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Abstract: An open-water wave energy converter (OWEC) made of a new soft platform has been
developed by combining piezoelectric macro-fiber composites (MFCs) and a low-cost elastomer. In
the past decades, numerous types of water wave energy conversion platform have been developed
and investigated, from buoys to overtopping devices. These harvesters mainly use electromagnetic-
based generators, and they have faced challenges such as their enormous size, high deployment and
maintenance costs, and negative effects on the environment. These problems hinder their practicality
and competitiveness. In this paper, a soft open-water wave energy converter is introduced which
integrates piezoelectric MFCs and bubble wrap into an elastomer sheet. The performance of the
OWEC was investigated in a wave flume as a floatable structure. The maximum 29.7 µW energy
harvested from the small OWEC represents a promising energy conversion performance at low
frequencies (<2 Hz). The elastomer was able to protect the MFCs and internal electrical connections
without any degradation during the experiment. In addition, the OWEC is a foldable structure, which
can reduce the deployment costs in real-world applications. The combination of no maintenance, low
fabrication cost, low deployment cost, and moderate energy harvesting capability may advance the
OWEC platform to its real-world applications.

Keywords: renewable energy; water wave energy conversion; macro-fiber composite; piezoelectric
energy converter; soft material; environmentally benign

1. Introduction

Renewable energy is a highly demanded instrument for economic and social growth,
supply infrastructures in remote areas, and climate-change mitigation [1–3]. However,
there are roadblocks to the development and investment in renewable energy-based tech-
nologies associated with policymaking, lack of financial incentive, mainstream energy
firms’ interests, and a lack of skilled specialists in the field [4–6]. Nevertheless, growth
in the use of renewable energy sources has become increasingly important in the current
high-energy-consumption world. The main attractions of renewable energy sources are
that they harvest energy from nature with fewer environmental impacts and have positive
effects on the generating countries’ GDPs [6,7]. For instance, using solar energy to power
remote mines and oil extraction facilities, or to provide electricity for remote sensing are
two examples of the use of renewable energy in the modern era. Specifically, these are
examples where renewable energy is provided for applications located far from a power
distribution network, which can reduce the negative environmental effects [5,8–10].

An appropriate strategy for using renewable energy sources can be chosen based on
the distribution of renewable energy sources on the planet and the energy demand [11]. The
abundance of vibrational kinetic energy on earth makes its conversion to electricity for use
in modern applications particularly attractive [12–14]. Water wave energy is one of the most
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abundant sources that can be used as a source of sustainable vibration energy [15]. To har-
vest electrical energy from water waves, four different transducers have been investigated:
electromagnetic, electrostatic, triboelectric, and piezoelectric transducers [16–19].

Electromagnetic-based energy-harvesting platforms have some advantages, such
as low impedance, and are suitable for large-scale energy production. Electromagnetic-
based transducers in their conventional form need a resonance mechanical system to
provide proper actuation of the magnet and coil in low-frequency conditions. To harvest
energy from low-frequency vibrations, these harvesters rely on a frequency up-conversion
mechanism. Resonance-based mechanical systems involve a high level of complexity
and high design costs, as well as bulky structures, and high maintenance costs. As such,
these mechanical structures and their negative features are the main drawbacks of using
electromagnetic transducers for large-scale energy conversion. For small-scale energy
harvesting, the fabrication of coils and magnets for micro-scale devices is expensive and
difficult, which is another drawback of this conversion method [20]. Electrostatic-based
mechanical energy converters apply charged variable capacitors. Their compatibility with
microelectromechanical systems (MEMS) technology makes them suitable for small-scale
energy conversion. The main drawbacks of this type of harvesters are their low power
output and their dependency on an external voltage supply or electrets. Another main
problem of electret-based devices is the low durability of charge in electrets [20,21].

Triboelectric-based harvesters use two mechanisms simultaneously: the triboelectric
effect and electrostatic induction. The main issues with this complicated mechanism are
the use of nano-structures in triboelectric nano-generators, complex design requirements,
complications in finding the right pairs of materials, high levels of wear and tear, and
low durability, alongside complexities associated with packaging and isolation [22,23].
Piezoelectric-based energy harvesters have an issue with regard to material limitations [24].
However, the main advantages of piezoelectric-based devices are the simple nature of
piezoelectric transducers, which enable designers to use a simple mechanism in the har-
vester, in addition to their durability, high voltage, high impedance of output, and high
energy production density [25,26]. Some vibrational energy converters use a combination
of the aforementioned transducers to reach a higher conversion efficiency [27].

To increase electrical power generation using piezoelectric transducers, various tech-
niques have been investigated such as force focusing and increasing mechanics [28], reso-
nance up-conversion mechanics [29], using different piezo materials [30], using more
efficient nonlinear electronics [31], and adjusting the resonance frequency to make a
broadband energy converter [32]. All these techniques have drawbacks, such as the
use of complex mechanics, the limitations of the materials, and the need for bulky buoys
that make the whole energy converter complicated and increase the cost of maintenance
and deployment.

Based on the required scale of energy and operation environment, the most optimal
power generation system must be selected [33–36]. For this study, we integrated piezo-
electric transducers and soft materials to produce OWECs and successfully deployed and
tested them in a wave flume. The commercially available macro-fiber composites (MFCs)
in the proper configuration, along with bubble wrap and encapsulation in the Ecoflex
030 biocompatible soft polymeric material, formed an OWEC with a flexible structure
with no mechanical complexities and minimum environmental negative effects [37]. Fabri-
cated OWECs, with varying numbers of MFCs were placed horizontally and their power
performance was investigated in a floating configuration in the wave flume.

2. Design and Fabrication

A flexible floating structure made from biofriendly soft materials and containing flexi-
ble piezoelectric transducers is a good option to act as an OWEC with minimum negative
environmental effects, and with an efficient and cost-effective design. Piezoelectric trans-
ducers have a high energy density production capability, which makes them an alluring
option for this purpose [38], as they can help reduce the size of the OWEC and minimize
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the deployment costs. Moreover, to reduce the environmental drawbacks of conventional
OWECs, an appropriate structural shape and environmentally friendly materials were
selected to avoid acoustic noise impacts [39–41]. A further advantage of the piezoelectric
conversion mechanism is that it can reduce the number of additional moving parts and
consequent acoustic noise, as well as lowering maintenance costs [41–43].

