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Abstract 

In the present research, a drifter-based piezoelectric sensor is proposed to 

measure ocean waves’ height and period. To analyze the motion principle and 

the working performance of the proposed drifter-based piezoelectric sensor, a 

dynamic model is developed. The developed dynamic model investigates the 

system’s response to an input of ocean waves and provides design insights 

into the geometrical and material parameters. Next, finite element analysis 

(FEA) simulations using the commercial software COMSOL-Multiphysics 

have been carried out with the help of a coupled physics analysis of Solid 

Mechanics and Electrostatics Modules to achieve the output voltages. An 

experimental prototype has been fabricated and tested to validate the results 

of the dynamic model and the FEA simulation. A slider-crank mechanism is 

used to mimic ocean waves throughout the experiment, and the results show 

a close match between the proposed dynamic modeling, FEA simulations, and 

experimental testing. In the end, a short discussion is devoted to interpreting 

the output results; comparing the results of the simulations and the 

experimental testing; the sensor’s resolution; and the self-powering 

functionality of the proposed drifter-based piezoelectric sensor. 
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1. Introduction and Background 

1.1 Introduction 

Being harsh, the marine environment requires regular and real-time 

measurements. There are lots of facilities and sites throughout the oceans, and 

it is of high significance to prevent any possible damage to them due to the 

ocean’s powerful and impactful waves. Therefore, sensors are required to 

measure oceanic waves to predict their power and reduce the risk of damage 

to oceanic facilities and sites. [1] 

Currently, oceanic waves are monitored by several techniques such as buoys, 

micro-seism analysis, coastal radars, and satellite observations. Each of the 

techniques has its limitations. For example, having a long anchor in buoys 

causes problems for fishing in the oceans. Moreover, they contain sensitive 

devices that can be easily damaged. In the case of radar sensors, they show a 

low signal-to-noise ratio, which limits the accuracy of detecting lower wave 

heights. Satellite sensors also show imperfect radiometric, spatial, and spectral 

resolutions. [2] 

After the introduction of piezoelectricity [3], piezoelectric materials have 

gained considerable attention in research and industry over time. Employing 

direct and converse piezoelectric effects, piezoelectric materials are utilized in 

various applications as sensors, actuators, and energy harvesters. [4]  

Taking advantage of the direct piezoelectric effect, different piezoelectric-

based sensors are designed for pressure and stress [5-7], acceleration [8-10], 

tactile [11, 12], medical diagnostics [13, 14], acoustics [15], structural health 

monitoring [16], etc. Moreover, using the same principle, many energy 

harvesters have been designed based on the piezoelectric principle for 

different applications, such as in transportation [17], wearable electronics [18], 
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microfluidics [19], wind and ocean energies [20, 21], and biomedical 

engineering [22]. 

Piezoelectric materials started to be used in the ocean as an energy harvester 

in the 1970s. After that, numerous piezoelectric energy harvesters have been 

designed for oceanic applications. In the present research, using the same 

principle as in piezoelectric energy harvesters, a drifter-based piezoelectric 

sensor is proposed to measure oceanic waves’ height and period, which has 

the following advantages: 

• Capable of being self-powered;  

• Providing real-time measurement; 

• Accurately measure oceanic waves, even those of very small 

magnitude; 

• Precisely measure the waves’ period; and 

• Have a simple but robust structure. 

The rest of this chapter elaborates on the fundamental concepts of this 

research, such as piezoelectricity, piezoelectric energy harvesters, oceanic 

drifters, ocean waves, and the location of the facilities in the oceans to help the 

reader follow the content of it. Then, the research motivation, objectives, and 

thesis layout will be discussed. 

1.2 Piezoelectricity 

In 1880, the term piezoelectricity was introduced by brothers Pierre and 

Jacques Curie [3], which has been intensively studied in recent years for 

different sensory and actuation applications in different fields. Later, in 1881, 

the brothers Curie validated their work on the inverse piezoelectric effect with 

experiments [23]. Stressing a piezoelectric material would result in a change 

in its atomic configuration, which forms dipole moments. This phenomenon 

is called the direct piezoelectric effect, in which the piezoelectric material 
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generates electricity as a reaction to the applied force. Therefore, if a periodic 

force (tension or compression) is applied to the material, an alternative current 

(AC) voltage will be the output. On the other hand, if the piezoelectric material 

is electrically polarized, the converse piezoelectric effect appears in which the 

piezoelectric material extends/contracts as a result of the applied electrical 

voltage. It should be noted that in the inverse piezoelectric effect, lengthening 

or shortening of the piezoelectric material depends on the polarity and the 

applied poling voltage and can be reversed if the voltage direction is reversed 

[4]. Both the direct and converse effects of piezoelectricity are shown in Figure 

1.1. 

 

Figure 1. 1. Piezoelectric Effect; (a) Direct Piezoelectric Effect; (b) Converse 

Piezoelectric Effect. 

There are many diverse applications for both direct and inverse piezoelectric 

effects, where the direct effect is utilized in the case of sensors and energy 
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harvesters, and the inverse effect is used in actuators. These effects are 

governed by piezoelectric constitutive equations as [24]: 

𝐷 = 𝑑𝑇 + 𝜀𝐸 (1.1) 

𝑋 = 𝑠𝑇 + 𝑑𝐸 (2.1) 

where D, d, T, 𝜀, E, X, and s, represent electrical displacement, piezoelectric 

coefficient, stress, the permittivity of the material, electric field, strain, and 

mechanical compliance, respectively. 

1.3 Oceanic Piezoelectric Energy Harvesters 

Mechanical energy, as one of the ambient sources of energy, can be converted 

into electrical energy by making use of different techniques. One of the most 

promising techniques to capture and convert mechanical energy is 

piezoelectric energy harvesters. Unlike electrostatic, electromagnetic, and 

triboelectric energy harvesters, which require another source of voltage, 

magnetic field, or contact with other materials, respectively, piezoelectric 

energy harvesters convert mechanical energy to electricity based on their 

intrinsic polarization [24].  

Among different small-scale energy harvesters, piezoelectric materials show 

a considerable energy generation density that is about three times higher than 

the others [25]. Moreover, these materials can be simply attached to the 

systems, and as they contain no moving parts, they are free from frequent 

upkeep. Moreover, they have the merits of direct conversion of mechanical 

energy to electricity, being compact, structurally simple, clean, light-weight, 

stable, and very sensitive to any small strains. Although the generated 

electricity by piezoelectric energy harvesters is rather small, it is enough for 

low-energy-consumption electronics, such as oceanic sensors [23]. 

Oceanic piezoelectric energy harvesters employ water current, wave motion, 

and wave impact forces to extract energy from the ocean and convert it to 
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usable electrical energy to power sensors and some other measurement 

devices [4]. These sources are very promising and available at all times during 

the day. Moreover, these energy sources in marine environments have a high 

density compared to the other sources of renewable energies, such as wind or 

solar energy [26]. 

1.3.1 Piezoelectric Materials 

Active materials that can generate electricity as a reaction to small mechanical 

stress are called piezoelectric materials. The type of material for energy 

harvesting applications is of high importance to the performance and 

functionality of the harvester. Researchers have investigated numerous types 

of materials, such as organic, inorganic, composite, and bio-inspired materials, 

for piezoelectric energy harvesters [24]. Among them, PZT and PVDF are the 

most widely used materials for energy harvesting in oceanic applications. 

PZT, which is also known as Lead Zirconate Titanate, is a poled ferroelectric 

ceramic with the highest frequency of applications in piezoelectric energy 

harvesters. Even though PZT is one of the major materials in energy 

harvesting, its drawbacks, such as its drastic brittle nature and fatigue growth 

possibility in high-frequency loadings, limit its widespread usage in energy 

harvesting. On the other hand, to overcome the demerits of PZT, PVDF, also 

known as polyvinylidene fluoride, has been developed to improve the 

efficiency of piezoelectric energy harvesters [27]. Although PZT can produce 

more electricity when subjected to the same stress as PVDF, unlike PVDF, it 

cannot withstand high stress. PVDF shows a higher tensile strength value, 

which is about 2.6 times higher than PZT’s strength value [4]. The low 

stiffness, large tensile strength, and high flexibility of PVDF make it a unique 

choice for many applications, specifically in ocean energy harvesters. Apart 

from PZT and PVDF, macro-fiber composites (MFC) are also used in some of 
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the literature in oceanic applications, which show great performance in energy 

harvesting from the ocean. 

1.3.2 Coupling Modes 

Piezoelectric materials present a kind of flexibility in their configurations, 

which makes them unique in energy harvesting applications. Based on the 

desired configuration in a particular application, piezoelectric materials’ 

configurations can be altered by changing their electrode pattern, poling 

direction, and strain direction. Moreover, to tune the resonant frequency 

between the material and the energy source, volume and layers can be 

changed, and a pre-load force can be added [28]. 

