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Abstract 

  

 

In the North Sea, the construction of wind parks using pile driving forms a threat to porpoises, since                  

they have a very sensitive auditory system. In order to protect this species, the construction work                

has to be stopped when they are nearby. The purpose of this project is to design a low-cost buoy                   

which should be able to detect these animals in their natural environment and subsequently serve as                

a supportive device for offshore workers. Additionally, a proposal for a tracking device which can be                

directly attached to the animals was made. To achieve these objectives, research was conducted on               

requirements for buoys in North Sea conditions, the behaviour of porpoises, and technical             

components as well as the necessary software for detection. This report proposes a design for a buoy                 

to meet these objectives. 
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1. Introduction 

The assignment of designing a low cost buoy comes from the The Laboratory of Applied Bioacoustics                

(LAB), which is a multi-disciplinary group of scientists. LAB conducts research on the increasing acoustic               

degradation of the marine habitat in the Mediterranean Sea and the North Atlantic. The Laboratory of                

Applied Bioacoustics was created with a grant from the Spanish Ministry of Science and Technology,               

support from the City Vilanova i la Geltrú and the Ports Directorate of the Catalan Government. 

 

More countries are taking an approach to expand the renewable energy to withdrawal from coal energy                

and nuclear power for a sustainable future. One example is Germany. The German offshore wind power                

production is supposed to expand to a nominal capacity of 25 GW until 2030.  

This German energy policy has been developed over the last years, but was strengthened after the 2011                 

catastrophe at the Fukushima Daichi nuclear power plant allowing German nuclear power plants to be               

shut down and decommissioned until 2022 [1]. With respect to the German energy policy, it means an                 

expansion of two wind parks each year with a capacity of 400 MW to accomplish the purpose [2].  

In order to expand renewable energy, offshore energy has become a key technology towards the north                

coast to adhere to the energy policy. Foundations for wind turbines are based on pile driving, where steel                  

piles are driven deeply into the seafloor by a hydraulic hammer. During this process of pile driving,                 

significant sound emissions into the surroundings water column occur that can have harmful effects on               

marine life, e.g. the harbor porpoise [3]. 

Porpoises are small cetaceans, up to 1.8 m with stocky body, rounded head and a weight of 45-70 Kg.                   

Lack of rostrum distinguish them from dolphins. Mainly harbor species are schooling animals. They create               

small groups of 8 individuals, but during the migration or feeding time can aggregate into bigger ones [4]. 

It has been proven that human activities such as underwater detonations (strong pressure changes              

created by the shock wave) limited harbour porpoises density in the North Sea. The first stocktaking of                 

porpoises was determined in the year 1994 with a population of 27800 porpoises. The second stocktaking                

proved a population of 10900 porpoises in the year 2005. According to the SCANS study the population                 

has been reduced lover 60% in 11 years [5]. In response, cetacean species have been listed in the Annex II                    

and IV in the FFH-guideline in Germany for strongly endangered animals. With respect to the porpoise,                

this a high level of importance [6]. 

Porpoises rely on sound for a wide range of biological functions including communication, navigation,              

foraging, and predator detection. With high sound emissions of 164 decibels, porpoises can become deaf               

and which leads to heavy disturbances for biological functions [7]. By law, construction should comply               

with 160 decibels, but this can be difficult to adhere to [8]. Furthermore, every EU member is committed                  

to avoid deterioration of the natural surroundings, disturbance and threat to natural habitants [9]. 
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In order to support offshore workers in meeting the given regulations and to improve the protection of                 

porpoises, a low cost buoy for the detection of porpoises is going to be designed by the project team.  