The appropriate piezoelectric transducer must be matched with a flexible structure.
MFC units can provide high energy density and a flexible structure when used as a
piezoelectric transducer [44]. M17007-P2, which is manufactured by Smart-materials, was
chosen for use in the proposed OWEC. This P2-type MFC uses the d31 piezoelectric index,
which is smaller than the d33, for PZT fibers. While d31<d33, the aluminum-based bottom–
top electrode topology that is used in P2-type MFCs increases the electric charge gathering
and output current [45]. The PZT fibers were sandwiched between electrodes and Kapton
films using epoxy. The average shear modulus of MFCs is 5.515 GPa, and the average
capacitance is 98.5 nF for this model [46].

The MFC and its structure is presented in Figure 1. Figure 1a depicts the photographic
image of M17007-P2 MFC. Figure 1b is a magnification of the area marked by a red square
box in Figure 1a; the electrodes are shown in this image. Figure 1c shows the 3D schematic
diagram of the M17007-P2 MFC. The bottom–top electrodes of P2-type MFCs are depicted
in this schematic diagram.
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Figure 1. The proposed open-water wave energy converter (OWEC) with P2-type macro-fiber
composites (MFCs), M17007-P2 model. (a) The P2-type MFC module using the d31 piezo index. (b) A
magnified image of the MFC. The top electrode and the fibers can be seen clearly. (c) Schematic details
of MFC: the bottom–top electrodes, together with top/bottom surface metallization of the piezo-fibers,
form the internal connections of the MFC. The bottom–top electrodes’ configuration helps P2-type
MFCs to collect more charge in comparison with P1-type MFCs, which have interdigitated electrodes.

Ecoflex 030 with a shear modulus of 22.081 KPa has been chosen as an encapsula-
tion platform because of its light, flexible, and cost-effective properties and resistance to
highly corrosive saltwater [47]. Moreover, it is possible to shape this elastomer by using
a soft-material casting method, which is cost-effective in comparison to other methods
like standard lithography [48–50]. The mold for this purpose can be fabricated by a 3D
printer [51]. To guarantee the buoyancy of the structure, a piece of bubble wrap was
integrated into the Ecoflex as a flexible filler that reduces the overall density of the structure.
Using these materials in a sheet-like form can create a floatable, bendable, and durable
structure. This structure can then be used as an ideal platform and integrated with the
proper piezoelectric elements to form the desired OWEC.

Figure 2 presents the schematic diagram of the fabrication process, as shown pre-
viously [51]. Figure 2a depicts the schematic diagram of the empty mold. This mold is
made by bonding individually fabricated 3D-printed parts onto a Plexiglas plate. As a
first step, liquid Ecoflex 030 was dispensed on this mold until it was half-filled. Bubble
wrap and MFCs were placed on the top of the Ecoflex 030 in succession, as depicted
in Figure 2b. To finalize the fabrication of the OWEC, another portion of Ecoflex 030
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solution was dispensed over these elements, as depicted in Figure 2c. After curing the
Ecoflex for four hours at 25 ◦C, the elastomer was crosslinked, and the OWEC fabrication
process was completed. The drawings for the final product are depicted in Figure 2d,e.
Figure 2f presents a photographic image of an OWEC with four MFCs and dimensions of
250 mm × 250 mm × 4 mm. In terms of circuitry, a parallel connection configuration was
used to maximize the output power of the OWECs used in this study, as described in the
literature [45,52].
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Figure 2. Fabrication steps, schematic, and photographic image of the OWEC (figure not to scale).
(a) The empty mold. (b) A thin layer of Ecoflex was dispensed in the mold and the bubble wrap and
MFC were placed on top of this layer. (c) A further layer of Ecoflex was dispensed over the MFCs
and bubble wrap, and the mold was filled. (d) The Ecoflex was cured and the OWEC finalized. (e) 3D
schematics of the OWEC, showing the bubble wrap and the MFCs. (f) Photographic image of the
final OWEC.

3. Results
3.1. Rectifier Circuit and Electrical Measurement

We connected the OWECs with 2, 3, 5, and 10 MFCs to a diode bridge rectifier circuit,
in order to investigate their performance in a wave flume under various wave conditions.
The rectifier circuit was used to convert the OWECs’ AC output to DC. The DC output
voltage and power were measured and analyzed. The schematic diagram and a photograph
of the circuit are shown in Figure 3. The diode bridge was formed from 4X1N4001 diodes,
and the tantalum capacitor had a capacitance of 4.7 µF [53]. To measure the open-circuit
voltage, a Texas Instrument Data Acquisition system (DAQ) was connected directly to the
rectifier circuit.
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The time required for charging the capacitor was one minute. This was therefore the
effective duration of each test. To measure the power delivered to the load, a nominal
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100 K Ω resistor with an actual value of 99.35 K Ω was switched into the circuit as a resistive
load. Power was determined using Equation (1).

P =
V2

R
(1)

3.2. Wave Flume and Experimental Setup

A wave flume was used to perform experiments and test the buoyancy, electrical
performance, power production, and stability of the OWEC developed for this study. The
wave flume is equipped with a wave-maker flap that can produce waves with different
periods and heights. The total length of the flume was L = 15 m and its width was W = 0.6
m. The depth of the water in the flume was fixed at H = 0.97 m during the experiments
(L = 15 m × W = 0.6 m × H = 0.97 m). The OWECs were placed in the flume, anchored or
unanchored, at a 3m distance from the wave maker. Wave gauges were placed in front and
behind the center of the OWECs at a distance of 40 cm to measure the wave parameters.
The experimental setup is presented in Figure 4.
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Figure 4. The schematic diagram of the wave flume and experimental setup (not to scale). OWECs
were placed at a distance of 3 m from the wave maker. The total length of the flume was L = 15 m, and
its width was W = 0.6 m. The height of the water was adjusted to H = 0.97 m during the experiments
(L = 15 m × W = 0.6 m × H = 0.97 m). The wave gauges are also depicted.

