ocean environment monitoring system was subjected to
real-world environmental experiments in two time periods. The wind
speed is 4.5m/s during the daytime from 06:00 to 21:00 and 4.2m/s
during the nighttime from 21:00 to 06:00.

To clarify the target frequency of the metamaterial energy har-
vesting device for realizing the energy concentration phenomenon,
the real-time wave height monitoring function of the energy har-
vesting device was used to derive the wave height monitoring data.
The real-time wave height data at 00:00 and 12:00 were Fourier
transformed to obtain the ocean wave spectrum, as illustrated
Fig. 5¢(i and ii) (the red solid line is the instantaneous wave spectrum
at 00:00-00:10 and the blue dashed line is the instantaneous
wave spectrum at 12:00-12:10). As shown in Fig. 5b, the ocean wave
frequencies are distributed within 0.1-2.1Hz but are primarily con-
centrated in the frequency ranges of 0.5-1 Hz and 1.5-1.9 Hz. There-
fore, the energy concentration frequency of the metamaterial energy
harvesting device locates at those frequency ranges, resulting in
better energy harvesting efficiency. Figure 5c(iii) shows the spectrum
of the output power of the high-density energy harvesting metama-
terials. It is found that the output power is maximum near the defect
band, with the maximum output power of 21.1 mW and 22.8 mW in
the two time periods, respectively. Figure 5d shows the real-time
monitoring of ocean information by the ocean environment
health monitoring system, which can prove that the self-powered
ocean environment monitoring system designed in this work has
good practicability.

It is crucial to note that the energy storage device was discharged
before the application of the self-powered ocean environment condi-
tion monitoring system. As illustrated in Fig. 5a, the energy storage
device was used to supply the monitoring system when the energy-
harvesting metamaterial plate harvested the wave kinetic energy to
charge the energy storage device for 40 min.

Discussion

This study develops a high-density wave energy harvesting device
using the defect state properties of metamaterials within the context
of ocean wave energy applications. By incorporating energy harvesting
defects within the artificial periodic array structure, ocean wave energy
in a given area can be harvested more effectively. This involves chan-
neling the wave energy into the energy harvesting device located at the
metamaterial defects.

The findings demonstrate that for waves in the local resonance
frequency range, an energy-harvesting device based on the defective
state properties of metamaterials can efficiently harvest wave energy in
the plane. Under different wave excitations, the electromagnetic energy-
harvesting device in the metamaterial plate exhibits various states of
motion: (a) Under very small wave excitation, the rolling magnetic ball
within the electromagnetic energy-harvesting device undergoes a low-
amplitude rolling motion along the cavity and rotates around its center
of mass. This indicates that the energy-harvesting device based on the
defective state properties of the metamaterial produces induced vol-
tages even with very small wave excitation; (b) under stable wave
environment excitation, a “complex” nonlinear periodic phenomenon is
generated, resulting in the rolling ball generating a peak induced voltage
because of the accumulation of wave kinetic energy; (c) under harsh
wave environment excitation, the rolling magnetic ball exhibits vigorous
movement, while the metamaterial energy harvester demonstrates
exceptional energy conversion capabilities.The output power and
charge/discharge tests indicate that the energy-harvesting metamaterial
device can convert wave energy into electrical energy for harvesting and
use. To provide technical support for establishing an ocean environ-
ment monitoring network, an OloT self-powered environment mon-
itoring system cell is designed.
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Fig. 5 | Self-powered ocean environment monitoring system. a Self-powered
ocean environment monitoring system (High-density energy harvesting metama-
terials and environmental monitoring software); b the real ocean environment:
daytime test environment (wind speed of 4.5 m/s) and nighttime test environment
(wind speed of 4.2 m/s); c testing results (red solid line: 00:00-00:10; blue dotted

line: 12:00-12:10): (i) spectrum of the wave level; (ii) energy spectral density of the
wave; (iii) Output power spectrum of the high-density energy harvesting meta-
material; d Real-time health monitoring results of the ocean environment in one
day: (i) turbidity, (ii) conductivity, (iii) pH, and (iv) temperature.

