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Abstract

Portable Ocean Wave Energy Harvesters (POWEH) offer a potential approach for supply-
ing autonomous low-power marine sensing systems; however, their long-term reliability,
durability, and economic viability remain insufficiently demonstrated. But conventional
wave energy converters are often big, expensive, and fixed to seabed structures, which
makes it hard to use them in different places and makes it hard to sell them. People have
been paying more attention to portable ocean wave energy harvesters in recent years. These
are small, light systems that can be set up anywhere and do not need to be moored or
anchored. These devices are meant to power autonomous ocean sensors, emergency buoys,
and maritime applications that do not need to be connected to the grid. This review looks
closely at the development trends, structural designs, and power take-off mechanisms
of portable wave energy systems. We compare different types of harvesters, such as me-
chanical, electromagnetic, piezoelectric, and hybrid ones, based on their design principles,
conversion efficiency, and scalability. Focus is directed towards the importance of symmetry
in structural design, dynamic response, and energy conversion. The structure, whether
symmetric or asymmetric, has a crucial role in determining mass distribution, stiffness traits,
vibrational dynamics, hydrodynamic loading, and the capture of multi-directional wave
energy, thereby influencing the overall performance, resilience, and stability of portable
harvesters. The review goes on to talk about the main problems with dynamic stability,
frequency tuning, environmental adaptability, and energy management when things are
portable. Finally, new strategies like nonlinear dynamic designs, self-tuning mooring
systems, and hybrid energy integration are suggested as ways to improve performance
and reliability. The insights from this review are meant to help future innovations that
will make it possible to use portable ocean wave energy technologies in a practical and
long-lasting way.

Keywords: ocean wave energy harvesting; portable systems; piezoelectric; electromagnetic;
triboelectric; power take-off

1. Introduction

The growing need for energy around the world and the negative effects of fossil fuels
on the environment have pushed the switch to renewable energy systems [1–3]. Wave
energy is a promising ocean-based renewable because it is very predictable and has a lot of
power density [4–7]. Smart ocean technology has changed the way we explore, keep an
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eye on, and protect marine environments. There are many different autonomous systems
in today’s oceans, and each one needs a steady power source. Renewable marine energy
harvesting has become necessary for long-term ocean operations as demand has grown.
Wave energy has a global power density of 1–10 TW, which is a large part of the world’s
total energy use right now [8]. It is important to note that some areas, like the Gulf of
Mexico, have average wave power densities between 20 kW/m and 65 kW/m, and these
numbers can go up during bad weather [9].

The high costs of building and installing WECs are a big problem [10], so people have
suggested combining WECs with other structures, like breakwaters, to save money and
make the most of available space [11]. These limitations have led to a rising interest in
portable and small-scale wave energy harvesters that can be quickly set up and run on their
own in a variety of marine settings [12,13].

A POWEH is a small device that can get energy from ocean waves without needing to
be permanently anchored or built on the seabed. Portability has a lot of benefits, including:

• Easy to set up: Great for providing temporary or emergency power in coastal or
offshore operations [14].

• Operation without maintenance: Built to work on its own with as little mechanical
complexity as possible [15].

• Adaptability: Good for powering low-power electronic devices like marine IoT sys-
tems, environmental sensors, and autonomous buoys [16].

• Scalability: You can set up systems on their own or in modular arrays [17].

These kinds of systems are very important for building decentralized and resilient
marine energy networks, especially for small-scale and off-grid uses where traditional
WECs do not work.

Recent research has investigated diverse mechanisms for portable wave energy harvest-
ing, encompassing vibro-impact oscillators [18], piezoelectric beams [19,20], magnet-coil
electromagnetic systems [21], and TENGs [17,22]. Additionally, hybrid harvesters that use
more than one transduction mechanism have been developed to make broadband response
and energy conversion more efficient. Even with these improvements, there are still some
problems [23]:

• Keeping dynamic stability even when the sea is rough;
• Getting a broadband frequency response for different wave conditions;
• Increasing power density in a small device volume;
• Making sure the device lasts and does not corrode after long-term use in the ocean.

POWEHs are expected to be very important for powering marine systems that can run
on their own and stay alive. Table 1 shows some of the main parts of the most advanced
ocean sensors. POWEHs, on the other hand, offer a renewable and eco-friendly energy
source that can constantly generate power from ocean waves. This makes them perfect
for marine IoT systems, autonomous sensing platforms, buoys, and underwater vehicles.
Adding these kinds of devices to future ocean observation networks can greatly cut down
on the need for maintenance, make sensors last longer, and help create “smart oceans” that
are powered by renewable energy sources spread out across the ocean.

The goal of this review is to give a summary and critical analysis of the current state
of research on portable ocean wave energy harvesters. The primary objectives are:

• Classify various types of POWEHs according to structural and functional principles;
• Elucidate their operational mechanisms, design methodologies, and power take-off sys-

tems;
• Assess experimental and numerical performance data;
• Pinpoint the principal challenges, constraints, and prospective research avenues.
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Table 1. State-of-art of ocean sensors power consumption.

Sensor Operating Principle (mW) Ref.

Wave Logger Measures wave height and period 6.8 [24]
Sonic Wave Measures distance or detects objects without touch 24 [24]

Wave Gauge Measures conductivity, temperature, and depth 90 [25]

Turbidity
Optical scattering/absorption for suspended-particle

concentration
120 [24]

Glider payload CTD Measures conductivity, temperature, and pressure/depth 175 [26]
Nitrate Optical/UV absorption for nitrate concentration 240 [27]

PH sensor Electrochemical potential related to hydrogen-ion activity 400 [28]
Tide and Wave recorder Measure sea level, water depth, and wave characteristics 700 [24]

Pressure Pressure transducer for hydrostatic/dynamic pressure 700 [28]
Temperature Measure Temperature 700 [28]

Radiation Measures radiation 1.2 [29]
Conductive Measure sea water ability to carry an electrical current 1.4 [28]

Oxygen Electrochemical or optical dissolved-oxygen sensing 1.4 [28]
Ultrasonic Thickness Gauge Measures the depth of a sea 4.5 [30]

Current Profile Acoustic Doppler measurement of water velocity 5 [24]
Underwater Glider Measure physical, chemical, and biological ocean properties 6.5 [31]

Sonar Acoustic pulse transmission and echo detection 42 [32]
Autonomous Underwater Self-propelled robot that operates underwater 2000 [25]

This work aims to guide the next generation of compact, efficient, and reliable ocean
wave energy systems that can help make marine energy networks more sustainable by
putting together recent advances. It should be noted that in this review, a POWEH is
defined operationally as a compact wave-driven energy-harvesting system that can be
transported, deployed, retrieved, and relocated without permanent sea-bed or coastal
infrastructure. Thus, unmoored devices and systems using temporary or lightweight
mooring are included, while permanently installed WECs, breakwater-integrated systems,
and tidal current devices are included only as background or comparative technologies
when their principles are directly relevant to POWEH development.

From an engineering design standpoint, symmetry is important in many portable
ocean wave energy-harvesting systems. The structural symmetry can improve dynamic
balance, remove unnecessary rotations, increase the hydrodynamic stability, and ease the
manufacturing process [33]. Conversely, intentional asymmetry can be used to increase the
operating range, improve the nonlinear effects, or increase the energy capture in stochastic
sea conditions [34]. Understanding the relationship among symmetry, structural dynamics,
and energy conversion can provide valuable information for the design and improvement
of future portable wave energy harvesters [35]. Thus, the present work also investigates
design principles associated with symmetry and their influence on system effectiveness.

2. Review Methodology

To improve transparency and reproducibility of the present review, a structured
literature search and screening procedure was used. The search strategy was developed to
identify studies directly relevant to portable, compact, floating, or lightly moored ocean-
wave energy harvesters and the related energy-conversion mechanisms. The literature-
selection process involved database searching, duplicate removal, screening of titles and
abstracts, assessment of full-text eligibility, and final inclusion of studies. Here, we describe
the search strategy, eligibility criteria, screening results, and data-extraction procedure.
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2.1. Databases and Search Strategy

The literature search was conducted using Web of Science, Scopus, ScienceDirect, and
IEEE Xplore. The final database search was performed on August 2026, and publications
available up to this date were considered.