During the experiments, two cameras were used to record all the details from the side
and bird’s eye view.

3.3. Horizontal Test Conditions

The OWECs were placed horizontally on the surface of the water in the wave flume, as
shown in Figure 5. In this floating configuration, the OWECs were moored to the walls of
the flume by means of suspended ropes to avoid drifting as a result of the waves. Figure 5
presents a simplified drawing of the wave energy converter, its qualitative response to the
wave, and photographic images of an actual floating device. Figure 5a–c depict schematic
diagrams of a horizontally floating OWEC in the wave flume in still water conditions,
on the convex surface of the wave, and on the concave surface of the water, respectively.
Figure 5d–f present the photographic images of these same conditions, in the same order.

In the flume tests, the tested wave periods of the monochromatic waves were 0.75,
1, 1.25, and 1.5 s while the nominal wave heights for each period were 20, 15, 10, and
5 centimeters. The real and nominal wave conditions are detailed in Table 1. This table
also depicts the steepness of each wave condition (the ratio of the wave height, H, to the
wavelength, L). In Figure 5, the steepness variation of the incoming waves is shown for
each wave period and each nominal wave height. Figure 6a shows that the steepness of the
wave was increased by increasing the wave height for each wave period, whereas Figure 6b
shows that the steepness was decreased by increasing the wave period. Some wave
conditions were avoided in the experiment, as shown in Figure 6 and Table 1, to prevent
waves from breaking in the flume. Breaking waves can cause unwanted harmonics and
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produce standing waves in the flume, resulting in varying wave heights and frequencies,
which can contaminate the results and invalidate tests.
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(a–c) Schematics of the OWEC on the water surface following the surface profile of the water
waves. (d–f) Photographic images of the OWEC on the water surface and its responses to the wave
motion, following the surface profile.

Table 1. The nominal and measured parameters of waves. Water depth was fixed at H = 97 cm throughout the tests. (a) The
wave period was determined by the period of the paddle in the wave flume. (b) Nominal wave heights were chosen
and entered as the required heights to the LabVIEW program. (c) The measured wave height, H, is the real wave height,
measured by the wave probes. (d) Wavelength, L, was determined by the wave dispersion relationship [54]. (e) The wave
steepness (H/L) was the quotient of measured wave height to wavelength. “NA” indicates instances where the wave
parameter was not well defined due to wave breaking and the subsequent generation of harmonics.

(a) Wave Period, T (s) (b) Nominal Wave
Height (cm)

(c) Measured Wave
Height, H (cm) (d) Wavelength L (cm) (e) Wave Steepness

(H/L)

0.75 20 20 88 0.23

0.75 15 15 88 0.17

0.75 10 11 88 0.13

0.75 5 6 88 0.07

1.0 20 31 156 0.19

1.0 15 25 156 0.16

1.0 10 17 156 0.11

1.0 5 9 156 0.06

1.25 20 NA NA NA

1.25 15 30 241 0.13

1.25 10 21 241 0.09

1.25 5 11 241 0.04

1.5 20 NA NA NA

1.5 15 NA NA NA

1.5 10 23 335 0.07

1.5 5 12 335 0.04



Micromachines 2021, 12, 1269 7 of 15

Micromachines 2021, 12, x 7 of 15 
 

 

1.0 5 9 156 0.06 
1.25 20 NA NA NA 
1.25 15 30 241 0.13 
1.25 10 21 241 0.09 
1.25 5 11 241 0.04 
1.5 20 NA NA NA 
1.5 15 NA NA NA 
1.5 10 23 335 0.07 
1.5 5 12 335 0.04 

 
Figure 6. Wave steepness. (a) Variation in steepness versus wave height for a given wave period. (b) Variation in steep-
ness versus wave period for a measured wave height. 

3.4. Results and Discussion of Horizontal Test Conditions 
The open-circuit voltage (VOC) and the power delivered to the resistive load (POUT) 

are analyzed in this section. We investigated the output power against various experi-
mental parameters, such as the number of MFCs inside the OWECs, the wave period, 
the wave height, and the wave steepness in the flume, as discussed in [55]. The output 
voltage and power from MFCs combined in parallel are proportional to their bending 
angle, speed, and acceleration. The shear modulus of Ecoflex 030 and M17007-P2 MFC 
are 22.081 kPa and 5.515 GPa, respectively. The stiffness of the OWECs varied according 
to the number of integrated MFCs, which is a critical parameter for determining the vi-
bration modes and bendability of an OWEC. Due to these factors, there is always a 
trade-off between the bendability of the OWEC and its usefulness for energy harvesting. 
Given that the OWECs in this study follow the surface profile of the waves, higher out-
put voltage and power can be expected from steeper waves. 

In Figure 7, changes in VOC and POUT are shown as a function of varying wave 
heights at a specific wave period, for OWECs with varying numbers of MFCs. The test 
conditions represented in each graph are as follows: Figures 7a and 7b show VOC and 
POUT with a wave period of 0.75 s and wave heights of 5, 10, 15, and 20 cm. Figures 7c 
and 7d show VOC and POUT with a wave period of 1.00 s wave period and wave heights of 
5, 10, 15, and 20 cm wave heights. Figures 7e and 7f show VOC and POUT with a wave pe-
riod of 1.25 s and wave heights of 5, 10, and 15 cm. Figures 7g and 7h show VOC and POUT 

with a wave period of 1.50 s and wave heights of 5 and 10 cm. As shown in Figure 6a, 
increasing the wave height for a given wave period increases the steepness of the wave. 
VOC and POUT follow the same pattern when they are measured for a specific wave period 
and incremental wave heights. Due to the increment in wave steepness, steeper waves 
can bend the OWEC more, producing a higher level of output voltage and power. How-

0.5 0.75 1 1.25 1.5 1.75
0

0.1

0.2

0.3

0.4

0 10 20 30
0

0.1

0.2

0.3

0.4
(a) (b)

Figure 6. Wave steepness. (a) Variation in steepness versus wave height for a given wave period.
(b) Variation in steepness versus wave period for a measured wave height.