Methods

Theoretical methods

As illustrated in Fig. 6, the nonlinear energy-harvesting cell is modeled
and analyzed to study its energy-harvesting performance. By analyzing
the motion state of the rolling magnetic ball, the following equations
of motion can be obtained

~ 7 o dONE 5 (dp\?
T_Ttans+Trot_Em1Rm<<E> +sin (6)(E> (1)

where Ry represents the trajectory of the rolling magnetic ball in the
XOZ plane when the rotation angle of the magnetic ball from the
center of the ball is 8, R, represents the radius of the inner shell, and R,
represents the radius of the magnetic ball,Ti;ans is the translational
kinetic energy and T, is the rotational kinetic energy, and the mass of
the rolling magnetic ball is represented by m.

In the trajectory of the magnetic ball in the energy harvesting cell, as
illustrated in Fig. 1b(i), the potential energy U can be expressed as follows

U=mgRy(1— cos()) (2)

According to Lagrange’s equation and Kirchhoff’s law, the Lagrangian
function is expressed as follows

d (aT-U) aT-U) _ 7 do
E( %0 )_ a0 = —Bol —HeG}

d (AT-U) AT-U) _ : do
m( s )—734: = =Byl —Hop 3 3)

2
di ¢ R ;4 BleiRy do\2 , (do =
dt VIt T ( @)+ (F 0

front view top view
og..--ﬁ". ...... 099
o) AT g +
ALy - Sy 2%
z oy ey
X ; B’ i magnetic
ball

Fig. 6 | Theoretical modeling of nonlinear ball-pendulum energy harvesters.

where By and B, are the electromagnetic coefficients in the 8 and ¢
directions, respectively; p1g and p1, are the damping coefficients in the 6
and ¢ directions, respectively; and i is the induced current generated
in the coil.

Substituting the above equation into the Lagrange equation, the
dynamical equations of the nonlinear energy harvesting cell is

2
ImR,, % — myg sin(6) + myR,,, sin(6) cos(6) (‘fi—f) = — Boi — g%

. 2 .
ImR,sin*(0) %8 = — Byi — 1y % 4)

2
di ¢ R jy BleiRy do\2 4 (d¢ =
a T L't T < @)+ (% 0
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Experimental methods

As illustrated in Fig. 3, a dynamic experiment was conducted to predict
the dynamic response of the system under steady-state excitation in a
simulated ocean wave environment. The device ECON PREMAX gen-
erates the harmonic excitation signal, which is then amplified by the
power amplifier MPA407 and fed to the exciter ETS SOLUTIONS
M437A, ultimately driving the vibration of the substrate plate carrying
the water flume. PCB PIEZOTRAONICS sensors collect the vibration
response. To control the constant amplitude vibration output, the
vibration signals collected on the base plate are fed back to the signal
generator. The collected signals are filtered to reduce interference
from spurious waves’>”. The output signal of this experiment is
closed-loop controlled to ensure that the excitation is constant with
the water flume.

Calculation method of power density

In this manuscript, after obtaining the output voltage of the
energy harvesting metamaterial plate at different frequencies, the
current in the line can be obtained according to Ohm'’s law.
The output power of the energy harvesting metamaterial plate
can be obtained according to the electric power equation.
Finally, the power density of the energy harvester is obtained by
dividing the output power with the volume of the energy harvesting
metamaterial plate.

Manufacture of the metamaterial with defect

To fabricate point-defect metamaterials with energy-concentrating
effects, the manufacturing processing of 3D-printing metamertial
was employed. Firstly, the resonant cell was fabricated by combining
one shell and one free-rolling ball. Then the produced resonant
cells were periodically arrayed on a substrate to constitute a meta-
material with a low-frequency local resonant band gap. Then, one of
the resonant cells was selected as the energy harvesting cell,
which was modified by adding an inner shell, placing a free-rolling
magnetic ball inside the inner shell and fixing five series-connected
induction coils outside the inner shell. The energy harvesting cell
had the same shell diameter compared with other resonant cells.
The produced point-defect metamaterial exhibited the energy con-
centration effect.

Data availability

The source data associated with each of the figures generated in this
paper are provided in the source data files. The source data generated
in this study have been deposited in the Zenodo database under
accession code https://doi.org/10.5281/zenodo0.12747434. Source data
are provided with this paper.

Code availability
Codes for generating all the results are available from the corre-
sponding authors on request.
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