The piezoelectric coefficient (dij) is the ratio of the strain to the electric field, 

where i denotes the direction of the polarity and j represents the mechanical 

stress direction. Figure 1.2 shows piezoelectric material axes for polarization 

as well as stress/strain. According to [29], d14, d15, d33, and d31, or simply 1-4, 1-

5, 3-3, and 3-1, respectively, are the piezoelectric energy harvesters’ 

configurations in oceanic applications. However, due to the complex 

configurations of 1-4 and 1-5 modes, they are less used in oceanic applications 

compared to 3-3 and 3-1 modes. Figure 1.3 shows the most utilized 

configurations, 3-3 and 3-1, in ocean applications. In the 3-3 mode, both the 

polarity and the mechanical stress are in the same direction, parallel to each 

other. However, in the case of 3-1, the direction of the mechanical stress is 

perpendicular to that of polarity [30]. It should also be noted that choosing the 

right configuration for designing a high-performance piezoelectric energy 

harvester plays a crucial role and thus should be carefully considered based 

on the design requirements. 
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Figure 1. 2. Polarization axes of piezoelectric materials. 

 

 

Figure 1. 3. Piezoelectric Coupling Modes; (a) 3-1 Coupling Mode; (b) 3-3 Coupling 

Mode. 

 

1.3.3 Classification Based on Device Structure 

The most common structure for a piezoelectric energy harvesting device is the 

cantilever beam configuration. This type of harvester employs one or two 

piezoelectric layers and is called unimorph and bimorph, respectively. Figure 

1.4 shows cantilever beam structures with one and two layers of piezoelectric 

materials. As can be seen in Figure 1.4, piezoelectric layers are mostly bonded 

to a metallic non-piezoelectric material that is fixed at one end and acts as a 

flexural structure. As it is clear, taking advantage of two layers of piezoelectric 
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materials, bimorph-type cantilever beams are capable of generating more 

output power compared to unimorph configurations. Therefore, bimorph 

configurations are found with a high frequency of applications in piezoelectric 

energy harvesters [31, 32]. 

 

Figure 1. 4. Cantilever Beam Configuration; (a) Unimorph; (b) Bimorph. 

 

The cantilever beam configuration utilizes the 3-1 coupling mode most often. 

However, there are designs in the literature that have used 3-3 coupling modes 

for cantilever structures, making use of interdigitated electrode designs. 

Moreover, it is usual to add a proof mass at the free end of the cantilever beam 

to tune the resonant frequency of the harvester with the environment [24]. 

The other configuration, which consists of a piezoelectric layer with a mostly 

disk shape, is the diaphragm structure. The piezoelectric layer is bonded to a 

metal shim. In some configurations, to improve functionality under low 

frequencies and to add a pre-loading unit to the energy harvester, a proof mass 

is attached to the diaphragm’s core (Figure 1.5) [33]. 
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Figure 1. 5. Diaphragm Configuration. 

Adding two metallic endcaps in the shape of a cymbal on both sides of a 

piezoelectric disk would result in a new configuration called the cymbal 

structure (Figure 1.6). This configuration is indeed used to improve 

piezoelectric endurance when it is subjected to higher loads and impact forces. 

Moreover, the cymbal shape of the endcaps acts as a mechanical amplification 

unit due to the presence of the cavity in the center [33]. 

 

Figure 1. 6. Cymbal Configuration. 

In addition to the other configurations, stacked piezoelectric structures can 

bear higher pressures. This configuration is made up of multiple layers of 

piezoelectric material stacked on top of each other. The poling direction of this 

type should be aligned with the applied force direction, as shown in Figure 

1.7 [32]. 

 

Figure 1. 7. Stacked Configuration. 
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All the aforementioned configurations have their merits and drawbacks. Each 

of them may be suitable for numerous applications and unsuitable for many 

others. Therefore, before employing one of them in an application, their 

limitations should be carefully studied and considered. In addition to the 

cantilever beam configuration’s advantages, such as simple structure, low 

price, suitability for low-frequency applications, and higher mechanical 

quality factor, they are not able to withstand high impact forces. On the other 

hand, the cymbal configuration can bear impact forces and provide high 

energy output. However, the loss of mechanical input energy and being 

limited to applications requiring high vibration sources are its drawbacks. The 

circular diaphragm configuration is capable of working in pressure mode 

operations, but in a vibration mode application, it requires higher resonance 

frequencies. The stacked configuration is also suitable for working in pressure 

mode. It can also bear higher mechanical forces and provide higher outputs in 

the d33 coupling mode. Nevertheless, its high stiffness is among the challenges 

that should be addressed in the search for a proper application for it [33]. 

1.3.4 Ocean Energy Sources for Piezoelectric Energy Harvesters 

Marine renewable energies are the source of many different energy converters 

[34, 35]. In the case of piezoelectric energy harvesters, water current, wave 

motion, and wave impact forces have been employed to extract energy from 

the ocean and convert it to usable electrical energy to power sensors and some 

other measurement devices [4]. These sources are very promising and 

available at all times during the day. Moreover, these energy sources in marine 

environments have a high density compared to the other sources of renewable 

energies, such as wind or solar energy [26]. In the following, a short 

introduction will be given to each of the marine energy sources that 

piezoelectric energy harvesters are designed for. 
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1.3.4.1 Water Currents 

To employ piezoelectric energy harvesters to extract power from ocean water 

currents, the vibration in the water can be converted to electricity. To do so, 

the piezoelectric energy harvester should be placed in the current stream and 

be coupled with flow-induced vibration. Vortex-Induced Vibrations (VIV) and 

Self-Excited Vibrations (SEV) are the two significant flow-induced vibrations 

that are exploited by piezoelectric energy harvesters [36, 37]. 

To create VIV, a bluff body is located in a water stream, and depending on the 

characteristics of the bluff body, vortices of a particular size and frequency 

appear. If then, the piezoelectric energy harvester is placed behind the body, 

the generated vortices make it oscillate. This oscillation will generate 

electricity based on the piezoelectric principle [36]. 

Through the use of self-excitation of flexible bodies, here most often PVDF 

materials, SEV-based energy harvesting can be achieved. The bodies are 

placed in the flow stream and, with a minute increase in flow speed, the body 

attains self-excitation, which can be further used for electrical energy 

generation [37]. 

1.3.4.2 Wave Motion 

Unlike water currents, where the energy is distributed all along, the waves’ 

energy density diminishes by the depth and is concentrated near the surface 

of the ocean. Therefore, the facility’s tip that captures the wave’s energy 

should be close to the surface of the ocean [38]. According to [4, 39], 

piezoelectric energy harvesters from wave motion mainly consist of heaving 

and pitching bodies; the PVDF layer on the surface of the ocean; and fixed 

bodies on the ocean bottom. 
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1.3.4.3 Wave Impact 

Another feature of the ocean is the impact of the waves on the ocean structure 

[39]. Mostly, wave impacts are considered destructive forces. However, these 

waves’ forces on the structures can be advantageous rather than devastating. 

In the case that the piezoelectric energy harvesters are placed on the surfaces 

that are subjected to waves’ impact, they can convert the applied pressure to 

electricity [4]. 

1.4 Oceanic Drifters (Drifting Buoys) 

A drifter is a floating oceanographic device that is used to carry different 

measurement instruments for physical and biological oceanography. 

Transported by ocean currents and waves, drifters are also used to map flow 

patterns [40]. As they do not have any actuators for movement, they are 

classified as passive devices. Ocean waves and currents are the main drivers 

of the drifters [41].  

Owning the merits such as being versatile and easily deployable at a low-cost, 

drifters have a considerable application in search and rescue operations, 

climate studies, and oil spill tracking in oceans. These devices in near-shore 

and off-shore deployments use GSM-based and satellite-based techniques for 

communication [42]. Figure 1.8 shows an example of a drifter that is used to 

carry a kinetic energy harvester in the ocean. 

 

Figure 1. 8. An Example of Oceanic Drifters by Carandell et al. [42] 
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1.5 Ocean Waves 

Waves in the oceans are generated by the association of forces, such as wind, 

atmospheric pressure gradients, earthquakes, gravitational attraction, and 

storms. Each of these waves is being restored and compensated by surface 

tension, gravity, and Coriolis force. Based on their periods, waves can be 

classified into seven groups: (1) Capillary waves; (2) Ultra-gravity waves; (3) 

Gravity waves; (4) Infra-gravity waves; (5) Long-period waves; (6) Ordinary 

tidal waves; and (7) Trans-tidal waves [43]. 

Capillary waves, ultra-gravity waves, and gravity waves are generated by 

wind force and restored by surface tension, surface tension and gravity, and 

gravity, respectively. Among them, capillary waves have the shortest period, 

which is less than 0.1 s. Ultra-gravity and gravity waves have a period of 0.1-

1 s and 1-20 s, respectively. Infra-gravity waves last for 20 s to 5 min and are 

generated by wind and atmospheric pressure gradients. Gravity is the 

restoring force for this type of wave. Generated by atmospheric pressure 

gradients and earthquakes, long-period waves last longer than infra-gravity 

waves (about 5 min to 12 h) and are compensated by gravity. Ordinary tidal 

waves and trans-tidal waves have the longest periods among different types 

of waves, which are 12-24 h and more than 24 h, respectively. While ordinary 

tidal waves are generated by gravitational attraction, trans-tidal waves are 

generated by the combination of storms and gravitational attractions. Both of 

these waves are being compensated by gravity and Coriolis force. [43] 

In general, there are two main factors in determining how much energy a 

wave holds (Figure 1.9): wave height and the wave’s period [44], meaning the 

time taken for a wave crest to travel the distance between two waves crests. 

Waves with a greater height and shorter periods contain more energy. 