To ensure effectiveness, the design will also include a guideline for the buoy deployment, mooring and                

retrievement as well as a system for the storing and transport of the buoy. Concerning the detection,                 

certain requirements regarding technical components and software have to be met. Therefore, a list of               

components as well as their associated software will be provided. This includes a design for the data flow                  

and functionalities, which have to be implemented into the system. With respect to the data that can be                  

collected, this work will also provide a possible interface design, which should represent an assisting               

visualization tool for offshore workers. As proof of evidence for the functionality of the designed system,  

a basic system demonstration will be developed. Finally, this work will also include a proposal for a                 

tracking device, which can be directly attached to the animals. This tracking device will intend to collect                 

more detailed data about the behaviour of porpoises. 
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2. Background 

2.1 The North Sea  

The North Sea is a part of the Atlantic Ocean surrounded by many European countries, as shown in  

Figure 1. It links up with the Baltic Sea to the east and to the north and south west, it connects to the                       

Atlantic Ocean. It possesses a total area of 750,000 km2 and is more than 970 kilometres long and 580                   

kilometres wide (Table 1). It has an average depth of around 95 meters and it has a low barometric                   

pressure and strong winds [10].  

Figure 1:  The North Sea and the countries surrounding it. 

 

The North Sea has always been famous for its fishing activities, representing Europe’s main fishery               

location and is responsible for over 5% of the international commercial fish caught in the market. But in                  

recent times, it is famous for other reason; wind farms. Strong prevailing winds and shallow water drives                 

the countries surrounding the North Sea to take full advantage of this. Countries like Germany and                

Denmark have been using the shore for wind power since the 1990s. It is also the home of one of biggest                     

offshore wind farms in the world, Horns Rev 1 [11]. 

Nowadays, many other countries are taking advantage of this desirable condition of the North Sea, such                

as strong winds and shallow water, by constructing more wind farms. 
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Table 1 : North Sea Facts 

Length (North-South) 960 km 

Width (East-West) 580 km 

Surface area 750 000 km² 

Average depth 95 m 

Maximum depth 700 m (Norway) 

Average Wind Speed +-9 m/s (17 knots) 

Average temperature in winter 6°C 

Average temperature in summer 17°C 

Tide difference 0 to 8 m 

 

2.1.1 Climatology 

To ensure that our buoy is designed to suite the working conditions of the North Sea, some further                  

studies need to be done. They are: 

2.1.1.1. Wind conditions 

Local wind is defined by the pattern of typical winds of the local area. Annual average wind speed is taken                    

from some of the weather stations in the North Sea. Table 2 below shows the average wind speed taken                   

in 2016 from a weather station in the Netherlands. 

Table 2: Average wind speed at weather station P11-B in Zuid-Holland, Netherlands.             
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2.1.1.2 Prevailing Currents 
Based on the information from some of the weather stations in the North Sea, [12] ( Appendix 1 ) it is safe                      

to say that the current of the North Sea is generally weak [13], about 0.5 m/s or 1 knots. This means that                      

the normal conditions of the North Sea can be categorized in the sea state of 4 or 5 (see Table 3 below) 

Table 3: Beaufort wind scale with the corresponding sea state condition number.           

 

 

2.2 Political Requirements 

The most important part of this project is to obey the law and be assured that porpoises are safe. To fulfill                     

all these requirements, the legislation must be taken into account.  

  

2.2.1 Protective Legislation 

The legislations for the protection of marine mammals differ from country to country but they all have                 

one thing in common. They all require the use of MMO´s (Marine Mammal Observer and/or PAM´s                

(Passive Acoustic Monitoring). The basis for the different legislation is formed by the guideline for               

offshore work. A list of different regulations is attached in the report as an overview. Furthermore, harbor                 
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porpoises are included in Annex II of the EC Habitats Directive which mean that all member states of the                   

EU are required to consider the establishment of the species. [14] 

 

For instance in Germany: 

 

In order to build an offshore wind park the law must be observed. The Law says that the sound emission                    

during pile driving must comply with 160 dB (re 1 µPa) at a distance of 750 meters away from the working                     

zone. Furthermore, pile driving must start softly [15]. 

Before the construction work begins, porpoises must be chased out of the work zone with an acoustical                 

signal transmitter called a Pinger which provides an underwater sound. However, porpoises are             

non-permanently expelled and return after a short period of hours or days. 

Noise level measurements are necessary with and without Noise Mitigation Systems for efficiency             

control. The noise pollution is measured at a distance from 750 to 1,500 meters from the construction                 

zone. Furthermore, one noise measurement is required at a distance of 10 kilometers in the direction of                 

the next habitat. 