Search terms were selected to cover both the deployment characteristics and energy-
conversion mechanisms relevant to POWEHs. The principal keywords included ocean
wave energy harvester, portable wave energy harvester, floating wave energy harvester,
self-powered ocean sensor, wave-powered sensor, electromagnetic wave energy harvester,
piezoelectric wave energy harvester, triboelectric wave energy harvester, dielectric elas-
tomer wave energy generator, and hybrid wave energy harvester.

These terms were combined using Boolean operators according to the requirements
of each database. Additional mechanism-specific searches were performed by combin-
ing the wave-related terms with electromagnetic, piezoelectric, triboelectric, dielectric
elastomer, hybrid, nonlinear, and vibro-impact to reduce the possibility of omitting
relevant technologies.

2.2. Eligibility Criteria

A POWEH is operationally defined for the intent of this review as a compact wave-
driven energy-harvesting system that is transportable, deployable, retrievable, and re-
locatable without the need for permanent seabed or coastal infrastructure. Therefore,
free-floating/unmoored devices and small systems with light or temporary mooring were
considered eligible. This definition is in line with the scope chosen for the present review.

Studies were included if they satisfied one or more of the following criteria:

• Studied a compact or portable device that directly converts the motion induced by
ocean waves into useful electrical or mechanical energy;

• Studied electromagnetic, piezoelectric, triboelectric, dielectric-elastomer, or hybrid
transduction under wave-induced excitation;

• Reported analytical, numerical, laboratory, or field results relevant to the dynamic or
energy-harvesting performance of POWEHs;

• Studied self-powered marine sensing, power management, or energy-storage ap-
proaches that were directly relevant to the integration of POWEHs with marine
IoT systems.

The main performance comparison excluded studies that dealt with conventional
large-scale WECs that required a permanent infrastructure, breakwater-integrated con-
verters, tidal-current or purely current-driven systems, offshore wind energy systems, or
energy harvesters for unrelated applications such as human motion, railroad vibration,
automotive vibration, or terrestrial structural vibration. Review articles, books, and general
WEC studies were retained only as needed to establish the basic principles, terminology,
or background information and were not used as direct evidence for POWEH-specific
quantitative performance claims.

2.3. Screening and Study Selection

The initial database searches identified 263 records. After removal of 44 duplicate
records, 219 publications remained for title and abstract screening. At this stage, studies
clearly outside the scope of ocean wave energy harvesting were excluded. The full texts of
171 potentially relevant publications were subsequently assessed according to the eligibility
criteria described above following full-text screening.

The main reasons for exclusion during full-text assessment included the absence
of wave-induced excitation, exclusive consideration of permanently installed large-scale
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WECs, insufficient relevance to portable energy harvesting, absence of accessible perfor-
mance information, and application to unrelated vibration-energy environments.

2.4. Data Extraction and Study-Quality Assessment

For each eligible POWEH study, the available information was collected according to
a common set of parameters. These included device configuration and dimensions, device
mass where reported, deployment and mooring condition, energy-conversion mechanism,
wave conditions, experimental or numerical test scale, electrical loading, mean and peak
electrical power, reported efficiency and definition thereof, field testing status and duration,
and indicators of technology readiness. These parameters form the basis for the later
comparison at study level presented in this review.

Special attention was paid to the definition and comparability of reported performance
measures. Power and efficiency values obtained using significantly different device di-
mensions, wave conditions, electrical loads or efficiency definitions were not treated as
equivalent. Similarly, non-wave energy-harvesting applications were not included in the
POWEH-specific quantitative benchmarking for performance values. When a parameter
needed for comparison was not explicitly reported in the original study, it was marked as
NR (not reported) rather than estimated.

The quality and relevance of the evidence were assessed according to completeness of
the reported device characteristics, definition of the excitation conditions, description of
the experimental or numerical methodology, availability of electrical output measurements,
clarity of the performance metric definition and level of experimental validation. More im-
portance was given to studies providing controlled experimental validation or field testing
with well-defined operating conditions. Where relevant to the physical principles or design
methodology, numerical or analytical investigations without experimental validation were
retained but distinguished from experimental performance evidence.

This was done to minimize selection bias and, more importantly, prevent performance
differences due to device scale, excitation conditions, test methodology or metric definition
from being interpreted as intrinsic superiority of a particular energy-conversion technology.

3. Design Concepts and Operating Principles

POWEHs can be put into groups based on how they change energy and how they are
built. There are four main types: mechanical, electromagnetic, piezoelectric, and hybrid
systems. Each method has its own pros and cons when it comes to energy density, size, and
how well it works in different marine conditions.

3.1. Mechanical Harvesters

Mechanical systems typically convert the kinetic energy of ocean waves into electrical
energy through mechanical motion rectifiers [36,37], pendulum mechanisms [38], or other
conversion mechanisms [39–41]. In order to increase their operating bandwidth and make
them work better in irregular waves, these devices often use nonlinear dynamics. Some
important design factors are:

• A lightweight floating structure for easy transport;
• Nonlinear stiffness or mechanical end stops to boost low-frequency motions;
• Compact mechanical rectifiers for making unidirectional torque;
• Mechanical POWEHs are strong and easy to make, but they often need other systems,

like electromagnetic or piezoelectric ones, to work.
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3.2. Electromagnetic Harvesters

Faraday’s law says that EM systems turn relative motion between a permanent magnet
and a coil into electrical power. When they are portable, EM harvesters are usually built as
linear generators, rotational generators, or magnetic-coupled rectifiers [42,43]. The benefits
of these systems are as follows [44,45]:

• High conversion efficiency at moderate frequencies;
• Easy to control and scale;
• No need for an outside power source.

Some of the problems are low-frequency efficiency [42], physical constraints [46], and
difficulty in maintaining alignment [47] when waves hit the system in an irregular way.
Recent research concentrates on self-balancing designs, magnetic gears, and adaptable
mooring systems to enhance stability and portability.

3.3. Piezoelectric Harvesters

Smart materials like PZT and PVDF are used in piezoelectric harvesters. These materi-
als make electricity when they are put under mechanical strain [48,49]. They are great for
small marine applications like sensor nodes and autonomous data loggers because they are
small and easy to use [50,51]. There are two main types of architectures:

• Cantilever-beam type piezoelectric harvesters connected to floating structures [52,53];
• Vibro-impact or bistable beams to get nonlinear responses [54–56].

Power output is usually in the milliwatt range, but recent advances in multilayer
stacking and dielectric elastomer composites have greatly improved performance. Also,
integrating piezoelectric harvesters with mechanical amplifiers or dielectric elastomers can
enhance operational bandwidth [57–59].

3.4. Hybrid and Multifunctional Systems

Hybrid POWEHs use two or more transduction mechanisms, usually piezoelectric–
electromagnetic or triboelectric–electromagnetic combinations, to take advantage of com-
plementary frequency responses [60]. Hybridization provides:

• A wide range of responses to changing sea states [61];
• A higher power density [62];
• Extra energy pathways for reliability [63].

New hybrid systems use TENGs to take advantage of surface contact electrification,
DEAs to make variable capacitance, and mechanical rectifiers to make continuous unidi-
rectional rotation. These kinds of systems are very promising for marine devices that can
work on their own and do not need any maintenance.

3.5. Comparison Between Harvesters

Mechanical and electromagnetic systems are better for medium-sized portable devices
like self-powered buoys and emergency boats. Piezoelectric and hybrid harvesters are
better for small-scale or sensor-level applications. Hybridization and nonlinear dynamics
are the best ways to increase efficiency and expand the range of operations right now.
Table 2 shows a summary of the different ways that POWER systems work.
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Table 2. Different types of energy-harvesting systems applicable for POWEH.