However, unlike water currents where the energy is distributed all along, the 

waves’ energy density diminishes by the depth and is concentrated near the 
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surface of the ocean. Therefore, the facility’s tip that captures the wave’s 

energy should be close to the surface of the ocean [38].  

 

Figure 1. 9. Characteristics of an Oceanic Wave. 

 

1.6 Location 

Based on where the marine facilities are working, they can be categorized into 

three groups; onshore; nearshore; and offshore. Onshore represents regions 

with 10–15 m of water depth, where this value is 15–25 m for nearshore and is 

higher than 50 m for offshore. Figure 1.10 shows the different regions of the 

ocean [45]. 

 

Figure 1. 10. Ocean Regions. 
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1.7 Motivations 

The main motivations of the present research are as follows: 

1) Considerable excellent state-of-the-art surveys have been provided in 

the field of piezoelectric energy harvesters and oceanic piezoelectric 

energy harvesters [4, 28, 29, 46]. However, as the number of designs is 

increasing rapidly, developing an atlas of the former designs seems 

necessary to help future researchers come up with their energy 

harvesters for oceanic applications. 

2) Although there are various designs of piezoelectric energy harvesters 

for marine applications [47], piezoelectric materials have not been 

employed for sea and ocean wave measurements.  

3) Conventionally, oceanic measurement devices have been powered by 

chemical batteries. However, most often, the life of the batteries is 

shorter than the life of the sensors. Therefore, the batteries require 

replacement or recharge, and both of these actions are very pricy, time-

consuming, and laborious. Moreover, as batteries are bulky and heavy, 

they hinder the development of miniature, as well as light, electronic 

devices. On the other hand, the possibility of polluting the environment 

by the leaking of the dangerous chemicals inside batteries during 

replacement or recharge actions threatens oceans and the animals 

living in them. Therefore, it is of high importance to develop self-

powered and self-chargeable devices for oceanic measurements. [23, 

48] 

4) Different types of sensory devices are utilized for ocean waves 

measurements [2]. However, almost all of these devices owning 

complex structure and high application costs. Therefore, developing a 

simple but robust structure that can measure ocean waves with high 

accuracy and resolution is necessary.   
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1.8 Thesis Aims and Layout 

1.8.1 Objectives 

Considering the disadvantages of the former ocean wave measurement 

devices, piezoelectric materials are selected in this research to address these 

shortages. Throughout this research, direct piezoelectric effect is used to 

demonstrate a self-powered piezoelectric sensor. 

An atlas of 85 oceanic piezoelectric energy harvesters that have recently been 

reported in the state-of-the-art will be first provided with detailed information 

on their configurations, material, coupling modes, location, and power range. 

Then, a set of unified schematics will be drawn to show their working 

principles in this atlas. Stages of the design will be provided along with the 

working principle of the proposed sensor. Based Newton’s second law of 

motion, a dynamic model will be utilized to analyze the motion principle and 

the working performance of the proposed sensor. The proposed dynamic 

model will be simulated by taking advantage of the MATLAB/Simulink 

module. Finite element analysis using COMSOL Multiphysics will also be 

adopted to verify the results of the proposed dynamic model. In addition, an 

experimental prototype will be fabricated and tested to validate the results of 

the dynamic model and the FEA simulation. Finally, discussions will be 

provided on interpreting the output results; comparing the results of the 

simulations with those of the experimental testing; sensor’s resolution; and the 

self-powering functionality of the proposed drifter-based piezoelectric sensor. 

1.8.2 Layout 

The rest of this thesis is organized as follows: 

Part of Chapter 2 is dedicated to reviewing the present techniques of ocean 

wave measurements and their working principles. Moreover, their merits and 

demerits are also investigated. On the other hand, as the present research 
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investigates the feasibility of piezoelectric materials for oceanic wave 

measurements, the other part of Chapter 2 reviews the literature on 

piezoelectric materials in the oceans, which are almost exclusively used for 

energy harvesting from the oceans.  

In Chapter 3, the configuration of the proposed sensor as well as its working 

principle are discussed and illustrated in detail. 

In Chapter 4, the motion principle and the working performance of the 

proposed drifter-based piezoelectric sensor are analyzed using a dynamic 

model. Moreover, taking advantage of the commercial software COMSOL-

Multiphysics, finite element analysis (FEA) has been carried out to verify the 

results of the proposed dynamic model. 

Chapter 5 is dedicated to the prototype fabrication and testing of it to verify 

the results of the developed dynamic and FEA models. 

Chapter 6 is dedicated to: 1) interpreting the output voltages; 2) comparing 

the three results coming out of the dynamic model, FEA simulation, and 

experimental testing; 3) investigating the resolution of the sensor to see the 

smallest wave that it can measure; and 4) the self-powering functionality of 

the sensor. 

Chapter 7 provides a conclusion of the research and discusses future work. 
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2. Literature Review 

As a natural phenomenon, oceanic waves have a significant influence on 

human activities. Therefore, monitoring this natural phenomenon is of high 

importance for our ocean-related activities such as meteorology, the safety of 

coastal areas, oceanic energy conversion, and navigation [2].  

At the moment, oceanic waves are being monitored using techniques like 

buoys, micro-seism analysis, coastal radars, and satellite observations. Part of 

this chapter is dedicated to reviewing these techniques and their measurement 

principles. Moreover, their merits and demerits are also investigated. 

On the other hand, the present research investigates the feasibility of 

piezoelectric materials for oceanic wave measurements. Therefore, the other 

part of this chapter reviews the literature on piezoelectric materials in the 

oceans, which are almost exclusively used for energy harvesting from the 

oceans. Moreover, to the best of the author’s knowledge, although there are 

ample designs of piezoelectric energy harvesters in oceanic applications, 

piezoelectric material has not been employed for sea and ocean wave 

measurements. 

2.1 Oceanic Waves Measurement Devices 

Over the past decades, many important advances have been reported in the 

development of devices to measure oceanic waves, some of which are now 

available for measurement purposes based on various principles. In the 

following, several measurement techniques are outlined and their 

configuration, as well as working principles, are briefly discussed. 

2.1.1 Wave Buoys 

Buoys are a type of oceanic measurement device that can be moored or 

drifting. These devices can transfer acquired observations to the collection 
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stations via satellite telecommunication systems for further analysis e.g., 

research work, forecasting weather, etc. [49] 

Buoys without anchors are called drifting buoys. In general, drifting buoys are 

composed of a buoy and a drogue that are attached to a long and thin tether 

(Figure 2.1). The buoy floats on the ocean’s surface and holds electronic 

devices such as batteries and sensors inside. The drogue, on the other hand, is 

an anchor under the water that has a multi-section cylinder full of holes. These 

holes, by creating small turbulences, improve the drifter’s stability and slow 

down its slipstream speed [50]. Surface drifters, subsurface floats, and ice 

buoys are three different types of drifting buoys, all of which are independent 

of any type of anchor. 

 

Figure 2. 1. A Drifting Buoy and its Drogue [49]. 

To observe surface current dynamics, surface drifters are utilized. These 

drifters can also provide information on salinity, speed and direction of 

surface winds, and air pressure. If they can be free of their drogue, they can be 

employed as a measurement tool for waves. Acoustic Doppler current 

profilers (ADCP) can also be attached to a surface drifter in the downward-

looking state to record the drifter’s motion [51]. 



A Drifter-based Self-powered Piezoelectric Sensor for Ocean Wave Measurements 

20 

 

Unmoored autonomous devices, which are used to measure currents, salinity, 

waves, and temperature of deep oceans, are called subsurface floats. By 

changing their buoyancy, they can change the depth of water they fluctuate 

in. This type of drifting buoy can carry an inertial motion unit to capture 

accelerations and tilts accurately. To send the recorded data, subsurface floats 

periodically rise to the surface of the ocean and send them, making use of their 

satellite antenna [2].  

The last type of drifting buoy is ice buoys. They are mostly employed in the 

Arctic and Antarctic Seas to track their dynamic and thermodynamic 

evolution. Moreover, they can provide information on the variation of snow 

depth and ice thickness, the thermohaline structure of the ocean, and ice 

motion [52]. 

So much for drifting buoys. The other type of buoy to be reviewed is moored 

buoys. As it is obvious from the name of these buoys, they are anchored in 

fixed positions throughout the ocean. Therefore, the main application is for 

long-term observation, which includes various oceanographic measurement 

devices (Figure 2.2). Typical components of a moored buoy are the platform, 

electronic devices, sensors, power system, and mooring. Generally, there are 

two types of moored buoys: Translational buoys and pitch and roll buoys [2]. 

 

Figure 2. 2. A Moored Buoy [2]. 
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Translational buoys, which are also called wave-following buoys due to their 

ability to follow the water particles, have a spherical shape in most cases. On 

the other hand, pitch and roll buoys, which are also called surface-following 

buoys due to their ability to follow the slopes, have a disc shape in most 

designs. To determine heave, pitch, and roll angles, a set of inertial sensors 

(tilt sensors and accelerometers) are used in these devices. These sensors can 

detect the buoy’s axial acceleration, which by integrating it twice would result 

in the buoy’s real-time position [2]. 

2.1.2 Satellite Observations  

In order to observe inaccessible regions for in-situ measurements, satellite 

microwave remote sensing devices can be considered a special tool. To 

estimate ocean waves’ height, they utilize the radar altimeter, which scatters 

pulses to the ocean’s surface and measures the distance between the ocean’s 

surface and the satellite [2].  