3.4. Results and Discussion of Horizontal Test Conditions

The open-circuit voltage (VOC) and the power delivered to the resistive load (POUT) are
analyzed in this section. We investigated the output power against various experimental
parameters, such as the number of MFCs inside the OWECs, the wave period, the wave
height, and the wave steepness in the flume, as discussed in [55]. The output voltage and
power from MFCs combined in parallel are proportional to their bending angle, speed,
and acceleration. The shear modulus of Ecoflex 030 and M17007-P2 MFC are 22.081 kPa
and 5.515 GPa, respectively. The stiffness of the OWECs varied according to the number
of integrated MFCs, which is a critical parameter for determining the vibration modes
and bendability of an OWEC. Due to these factors, there is always a trade-off between the
bendability of the OWEC and its usefulness for energy harvesting. Given that the OWECs
in this study follow the surface profile of the waves, higher output voltage and power can
be expected from steeper waves.

In Figure 7, changes in VOC and POUT are shown as a function of varying wave heights
at a specific wave period, for OWECs with varying numbers of MFCs. The test conditions
represented in each graph are as follows: Figure 7a,b show VOC and POUT with a wave
period of 0.75 s and wave heights of 5, 10, 15, and 20 cm. Figure 7c,d show VOC and POUT
with a wave period of 1.00 s wave period and wave heights of 5, 10, 15, and 20 cm wave
heights. Figure 7e,f show VOC and POUT with a wave period of 1.25 s and wave heights of
5, 10, and 15 cm. Figure 7g,h show VOC and POUT with a wave period of 1.50 s and wave
heights of 5 and 10 cm. As shown in Figure 6a, increasing the wave height for a given wave
period increases the steepness of the wave. VOC and POUT follow the same pattern when
they are measured for a specific wave period and incremental wave heights. Due to the
increment in wave steepness, steeper waves can bend the OWEC more, producing a higher
level of output voltage and power. However, it was found that a larger number of MFCs
did not produce higher VOC or POUT due to the resultant decrease in bendability of the
OWEC. As shown in Figure 7, an OWEC with 3 MFCs was found to be optimal in the tests.

In Figure 8, the variations in VOC or POUT are depicted as a function of varying wave
periods at a specific wave height. Similarly to Figure 7, results for OWECs with varying
numbers of MFCs are shown on each graph. The test conditions represented in each graph
are as follows: Figure 8a,b show VOC and POUT with a wave height of 20 cm and wave
periods of 0.75 and 1.00 s. Figure 8c,d show VOC and POUT with a wave height of 15 cm and
wave periods of 0.75, 1.00, and 1.25 s. Figure 8e,f show VOC and POUT with a wave height
of 10 cm and wave periods of 0.75, 1.00, 1.25, and 1.50 s. Finally, Figure 8g,h show VOC and
POUT with a wave height of 5 cm and wave periods of 0.75, 1, 1.25, and 1.5 s. As shown in
Figure 6b, increasing the wave period lowers the steepness of the wave decreased, and this
is reflected in decrements in VOC and POUT, as seen in Figure 8.
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Figure 8. Graphs depicting VOC and POUT as functions of wave period for a specific wave height
and for OWECs with varying numbers of MFCs (2, 3, 5, and 10). (a,b) Output voltage and power for
20 cm nominal wave height and 0.75 and 1.00 s wave periods. (c,d) Output voltage and power for
15 cm nominal wave height and 0.75, 1.00, and 1.25 s wave periods. (e,f) Output voltage and power
for 10 cm nominal wave height and 0.75, 1.00, 1.25 and 1.50 s wave periods. (g,h) Output voltage and
power for 5 cm nominal wave height and 0.75, 1.00, 1.25 and 1.50 s wave periods.

In Figure 9, the open-circuit voltages and output powers are shown as functions of
the wave steepness. In Figure 9a, the VOC changes are depicted against waves of varying
steepness. In Figure 9b, the POUT variations versus steepness are shown. The outputs
increase almost monotonically when the wave steepness is increased. The distraction of
monolithic behavior of outputs could be due to nonlinear effects that shifted the output
values slightly. From the results shown in Figures 7–9, it can be concluded that OWECs with
3 MFCs have the produce the highest power output under all the tested wave conditions.
The maximum power output is a compromise between the OWEC’s bendability and power
production. While OWECs with five and ten MFCs have a higher capacity to produce
electrical energy, they have a stiffer structure with lower bendability.
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Figure 9. VOC and POUT versus wave steepness for a OWECs with varying numbers of MFCs.
(a) Output voltage versus wave steepness (b) Output power versus wave steepness.

The proper encapsulation of the OWECs is crucial to ensuring their performance. As
these electrical devices need to work in highly corrosive saltwater and under sunshine, the
electrical components must be appropriately protected to endure the harsh environment.
Each MFC has a capacitance of 93–100 nF. The number of MFCs, their internal connections,
and the wiring determine the level of capacitance in a given OWEC. The capacitances
achieved with the OWECs designed for this experiment were 190, 270, 470, and 850 nF
for those with 2, 3, 5, and 10 MFCs, respectively. The capacitance was measured before,
during, and after each experiment, and the results showed no observable variation. These
persistent results point to the stable encapsulation of the MFCs in the soft-material platform.
The output voltage and power also showed no deterioration, which suggests the high
quality of encapsulation and the efficiency of the design. During the tests, the OWECs were
exposed to saltwater for 336 hours and tolerated more than 41,000 cycles without showing
any negative effect.

3.5. One-Sided Anchored Configuration

We found that OWECs with 3 MFCs demonstrated the highest power production
ability. To study the effects of anchoring the OWEC on energy production, OWECs with
3 MFCs were anchored as shown in Figure 10.
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Figure 10. The horizontal one-sided anchoring (schematics not to scale). (a) Schematic of the one-
sided anchored OWEC. (b) Photographic image of the one-sided anchored OWEC.