Type Typical Advantages Limitation Power Range

Motion-conversion

■ Pendulum
■ Spring–mass
■ Vibro-impact

Simple design;
Effective at low

frequencies

Needs electrical
transducer; Nonlinear

design complexity

0.1–10 W
[64]

Electromagnetic
■ Magnet–coil
■ Linear generator
■ Rotary generator

High power output;
Efficient conversion

Heavy magnets;
Magnetic damping

0.1–50 W
[65,66]

Piezoelectric

■ Beam
■ Bimorph
■ Diaphragm

Compact;
Efficient at low

frequencies

Low output; Material
degradation

µW–mW
[14,66,67]

Hybrid
■ Piezo–EM,
■ EM–TENG,
■ DE–impact

Versatile; Maximizes
efficiency; Adapts to

random condition

Complex design;
Synchronization issues

mW–100 W
[68,69]

4. Ocean Wave Energy and Floater Hydrodynamic Motion

4.1. Characteristics of Ocean Kinetic Energy (OKE)

The ocean surface gets waves when the wind’s kinetic energy moves to it. A promising
thing about wave energy is that it can travel long distances with very little energy loss.
Wave power is also more stable and predictable than many other renewable sources. This
means that smaller and fewer parts can make the same amount of power in the right
places [70,71]. Ocean waves have a lot of kinetic energy. For instance, a normal 4-foot, 10-s
wave has more than 35,000 horsepower per mile of coastline [24]. The wave power per unit
crest width for a regular wave in deep water can be written as:

J =
ρTg2H2

32π
(1)

where ρ is the water density, g is the acceleration of gravity, H is the wave height, and T is
the period of the wave. Furthermore, the Moon and the Sun’s gravity pull on the water
to create tidal current energy [24]. These currents are the horizontal movement of ocean
water in response to changes in the tide. They are strongest near coastlines, straits, and
other narrow passages. An approximate assessment of the power of tidal currents could
be [24,72]:

P =
1
2

ρ

∫

A
U3 dA (2)

where ρ is the water density, A is the cross-sectional area of the channel, and U is the flow
velocity perpendicular to the channel. The previously mentioned relationship is significant
as the potential energy of a tidal current correlates precisely with the cube of its velocity.
A minor alteration in the velocity of the tidal current can result in a significant variation in
power density.

4.2. Heave Motion of Floater

A standard floating object possesses six degrees of freedom [73], comprising three
translational movements and three rotational movements. To talk about the hydrodynamic
motion of floater, first look at the schematic and related parameters shown in part (A) of
Figure 1. The equation for the heave motion of floater can be written as [37,73]:

ah
d2z

dt2 + bh
dz

dt
+ chz = Fhsinωet (3)
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where ah is the buoy mass plus added mass, bh is the damping coefficient, ch is the elastic
coefficient, Fh is the encountering force amplitude, and ωe is the excitation frequency, which
can be calculated as follows [18]:

ωe = ω −
ω2

g
U f cos φ (4)

where ω is the frequency of ocean wave that is equal to ω = (2πg)1/2(λ)−1/2, Uf is the
velocity amplitude of the floater, φ is heading angle and λ is the wavelength. Employing
linear wave theory, the wavelength can be determined from the period (τ) and the depth of
water (h) employing the following relation [18]:

(

2π

τ

)2

=
2πg

λ
tanh

(

2πh

λ

)

(5)

The strip theory method can be employed to compute ah, bh, and ch. This approach is
implemented with the aim of substituting a 3D hydrodynamic issue with a 2D frame-
work [73]. A floating 3D entity is regarded as 2D slices or bands. Every strip possesses
an individual dynamic coefficient, and the aggregate of these coefficients establishes the
dynamic coefficients for the entire floater [74]. Employing the strip theory approach, the
mass and additional mass of a buoy in vertical oscillation are equivalent to:

ah = mb +
1
8

πCρ

∫ +L f /2

−L f /2
B2 dx (6)

where ρ is seawater density, C is the Lewis-form sections coefficient, presented in Figure 1B,
B is the floater beam, and Lf is the length of floater. The hydrodynamic added mass
represents the additional inertial effect associated with acceleration of the surrounding
water as the floater oscillates. Thus, the effective inertia of the floater consists of its physical
mass together with the frequency- and geometry-dependent added-mass contribution. The
damping moment can be determined for each segment of the floater, and by integrating
throughout the floater’s length, this coefficient is derived for the whole structure:

bh =
ρg2

ω3
e

∫ +L f /2

−L f /2
A

2
dx (7)

In the above relation, A is an empirical ratio. The chart shown at part (C) of Figure 1
can be used to measure the empirical ratio A, and it is based on the floater sectional area
coefficient βn, which is equal to:

β =
S

BDf
(8)

where S is sectional area at station, B is the floater beam, and Df is draft of floater at station.
The restoring coefficient is defined as follows:

ch =
∫ +L f /2

−L f /2
ρgB dξ (9)

The force inducing heave motion in a hemispherical buoy can be determined by the Froude–
Krylov equation, which is equivalent to [75]:

Fh = 2ρgζa AWP (10)

where AWP is water-plane area and ζa is the effective sea wave amplitude.
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Figure 1. Hydrodynamic representation of the floating body: schematic showing floater beam B,
draft Df, sectional area S, water-plane area AWP, effective wave amplitude ζa, roll angle φ, pitch angle
θ (A); Lewis-form sectional coefficient (B); empirical amplitude ratio for two-dimensional floaters (C);
and variation of the empirical roll coefficient dφ (D) based on the concepts discussed in [73].

4.3. Roll Motion of Floater

The governing differential equation of floater rolling can be written as follows [73]:

ar
d2φ

dt2 + br
dφ

dt
+ crφ = Mrsinωet (11)

where ar is effective mass moment of inertia, incorporating both floater mass moment of
inertia and hydrodynamic added moment of inertia, br is the damping coefficient, cr is
the elastic coefficient, and M0 is the amplitude of exciting moment. Using the strip theory
method, the virtual mass moment of inertia coefficient can be obtained as follows:

ar = Ixx + δIxx (12)

where Ixx is the floater mass moment of inertia, and δIxx is the added mass moment of
intertia, which is about 20% of the mass moment of inertia (δIxx = 0.2Ixx) [73]. By employing
the strip theory approach, the damping moment for each segment of the floater can be
determined, and by integrating over the floater’s length, this coefficient is derived for the
entire structure.

br =
1

16
ρωe

∫ +L f /2

−L f /2
B4d

2
φ dx (13)
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where empirical coefficient dφ is presented in part (D) of Figure 1 where Sn = 0.5B/T. In the
rolling motion, the corrective torque is exerted on the unbalanced floater at any angle to
restore it to equilibrium, and it is equivalent to:

cr = ρg
∫ +L f /2

−L f /2
∆GMT dx (14)

where GMT transverse metacentric height. Excitation moment for the entire flouter is
equal to:

f ∗ =
4π

3
ρgζa

Lw

∫ L/2

−L/2
y3dx (15)

where Lw is the wavelength. It is important to pay attention to that riblets can markedly
influence hydrodynamic force variations and reduce cavitation-induced vibrations by
around 41% for sawtooth riblets and 43% for scalloped riblets [76].

5. Classification Framework for Portable Ocean Wave Energy Harvesters

When designing a POWEH, it is necessary to find a balance between making it small,
strong, and efficient in rough seas. Portable harvesters are often light and self-contained,
unlike traditional moored systems [37,77]. How well they can turn multi-directional
wave motion into usable electrical energy while keeping dynamic stability and frequency
adaptability is what determines how well they work. In this part, this section discusses
about the main design categories, dynamic principles, and operating mechanisms used
in POWEHs.