Based on the presence or absence of an illumination source on the satellite, 

microwave satellite sensors can be classified into two categories: Passive and 

active sensors. In the former, naturally emitted electromagnetic data by the 

marine scene is captured by the sensor, meaning that the satellite does not 

have an illumination source. In the latter, the sensor’s antenna emits an 

electromagnetic pulse and measures the reflected signal from the marine 

scene. These sensors can be used on both large-scale and small-scales. 

However, it should be mentioned that the scale indicates the spatial resolution 

of the results [2, 53]. 

2.1.3 Coastal Radars 

Coastal radars are a type of remote sensor, which are placed on the land and 

can provide synoptic data with a high resolution. These sensors work based 

on the backscattered electromagnetic pulses from the surface of the ocean, in 
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which they travel close to the surface of the ocean and the backscattered pulses 

are recorded. The backscattered electromagnetic pulses have a wavelength 

that is half that of the emitted pulses. The backscattered pulses are modified 

to obtain Doppler frequency and spectrum, which include first and second 

order echoes that can be further used to calculate the velocity of the surface 

currents and wave spectrum (Figure 2.3) [2]. Based on a relationship 

developed by [54, 55], the oceanic wave’s main characteristics, such as its 

height, period, and mean direction, can be extracted from the backscattered 

pulses. They can be roughly divided into two types: Direction-finding and 

beam-forming systems. The former has a compact structure with closely 

spaced transceiving antennas, whereas the latter takes advantage of arrays of 

antennas. One can get more information on these sensors at [2].  

 

Figure 2. 3. Characteristics of a Remote Sensing Coastal Radar Signal [2] 

2.1.4 Micro-Seism Analysis 

Studying the micro-seism signals, which were considered noise in the past, 

can provide valuable information for human life. Mostly, the interaction 

between the ocean and solid Earth is the main reason for the generation of 

seismic signals on Earth. Based on the source of these signals, they can be 

classified into two main categories: Primary micro-seism and secondary 

micro-seism. Propagation of the oceanic waves over the slopes of the ocean 
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base generates seismic waves that are called primary micro-seism. On the 

other hand, the non-linear interaction of the oceanic waves, which are 

traveling in opposite directions, would result in secondary micro-seism [56].  

Several works can be found in the literature that have investigated the 

feasibility of using micro-seism signals for obtaining oceanic wave height. 

These measurements are mainly based on physics-based approaches, in which 

the micro-seism signals are linked to oceanic waves’ height [57, 58]. 

2.1.5 Limitations of the Current Techniques 

Each of the aforementioned techniques has its limitations. Buoys contain 

sensitive devices that can be easily damaged, e.g., the gyroscopes used in 

accelerometers are less reliable in the case of long-term operations. Also, 

having a long anchor in moored buoys causes problems for fishing in the 

oceans. Moreover, as the tensions can affect the movement of the buoys and 

should be avoided, they require careful mooring [2].  

Although satellite microwave sensors can provide measurements on a large 

scale, they show imperfect radiometric, spatial, and spectral resolutions [2].  

In the case of coastal radars, they show a low signal-to-noise ratio, which limits 

the accuracy of detecting lower wave heights. Moreover, they show 

limitations in defining the wave spectrum where there are very intense surface 

currents [59]. 

Micro-seism analysis could have difficulty in deriving the oceanic waves’ 

information as they do not directly measure the ocean’s state. Moreover, there 

would be difficulty in determining the exact location of the micro-seism 

sources, thus capturing the waves’ information in an exact location can be 

cumbersome [2, 60]. 
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2.2 Oceanic Piezoelectric Energy Harvesters 

The two well-known piezoelectric effects, namely direct and converse 

piezoelectric effects, have led piezoelectricity to many different applications 

in both research and industry as actuators, sensors, and energy harvesters. 

Recently, piezoelectric materials have received remarkable attention in marine 

applications for energy harvesting from the ocean, which is a harsh 

environment with powerful and impactful waves and currents. However, to 

the best of the author’s knowledge, although there are ample designs of 

piezoelectric energy harvesters in marine applications, piezoelectric material 

has not been employed for direct sensory and measurement applications in 

marine. Therefore, the literature on piezoelectricity in oceanic applications is 

limited to oceanic piezoelectric energy harvesters. An atlas-an innovative set 

of unified schematics and literature information-of 85 designs of piezoelectric 

energy harvesters in oceanic applications that have recently been reported in 

the state-of-the-art is provided. The following comprehensive atlas contains 

information on the utilized piezoelectric materials, piezoelectric coupling 

modes, location, power range, energy source, and a schematic of the 

piezoelectric energy harvesters design in oceanic engineering. It should be 

noted that all the information is collected exactly from the related references 

without any judgments and changes. The atlas includes just the information 

that the research articles provided, and in cases where there is no information 

in any of the atlas’s sections, the related unit is free of information. Moreover, 

the atlas only includes designs for which they have at least provided a 

simulation or fabricated and tested a prototype. The schematics are sketched 

in a way to help future designers simply understand the working principles 

of the state-of-the-art. Table 2.1 shows the meaning of different colors in the 

schematics to fully understand the concepts. Tables 2.2, 2.3, 2.4, and 2.5 show 
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the atlases of cantilever beam-based, diaphragm-based, stacked-based, and 

cymbal-based designs, respectively. 

Table 2. 1. Meaning of Each Color in the Atlas. 

Color Meaning 

 Buoy 

 Magnet 

 Piezoelectric Layer 

 Water 

The Other Colors Non-Piezoelectric Material 

 

Table 2. 2. Atlas of Cantilever Beam-Based Piezoelectric Energy Harvesters. 

Year and 

Reference 
Material 

Coupling 

Mode 
Location 

Power Density 

(W/m3) 

Energy 

Source 
Schematics 

1987 [61] PVDF 3-1 Onshore - 
Wave 

Motion 

 

1987 [62] PVDF 3-3 - - 
Wave 

Motion 

 

2001 [63] PVDF 3-1 - - 
Water 

Current 

 

2004 [64] PVDF 3-1 - - 
Water 

Current 

 

2004 [64] PZT 3-1 - 7 × 10 
Water 

Current 
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2007 [65] PVDF 3-1 Onshore - 
Water 

Current 

 

2009 [66] - - Offshore 1.646 
Wave 

Motion 

 

2010 [67] PVDF 3-3 Offshore 1.5 × 10 
Water 

Current 

 

2011 [68] PVDF - Offshore 4 × 10−3 
Water 

Current 

 

2012 [69] 

[70] 
PVDF - Offshore 4.2 × 10−1 

Wave 

Motion- 

Water 

Current 

 

2012 [71] - - - 1.56 × 10−4 
Water 

Current 

 

2012 [72] PZT 3-1 Onshore 1.721 × 10−1 
Wave 

Motion 
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2013 [73] PZT 3-3 - 8.395 × 10−1 
Water 

Current 

 

 

2013 [74] PZT - - 3.66 × 102 
Wave 

Motion 

 

2014 [75] PZT - Offshore 7.5 × 10 
Wave 

Motion 

 

2014 [76] PZT 3-3 - 4.74 
Wave 

Motion 

 

2014 [77] PVDF 3-1 - - 
Water 

Current  

2015 [78] MFC 3-1 - 1.16 × 10−2 
Water 

Current 
 

2015 [79] PZT 3-1 - 2.24 × 10−2 
Water 

Current 

 

2015 [80] PZT - - - 
Water 

Current  

2015 [81] PVDF - - - 
Water 

Current  

2015 [82] PVDF 3-1 - 1.65 × 10−4 
Water 

Current  
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2015 [83] PZT - 
Near/Offsho

re 
1.276 

Wave 

Motion 

 

2015 [84] - - Nearshore 3.5 × 10−10 
Wave 

Motion 

 

2015 [85] MFC - - 6.1 × 10−3 
Water 

Current 

 

2016 [86] PZT 3-1 - 1.731 × 10 
Water 

Current 
 

2016 [87] PZT 3-3 
Near/Offsho

re 
2.06 × 102 

Wave 

Motion 

 

2016 [88] PVDF - - 5.797 × 10−1 
Water 

Current 

 

2016 [88] PZT - - 5.797 × 10−1 
Water 

Current 
 

2016 [89] PVDF 3-1 
Near/Offsho

re 
- 

Wave 

Motion 

 

2017 [90] PVDF 3-1 
Near/Offsho

re 
2.6 × 10−12 

Water 

Current 
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2017 [91] PZT - - 1.4 
Water 

Current 

 

2017 [92] PZT - - 1.598 × 104 
Wave 

Motion 

 

2017 [93] PZT - - 1.4354 × 102 
Wave 

Motion 

 

2017 [94] PZT 3-3 
On/Near/Off

shore 
2.6 × 102 

Wave 

Motion 

 

2017 [95] 

[96] 
PZT 3-1 - 3.5 × 10−8 

Water 

Current 
 

2018 [97] PZT 3-1 - - 
Wave 

Motion 
 

2018 [98] PZT - Offshore 1.034 × 104 
Wave 

Motion 

 

2018 [99] - 3-3 - 2.4 × 103 
Wave 

Motion 

 

2018 [100] MFC 3-1 - - 
Water 

Current 
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2018 [101] - - - 2.56 
Water 