The power production was measured under the conditions of a 20 cm wave height
and 0.75 s wave period. As shown in Figure 7, the OWEC with 3 MFCs under these test
conditions produced the maximum energy in the free-floating (horizontal unanchored)
configuration. Figure 11 depicts the results of the energy production of OWEC with
3 MFCs in both free-floating (horizontally unanchored) and horizontally one-sided an-
chored configurations. From Figure 11, it can be seen that the maximum output power for
the free-floating configuration was 12.4 µW. For the one-side anchoring configuration, the
power production was more than twice that, at 29.7 µW. This implies that the one-sided
anchoring method substantially increases the energy-harvesting ability of the OWEC. This
one-sided anchor configuration may be especially useful in applications designed to supply
energy to remote sensing equipment on offshore structures, as the OWECs can be anchored
to these structures in a similar manner to the configuration shown in Figure 10.
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4. Discussion

This study investigated the use of low-cost and environmentally friendly OWECs to
harvest energy under various wave conditions in a flume. Commercially available MFCs
and bubble wrap were employed and a low-cost casting method was used to fabricate
OWEC devices incorporating various numbers of MFCs, used as piezoelectric conversion
elements, encapsulated in Ecoflex 030 elastomer. Since the OWECs designed for this study
have no internal moving parts, their maintenance and fabrication costs are significantly
lower in comparison to other types of OWEC that contain complicated mechanics [42].
Furthermore, these OWECs are lightweight and foldable, which can potentially reduce
their deployment costs [43] in a comparison with OWECs that require bulky buoys and
wave attenuators [56].

The energy outputs from OWECs with 2, 3, 5, and 10 MFCs were investigated in a
horizontally floating configuration. The OWEC with 3 MFCs demonstrated the highest
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wave energy conversion in this configuration (12.1 µW peak); the harvester containing
10 MFCs demonstrated the lowest output (0.3 µW peak). The energy harvester with
3 MFC was further investigated under a horizontally one-sided anchoring configuration
and showed a promising 29.7 µW energy harvesting ability, equal to 0.52 mW/m2 and
12.9 mW/m3 if converted to energy per unit area and volume. Zhang et al. produced an
OWEC based on TENG, which achieved a maximum power production of 54 µW, equal
to 180.6 µW/m2 and 651 µW/m3 [57]. Rodrigues et al. achieved a maximum power
output of 230 µW by placing four of their TENG modules on a 1:8 scale commercial
buoy, equivalent to less than 2.26 mW/m2 and 6.02 mW/m3 if converted to energy per
unit area and volume [58]. An energy harvester based on an electrostatic capacitive
transducer, developed by Pruvost et al., produced a power output of 1.7 µW, equal to
0.24 µW/cm2 and 4.53 µW/m3 [59]. Taking into account the dimensions of these OWECs,
the power generation from the OWEC developed in this study is more efficient than or
comparable to those of in the above studies. The output voltage and power production
remained consistent throughout the 336-hour experimental period. The capacitance of
each OWEC remained stable before, during, and after the experiment, as did the internal
electrical connections. This shows the consistent performance of the soft material-based
encapsulation used to protect electrical elements from saltwater. Thanks to the low cost and
the effectiveness of our approach, other types of transducers, such as clusters of electrostatic
MEMS [60] or piezoelectric MEMS [61] transducers can also be integrated into the soft
encapsulation. Similarly, this soft encapsulation approach can pave the way to using a
network of triboelectric nanogenerators in the same floatable and foldable platform [62].
For real-life applications, several progressive paths can be considered. For instance, the
OWEC introduced in this study can be used in its current form as a wave monitoring and
remote sensing platform by placing it on offshore structures or mooring on the surface of
open-water. The harvested energy can be used to drive sensors and for communication
purposes, or the OWEC can be a self-energized sensor itself.

For large-scale energy harvesting, this proposed scalable OWEC could be fabricated
to larger dimensions, with the same thickness but a much larger surface area. One of the
limitations of scaling up the proposed OWEC is the limited size of commercially available
MFCs, which are limited by the length of piezo-fibers as well as fabrication limitations.
Nevertheless, integrating a higher number of small commercial MFCs into a bigger sheet
of soft material and connecting them in an appropriate circuit configuration could still be
a feasible method to scale up the OWEC’s energy-harvesting capacity. The deployment
costs can be greatly reduced using such an OWEC because its bendability means it can be
folded and then deployed. While the information reported in this article may be useful
for the effective scaling up of OWECs with suitable stiffness, bendability, and power
production capacity, further study should be undertaken to design more efficient OWECs
for larger-scale energy production.
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3. Keček, D.; Mikulić, D.; Lovrinčević, Ž. Deployment of renewable energy: Economic effects on the Croatian economy. Energy

Policy 2018, 126, 402–410. [CrossRef]
4. Bauwens, T. Analyzing the determinants of the size of investments by community renewable energy members: Findings and

policy implications from Flanders. Energy Policy 2019, 129, 841–852. [CrossRef]
5. Herman, K.S. Attracting foreign direct investment the Chilean government’s role promoting renewable energy. In Proceedings of

the International Conference on Renewable Energy Research and Applications, Madrid, Spain, 20–23 October 2013; pp. 37–41.
[CrossRef]

6. Romano, A.A.; Scandurra, G. Investments in Renewable Energy Sources in OPEC Members: A Dynamic Panel Approach. Metod.
Zv. 2014, 11, 93–106.

7. Sikder, A.; Inekwe, J.; Bhattacharya, M. Economic output in the era of changing energy-mix for G20 countries: New evidence
with trade openness and research and development investment. Appl. Energy 2018, 235, 930–938. [CrossRef]

8. Choi, Y.; Lee, C.; Song, J. Review of Renewable Energy Technologies Utilized in the Oil and Gas Industry. Int. J. Renew. Energy Res.
2017, 7, 592–598.