5.1. Classification According to Deployment Architecture

Broadly, portable ocean wave energy harvesters can be classified into moored and
unmoored (free-floating) systems based on the deployment architecture. This categoriza-
tion is especially important for portable devices, since the station keeping method directly
affects portability, dynamic stability, installation requirements, maintenance, and the rela-
tive motion available for energy conversion. POWEHs that are moored use lightweight
tethers, elastic lines, or anchor elements to restrict excessive drift, while allowing sufficient
wave-induced motion for energy harvesting. The mooring stiffness can also change the
natural frequency of the floating system and therefore affect resonance and energy capture.
Conversely, free-floating POWEHs do not have a permanent connection to the seabed and
generally employ internal oscillating masses, pendulums, or other inertial devices to pro-
duce relative motion inside the floating body. They are more portable and easier to deploy,
but performance is more sensitive to mass distribution, hydrodynamic damping, drift,
and stability in irregular sea conditions [78–80]. Thus, the deployment architecture offers
a primary structural classification of the POWEHs, and the energy-conversion mechanism
associated with the electromagnetic, piezoelectric, and triboelectric transduction can be
considered as a secondary classification within each deployment class.

5.1.1. Light-Moored/Semi-Portable POWEHs

Moored systems are semi-portable devices that use light tethers or elastic mooring
lines to stay in place. These designs limit the buoy’s movement, but not too much so
that energy can still be extracted. The stiffness of the mooring has a direct effect on the
system’s natural frequency, which in turn affects how well it resonates with waves that
hit it [37]. Table 3 shows the differences between moored and unmoored ocean wave
energy harvesters.
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Table 3. Comparison versus moored and unmoored OWEH.

Metric Moored Unmoored Quantitative Indicator

Station keeping High Low Drift radius/displacement
Stability Generally higher [81] Design-dependent [82] RAO, roll/pitch amplitude

Deployment More demanding [37] Simpler [83] Deployment time/personnel
Added infrastructure Mooring line/anchor [37] None Mooring mass/device mass

Frequency tuning Mooring dependent [37] Internal dynamics [84] Operational bandwidth (Hz)
Maintenance Mooring + device [81] Mainly device [17] Service interval

Portability Moderate High Total mass/volume
Energy performance Design dependent [85] Site dependent [77] W, W/kg or W/m3

5.1.2. Unmoored/Free-Floating POWEHs

Unmoored systems, on the other hand, work without fixed anchors. These are also
called free-floating or self-tuned harvesters. Most of the time, they have internal oscillating
bodies or self-contained masses that make the float move relative to itself. Some of the
main benefits of unmoored systems are:

• They are truly portable, so they can be quickly set up and taken down;
• They are cheaper to install because they do not need to be anchored to the seabed;
• They can be used on moving platforms, like rescue boats or autonomous floats [86].

But unmoored harvesters need to be carefully designed so they do not become unstable,
drift too much, or capsize in rough seas. So, mass distribution, center of gravity, and
hydrodynamic damping are all very important design factors [87]. Table 4 shows the most
important parts of making a good POWEH system.

Table 4. Key features of effective POWEH designs.

Feature Description Example

Compactness
■ Lightweight,
■ Self-contained,
■ Foldable mechanisms

Conical Kresling origami-inspired
foldable mechanism [87]

Robustness
◦ Dual-mode operation,
◦ Flexible materials,
◦ Structural integrity

Dual-mode systems for
harvesting and protecting
modes [87], flexible WECs [88]

Efficiency

• Efficient energy capture,
• Optimized dynamic
parameters,
• Power management

Chaotic pendulum harvesters
[89], multi-directional
electromagnetic harvesters [90],
optimized floater dynamics [77]

5.2. Classification According to Energy-Conversion Mechanism

The PTO system determines when to turn mechanical motion into electrical energy.
Table 5 briefly shows different ways that power takeoff systems can change energy. The PTO
for portable harvesters needs to be small, dependable, and able to handle low-frequency
inputs. Some common PTO mechanisms are:

1. Electromagnetic PTOs: These are common in WECs. They usually have parts that
use electromagnetic induction to turn the mechanical motion of waves into electrical
energy. For example, ball screw mechanisms change the back-and-forth motion of
WEC bodies into one-way rotary motion, which then powers a generator to make
electricity [91,92].
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2. Piezoelectric PTOs: These turn mechanical stress directly into electrical energy. They
are very helpful in places where things shake a lot, like ocean waves. Since the 1970s,
people have been looking into using piezoelectric PTOs for ocean energy, and they
are still being worked on [93,94].

3. Triboelectric PTOs: These are electromechanical devices that change mechanical
energy into electrical energy. They are light, work well, and can handle high volt-
ages [95–97].

4. Hybrid PTOs: These systems, like electro-hydrostatic actuators (EHAs), are very
efficient and have a high force-to-weight ratio. They are used in a lot of different fields,
such as marine renewable energy [98].

Table 5. Energy conversion and power take-off mechanisms.

Transducer Mechanism Application Examples

Electromagnetic
Mechanical motion to

electrical energy
Wave energy

converters
[92]

Piezoelectric
mechanical strain to

electrical energy
Ocean energy,
MEMS, NEMS

[93]

Triboelectric
Generates electricity

through contact
electrification

Wearable
electronics

[95]

Hybrid
Combines multiple

mechanisms for optimized
performance

Marine renewable
energy, automotive

[98]

5.2.1. Electromagnetic

One of the most common ways to power medium-sized portable harvesters is with
electromagnetic PTOs. Faraday’s law of electromagnetic induction explains how they work.
It says that when the magnetic flux through a coil changes, an electromotive force (EMF) is
created. When a magnet and coil move relative to each other because of wave excitation,
the induced voltage V(t) can be written like this [99–101]:

V(t) = −N
dφ(t)

dt
(16)

where N is the number of coils turns and φ(t) is the time-varying magnetic flux. The instan-
taneous power output P(t) and average electrical power Pave are given by [99,100,102,103]:

P(t) =
V2
(t)

RL
(17)

Pave =
1
T

∫ T

0

V2
(t)

RL
dt (18)

where RL is the load resistance and T is the wave period. Recent research has created linear
generators, rotational generators, and magnetically-coupled PTOs with mechanical recti-
fiers that can turn back-and-forth motion into continuous rotation. But at low frequencies,
they might lose energy due to magnetic damping and inertia. This can be fixed by using
soft magnetic materials and light magnet arrays [104–106]. Furthermore, the power density
(power per device volume) is given by [99,100]:

PD =
Pave

V
(19)

https://doi.org/10.3390/sym18091542

https://doi.org/10.3390/sym18091542


Symmetry 2026, 18, 1542 13 of 31

where V is the volume of the PWOEH.

5.2.2. Piezoelectric

In application, for piezoelectric converters, losses primarily influence the quantity of
energy converted, with the average efficiency of piezoelectric systems being approximately
20% [107]. Piezoelectric PTOs use the direct piezoelectric effect, which happens when
mechanical stress on a piezoelectric material creates an electric charge. They are especially
appealing for systems that are small and may have relatively low maintenance requirements.
The constitutive equations control the electric displacement D [84,108,109]:

D = dσ + εE (20)

S = sσ + dE (21)

The piezoelectric strain coefficient is d, the electric displacement is D, the mechanical strain
is S, the applied stress is σ, the permittivity is ε, the electric field is E, and the elastic
compliance is s. For a cantilever-type piezoelectric beam experiencing dynamic excitation,
the output voltage across the electrodes is roughly equivalent to [110,111]:

V(t) =
d31Ytp

ε33
κw(t) (22)

where d31 is the transverse piezoelectric coefficient, Y is the elastic modulus, tp is the
thickness, κ is the curvature, and w(t) is the tip displacement. Piezoelectric harvesters are
great for low-power marine sensors and autonomous wireless nodes. They usually provide
power in the range of micro-watts to milli-watts. Researchers use the following to improve
energy conversion:

• Bistable and multicable configurations for broadband response [112];
• Vibro-impact excitations to increase strain levels [113];
• Dielectric elastomer composites for flexible and corrosion-resistant structures [114].