Current 

 

2019 [102] - - - - 
Wave 

Motion 
 

2019 [103] PZT 3-3 & 1-5 - 1.447 × 10−1 
Water 

Current 

 

2019 [104] PZT 3-3 Offshore 4.77 × 102 
Wave 

Motion 

 

2019 [105] PZT 3-1 - - - 

 

2019 [106] PZT - Nearshore 1.06 × 104 
Wave 

Motion 

 

2019 [21] - 3-1 Onshore - 
Wave 

Impact 

 

2019 [107] PVDF 3-1 Offshore 2 × 10−7 
Wave 

Motion 

 

2019 [108] - - - - 
Water 

Current 
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2019 [109] MFC - - 7.582 × 10−9 
Water 

Current 

 

2019 [110] MFC - - - 
Water 

Current 

 

2019 [111] PZT - - - 
Water 

Current 

 

2019 [112] PZT - Offshore 1.4 × 102 
Wave 

Motion 
 

 

2020 [113] PVDF - - - 
Water 

Current 

 

2020 [114] PZT 3-1 - 7.346 × 10−2 
Water 

Current  

2020 [115] MFC - - - 
Water 

Current 

 

 

2020 [116] PZT - - - 
Wave 

Motion 

 

2020 [117] PVDF - - - 
Water 

Current 
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2020 [118] PZT - - 5.74 × 10−8 
Water 

Current 
 

2021 [119] - - - 1.29 × 101 
Wave 

Motion 

 

2021 [120] PZT - - 8.425 × 10−4 
Water 

Current 

 

2021 [121] PZT/PVDF - 
Near/Offsho

re 
1.050 × 103 

Wave 

Motion 

 

2021 [122] MFC 3-1 - 1.074 × 103 
Water 

Current 

 

2021 [123] PVDF 3-1 - - 
Wave 

Motion 

 

2021 [124] PZT - - 3.587 × 10−2 
Water 

Current 

 

2021 [125] - - - 3.2 × 10−3 
Wave 

Motion 

 

2021 [126] PZT - - 1.632 
Wave 

Motion 
 

2021 [127] - - - - 
Wave 

Motion 
 

2021 [128] PZT/MFC - - 62 × 103 
Wave 

Motion 
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2021 [129] PZT - Offshore - 
Wave 

Motion 
 

2021 [130] PZT - - - 
Wave 

Motion 

 

2021 [131] - - Nearshore - 
Wave 

Motion 

 

2021 [132] MFC 3-3 - 8.5 × 10−3 
Wave 

Motion 
 

Table 2. 3. Atlas of Diaphragm-Based Piezoelectric Energy Harvesters. 

Year and 

Reference 
Material 

Coupling 

Mode 
Location 

Power Density 

(W/m3) 

Energy 

Source 
Schematics 

2010 [133] PVDF 3-1 - 1.9 × 10−2 
Water 

Current  

2011 [134] PZT 1-5 - 7.258 × 10−5 
Water 

Current  

2013 [135] PZT - Offshore 3.453 × 10−1 
Water 

Current 

 

2013 [136] PZT - Offshore - 
Wave 

Motion 

 

2013 [137] PZT - Offshore - 
Wave 

Motion 
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2018 [138] PZT 3-3 - - 
Water 

Current 
 

2019 [139] PVDF - - 5.681 × 10−2 
Wave 

Motion 

 

 

Table 2. 4. Atlas of Stacked-Based Piezoelectric Energy Harvesters. 

Year and 

Reference 
Material 

Coupling 

Mode 
Location 

Power Density 

(W/m3) 

Energy 

Source 
Schematics 

2013 [39] PVDF 3-3 - - 
Wave 

Impact 

 

2017 [140] PZT - Offshore 6 × 102 
Wave 

Impact 

 

2021 [141] PZT - - - 
Wave 

Motion 

 

 

Table 2. 5. Atlas of Cymbal-Based Piezoelectric Energy Harvesters. 

Year and 

Reference 
Material 

Coupling 

Mode 
Location 

Power Density 

(W/m3) 

Energy 

Source 
Schematics 

2010 [142] PZT 3-3 - 2.526 × 101 
Water 

Current 

 

2021 [143] PZT - - 2.038 × 101 
Water 

Current 
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2.3 Summary 

This Chapter is dedicated to providing information on the literature on 

piezoelectric sensors in oceanic applications. However, as there was not even 

a single work on the piezoelectric sensors in oceanic applications, the literature 

on the present ocean waves measurement devices has been reviewed, and 

their limitations extracted. Then, oceanic piezoelectric energy harvesters as the 

only application of piezoelectric materials in oceanic applications have been 

reviewed and a comprehensive Atlas is provided, which includes information 

on the utilized piezoelectric materials, piezoelectric coupling modes, location, 

power range, energy source, and a unified schematic of the piezoelectric 

energy harvesters design in oceanic applications. As reviewed in Tables 2.2 to 

2.5, piezoelectric energy harvesters are generating very small power and, in 

most cases, it is in mW range, which can be used to power a low-power sensor 

or charge a battery. Taking advantage of them, a direct measurement-based 

sensor can be developed that is free of battery replacement or recharge. 
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3. Design of the Drifter-Based Self-Powered 

Piezoelectric Sensor 

Many piezoelectric sensors have been designed over time, employing the 

direct piezoelectric effect. Here, taking advantage of a drifter, a piezoelectric 

sensor is designed to capture ocean waves’ height and period. Moreover, the 

output electrical pulses will be used to power the sensor. This Chapter 

discusses the configuration of the proposed sensor as well as its working 

principle. 

3.1 Configuration of the Proposed Sensor 

In the present sensor, a drifter is employed to carry the sensor and help it float 

on the ocean surface. Ocean waves drive the drifter up and down by applying 

forces to it. Consequently, the drifter applies forces to the piezoelectric 

material to change its state of motion. Figure 3.1 (a) shows a schematic of the 

proposed drifter-based piezoelectric sensor. It consists of a drifter, a 

piezoelectric disk, a battery, a microprocessor, and a glass cover (Figure 3.1 

(b)). As discussed in Chapter 1, piezoelectric materials generate electricity in 

response to mechanical stresses. Therefore, the output voltage can be used to 

capture ocean waves’ height and period. Moreover, this electrical energy can 

be stored in a battery and further used to power the sensor and send the 

captured data to a nearby station (Figure 3.2). The glass cover is also used to 

seal the electronics against ocean water. 

Figure 3.3 shows some indicative dimensioning of the proposed drifter-based 

piezoelectric sensor.  
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(a) (b) 

Figure 3. 1. (a) Proposed Drifter-based Self-Powered Piezoelectric Sensor for Ocean 

Wave Measurement; (b) The Sensor’s Components 

 

Figure 3. 2. Working Principle of the Drifter-Based Self-Powered Piezoelectric 

Sensor 

 

Figure 3. 3. Indicative Dimensioning of the Proposed Drifter-Based Self-Powered 

Piezoelectric Sensor 
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3.2 Working Principle 

The proposed drifter-based piezoelectric sensor works based on Newton’s 

laws of motion, in which an object resists any changes in its state of motion 

due to its mass. Ocean waves start to fluctuate and apply force to the drifter 

and, consequently, to the piezoelectric disk to change their state of motion. 

Because of inertia, they resist changing their state of motion, and thus the 

piezoelectric disk deforms due to this force and generates electricity in 

response to it. The generated electrical pulses can be used to power the sensor 

(charge the battery) and capture wave height and period. After powering the 

battery, the sensor can send the output data to a nearby station for further 

analysis. 

The working steps of the proposed drifter-based piezoelectric sensor is as 

follows (Figure 3.4): 

• At the time t0: The ocean waves are at rest and the forces are in balance 

(Figure 3.4 (a)); 

• From time t0 to t1: Ocean waves go up and apply force to the drifter and 

the piezoelectric disk to change their state of motion. Resistance to this 

change would result in the deformation of the piezoelectric disk and 

electricity generation (Figure 3.4 (b)); 

• From time t1 to t2: After a while, ocean waves gradually subside, resulting 

in a reduction in the forces on the piezoelectric disk (Figure 3.4 (c)); 

• At the time t2: The ocean waves are at rest again and the forces are in 

balance (Figure 3.4 (d)); 
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Figure 3. 4. Working Steps of the Drifter-based Piezoelectric Sensor. 

 

3.3 Summary 

This Chapter provided the detailed configuration of the proposed 

piezoelectric sensor and its working principle by illustrating them. It is also 

discussed that the proposed sensor works based on the law of inertia and 

changing the state of motion of the piezoelectric material. Considering this 

law, a step-by-step working principle is provided to describe the way it works. 
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4. Modeling and Analysis 

This Chapter analyzes the motion principle and the working performance of 

the proposed drifter-based piezoelectric sensor using a dynamic model. 

Moreover, taking advantage of the commercial software COMSOL-

Multiphysics, finite element analysis (FEA) has been carried out to verify the 

results of the proposed dynamic model. 

4.1 Dynamic Modeling 

The masses, the springs, and the dampers are the main parts of a mechanical 

system. For a mechanical system, these three elements are the basic actuators 

to understand the nature of the motion principle. Here, the well-known mass-

spring-damper system is employed for analyzing the working performance of 

the proposed piezoelectric sensor, in which masses are distributed using a set 

of springs and dampers.  