9. Saadawi, H. Application of Renewable Energy in the Oil and Gas Industry. In Proceedings of the SPE Middle East Oil and Gas
Show and Conference, Manama, Bahrain, 18–21 March 2019. [CrossRef]

10. Khazaee, M.; Rezaniakolaie, A.; Moosavian, A.; Rosendahl, L. A novel method for autonomous remote condition monitoring of
rotating machines using piezoelectric energy harvesting approach. Sens. Actuators A Phys. 2019, 295, 37–50. [CrossRef]

11. Malinchik, S.; Hill, C.; Roberts, A.; Fierro, S. Geo-Spatial resource analysis and optimization of investment strategies for renewable
energy. In Proceedings of the 2010 IEEE Conference on Innovative Technologies for an Efficient and Reliable Electricity Supply,
Waltham, MA, USA, 27–29 September 2010; pp. 70–77. [CrossRef]

12. Wang, J.; Geng, L.; Ding, L.; Zhu, H.; Yurchenko, D. The state-of-the-art review on energy harvesting from flow-induced vibrations.
Appl. Energy 2020, 267, 114902. [CrossRef]

13. Roy, S.; Mallick, D.; Paul, K. MEMS-Based Vibrational Energy Harvesting and Conversion Employing Micro-/Nano-Magnetics.
IEEE Trans. Magn. 2019, 55, 4700315. [CrossRef]

14. Li, M.; Jing, X. Novel tunable broadband piezoelectric harvesters for ultralow-frequency bridge vibration energy harvesting.
Appl. Energy 2019, 255, 113829. [CrossRef]

15. Weiss, C.V.d.C.; Guanche, R.; Ondiviela, B.; Castellanos, O.F.; Juanes, J. Marine renewable energy potential: A global perspective
for offshore wind and wave exploitation. Energy Convers. Manag. 2018, 177, 43–54. [CrossRef]

16. Zhang, L.B.; Dai, H.L.; Yang, Y.W.; Wang, L. Design of high-efficiency electromagnetic energy harvester based on a rolling magnet.
Energy Convers. Manag. 2019, 185, 202–210. [CrossRef]

17. Moretti, G.; Malara, G.; Scialò, A.; Daniele, L.; Romolo, A.; Vertechy, R.; Fontana, M.; Arena, F. Modelling and field testing of a
breakwater-integrated U-OWC wave energy converter with dielectric elastomer generator. Renew. Energy 2019, 146, 628–642.
[CrossRef]

18. Wang, N.; Zou, J.; Yang, Y.; Li, X.; Guo, Y.; Jiang, C.; Jia, X.; Cao, X. Kelp-inspired biomimetic triboelectric nanogenerator boosts
wave energy harvesting. Nano Energy 2018, 55, 541–547. [CrossRef]

19. Mutsuda, H.; Tanaka, Y.; Doi, Y.; Moriyama, Y. Application of a flexible device coating with piezoelectric paint for harvesting
wave energy. Ocean Eng. 2018, 172, 170–182. [CrossRef]

20. Spreemann, D.; Manoli, Y. Electromagnetic Vibration Energy Harvesting Devices: Architectures, Design, Modeling and Optimization;
Springer: Berlin/Heidelberg, Germany, 2012.

21. Wei, C.; Jing, X. A comprehensive review on vibration energy harvesting: Modelling and realization. Renew. Sustain. Energy Rev.
2017, 74, 1–18. [CrossRef]

22. Wada, Y.; Hamate, Y.; Nagasawa, S.; Kuwano, H. Aging characteristics of electret used in a vibration-based electrostatic induction
energy harvester. In Proceedings of the 2011 16th International Solid-State Sensors, Actuators and Microsystems Conference,
Beijing, China, 5–9 June 2011; Volume 1, pp. 2626–2629. [CrossRef]

23. Peng, J.; Kang, S.D.; Snyder, G.J. Optimization principles and the figure of merit for triboelectric generators. Sci. Adv. 2017, 3,
eaap8576. [CrossRef]

24. Mishra, S.; Unnikrishnan, L.; Nayak, S.K.; Mohanty, S. Advances in Piezoelectric Polymer Composites for Energy Harvesting
Applications: A Systematic Review. Macromol. Mater. Eng. 2018, 304, 1800463. [CrossRef]

25. Sun, Y.; Chen, J.; Li, X.; Lu, Y.; Zhang, S.; Cheng, Z. Flexible piezoelectric energy harvester/sensor with high voltage output over
wide temperature range. Nano Energy 2019, 61, 337–345. [CrossRef]

26. Gao, X.; Qiu, C.; Li, G.; Ma, M.; Yang, S.; Xu, Z.; Li, F. High output power density of a shear-mode piezoelectric energy harvester
based on Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 single crystals. Appl. Energy 2020, 271, 115193. [CrossRef]

27. Hafizh, M.; Muthalif, A.G.A.; Renno, J.; Paurobally, M.R.; Arab, M.A.; Bahadur, I.; Ouakad, H. A hybrid piezoelectric–
electromagnetic nonlinear vibration energy harvester excited by fluid flow. Comptes Rendus Mécanique 2021, 349, 65–81. [CrossRef]

http://doi.org/10.1063/1.4997306
http://www.fs-unep-centre.org
http://doi.org/10.1016/j.enpol.2018.11.028
http://doi.org/10.1016/j.enpol.2019.02.067
http://doi.org/10.1109/icrera.2013.6749722
http://doi.org/10.1016/j.apenergy.2018.10.092
http://doi.org/10.2118/194972-ms
http://doi.org/10.1016/j.sna.2019.05.016
http://doi.org/10.1109/citres.2010.5619855
http://doi.org/10.1016/j.apenergy.2020.114902
http://doi.org/10.1109/TMAG.2019.2896105
http://doi.org/10.1016/j.apenergy.2019.113829
http://doi.org/10.1016/j.enconman.2018.09.059
http://doi.org/10.1016/j.enconman.2019.01.089
http://doi.org/10.1016/j.renene.2019.06.077
http://doi.org/10.1016/j.nanoen.2018.11.006
http://doi.org/10.1016/j.oceaneng.2018.11.014
http://doi.org/10.1016/j.rser.2017.01.073
http://doi.org/10.1109/transducers.2011.5969869
http://doi.org/10.1126/sciadv.aap8576
http://doi.org/10.1002/mame.201800463
http://doi.org/10.1016/j.nanoen.2019.04.055
http://doi.org/10.1016/j.apenergy.2020.115193
http://doi.org/10.5802/crmeca.74