Table 6 shows different ways to use the piezoelectric transducers in the POWEHs.

Table 6. Different techniques for piezoelectric energy harvesting in POWEHs.

Technique Description Example Output

Bistable Configurations
Broadens operational

frequency range

Trident-shaped harvester
with multiple resonant

peaks [115]

Vibro-Impact Excitations
Amplifies strain levels in

piezoelectric materials
80 mW using superballs in

ocean buoys [113]
Dielectric Elastomer

Composites
Provides flexibility and

corrosion resistance
10 mW per plate in

POWEH device [114]

5.2.3. Triboelectric/Dielectric

TENGs and DEGs are new ways to convert wave energy, especially for small-scale
and low-frequency uses [115,116].

Triboelectric Nanogenerators (TENGs)

TENGs make electricity by using contact electrification and electrostatic induction
between two materials that have different electron affinities. The ocean waves make contact
and separate at regular intervals, which sends charges through an external circuit and
creates an alternating current. Some of their benefits are:
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• Lightweight and flexible design: TENGs are known for being lightweight and flexible,
which makes them useful for a wide range of marine uses. Their design makes it easy
to use them in different marine settings, like mounting them on buoys or incorporating
them into seabed structures [117,118];

• High voltage output: TENGs can produce high voltage outputs because they are good
at turning mechanical energy into electrical energy. Some TENG designs, for example,
have reached peak-to-peak voltages of up to 1300 V [119]. This high voltage output is
good for powering marine sensors and other electronic devices [120,121];

• TENGs are very durable, which is important for long-term use in harsh marine en-
vironments. To make TENGs more durable, new materials and structural designs
have been created that can handle mechanical wear and tear as well as environmental
factors like humidity and salinity [122,123].

Dielectric Elastomer Generators (DEGs)

DEGs work like variable-capacitance systems, where the capacitance changes when an
elastic dielectric membrane is mechanically deformed. When you pull on the membrane,
its surface area gets bigger and its thickness gets smaller. This creates a difference in electric
potential between the electrodes [124–126]. DEGs have shown that they can store a lot of
energy, which makes them good for collecting energy. For instance, equi-biaxial mechanical
loading configurations have been used to get energy densities of up to 550 J/kg [127]. The
instantaneous energy density of a DEG can be approximated as [128,129]:

U =
1
2

CV2
(t) =

1
2

ε
A(t)

d(t)
V2
(t) (23)

where C is capacitance, A(t) is the surface area, d(t) is thickness, and ε is the permittivity of
the material. DEGs are promising for flexible, bio-inspired wave harvesters that can change
shape a lot and work well.

5.2.4. Hybrid

Hybrid POWEHs combine two or more energy-conversion mechanisms in a single
device with the aim of exploiting their complementary characteristics and improving
energy harvesting under the low-frequency, irregular, and multidirectional excitation of
ocean waves. The typical combinations include:

• Triboelectric-electromagnetic (TENG-EMG)
• Piezoelectric-electromagnetic (PZT-EMG)
• Triboelectric-piezoelectric (TENG-PZT)
• Triboelectric-electromagnetic-piezoelectric (TENG-EMG-PZT)

In particular, triboelectric generators can provide relatively high voltage and are re-
sponsive to low-frequency motion, whereas electromagnetic generators typically provide
higher current and become more effective at higher relative velocity [130,131]. Piezoelectric
elements can also be used to induce local deformation or frequency-upconverted structural
vibration. Therefore, the combination of these mechanisms may increase the effective oper-
ating range and improve the utilization of the irregular wave-induced motion compared to
using only one transduction mechanism [132].

This approach has been shown to be feasible by several compact wave-energy har-
vesters. A hybrid nanogenerator with a teeterboard-like configuration integrating spa-
tially separated TENG and EMG units was developed to harvest low-frequency (<0.8 Hz)
and multidirectional ocean wave excitations [133]. This arrangement enabled the two
mechanisms to work concurrently and circumvented the low efficiency of conventional
EMGs under very low-frequency excitation. A tube-shaped solid–liquid triboelectric–
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electromagnetic hybrid generator was then proposed for ultra-low-frequency waves, and
the operation was demonstrated down to approximately 0.2 Hz, and the successful applica-
tion was demonstrated in sea trials [132].

Hybridization is not limited only to TENG-EMG configurations. Wave-impact energy
has been harvested by combining the triboelectric and piezoelectric effects simultaneously
and three-mode systems integrating triboelectric, electromagnetic, and piezoelectric conver-
sion have been proposed [134]. The latter approach combines the sensitivity of triboelectric
conversion to low-frequency motion with electromagnetic generation and frequency-up-
converted piezoelectric vibration, extending the range of the exploitable excitation. More
recently, hybrid electromagnetic–piezoelectric floating harvesters have also been explored
for low-amplitude ocean waves. But the extra transducers, rectification circuits, mechanical
parts, and interfaces needed for hybrid systems add to the structural and electrical com-
plexity [135,136]. Thus, their benefits should be evaluated on the basis of the net energy
delivered after power conditioning, rather than by adding the peak outputs of the individ-
ual transducers. Thus, future hybrid POWEHs for portable marine applications should
aim for compact integration, low start-up thresholds, broadband response, environmental
robustness, and efficiency of multi-source power management.

5.3. Energy Conversion Efficiency

The efficiency of PTO systems is a critical parameter for assessing system viability.
consider the total incident wave power across the characteristic device width is given by:

Pin = Jw B (24)

where Jw is the incident wave-power flux per unit crest width (W/m) and B is the character-
istic device width (m). Accordingly, the overall wave-to-electrical efficiency is defined as:

η =
Pout

Jw B
(25)

It should be noted that the incident wave power per unit crest width in KW/m (Pwave) is,
calculated as [137]:

Pwave = 0.49TH2 (26)

where H is the significant wave height (m) and is taken as the mean of the highest 1/3 of all
waves seen in a period of time, and T is the wave period (s).

6. Frequency Tuning and Resonance Matching

Assuming a statistically spatially homogeneous wave field, airborne lidar observations
over 10-km swaths have resolved the deep-water directional wave spectrum at frequencies
ranging from 0.07 to 0.6 Hz, corresponding to wavelengths between approximately 314 m
and 4 m [138]. Ocean waves have a wide range of frequencies, usually between 0.035
and 1.2 Hz. However, the usable bandwidth for ship-borne systems is smaller. Once
accelerometer measurements are projected into the ship’s center of mass, the ship’s response
can effectively track the low-frequency wave components in the 0.05–0.2 Hz band [139]. To
provide a concise comparison without reproducing the original geographical maps, Table 7
summarizes the representative wind-speed ranges reported by Tokinaga and Xie [140].
Mean wind speeds are usually greatest over the Southern Ocean and the mid-latitude to
high-latitude regions of the North Pacific and North Atlantic. Much lower wind speeds
occur in the tropical and equatorial regions. Values in Table 7 are approximate ranges based
on the reported global distribution and are thus meant to show regional trends rather than
precise site-specific conditions.
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Table 7. Approximate regional mean wind speed and wave height characteristics [140].