In addition, the use of C-PODs is required to document the displacement effect of harbour porpoises. The                 

German law requires the use of mobile C-PODs and 4-5 stationary C-PODs during the construction phase                

at the distance of 750 to 1,500 meters. Measuring stations are site- and project-specific and have to be                  

discussed with the approval authority twelve weeks before deployment [16]. A Flowchart for the              

implementation, evaluation, and examination for offshore wind parks is attached in the end of the report.  
During the operating phase, the use of at least 3 C-PODs is required, depending on the size of the offshore                    

wind park (OWP) and whether there is relevant protection area. 

In order to minimize the underwater sound, Noise Mitigation Systems are used. For instance: 

-          bubble curtains generated by compressed air 

-          Soundproof pipe system 

-          Cofferdam (soundproof pipe system without water) 

-          Piling Cushing (reducing the emission of pile driving by means of pillows)[17]. 
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2.2.2 IALA Regulations Regarding Special Marks Buoys 

In order to deploy a buoy in the North Sea, some requirements need to be met as not to violate the                     

International Association of Marine Aids to Navigation and Lighthouse Authorities (IALA) regulations and             

additionally to ensure safe traffic in the North Sea. The IALA consists of the Maritime Buoyage System and                  

other aids to navigation comprised of fixed floating devices. In the Maritime Buoyage system, the type of                 

marks can be divided into 6 categories: lateral marks, cardinal marks, isolated danger marks, safe water                

marks, special marks, and marking new dangers. Each type of mark has its own identifiable characteristics                

that facilitate the mariner to differentiate them. 

Special marks buoys are used to identify an area or a feature referred to in the nautical documents and                   

are generally not expected to mark channels or obstructions in the sea. They are also used to indicate                  

specific areas in the sea, such as administrative, anchorage, mooring, marine farm, or historic wreck               

areas. The buoy being designed for this project will be categorized in the ‘Special Marks’ category [18].                 

Special marks are identifiable by its yellow colour, a ‘X’ top-mark (if any) and a yellow flashing light. The                   

yellow light of special buoys has a certain flashing pattern to avoid any confusion between them and the                  

white light of other buoys under a low visibility circumstances. 

 

 

Figure 2: Special marks buoy example 

Table 4: Characteristics of a special mark buoy  [18] 

Description 

Colour Yellow 

Shape of buoy Optional; but not conflicting with lateral marks 

Top mark (if any) Yellow “X” shape 
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Light (when fitted) 

Colour Yellow 

Rhythm Any; other than the reserved pattern for cardinal,        

isolated danger and safe water marks 

 

2.2.3 Tagging legislation  

All forms of animal tagging involve invasive processes, though tagging is usually much less stressful than                

the capture process. To be sure that our project fulfills all the requirements, the knowledge of current                 

legislation in EU is needed. As our project concerns only North Sea, the legislations of Belgium, Denmark,                 

Finland, France, Germany, Ireland, Netherlands, Norway, Sweden and UK are taken into account.  

 

Belgium  

Belgian legislation is not so precise and is only applied whenever surgery is used, and theoretically applies                 

to all tagging. The license for projects is needed and an appointed national ethics committee decides on                 

the acceptability of projects. The performance of a project is under the scrutiny of an expert local                 

veterinarian. Each action has to be reported in details.  

  

Denmark  

As far as tagging is concerned, marking any specie with external tags requires a license  

from the Ministry of Justice. The person who has the license must be present during tagging (but need                  

not perform the operation him/herself). Premises and people are inspected and each tag has to have a                 

tag journal. Tagging that requires surgery is controlled by a similar system, but obtaining a personal                

license requires extra scientific/veterinary qualifications, plus a training course.  

 

Finland  

Researchers have to produce research plans (which become public documents) to obtain a project              

license. In practice, no licenses are required for routine tagging operations for monitoring populations.              

However there is a standing committee on animal experimentation, which controls most of the tagging               

carried out in the country. The aim is to ensure that tagging operations are appropriate and carried out by                   

competent personnel.  