Micromachines 2021, 12, 1269 14 of 15

28. Turkmen, A.C.; Celik, C. Energy harvesting with the piezoelectric material integrated shoe. Energy 2018, 150, 556–564. [CrossRef]
29. Zhang, G.; Gao, S.; Liu, H. A utility piezoelectric energy harvester with low frequency and high-output voltage: Theoretical

model, experimental verification and energy storage. AIP Adv. 2016, 6, 095208. [CrossRef]
30. Gablech, I.; Klempa, J.; Pekárek, J.; Vyroubal, P.; Hrabina, J.; Holá, M.; Kunz, J.; Brodský, J.; Neužil, P. Simple and Efficient

AlN-Based Piezoelectric Energy Harvesters. Micromachines 2020, 11, 143. [CrossRef]
31. Guyomar, D.; Lallart, M. Recent Progress in Piezoelectric Conversion and Energy Harvesting Using Nonlinear Electronic

Interfaces and Issues in Small Scale Implementation. Micromachines 2011, 2, 274–294. [CrossRef]
32. Yang, Z.; Zhou, S.; Zu, J.; Inman, D. High-Performance Piezoelectric Energy Harvesters and Their Applications. Joule 2018, 2,

642–697. [CrossRef]
33. Argent, M.; McDonald, A.; Leithead, W.; Giles, A. Optimisation of design and operation of generators for offshore vertical axis

wind turbines. Wind. Energy 2019, 22, 1324–1342. [CrossRef]
34. Izadgoshasb, I.; Lim, Y.; Padilla, R.V.; Sedighi, M.; Novak, J. Performance Enhancement of a Multiresonant Piezoelectric Energy

Harvester for Low Frequency Vibrations. Energies 2019, 12, 2770. [CrossRef]
35. Felix, A.; Fontes, J.V.H.; Lithgow, D.; Mendoza, E.; Posada, G.; Ring, M.; Silva, R. Wave Energy in Tropical Regions: Deployment

Challenges, Environmental and Social Perspectives. J. Mar. Sci. Eng. 2019, 7, 219. [CrossRef]
36. Tawfiq, K.B.; Mansour, A.S.; Ramadan, H.S.; Becherif, M.; El-Kholy, E.E. Wind Energy Conversion System Topologies and

Converters: Comparative Review. Energy Procedia 2019, 162, 38–47. [CrossRef]
37. Hamlehdar, M.; Kasaeian, A.; Safaei, M.R. Energy harvesting from fluid flow using piezoelectrics: A critical review. Renew. Energy

2019, 143, 1826–1838. [CrossRef]
38. Yang, Z.; Erturk, A.; Zu, J. On the efficiency of piezoelectric energy harvesters. Extreme Mech. Lett. 2017, 15, 26–37. [CrossRef]
39. Uihlein, A.; Magagna, D. Wave and tidal current energy—A review of the current state of research beyond technology. Renew.

Sustain. Energy Rev. 2016, 58, 1070–1081. [CrossRef]
40. Haikonen, K.; Sundberg, J.; Leijon, M. Characteristics of the Operational Noise from Full Scale Wave Energy Converters in the

Lysekil Project: Estimation of Potential Environmental Impacts. Energies 2013, 6, 2562–2582. [CrossRef]
41. Patricio, S.; Moura, A.; Simas, T. Wave energy and underwater noise: State of art and uncertainties. In Proceedings of the

OCEANS 2009-Europe, Bremen, Germany, 11–14 May 2009; pp. 1–5. [CrossRef]
42. Rinaldi, G.; Thies, P.R.; Walker, R.; Johanning, L. On the Analysis of a Wave Energy Farm with Focus on Maintenance Operations.

J. Mar. Sci. Eng. 2016, 4, 51. [CrossRef]
43. Rémouit, F.; Chatzigiannakou, M.-A.; Bender, A.; Temiz, I.; Sundberg, J.; Engström, J. Deployment and Maintenance of Wave

Energy Converters at the Lysekil Research Site: A Comparative Study on the Use of Divers and Remotely-Operated Vehicles. J.
Mar. Sci. Eng. 2018, 6, 39. [CrossRef]

44. Alsaadi, A.; Shi, Y.; Pan, L.; Tao, J.; Jia, Y. Vibration energy harvesting of multifunctional carbon fibre composite laminate
structures. Compos. Sci. Technol. 2019, 178, 1–10. [CrossRef]

45. Tang, L.; Yang, Y.; Li, H. Optimizing efficiency of energy harvesting by macro-fiber composites. In Proceedings of the SPIE 7268,
Smart Structures, Devices, and Systems IV, Melbourne, Australia, 30 December 2008; Volume 7268, p. 726808. [CrossRef]

46. Smart-Materials.com/MFC-Products-Properties/Shear Modulus. Available online: www.smart-material.com/MFC-product-
properties.html (accessed on 15 May 2021).