Oceanic Region Mean Wind Speed (m/s) Mean Wave Height (m)

North Pacific mid–high
latitudes

8–11 1.4–2.0

North Atlantic mid–high
latitudes

8–11 1.4–2.0

Equatorial Pacific 4–6 0.6–1.0
Tropical Atlantic 4–7 0.6–1.0

Tropical Indian Ocean 4–7 0.6–1.2
Southern Indian Ocean 7–10 1.4–2.0
Southern Pacific Ocean 8–11 1.4–2.0

Southern Ocean 9–12 1.8–2.2
Maritime Southeast Asia 3–5 0.2–0.8

Besides the wave height, the frequency of the ocean waves is of particular importance
in the design of portable ocean wave energy harvesters, since the energy conversion
performance is strongly affected by the relationship between the dominant excitation
frequency and the dynamic characteristics of the device. Table 8 presents the approximate
peak frequencies and associated wave spectral densities for different mean wind speeds,
as calculated from the wave spectra in [141]. The dominant spectral peak tends to shift to
lower frequencies and is significantly enhanced with the increase in wind speed from 10.3
to 20.6 m/s. For example, the dominant frequency decreases from about 0.13–0.16 Hz at
10.3 m/s to about 0.065–0.070 Hz at 20.6 m/s, and the corresponding peak spectral density
increases from a few m2/Hz to about 104 m2/Hz. This trend suggests that more energetic
waves with longer dominant periods can be generated under stronger wind conditions.
From an energy harvesting point of view, these variations underline the need for broadband,
tunable or adaptive harvester architectures which can ensure effective energy conversion
under different sea states. The tabulated values are approximate values from published
spectra and should therefore be regarded as representative and not as exact measurements.

Table 8. Approximate peak frequency and spectral density with mean wind speed [141].

Mean Wind Speed (m/s)
Approx. Peak Frequency

(Hz)
Peak Spectral Density

(m2/Hz)

10.3 0.13–0.16 2–4
12.9 0.09–0.10 11–12
15.4 0.085–0.090 34
18.0 0.070–0.075 38
20.6 0.065–0.070 104

For the harvester to get the most power, its natural frequency should match or change
to the dominant wave frequencies. There have been reports of different ways to tune:

• Adjusting the stiffness of the system by using adjustable springs or elastic ele-
ments [141,142].

• Inertial tuning, which uses movable internal masses or pendulums to change the
equivalent mass moment of inertia [143,144].

• Hydrodynamic tuning, which changes the submerged volume or damping character-
istics by using adjustable fins or valves [145,146].

Table 9 lists the ways to change the frequency in POWEH and their benefits. All
methods have their own problems, but they should be chosen based on their pros, where
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they will be used, and the design limitations. Note that the quantitative performance values
reported in the tables below should be interpreted in conjunction with the device scale,
wave conditions, electrical load, and test method. This review does not consider values
obtained under significantly different operating conditions as directly comparable and
does not derive a universal performance ranking from the aggregated power or efficiency
ranges. It is also important to mention that not all the systems reviewed have been tested
under excitation by ocean waves. In cases where specific references on ocean wave energy
harvesting were not available, results from excitation sources other than ocean waves have
been presented.

Table 9. Frequency tunning methods in different energy harvesters.

Tuning Strategy Method Advantages

Mechanical Stiffness Tuning

Adjustable Springs [142]
• Simple implementation
• Wide frequency range

Hyperplastic Membranes [147] • Effective stiffness adjustment

Variable Center of Gravity • Versatile application

Inertial Tuning
Double-Mass Pendulum [144] • Adaptable

• Low-frequency

Sliding Tuning Mass [143] • Real-time adjustment

Hydrodynamic Tuning
Adjustable fins/valves [146] • Enhanced resonance amplitude

Geometry optimization [145] • Broad range of oscillation period

7. Performance Evaluation of POWEH and Other Energy Harvesters

7.1. Experimental Evaluation Methods

To judge how well POWEHs work, you need to know how they behave in different
situations, how well they convert energy, and how well they adapt to real sea conditions.
Because these devices are usually made for small, self-contained, and off-grid use, per-
formance testing looks at more than just the electrical output. It also looks at stability,
bandwidth, and durability when the excitations change. This section outlines the primary
experimental and numerical methodologies employed to evaluate POWEHs, succeeded by
a comparative analysis of documented performance metrics.

7.1.1. Laboratory-Scale Testing

Testing on a small scale in a lab is an important part of making and testing energy con-
version systems, such as ocean energy converters and other renewable energy technologies.
This kind of testing lets you control the conditions and do the same experiment over and
over, which is important for figuring out how the systems being tested work and what their
basic behaviors are. When WECs are tested in the lab, wave tanks are often used to make
the conditions look like those in the ocean. Small-scale models of WECs are also tested in
controlled lab settings to separate dynamic effects and make the analysis easier [148–153].

7.1.2. Field and Ocean Tests

To test ocean energy converters like tidal and wave energy converters in the field, you
need to measure tidal, wave, and electric parameters. These tests help us figure out how
well the power works and how good the power is. For example, a wave energy conversion
system with a permanent magnet tubular linear generator was put through its paces in
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the ocean to show how well it worked both dynamically and statically and how well it
converted energy [154–161].

7.2. Key Performance Indicators (KPIs)

POWEH performance metrics are different from those for large-scale WECs. They
focus on efficiency, compactness, and adaptability instead of total installed capacity. To
enable a more rigorous and transparent comparison of POWEH performance, the reviewed
studies are evaluated individually, rather than by generalized power or efficiency ranges.
The large variations in device size, wave conditions, electrical loading, test procedures, and
reported performance measures preclude a universal ranking of the conversion mechanisms
reviewed. Thus, the results summarized in Table 9 should be considered as study-level
evidence, not as evidence of a general superiority of a certain technology. Hybridization,
nonlinear dynamics, and other advanced concepts may provide advantages under specific
excitation and design conditions, but the relative benefits of these concepts need to be
assessed under normalized and sufficiently similar operating conditions.

7.3. Matching POWEH Output with Marine IoT Loads and Self-Powered Applications

This is important because a harvester producing, for example, 20 mW continuously
does not need to directly supply a sensor requiring 100 mW during measurement. It can
charge a capacitor/battery and operate the sensor intermittently. The key idea should be:

Pharvest,ave ηPM ≥ Pload,ave (27)

where Pharvest and Pload are raw electrical output before conditioning. Furthermore, ηPM

represents combined efficiency of rectification, power management, and storage. For a
duty-cycled marine sensor, you can further write:

Pload,ave = D Pactive + (i − D) Psleep (28)

where D is the duty cycle, Pactive is the power during measurement/communication, and
Psleep is the power in sleep mode. This is important because, for example, if a sensor requires
100 mW while measuring but only 1 mW in sleep mode and operates actively for 5% of the
time, the average load power will be equal to 5.95 mW. To do so, the harvester can charge
a capacitor/battery and operate the sensor intermittently. This energy-buffering strategy
makes it possible for low-power harvesters to sustain relatively higher instantaneous power
by operating intermittently. Based on these considerations, suitable POWEH technolo-
gies and energy-management strategies for different marine IoT power requirements are
summarized in Table 10.

Table 10. Suitable harvesting strategy based on the power consumption.

Pload,ave Typical Application
Suitable Harvesting

Strategy

µW–10 mW Low-duty-cycle sensor nodes Piezoelectric/TENG
10–500 mW Environmental monitoring, data logger Piezo/TENG/EM/hybrid

0.5–10 W
Communication, advanced sensors,

small buoy systems
EM/hybrid

>10 W
High-power

communication/sonar/platform loads
EM/hybrid or energy

storage essential

The power ranges summarized in Table 11 demonstrate that the practical feasibility of
a POWEH cannot be assessed based on the mechanical or electrical power generated by the

https://doi.org/10.3390/sym18091542

https://doi.org/10.3390/sym18091542


Symmetry 2026, 18, 1542 19 of 31

harvester alone. Instead, the entire energy path from wave excitation to the final marine IoT
load should be taken into account. It can be seen from Figure 2 that the harvester converts
the incident wave energy to mechanical motion and then to electrical energy by a trans-
duction mechanism. However, the electrical output generated is normally fluctuating and
may not be directly suitable for the voltage and current requirements of the electronic load.
Therefore, a rectification and power-management stage are needed to provide a regulated
and usable electrical supply. The conditioned energy can then be stored in a rechargeable
battery or capacitor which acts as an energy buffer between the variable wave-energy input
and the intermittent power demand of the sensor node. The stored energy is then utilized
to power the sensing elements, signal-processing electronics, and communication module.
This buffering functionality is especially important for wireless marine IoT systems where
data acquisition and transmission may require orders of magnitude higher instantaneous
power than the long-term average power consumption.