4.1.1 Construction of the Dynamic Model 

Based on Newton’s second law of motion, a dynamic model is established to 

analyze the motion principle and the working performance of the proposed 

drifter-based piezoelectric sensor. The main purpose of this modeling is to 

analyze the system’s response (the output) to an input of ocean waves. In the 

first step, the contact force on the piezoelectric material is calculated, and then 

it is substituted into the related equations to obtain the output voltages. Figure 

4.1 (a) shows the steps of the dynamic modelling from ocean waves to the 

output voltages. 

Schematics of a dynamic model and its free-body diagram are illustrated in 

Figure 4.1 (b). A damped spring-mass system is utilized to investigate the 

dynamic performance of the proposed sensor. The mass, stiffness, 

displacement, and damping coefficient of the piezoelectric disk are 

represented by Mp, Kp, Yp, and Cp, respectively. Moreover, the mass, stiffness, 
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and displacement of the drifter are Md, Kd, and Yd, respectively. Yw, also 

denotes the motion of the ocean waves. 

(a) 

 

(b) 

 

 
Figure 4. 1. (a) Steps of the Dynamic Modelling from Ocean Waves to the Output 

Voltages; (b) Schematics of the Proposed Dynamic Model and its Free-Body 

Diagram. 

where in Figure 4.1: 

Fi1= piezoelectric disk’s inertial force; 

Fi2= drifter’s inertial force; 

Fe1= piezoelectric disk’s elastic force; 

Fe2= drifter’s elastic force; 

Fd1= piezoelectric disk’s damping force. 

The direction of the forces is set by considering the following: The ocean waves 

have a motion like a sine wave, which causes the sensor to move in the same 

way. The force acting on the drifter from the waves will cause it to compress. 

This will generate an elastic force, Fe2, which will push the drifter up. Due to 

inertia, the drifter will try to resist the position change through the inertial 

force Fi2. The elastic force is also acting on the ocean waves, but this is not in 

the interest of this study. The piezoelectric disk will oppose the upward 

movement of the drifter and will push on it with the elastic force Fe1 and the 
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damping force Fd1. According to Newton’s third law of motion, for each 

action, there is a reaction. Therefore, the elastic force Fe1 and the damping 

force Fd1 will push the piezoelectric disk upwards. Due to inertia, the body’s 

mass will try to resist the position change through the inertial force Fi1. 

The equation of force equilibrium for the piezoelectric disk is: 

Fi1 = Fe1+Fd1, (4.1) 

The inertial force, the elastic and damping forces of the piezoelectric disk are 

expressed as: 

Fi1 = 𝑀𝑝𝑦̈𝑝, (4.2) 

Fd1 = 𝐶𝑝(𝑦̇𝑐 − 𝑦̇𝑝), (4.3) 

Fe1 = 𝐾𝑝(𝑦𝑐 − 𝑦𝑝), (4.4) 

Replacing the expressions of the forces in equation (4.1), we get: 

𝑀𝑝𝑦̈𝑝 = 𝐶𝑝(𝑦̇𝑑 − 𝑦̇𝑝) + 𝐾𝑝(𝑦𝑑 − 𝑦𝑝), (4.5) 

The equation of force equilibrium for the drifter is: 

Fi2+Fe1+Fd1 = Fe2, (4.6) 

The inertial force, the elastic and damping forces of the drifter are expressed 

as: 

Fi2 = 𝑀𝑑𝑦̈𝑑 , (4.7) 

Fe2 = 𝐾𝑑(𝑦𝑤 − 𝑦𝑑), (4.8) 

Substituting the expressions of the forces in equation (4.6), we have: 

𝑀𝑑𝑦̈𝑑 + 𝐶𝑝(𝑦̇𝑑 − 𝑦̇𝑝) + 𝐾𝑝(𝑦𝑑 − 𝑦𝑝) = 𝐾𝑑(𝑦𝑤 − 𝑦𝑑) , (4.9) 
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Applying the contact force (Fe1 = 𝐾𝑝(𝑦𝑐 − 𝑦𝑝) and Fd1 = 𝐶𝑝(𝑦̇𝑐 − 𝑦̇𝑝)) on the 

piezoelectric disk by substituting it in the following equations (Equations 

(4.10) to (4.12)) [144] will give us the output voltage generated: 

𝑉 =
𝑄

𝐶
 , (4.10) 

where V, Q, and C are voltage, charge, and capacitance of the piezoelectric 

disk, respectively. Q and C can be simplified even more to the following 

equations [145]: 

Q = d33×F, (4.11) 

C = 
𝜀𝑟𝜀0𝐴

𝑡
 , (4.12) 

where d33, F, 𝜀𝑟, 𝜀0, A, and t represent piezoelectric coefficient, contact force, 

relative permittivity, vacuum permittivity, area, and thickness, respectively. 

Moreover, from the following equations, mass and stiffness for both the drifter 

and piezoelectric disk can be calculated, and the damping and piezoelectric 

coefficients of the piezoelectric disk can be taken from the references: 

𝜌 =
𝑀

𝑣
 , (4.13) 

𝐾 =  𝐸
𝐴

𝑙
 , (4.14) 

where 𝜌 and v are the density and volume of the material, and 𝐸, 𝐴, and 𝑙 stand 

for Young’s modulus, area, and length of the material, respectively.  

4.1.2 Results 

Taking advantage of the MATLAB/Simulink modulus, the aforementioned 

proposed dynamic model is simulated. Table 1 shows the parameters used in 

the simulation. Some of them are taken from the literature, and some others 

are based on the prototype and FEA model. It should also be noted that the 

damping and stiffness of the piezoelectric disk are assumed to be linear and 
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the uni-axial stiffness of the disk, respectively. Further, Polyvinyl Chloride 

(PVC) material is employed for the drifter in the simulations. 

Table 4. 1. Parameters Used in the MATLAB/Simulink Simulation 

Parameter Value Parameter Value 

d33 2.89×10-10 m/V The Density of Piezo 7500 kg/m3 

𝜀𝑟 1300 The Density of the Drifter 1760 kg/m3 

𝜀0 8.85×10-12 Diameter of the Drifter 40.00×10-3 m 

Thickness of Piezo 1.00×10-3 m Height of the Drifter 10.00×10-3 m 

Area of Piezo 3.14×10-4 m2   

Figure 4.2 shows the input waves to the developed dynamic model (Figure 4.2 

(a)) and the resulting output voltages (Figure 4.2 (b)). for ocean waves with a 

0.2 to 0.5 m height and a 3.5 s period. The wave parameters, height and period, 

are mostly dependent on the seasonality and geographic location. However, 

for simplicity, heights of 0.2 to 0.5 m with a period of 3.5 s have been chosen 

for the analysis as these parameters are frequent in all locations and seasons. 

(a) 

 

(b) 

 

Figure 4. 2. Input Waves and Output Voltages: (a) Input Ocean waves of 0.2 to 0.5 m 

in Height; (b) Output Voltages for Ocean Waves of 0.2 m (Blue Line), 0.3 m (Orange 

Line), 0.4 m (Red Line), and 0.5 m (Green Line) Height 
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The peak values of output voltages are 90 µV, 140 µV, 190 µV, and 240 µV for 

input waves with 0.2 m, 0.3 m, 0.4 m, and 0.5 m height, respectively. A 3.5 s 

period is chosen for all input waves to the dynamic model. 

As mentioned, two main characteristics of each wave are its height and period 

to be measured. Results shown in Figure 4.2, show that the height of the input 

waves has a linear relationship with the output voltage’s amplitude. However, 

the period of the inputs was all set to a constant value. Therefore, it is required 

to compare input waves and output sinusoidal voltages’ periods to each other. 

To do so, the input waves’ height is set to a constant value and the periods are 

considered variables. A height of 0.5 m with periods of 1.5 s, 2.5 s, 3.5 s, 4.5 s, 

and 5.5 s were chosen for this analysis. The results are shown in Figure 4.3.  

As it is clear in Figure 4.3, the period of the input waves is the same as the 

output voltages, meaning that the amplitude of the output voltage is the only 

factor that needs to be interpreted to obtain a wave’s characteristics. 
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(a) 

 

(b) 

 

Figure 4. 3. Impact of the Period on the Output Voltage: (a) Input Waves; (b) Output 

Voltages. 

 

4.2 Finite Element Analysis (FEA) 

As a computerized method, finite element analysis (FEA) predicts a design’s 

reaction to different types of forces. Here, the model contains both mechanical 

and electrostatic forces as inputs and outputs, respectively. Therefore, a 

coupled-physics analysis should be carried out to investigate the output 
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voltages for the input ocean waves. To do so, COMSOL-Multiphysics has been 

employed to carry out the FEA simulations to verify the proposed dynamic 

model. 

4.2.1 Construction of the Coupled-Physics FEA Model 

Making use of the commercial software COMSOL-Multiphysics, an FEA 

simulation has been carried out to further verify the feasibility of the designed 

drifter-based piezoelectric sensor.  

The proposed sensor works under the applied mechanical load coming from 

the ocean waves and converts the inputs to electrical pulses using piezoelectric 

material. Therefore, a coupled physics analysis of “Solid Mechanics” and 

“Electrostatics” Modules should be employed to simulate the piezoelectric 

sensor and achieve the output voltages.  