  

France  

Local or general anaesthesia is required for work on vertebrates that are liable to suffer pain, except                 

when the anaesthesia is more detrimental to the animal than the experiment itself. If anaesthesia is not                 

used, the number of experiments must be minimized, and only one procedure may be carried out on an                  

individual animal. Authorization for experiments is provided by the Ministry of Agriculture. Experimenters             

should be a veterinarian, medical doctor, pharmacist or qualified at BSc, MSc or PhD level in the biological                  
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sciences, or have equivalent experience. Experimenters must show evidence of having undertaken            

training courses in surgical and prophylactic procedures. 

 

Germany  

Straightforward tagging for identification is not controlled by legislation. However, if surgery is required,              

then permission for projects is required and operators need to have suitable qualifications and training.  

  

Netherlands  

Not available  

 

Norway  

Animals must be treated well so that there is no risk of causing them unnecessary suffering. Inspection by                  

police, animal welfare committees and official veterinarians may be carried out at any time. A person                

carrying out biological research must have a special license, granted by a committee.  

 

Sweden  

Tagging operations that involve surgical treatments are subject to the following regulations: operators             

must be licensed, as must each experiment. The Ministry of Agriculture controls licensing through an               

Ethics Committee and operators must take part in 3-week courses which have a fixed curriculum               

(including: laws & regulations governing animal experimentation; ethics; biology and care of animals;             

familiarity with current types of experiment; alternatives to use of animals). Experimenters must be              

veterinarians, or have close links with veterinarians. All procedures have to be reported; reports have to                

be held for at least 3 years at the place of experimentation; records must be open for inspection at any                    

time.  

 

United Kingdom  

The U.K. appears to have the most detailed legislative control of animal experimentation in the EU. U.K.                 

law applies to all animals that can feed independently. Experimentation requires site, personal, and              

project licenses, all of which must be sought from the Home Office. Experimental procedures have to be                 

reported annually in detailed returns to the Home Office for national published statistics. Tagging              

conducted at sea outside the 12-mile limit of territorial waters is also deemed not to be controlled by                  

legislation. Tagging carried out for ‘scientific reasons’ (as judged by a Home Office Inspector) requires               

Personal and Project Licences. This means that most data storage tagging will require anaesthesia, and               

will certainly do so if tags are implanted surgically. [19] 

2.3 Behaviourism of porpoises 

Porpoises are a marine mammal related to dolphins, but with different anatomical structure, especially in               

the shape of their head and teeth. Seven species exist inhabiting all oceans, mainly the coast. Porpoises                 

are small cetaceans, up to 2.5 meters with stocky body and rounded head. Lack of rostrum distinguish                 
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them from dolphins. The jaw consists of 120 teeth. As it was mentioned before, they are limited to the                   

waters of the continental shelf by its demersal foraging behavior and diving capacity. 

 

Harbor species are mainly schooling animals. They create small groups of 8 individuals, but sometimes it                

can occur that they create even up to 50, especially during feeding time. They are quite shy animals and                   

rarely come closer to any boats and would rather stay far away from them. Due to their specific sense of                    

hearing they are very sensitive and any noise pollution, as shipping, drilling, usage of sonar can influence                 

their behaviour. The research shows that all human activities connected with underwater works has              

limited harbour porpoises density in the North Sea [20].  

 

2.3.1 Echolocation 

Echolocation is a way of communicating that allows them to navigate and communicate within less than                

1km and localize the possible threats. They emit calls out to the environment and listen to the echoes of                   

those calls that return from objects near them.  

 

There are two kinds sounds that they are creating:  

● clicking - used for food searching and detecting threats. Harbor porpoise clicks are centered              

between 130 and 140 kHz with a bandwidth of 6–26 kHz. It is directed forward in a narrow cone                   

and it is 50 clicks per second. 

● buzzing - used to approach an object of interest. The rate of a signal is up to 500 clicks per                    

second.  