Figure 2. Complete energy-conversion and power-delivery chain of a self-powered marine IoT
sensing system based on a POWEH.

8. Symmetry Considerations in Portable Ocean Wave Energy Harvesters

Symmetry is a fundamental idea in engineering design with major implications for
how well portable ocean wave energy harvesters perform. The symmetry of a structure
generally benefits the same mass distribution, uniform stiffness, less undesired rotation,
and better dynamic stability. These features are particularly advantageous for floating and
free-floating harvesters under multidirectional wave excitation [162].

But a symmetric system perfectly balanced is not always the best way to extract the
maximum energy. Recently, there have been deliberate efforts in several studies to introduce
geometric or dynamic asymmetry so as to generate nonlinear responses, to increase relative
motion between components, to widen the operational frequency bandwidth, or to improve
robustness under stochastic wave conditions. Such asymmetric configurations may be able
to allow harvesters to extract energy over a wider range of sea states than conventional
linear symmetric designs [163,164].

Moreover, symmetry considerations are also relevant for power take-off mechanisms,
multi-degree-of-freedom oscillators, and hybrid harvesting systems. Symmetric layouts
are often enabling for modular design and manufacturing, while asymmetric layouts may
improve adaptability and energy conversion efficiency depending on the application. Thus,
the future portable wave energy harvesters are expected to combine the merits of both
the symmetric structural architectures and the controlled symmetry-breaking strategies to
maximize the overall system performance [165,166].

From a dynamic point of view, symmetry in POWEHs can be studied at various but
related levels: geometric symmetry, symmetry of mass distribution, stiffness symmetry,
symmetry of modal characteristics, symmetry in PTO arrangement, and symmetry in wave-
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incidence direction. Geometric and mass symmetry usually keep the center of gravity and
principal inertia axis near the geometric axes, thereby minimizing unintended coupling
between heave, pitch, and roll and improving directional stability. Likewise, symmetric
stiffness distributions tend to preserve the paired or predictable natural modes, while delib-
erate stiffness or mass asymmetry can split modal frequencies and generate extra resonant
responses that may extend the effective harvesting bandwidth. At the PTO level, symmetric
transducer configurations can provide balanced reaction forces and comparable energy
extraction from opposite directions, while asymmetric placement can increase local relative
displacement, strain, or velocity and hence improve the electrical output under selected
excitation conditions. Directional symmetry is of particular importance for multidirectional
waves: axisymmetric or rotationally symmetric floaters may exhibit relatively uniform
responses with wave heading, while asymmetric geometries may preferentially enhance se-
lected modes or directions. Therefore, the effects of symmetry or symmetry breaking should
be quantitatively evaluated by measurable quantities such as RAO, roll/pitch amplitude,
natural-frequency splitting, modal coupling, operational bandwidth, PTO relative displace-
ment or velocity, average electrical power, power density, and conversion efficiency rather
than only by geometric description. Table 11 summarizes the principal symmetry-related
design mechanisms and their corresponding measurable performance indicators. Note
that the symmetry relationships listed in Table 11 are more mechanistic and study-specific
than established quantitative trends. The available studies span a broad range of geometry,
scale, excitation, PTO configuration, and measured response. Thus, symmetry breaking
cannot be assumed to generally improve energy capture; it may improve selected modes
or directional response but may also increase undesirable coupling or structural loading
depending on the system. Thus, each configuration should be quantitatively assessed ac-
cording to measured indicators such as RAO, modal frequencies, bandwidth, PTO motion,
and electrical power.

Table 11. Reported and potential effects of symmetry and symmetry breaking on POWEH performance.

Symmetry Aspect
Symmetric Design

Effect
Symmetry-Breaking

Effect
Quantitative

Indicator
Representative

References

Geometric Symmetry
More balanced

hydrodynamic loading

Enhance wave–body
interaction and energy

capture

RAO, Efficiency,
pitch/roll

[167–170]

Mass Symmetry
Balanced inertia

distribution; reduced
unintended rotation

Shifts CG and can
activate or amplify

coupled modes

CG position, Inertia,
Natural frequency,
Motion amplitude

[171]

Stiffness Symmetry
Similar restoring properties

in equivalent directions

Splits resonant
frequencies, Broaden

dynamic response

Natural frequencies,
Frequency splitting

[165,166]

Modal Symmetry
More predictable modal

response

Promote multimodal
response and mode

coupling

Modal frequencies,
RAO, Bandwidth

[165,166]

PTO Symmetry
Balanced reaction forces

and energy extraction

Unequal PTO loading
can alter relative

motion

PTO force/moment,
relative displacement,

Average power
[167,171]

Directional Symmetry
Axisymmetric designs
reduce wave heading

sensitivity

Direction-selective
response improve

capture for preferred
incidence

Directional RAO,
Heading angle,
Average power

[167]

Overall Symmetry
Breaking

Favors stability,
repeatability, and balanced

operation

Controlled asymmetry
increases energy
capture, but may

increase loads

Average power,
Efficiency, RAO,
Structural loads

[167–170]

https://doi.org/10.3390/sym18091542

https://doi.org/10.3390/sym18091542


Symmetry 2026, 18, 1542 21 of 31

9. Future Research Directions and Prospects

Despite recent progress in POWEHs, several challenges must be addressed before
these systems can achieve reliable long-term operation in practical marine environments.
Future research should move beyond maximizing instantaneous electrical output under
controlled laboratory conditions and focus on broadband energy capture, environmental
durability, autonomous operation, standardized performance evaluation, and integration
with practical marine loads. The following research directions are considered particularly
important for advancing POWEH technology.

9.1. Broadband, Nonlinear, and Self-Tuning POWEHs

One of the principal limitations of compact wave energy harvesters is the mismatch
between their relatively narrow dynamic response and the broadband, irregular, and time-
varying nature of ocean waves. Conventional resonance-based harvesters can achieve high
energy conversion near their natural frequencies, but their performance may decrease sub-
stantially when the dominant wave frequency changes. Future POWEHs should therefore
incorporate broadband and adaptive dynamic mechanisms capable of maintaining effective
relative motion over a wider range of sea states. Nonlinear stiffness, bistable and multicable
mechanisms, vibro-impact oscillators, multiple internal masses, and multimodal structures
provide potential approaches for broadening the operational frequency range.

9.2. Materials, Corrosion, Biofouling and Durability

Many POWEH concepts are not sufficiently characterized for long-term durability.
Laboratory prototypes can show that a harvesting mechanism is feasible, but prolonged
exposure to seawater leads to corrosion, fatigue, water ingress, seal degradation, biofouling,
and deterioration of functional materials. These effects can alter the structural mass,
stiffness, damping, surface properties, and electrical insulation and thus affect the dynamic
and energy conversion performance of the device. Therefore, future studies should look at
corrosion-resistant alloys, marine-grade polymers, fiber-reinforced composites, protective
coatings, encapsulation methods, and flexible materials under extended marine exposure.
Special attention should be paid to piezoelectric, triboelectric, dielectric, magnetic, and
electrical components, which could be sensitive to moisture and salinity.

9.3. Hybrid Transduction and Integrated Power Management

A hybrid system, using a combination of electromagnetic, piezoelectric, triboelectric,
or other conversion mechanisms, offers an opportunity to utilize different components of
irregular wave-induced motion. For example, electromagnetic generators can be utilized
for relatively large displacement and velocity, and piezoelectric and triboelectric elements
can scavenge energy from local deformation, impact, or low-amplitude motion. However,
increasing the number of transducers does not necessarily lead to a higher net useful energy,
because the additional mechanical components, rectification circuits, electrical interfaces,
and control systems introduce losses and complexity. Thus, future hybrid POWEHs should
be evaluated based on net energy delivered after rectification and power conditioning,
rather than the sum of the peak outputs of individual transducers.