The selected materials in this simulation are Lead Zirconate Titanate (PZT-4) 

and Polyvinyl Chloride (PVC) for piezoelectric material and the drifter, 

respectively. For meshing the structure, a “Finer” element size is selected. To 

define piezoelectric electrodes, a Ground node is applied on the lower side of 

the piezoelectric material, and a Floating Potential node is applied on its upper 

side. A Contact Pair is utilized to define the contact between the piezoelectric 

disk and the drifter. Then, volume forces (gravity) are applied to both of them 

to prevent any sudden jump when subjected to the force of the ocean waves. 

Finally, a prescribed motion with a sinusoidal function is applied to the drifter 

to mimic the ocean waves, which is the input of the system. Details of the steps 

of the FEA model can be found in Figure 4.4. Moreover, Figure 4.5 shows a 

screenshot of the whole model builder and the meshed model. 
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Figure 4. 4. The Flowchart of the FEA Simulation in COMSOL. 

 

 

Figure 4. 5. Screenshot of COMSOL-Multiphysics Model 

 

4.2.2 Simulation Results 

Based on the mentioned inputs, the simulations are carried out. The sensor, 

meshed model, and results of simulations are shown in Figure 4.6. 
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(a) 

 

(b) 

Figure 4. 6. COMSOL Models and Results: (a) The Model, Meshed Model, Electrical 

Potential Output, and Stress Output; (b) Output Voltages for Ocean Waves of 0.2 m 

(Blue Line), 0.3 m (Yellow Line), 0.4 m (Red Line), 0.5 m (Green Line) Height. 

As can be seen in Figure 4.6, the results of the FEA simulations for the 

proposed drifter-based piezoelectric sensor in the commercial software 

COMSOL Multiphysics are a bit higher than the proposed dynamic model. 

The peak values for the output voltage are 95 µV, 160 µV, 205 µV, and 260 µV 

for input ocean waves of 0.2 m, 0.3 m, 0.4 m, and 0.5 m in height, respectively. 

It should also be noted that the period of the input wave for all of the above-

mentioned simulations is 3.5 s, and as it is clear in Figure 4.5, the periods are 

the same for both inputs and outputs. 

4.3 Summary 

To investigate the proposed piezoelectric sensor’s feasibility, a dynamic model 

based on a mass-spring-damper system is proposed in this Chapter and is 

verified by a coupled-physics analysis in COMSOL-Multiphysics. For an input 

wave of 0.2 m, 0.3 m, 0.4 m, and 0.5 m in height and 3.5 s in period, the 

calculated output voltages using the dynamic model are 90 µV, 140 µV, 190 
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µV, and 240 µV, respectively, whereas the output voltages of the FEA 

simulations are 95 µV, 160 µV, 205 µV, and 260 µV for the same input waves.  

Furthermore, periods of input waves and output sinusoidal voltages are 

compared using the dynamic model. The period of the input waves is the same 

as the output voltages, meaning that the amplitude of the output voltage is the 

only factor that needs to be interpreted to obtain a wave’s characteristics. 
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5. Prototype Fabrication and Testing 

This Chapter is dedicated to the prototype fabrication and testing of it to verify 

the results of the developed dynamic and FEA models. This experiment is 

composed of two parts: 1) Mimicking ocean waves and 2) Testing the sensor. 

In the former, a slider-crank mechanism is utilized to represent ocean waves, 

whereas in the latter, the performance of the proposed piezoelectric sensor is 

investigated. 

5.1 Slider-Crank Mechanism 

As discussed in Section 1.5 and illustrated in Figure 1.3, height and period are 

the two main characteristics of an oceanic wave. Here, efforts are made to 

mimic these two characteristics for testing the proposed piezoelectric sensor. 

To simulate the motion of the ocean waves, a slider-crank mechanism is 

employed, in which the circular velocity of a motor represents the ocean 

waves’ period, and its diameter stands for the waves’ height (Figure 5.1). 

Simply speaking, the diameter of the disk specifies how much the distance 

between a wave’s crest and trough is, and its rotational velocity determines 

the wave’s period (frequency). Therefore, tuning the circular velocity of the 

motor would result in different ocean wave periods, and changing the 

diameter of the disk in the mechanism can change the wave’s height. 

 

Figure 5. 1. Slider-Crank Mechanism to Mimic Ocean Waves 
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5.2 Prototype of the Proposed Sensor 

As shown in Figure 5.2 (a), the experimental setup includes a slider-crank 

mechanism, a servo motor, the proposed sensor, an Arduino board, and a 

Personal Computer (PC) as the data acquisition device. The fabricated sensor 

is shown in Figure 5.2 (b), in which a piezoelectric disk (a buzzer element STD 

35mm manufactured by Murata Electronics) is nested inside a plastic 

container that represents the drifter shown in Figure 3.1. The programs for the 

servo motor’s motion are programmed on the PC and then uploaded to the 

Arduino board. Taking orders from the board, the servo motor starts working 

with the determined rotational velocity. Then, the slider-crank mechanism 

represents the ocean waves and pushes the piezoelectric sensor up. The output 

voltage of the piezoelectric sensor is recorded by the Arduino board and sent 

back to the PC.  

 

 

Figure 5. 2. (a) Experimental Setup; (b) The Fabricated Sensor Prototype for Testing. 
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5.3 Experimental Results 

Two waves are simulated using the slider-crank mechanism: 1) A wave with 

a height of 0.2 m and a period of 3.5 seconds; and 2) A wave with a height of 

0.3 m and a period of 3.5 seconds. It should be mentioned that the experiment 

is limited to these two waves due to the employed servo motor’s limitation in 

providing higher loads and the experimental setup. The results of the tests for 

the two waves are shown in Figure 5.3, in which the blue line and orange line 

represent the experimental results for waves with a height of 0.2 m and 0.3 m, 

respectively, both with a period of 3.5 seconds. This Figure shows the results 

of the simulation for the ocean waves with a period of 3.5 s and heights of 0.2 

m and 0.3 m. The peak voltage values are 92 µV and 155 µV for waves with a 

height of 0.2 m and 0.3 m, respectively. 

The output results of the experimental setup are mainly affected by the coarse 

and non-linear motion of the slider-crank mechanism. As it is clear from 

Figure 5.3, the slider-crank mechanism can carry the sensor up with a bit of 

noise. Moreover, due to the action of gravity, it comes down very fast. 

Fortunately, the proposed sensor could also successfully plot these results as 

well.  

 

Figure 5. 3. Results of the Fabricated Prototype for Waves of 0.2 m (Blue Line) and 

0.3 m (Orange Line) Height with a 3.5 s Period. 
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5.4 Summary 

In this Chapter, the method of mimicking the ocean waves using a slider-crank 

mechanism is explained. Then, the experimental setup is shown and 

discussed. Finally, the results of the experiments are plotted, in which peak 

voltage values of 92 µV and 155 µV for waves with a height of 0.2 m and 0.3 

m, respectively, have been obtained. 
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6. Results and Discussions 

Chapters 4 and 5 have resulted in the output voltages for different ocean 

waves. This Chapter discusses several factors based on the extracted outputs:  

1) Although the output voltages are shown in the previous Chapters, the 

relationship between the output voltages and the ocean waves is not 

explained. Therefore, in a Section in this Chapter, the output voltages 

are interpreted; 

2) There are three output results (dynamic modeling, FEA simulation, 

and the experiment) for the proposed piezoelectric sensor. The results 

are compared in a Section to extract errors and confirm the feasibility 

of the piezoelectric sensor; 

3) In another Section, the resolution of the sensor is investigated to see the 

smallest wave that it can measure; 

4) Finally, the self-powering functionality of the sensor is discussed. 

6.1 Interpretation of the Outputs 

To estimate a wave’s energy, its height and period should be measured 

precisely. Here, the proposed drifter-based piezoelectric sensor can respond 

to any small changes in these two elements. However, the recorded output 

data is electrical pulses (voltage) and should be further simplified and 

interpreted to show the ocean wave’s characteristics (height and period). As it 

is clear from the dynamic model, FEA simulation, and experimental results 

(Figures 4.2, 4.4, and 5.3), the wave’s period is the same as the output voltage 

of the piezoelectric material. On the other hand, based on the results of the 

dynamic model, there is a linear relationship between the output voltage and 

the wave height for different input waves (Figure 6.1). Therefore, the wave 

height can also be calculated simply from the output voltage of the proposed 

piezoelectric sensor. For example, considering the results of the proposed 
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dynamic model (Figure 4.2 (b)), for each 0.1 m change in the wave’s height, 

there would be a 50 µV change in the output voltage, meaning that by 

substituting the output voltage in the following equation, the wave’s height 

can be measured: 

𝐻 ≈
𝑉𝑜𝑢𝑡

5×10−4 , (6.1) 

where H and 𝑉𝑜𝑢𝑡 are the wave’s height and the maximum output voltage, 

respectively.  

 

Figure 6. 1. Linear Relationship Between the Output Voltage and the Input Ocean 

Waves. 

6.2 Comparison of Results 

To compare the results of the dynamic model, FEA simulation, and the 

experimental results, their outputs are plotted in Figure 6.2. These results are 

for input waves of 0.2 m (Figure 6.2 (a)) and 0.3 m (Figure 6.2 (b)) heights with 

a 3.5 second period. Moreover, Table 2 lists and compares the peak values of 

output voltages in the simulations and the experiment. 