 

Harbor porpoises hearing ranges: 

● Range of best hearing: 16-140 kHz 

● Frequency of minimum hearing threshold: 100 kHz 

● Minimum hearing threshold: 44 kHz 

 

2.3.2 TTS & PTS 
Sound disturbances, such as underwater explosions or pile driving, can cause temporary or permanent              

damage of hearing, better known as temporary threshold shifts (TTS) and permanent threshold shifts              

(PTS). TTS is reversible and not so dangerous for an animal, but it can eventually lead to PTS. The level of                     

threshold shift depends on a number of variables like duration, frequency and intensity of the sound                

source [21]. 
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3. Results 

To make sure that the buoy works properly in North Sea conditions, a number of requirements must be                  

met. These are: 

a)      Must be noticeably visible to maritime traffic 

b)      Non-contaminating materials should be used in order to protect the sea 

c)      Must withstand the North Sea working condition 

d)      The compartment storing the electronic components must be completely watertight 

On the other hand, for a quick and efficient deploying and retrieving process of the buoy, the structure                  

must be designed in a way that it is light and easy to assemble or disassemble. To achieve this, a further                     

comprehensive study of the North Sea conditions needs to be done. This includes wind conditions,               

prevailing currents, and wave velocities. 

Furthermore, the stability of the buoy also depends on other factors such as the placement electronic                

components on the buoy and the antenna or radar deflector. The sea conditions prevailing in the North                 

Sea come from the weather stations there. After getting these values, the forces that would be exerted                 

by the wind and the waves and the currents on the buoy in unfavorable conditions through an                 

approximate or a simplified model can be found [22]. Discussed below are the more detailed look into                 

these factors. 

 

3.1 Effects of The Wind Forces 

Due to the strong wind conditions in the North Sea, we must consider its effect on the buoy. Knowing the                    

wind velocity from some of the weather stations in the North Sea, we can find the wind force by using the                     

equation [23]: 

 

 Fw = pd A = 1/2 ρair v
2 A                                                              (Eq 1) 

 

where; 

Fw = wind force (N) 

pd = dynamic pressure (Pa) 

A = surface area exposed to wind (m2) 
ρair = density of air (1.225 kg/m3) 
v = wind velocity (m/s) 

 

After analysing the data obtained from some of the weather stations in the North Sea, the average wind                  

speed was found to be in the range of 9 m/s. As calculated beforehand (see page 44) , the volume of the                      

submerged portion of the buoy is around 34% and thus making the other 66% stays above the waterline.                  

The total surface area exposed to the wind with this 66% would be approximately A ≈ 0.777m2. Plugging                  
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all the values into (Eq 1), the estimated wind force that would be acting on the buoy in normal condition                    

is 38.5 N. 

 

Fw = pd A = 1/2 ρair v
2 A 

 

Fw = 0.5*(1.225 kg/m3)*(9 m/s)2* 0.777m2 

 

Fw = 38.5 N 

 

 

Figure 3:  Wind force, Fw against wind speed, Vw 

 

As we can see from Figure 3 above, the harsher the condition of the sea, the bigger the value of the force                      

of the wind is going to be applied to the exposed body.  

 

The force exerted by the wind will be counteracted by the horizontal component of the tension of the                  

mooring line at its point of attachment at the buoy. This wind force will generally cause the buoy to be                    

inclined and the design of the buoy should be such that when the force is maximum and act in the same                     

direction, the resulting heeling angle can still be accommodated. 

 

If the force exerted by the wind, Fw is acting at A, which is the distance above the level of attachment of                      

the mooring line, it will cause a moment of Fw A cos α, which will be counteracted by a righting moment,                     

as shown in Figure 4 [24]. Thus, equilibrium occurs when: 

 

                                                                 Fw A cos α = ms g MG sin α                                                       (Eq 2) 
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where; 

Fw = Wind force (N) 

A = distance above the level of attachment of the mooring line (m) 

g = gravity constant (9.81 m/s2) 
ms = mass of the volume of displaced water (kg) 

MG = metacentric height (m) 

 

Figure 4: Example of righting moment acting on a buoy 

 

So, the angle of heel caused by the wind can be calculated from simplifying the equation below; 