47. Steck, D.; Qu, J.; Kordmahale, S.B.; Tscharnuter, D.; Muliana, A.; Kameoka, J. Mechanical responses of Ecoflex silicone rubber:
Compressible and incompressible behaviors. J. Appl. Polym. Sci. 2019, 136, 47025. [CrossRef]

48. Saghati, A.P.; Kordmahale, S.B.; Kameoka, J.; Entesari, K. A reconfigurable quarter-mode substrate integrated waveguide cavity
filter employing liquid-metal capacitive loading. In Proceedings of the 2015 IEEE MTT-S International Microwave Symposium,
Phoenix, AZ, USA, 17–22 May 2015; pp. 20–22. [CrossRef]

49. Saghati, A.P.; Kordmahale, S.B.; Saghati, A.P.; Kameoka, J.; Entesari, K. Reconfigurable quarter-mode SIW antenna employing a
fluidically switchable via. In Proceedings of the 2016 IEEE Antennas and Propagation Society International Symposium, APSURSI
2016—Proceedings, Fajardo, PR, USA, 26 June–1 July 2016; pp. 845–846. [CrossRef]

50. Huang, P.-J.; Kordmahale, S.B.; Chou, C.-K.; Yamaguchi, H.; Hung, M.-C.; Kameoka, J. Development of automated high
throughput single molecular microfluidic detection platform for signal transduction analysis. In Proceedings of the SPIE 9705,
Microfluidics, BioMEMS, and Medical Microsystems XIV, San Francisco, MA, USA, 21 March 2016; Volume 9705, p. 970511.
[CrossRef]

51. Kordmahale, J.B.; Kameoka, S. Smart Soft Actuation System. Ann. Mater. Sci. Eng. 2015, 2, 2–3.
52. Yang, Y.; Tang, L.; Li, H. Vibration energy harvesting using macro-fiber composites. Smart Mater. Struct. 2009, 18, 115025.

[CrossRef]
53. Kashiwao, T.; Izadgoshasb, I.; Lim, Y.Y.; Deguchi, M. Optimization of rectifier circuits for a vibration energy harvesting system

using a macro-fiber composite piezoelectric element. Microelectron. J. 2016, 54, 109–115. [CrossRef]
54. Dean, R.G.; Dalrymple, R.A. Water Wave Mechanics for Engineers and Scientists; World Scientific Publishing Company: Singapore,

1991.
55. Kordmahale, S.B.; Do, J.; Chang, K.-A.; Kameoka, J. Low Cost and Piezoelectric based Soft Wave Energy Harvester. MRS Adv.

2019, 4, 889–895. [CrossRef]

http://doi.org/10.1016/j.energy.2017.12.159
http://doi.org/10.1063/1.4962979
http://doi.org/10.3390/mi11020143
http://doi.org/10.3390/mi2020274
http://doi.org/10.1016/j.joule.2018.03.011
http://doi.org/10.1002/we.2359
http://doi.org/10.3390/en12142770
http://doi.org/10.3390/jmse7070219
http://doi.org/10.1016/j.egypro.2019.04.005
http://doi.org/10.1016/j.renene.2019.05.078
http://doi.org/10.1016/j.eml.2017.05.002
http://doi.org/10.1016/j.rser.2015.12.284
http://doi.org/10.3390/en6052562
http://doi.org/10.1109/oceanse.2009.5278302
http://doi.org/10.3390/jmse4030051
http://doi.org/10.3390/jmse6020039
http://doi.org/10.1016/j.compscitech.2019.04.020
http://doi.org/10.1117/12.810682
www.smart-material.com/MFC-product-properties.html
www.smart-material.com/MFC-product-properties.html
http://doi.org/10.1002/app.47025
http://doi.org/10.1109/mwsym.2015.7166885
http://doi.org/10.1109/aps.2016.7696131
http://doi.org/10.1117/12.2213259
http://doi.org/10.1088/0964-1726/18/11/115025
http://doi.org/10.1016/j.mejo.2016.05.013
http://doi.org/10.1557/adv.2018.675


Micromachines 2021, 12, 1269 15 of 15

56. Song, R.; Zhang, M.; Qian, X.; Wang, X.; Dai, Y.M.; Chen, J. A Floating Ocean Energy Conversion Device and Numerical Study on
Buoy Shape and Performance. J. Mar. Sci. Eng. 2016, 4, 35. [CrossRef]

57. Zhang, D.; Shi, J.; Si, Y.; Li, T. Multi-grating triboelectric nanogenerator for harvesting low-frequency ocean wave energy. Nano
Energy 2019, 61, 132–140. [CrossRef]

58. Rodrigues, C.; Ramos, M.; Esteves, R.; Correia, J.; Clemente, D.; Gonçalves, F.; Mathias, N.; Gomes, M.; Silva, J.; Duarte, C.; et al.
Integrated study of triboelectric nanogenerator for ocean wave energy harvesting: Performance assessment in realistic sea
conditions. Nano Energy 2021, 84, 105890. [CrossRef]

59. Pruvost, M.; Smit, W.J.; Monteux, C.; Del Corro, P.; Dufour, I.; Ayela, C.; Poulin, P.; Colin, A. Integration of a soft dielectric
composite into a cantilever beam for mechanical energy harvesting, comparison between capacitive and triboelectric transducers.
Sci. Rep. 2020, 10, 20681. [CrossRef] [PubMed]

60. Naito, Y.; Uenishi, K. Electrostatic MEMS Vibration Energy Harvesters inside of Tire Treads. Sensors 2019, 19, 890. [CrossRef]
61. Todaro, M.T.; Guido, F.; Mastronardi, V.; Desmaele, D.; Epifani, G.; Algieri, L.; De Vittorio, M. Piezoelectric MEMS vibrational

energy harvesters: Advances and outlook. Microelectron. Eng. 2017, 183–184, 23–36. [CrossRef]
62. Liu, L.; Shi, Q.; Lee, C. A novel hybridized blue energy harvester aiming at all-weather IoT applications. Nano Energy 2020,

76, 105052. [CrossRef]

http://doi.org/10.3390/jmse4020035
http://doi.org/10.1016/j.nanoen.2019.04.046
http://doi.org/10.1016/j.nanoen.2021.105890
http://doi.org/10.1038/s41598-020-77581-2
http://www.ncbi.nlm.nih.gov/pubmed/33244013
http://doi.org/10.3390/s19040890
http://doi.org/10.1016/j.mee.2017.10.005
http://doi.org/10.1016/j.nanoen.2020.105052

	Introduction 
	Design and Fabrication 
	Results 
	Rectifier Circuit and Electrical Measurement 
	Wave Flume and Experimental Setup 
	Horizontal Test Conditions 
	Results and Discussion of Horizontal Test Conditions 
	One-Sided Anchored Configuration 

	Discussion 
	References