Table 6. 1. Comparison of the Results.  

 0.2 m 0.3 m 0.4 m 0.5 m 

Results 
Dynamic Model 90µV 140µV 190µV 240µV 

FEA 95µV 160µV 205µV 260µV 

Experiment 92µV 155µV - - 

Error (%) 

Dynamic and FEA 5.5 14.2 7.8 8.3 

Dynamic and 

Experiment 
2.2 10 - - 

FEA and Experiment 3.2 3.2 - - 
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(a) 

 

(b) 

 

Figure 6. 2. Comparison of the Results of the Dynamic Model (Red Line), FEA 

Simulation (Blue Line), and the Experiment (Orange Line): (a) Results for 0.2 m 

Wave Height; and (b) Results for 0.3 m Wave Height. 

As can be seen in Table 2, the average errors between the results are about 8%, 

which further verifies the feasibility of the proposed drifter-based 

piezoelectric sensor for oceanic wave measurement. There are also noises seen 

in the results of the experimental testing compared to the other two models, 

which are mainly caused by the coarse and non-linear motion of the slider-

crank mechanism. Moreover, to further compare the results of the dynamic 

model and the FEA simulation, their outputs are plotted in Figure 6.3. 
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Figure 6. 3. Results of the Dynamic Model (Dashed Lines) and the FEA Simulation 

(Lines) 

 

6.3 Sensor Resolution 

The sensor’s resolution, which is here the smallest ocean wave that can be 

measured, plays an important role in its selection for an application. 

Therefore, a set of analyses based on the proposed dynamic model in Chapter 

4, is designed to realize the resolution of the proposed sensor. To do so, three 

types of input waves are applied to the sensor to see whether it can distinguish 

between them or not. The input waves have a difference of 0.05 m, 0.025 m, 

and 0.01 m in each set of the inputs:  

1) 0.2 m, 0.25 m, 0.3 m, and 0.35 m for the first set;  

2) 0.2 m, 0.225 m, 0.25 m, 0.275 m, and 0.3 m for the second set; and  

3) 0.2 m, 0.21 m, 0.22 m, 0.23 m, 0.24 m, and 0.25 m for the third set.  

Based on the output voltages for the designed sets of input waves, the sensor 

can successfully distinguish input waves with a difference of 0.05 m and 0.025 

m in height, and a linear relationship is seen in Figure 6.4. However, the 

output voltages for input waves with a 0.01 m difference are not linear, thus 
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the proposed sensor can only measure the ocean waves with more than 0.025 

m in height.  

 

Figure 6. 4. Resolution Testing of the Sensor Based on the Proposed Dynamic 

Model. 

 

6.4 Self-Powering Functionality 

The proposed piezoelectric sensor aims to store the generated electricity in 

response to the ocean waves for further use to send the extracted data to a 

nearby station. In this regard, the sensor itself can be considered a piezoelectric 

energy harvester, which is a well-known subject of research in recent oceanic 

research [47]. In the case of the present sensor, as the generation of the output 

voltage is demonstrated in Chapters 4 and 5 using dynamic modeling, FEA 

simulation, and experimental testing, there would be an output power that 

can be stored in a battery [73]: 

𝑃 =
1

𝑇
∫

𝑉2

𝑅

𝑇

0
𝑑𝑡, (6.2) 

where P, R, V, and T are power, resistance, voltage, and period of V, 

respectively. It should be noted that, based on Equation (6.2), although the 

generated power by the present configuration is very low (nW-µW) and 
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should be improved to power the sensor in a real environment independently, 

it can prove the sensor’s self-powering functionality. 

 The battery as the power storage system of the sensor requires further 

processing of the generated electricity by the piezoelectric material: Batteries 

require direct current (DC), and the piezoelectric energy harvester generates 

alternative current (AC), which should be rectified before being stored in the 

battery. Therefore, adding an intermediate step to the circuit of the harvester 

would convert AC signals to DC [47]. Figure 6.5 shows the circuit of the energy 

harvester in the proposed piezoelectric sensor. 

 

Figure 6. 5. Circuit of the Energy Harvester to Store the Generated Electricity in a 

Battery. 

 

It should be noted that as the output voltage is low, the generated output 

power has some uncertainty, which requires a stable and well-calibrated 

electromechanical coupling coefficient for the material. 
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6.5 Summary 

This Chapter has focused on providing insightful discussions on the proposed 

sensor’s outputs. These discussions include: 

1) Interpretation of the output voltages and converting them to wave 

height, for which an equation is provided to convert the output 

voltages to ocean waves’ height. However, it should be noted that in 

reality, this will be more of a best fit to the line and not this close to the 

exact value; 

2)  Comparison of the outputs of the dynamic model, FEA simulation, and 

experimental testing, in which for an input wave of 0.2 m, 0.3 m, 0.4 m, 

and 0.5 m in height and 3.5 s in period, the calculated output voltages 

using the dynamic model are 90 µV, 140 µV, 190 µV, and 240 µV, 

respectively, whereas the output voltages of the FEA simulations are 95 

µV, 160 µV, 205 µV, and 260 µV for the same input waves. Also, peak 

voltage values of 92 µV and 155 µV for waves with a height of 0.2 m 

and 0.3 m, respectively, are recorded using the experimental setup. 

3) The sensor’s resolution, which is demonstrated that it can only measure 

ocean waves with more than 0.025 m in height; and 

4) Self-powering functionality that is demonstrated by a generic equation 

and is in the range of nW-µW. Moreover, the related circuit for self-

powering functionality is provided. 
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7. Conclusions and Future Work 

7.1 Conclusions 

In this research, to measure ocean waves’ height and period, a novel drifter-

based piezoelectric sensor has been proposed, which is capable of being self-

powered.  

A dynamic model (mass-spring-damper system), based on Newton’s second 

law of motion has been developed to analyze the proposed sensor’s working 

performance and motion principle. For an input wave of 0.2 m, 0.3 m, 0.4 m, 

and 0.5 m in height and 3.5 seconds in period, the calculated output voltages 

using the dynamic model are 90 µV, 140 µV, 190 µV, and 240 µV, respectively. 

Furthermore, the effect of different parameters, such as mass and stiffness, of 

both the piezoelectric material and the drifter, and the period of the input 

waves on the output performance of the sensor is investigated: It is found that 

the period of the input waves is the same as the output voltages. Moreover, 

the lower stiffness of the piezoelectric material and the drifter result in a more 

readable output for interpretation and a higher output voltage, respectively. 

Furthermore, the mass of the piezoelectric material has a linear relationship to 

the output voltage.  

To verify the results of the dynamic model, an FEA simulation using 

COMSOL-Multiphysics has been performed. Both Solid Mechanics and 

Electrostatics Modules are employed to develop a coupled-physics simulation 

for the proposed sensor. The output voltages of the FEA simulations are 95 

µV, 160 µV, 205 µV, and 260 µV for the same input waves of the dynamic 

model.  

To validate the results of the dynamic model and the FEA simulation, a 

prototype has been fabricated and tested. The peak voltage values of 92 µV 
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and 155 µV have been recorded for waves with a height of 0.2 m and 0.3 m, 

respectively.  

The results of the experimental testing show a close match with the results of 

the proposed dynamic model and FEA simulation. The average error between 

the results is about 8%, which further verifies the feasibility of the proposed 

piezoelectric sensor.  

Through analyses based on the developed dynamic model, the resolution of 

the sensor is calculated, and the sensor is suitable for measuring oceanic waves 

of at least 0.025 m in height.  

Finally, energy harvesting functionality, which leads to becoming self-

powered, is discussed and demonstrated.  

7.2 Future Work 

This research was a preliminary study for using the output of the piezoelectric 

materials for sensory applications in the oceans. Therefore, several items 

should be addressed in our future work: 

The fabricated prototype in this research was a preliminary prototype to verify 

the idea of developing self-powered piezoelectric sensors for ocean 

measurements. Therefore, a new prototype should be fabricated and tested in 

a real environment (the ocean). 

The sensor needs to automatically interpret the outputs and send them to a 

station. This means that algorithms should be developed to train the sensor 

for autonomous purposes. 

The other important issue that should be addressed in future research is the 

interpretation of the outputs for complex output voltages. To do so, some 

advanced mathematics can be used to interpret the results for complex input 

waves that are frequent in real environments. 
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To send the recorded data to a station, a low-power unit should be employed. 

The communication range of this unit and its power requirements are the most 

important factors in its selection for this sensor. 

As it is discussed, the output power of the sensor (self-powering functionality) 

is very small. In our future work, by further optimizing the design and 

material parameters of the sensor, the output power should be enhanced to 

finally be able to fully power the sensor. 

Design experiments to realize the expected range of operation for the sensor: 

Below a certain value, the noises dominate the output of the sensor, so the 

sensor will not be able to measure them. Moreover, higher accelerations can 

harm the piezoelectric material’s performance. Therefore, there is also a 

maximum wave height for the sensor for precise measurement. 

There are factors such as temperature fluctuations in oceans, maximum 

vibrational working cycles, etc., which influence the working performance of 

the piezoelectric material in long-term applications that need to be 

investigated in future work. 

To enhance the sensitivity of the sensor, a seismic mass can be attached to it, 

which will be considered in our future research. 
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