9.4. Long-Term Field Testing and Standardized Performance Assessment

A major limitation in the current literature is the difficulty of comparing POWEH
technologies because studies employ different device dimensions, wave conditions, test
facilities, electrical loads, and definitions of efficiency. Laboratory wave-tank experiments
remain essential for controlled evaluation, but they cannot fully reproduce irregular waves,
multidirectional excitation, currents, storms, corrosion, biofouling, and long-term degra-
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dation. Future studies should therefore place greater emphasis on extended field testing
under documented sea states. At a minimum, experimental reports should provide device
dimensions and mass, deployment and mooring conditions, wave height and period or
spectrum, test duration, electrical load, mean and peak electrical power, power density,
operational bandwidth, and clearly defined conversion efficiencies. Reporting these pa-
rameters consistently would enable more reliable study-level comparison and facilitate the
establishment of standardized testing procedures specifically for small and portable wave
energy harvesters.

9.5. Integration with Autonomous Marine IoT and Sensing Systems

The practical value of POWEHs should ultimately be assessed according to their
ability to sustain real marine loads rather than solely according to maximum generator
output. Since many marine IoT devices operate intermittently, duty-cycled sensing and
communication can enable a relatively low-average-power harvester to support loads with
considerably higher instantaneous power requirements. Energy-aware scheduling, adap-
tive sampling, low-power communication protocols, and intelligent storage management
should consequently be investigated together with the harvester itself. Such system-level
studies would provide a clearer basis for determining which POWEH technologies are
suitable for applications such as wave monitoring, water-quality sensing, environmental
observation, autonomous buoys, and other distributed marine sensor networks.

9.6. Scalability, Modularity, and Technology Readiness

Most POWEH concepts remain at laboratory or prototype scale, and increasing their
practical energy capacity while retaining portability represents an important challenge.
Simply increasing device dimensions can increase mass, structural loads, deployment
requirements, and cost, thereby compromising the fundamental advantages of portable
systems. Modular architectures may provide an alternative approach in which multi-
ple compact harvesting units are mechanically or electrically combined according to the
required power level and operating environment. Future investigations should evalu-
ate modular arrays, mechanical interaction between neighboring harvesters, electrical
integration, redundancy, ease of replacement, and deployment logistics.

9.7. Symmetry-Informed Design and Multidirectional Energy Capture

Symmetry and controlled symmetry breaking provide an additional direction for
improving POWEH dynamics. Geometric, mass, stiffness, modal, and PTO symmetry can
promote balanced motion and reduce undesirable rotational responses, whereas intentional
asymmetry may split natural frequencies, activate coupled modes, or increase sensitivity
to selected wave directions. Future research should therefore move beyond qualitative
descriptions of symmetric and asymmetric configurations and quantify their effects through
measurable parameters such as response amplitude operators, natural-frequency splitting,
modal participation, pitch and roll amplitudes, PTO relative displacement, operational
bandwidth, average electrical power, and conversion efficiency. Optimization of the degree
and type of symmetry breaking may be particularly useful for compact devices exposed to
multidirectional and stochastic waves, where a single symmetric resonant mode may not
provide adequate broadband energy capture.

9.8. Data-Driven Optimization and Intelligent Adaptation

The strongly coupled relationships among wave conditions, floater hydrodynamics,
structural dynamics, PTO parameters, and electrical loading make POWEH optimization
a multidimensional problem. Data-driven methods may therefore complement conven-
tional analytical, numerical, and experimental approaches. Machine-learning models
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trained using wave-tank and field measurements could be employed to identify dominant
sea-state characteristics, predict available energy, optimize electrical loading, and select
suitable tuning parameters. Digital-twin frameworks could further combine real-time
measurements with hydrodynamic and structural models to monitor performance and
degradation. Nevertheless, the computational and sensing power required by such ap-
proaches should be considered in the overall energy budget, particularly when the POWEH
is intended to support an autonomous low-power system.

Overall, future POWEH research should shift from demonstrating energy-generation
feasibility toward demonstrating system-level functionality and long-term marine viability.
Broadband energy capture, adaptive dynamics, durable materials, efficient power manage-
ment, standardized testing, symmetry-informed design, and integration with real sensor
loads should be investigated concurrently. Most importantly, extended field validation is
required to determine whether the performance demonstrated by laboratory prototypes
can be maintained under realistic irregular waves, corrosion, biofouling, environmental
loading, and long-term operation. Addressing these issues will provide a stronger ba-
sis for assessing the technology readiness and practical applicability of portable wave
energy-harvesting systems.

10. Conclusions

This review has given a complete picture of POWEHs, a quickly changing type of
system that turns ambient wave motion into long-lasting electrical energy for marine
applications that do not need to be connected to the grid. The study has summarized their
classifications, design principles, PTO mechanisms, and performance characteristics, while
also highlighting real-world applications and emerging research directions.

POWEHs have the potential to reduce deployment complexity and support au-
tonomous marine applications; however, their long-term cost, reliability, and maintenance
requirements have not yet been systematically demonstrated. These include mechanical,
electromagnetic, piezoelectric, triboelectric, and hybrid architectures. Among these, hybrid
and nonlinear systems have shown the most promise because they can respond to a wide
range of signals, work better, and be more reliable in rough seas.

Successful laboratory demonstrations and a few field tests have been conducted but
systematic long-term data on the cost, reliability, maintenance requirements, corrosion
and biofouling resistance, survivability, environmental impacts, or commercial readiness
of POWEHs is lacking in the literature to date. Such characteristics should therefore be
considered as important research and validation needs, not as established advantages.
Experimental and numerical studies demonstrate that optimally calibrated portable devices
can attain conversion efficiencies ranging from 2% to 40% in moderate wave conditions,
producing power from milliwatts (for sensor nodes) to tens of watts (for small buoys
or rescue platforms). The successful use of these systems in autonomous ocean-sensing,
coastal monitoring, and emergency-rescue systems shows that they are both technically
possible and useful to society.

However, there are still a number of problems that need to be solved before widespread
commercialization can happen. Some important problems are hydrodynamic instability in
systems that are not moored, material degradation in harsh marine environments, a lack
of standard testing protocols, and not enough long-term reliability data. To solve these
problems, we need to work together on research in advanced materials, smart control, and
electronics for managing energy. The next generation of POWEHs is expected to include:

• Self-adaptive systems that use real-time feedback and machine-learning optimization;
• Soft and bio-inspired materials that make them more flexible and durable;
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• Hybrid multi-mode arrays that can use heave, pitch, and surge motions at the
same time;

• Smart communication modules that let “smart-ocean” ecosystems communicate with
each other and stay alive on their own.

Overall, the reviewed literature demonstrates the technical feasibility of portable
wave energy harvesting and its potential for supplying low-power marine sensing ap-
plications. Electromagnetic, piezoelectric, triboelectric, dielectric, and hybrid approaches
each offer distinct characteristics, but the substantial differences in device scale, wave
conditions, electrical loading, and testing procedures currently prevent a universal ranking
of these technologies. Further progress requires standardized performance assessment,
long-duration field testing, improved durability under corrosion and biofouling, and
system-level integration with power management, energy storage, and marine sensor loads.
Consequently, the practical and commercial viability of POWEHs should be regarded as an
important subject for future validation rather than an already established outcome.
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AUV Autonomous Underwater Vehicle

B Frequency Bandwidth

CFD Computational Fluid Dynamics

DAQ Data acquisition system

DEAs Dielectric Elastomers

DEG Dielectric Elastomer Generator

EM Electromagnetic

FRF Frequency Response Functions

FEM Finite Element Modeling

IoT Internet of Things

KPI Key Performance Indicators

MPPT Maximum Power Point Tracking

PD Power Density

POWEH Portable Ocean Wave Energy Harvester

PTO Power Take-off

R Reliability
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RAO Response Amplitude Operator

SWL Still Water Level

TENG Triboelectric nanogenerator

WEC Wave Energy Converters
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