                                                                    (Eq 3)an α t = A×Fw
ms × g × MG  

 

where Fw is expressed in Newtons, ms in kg, and A and MG in meters. Knowing that the mass of displaced                     

water, ms = ρw*displaced fluid volume, Vfl = (1029 kg/m3*0.117 m3) = 120 kg and supposing that A is 0.7                     

m from the mooring point, the angle of heel caused by the wind force exerted on the buoy would be 

 an α t = 0.7m×38.5N
120kg×9.81 m/s2 × 0.3786m  

 

= 3.4°α  
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Figure 5: Free body diagram of  finding heeling angle caused by Fw and Fc 

 

 

3.2 Effects of The Current Forces 

The hydrodynamic drag imposed by the current, Fc on the buoy is given by [25]: 

 

 Fc = 0.5 * ρsea water*Vc
2*Cd*S                                                       (Eq 4) 

 

where; 

Fc = expressed in Newtons 

ρsea water = density of sea water (kg/m3) 
Vc = current velocity (m/s) 

S = projected area of underwater body (m2) 
Cd = hydrodynamic drag coefficient; (Cd = 1) 

 

To keep things simple, the value of Cd can be assumed as 1 and the current velocity data can be found                     

from some of the weather stations in the North Sea [11]. Plugging in the values, 

 

Fc= 0.5 *1029 kg/m3 *(0.5 m/s)2*1*(0.129 m2+0.058 m2) 
 

Fc = 24.05 N 

 

The point of application of the drag of the current exerted on a buoy is usually a little above the level of                      

attachment of the mooring chain. If the distance between these is B meters and the hydrodynamic force                 

of the current is Fc Newton, there will be a moment of Fc cos α B. This moment is counteracted by the                      

righting moment [25] of g*ms*MG*sin α.  
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Equilibrium exists when: 

                                                   Fc cos α B = g ms MG sin α                                                            (Eq 5) 

 

where; 

Fc = drag/current force (N) 

B = distance of the exerted current force above the level of attachment of the mooring line 

g = gravity constant 

ms = mass of the volume of displaced (kg) 

MG = metacentric height (m) 

 

Therefore, the angle of heel caused by the hydrodynamic drag would be; 

 an α t = B×Fc
ms × g × MG  

 

 an α t = 0.01m×24.05N
120kg ×9.81 m/s2 × 0.3786m  

 

= 0.03° α  

 

where the units are the same as mentioned before.  

 

Table 5 below shows the summary of the effect of the wind forces and the current forces. 

 

Table 5: Summary of the effect of the wind and current forces in normal condition of the North Sea 

Parameters Value 

Inclination angle by wind = 3.4°α  

Inclination angle by current = 0.03° α  

WInd Force, Fw Fw = 38.5 N 

Current force, Fc Fc = 24.05 N 
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3.3 Materials for the Buoy 

3.3.1 Conventional Buoy Material: Metal (Steel) 

Conventional buoys have been made with steel since the 19th century. Steel was used because it has a lot                   

of advantages such as high strength and the easiness of manufacturing using cutting and welding               

processes. However, despite these advantages, they do have disadvantages. Some of them are: 

1) In the case of collision of the buoy with a sailing ship, the damages that it will cause to the ship is                      

undesirable. 

2) They are more susceptible to corrosion in salt water environment and thus leading to pollution to the                 

marine life. 

3) The maintenance cost is quite expensive because of its heavy weight. For example, the deployment               

and the retrievement requires a heavy and expensive buoy tender vessel. 

 

Table 6: Summary of advantages and disadvantages of metal buoys 

Metal Buoy 

Advantages  Disadvantages 

High strength Corrosion Issue 

Easy to manufacture Heavy 

More stable motion in the sea High maintenance cost 

  Less offshore maintenance possibilities 

 

3.3.2 Plastic Buoy: Light and Environmentally friendly buoy 

Plastic buoys are more popular than steel buoys in modern days because it offers more advantages over                 

steel [25]. Described below are some of the advantages it has over steel: 

1) No corrosion problem and the colours do not fade, leading to a longer life span. 

2) Lighter in terms of weight and less maintenance is required. Heavy vessel is not needed to deploy and                  

retrieve the buoy and the anchoring installation. 

3) Minimum amount of damage done to the ship in case of collision between the ship and the buoy. 
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4) No contaminating materials or substances are needed for the coating of the buoy. For example, paint                

is not needed as the Polyethylene has pigment that provides the colour and no coating is needed to                  

prevent corrosion.  

 

Table 7: Summary of advantages and disadvantages of plastic buoys 

Plastic Buoys 

Advantages  Disadvantages 

Ease of maintenance and no corrosion issue Safe working load on plastic buoys may be less         

than steel types. 

Lighter weight More motion caused by the waves 

Recyclable Shorter lifetime than steel buoys 

Whole life cost is cheaper  

 

3.3.3 Buoy Construction Materials 

For the application of the surface buoyancy, there are two independent parts that needed to be studied.                 

They are: 

1. The external coating of the body 

2. The foam material which will be filled inside the body 

 

Several combinations of materials can be made to ensure the functionality of the buoy in the working                 

conditions and also to minimize the cost of it. 

 

3.3.3.1 Foams 

Some of the most commonly used materials for foam are high density Polyethylene (HDPE) and               

Polyurethane. For shallow water, it is recommendable to choose foams that are made from a closed cell                 

nature.  

The closed cell foam will act as a water-resistive barrier, preventing it from absorbing the water. This                 

means that if the outer skin of the buoy is damaged, the risk of failing the detection system attached on                    

the buoy will be less as the buoy will not be punctured or waterlogged. 
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3.3.3.2 External Coating 

As for the external coating of the floating body, there are two main possibilities to chose from. They are: 

1.       Rotationally-moulded Polyethylene (Linear PE) 

Polyethylene is a tough, light, and flexible resin made through the polymerizing of ethylene. It has a high                  

ductility and impact strength as well as low friction. Polyethylene has become a popular material used in                 

marine buoys as it offers a lot more advantages over steel. Buoys made up from Polyethylene are usually                  

rotomolded or through extrusion manufacturing process. This material offers a cheaper and more             

uniform method of mass-producing a protective shell for the foam core in situations where the resilience                

and flexibility of Polyurethane elastomer is not required. 

 

2.       Polyurethane elastomer 

The buoys made from elastomer are usually manufactured by spraying the polyurethane skin material              

onto a ready-shaped foam. This method proves to be a big advantage for using polyurethane as it can be                   

made to almost any desired shape without the need of an expensive mould. For ultimate durability, this                 

form of coating can be Kevlar reinforced. However, since our buoy does not require a great value of                  

durability, this option can be neglected. Other than that, polyurethane has an advantage of overall               

flexibility and resilience. The flexibility will be an advantage when the buoy has to be lifted or serviced in                   

rough weather [26]. Shown below is the comparison of the manufacturing cost (rotomoulding) for each               

material:

 

Figure 6: Rotational moulding cost for Polyurethane material. [27] 
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Figure 7: Rotational moulding cost for Polyethylene material. [28] 

Therefore, after considering the pros and cons of each material, the combination of external coating of                

Polyethylene and the filling foam from a closed cell foam is chosen as the best combination. After                 

researching and asking for prices for this combination from several buoy manufacturing companies, one              

response was received from a company called Resinex, based in Italy. The company proposed a               

combination of a Polyethylene body with a polyurethane foam at a very competitive price of 390 Euro per                  

buoy [appendix]. 

 

3.4 Buoy Design 

3.4.1 Concepts and Final Design 

There are two main options to design and produce the porpoise detection buoy. One option is to search                  

for an existing buoy in the market and modify it according to the project’s requirements and the other                  

one is to design a new buoy. Therefore it is important to do some research on the market and also                    

consider the cost for each option. 

 

In general: 

A buoy is a type of an object that floats in water and is used in the middle of the seas as locators or as                         

warning points for the ships. Buoys are generally bright (fluorescent) in colour. 
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Mooring buoys 

Mooring buoys are a type of buoy to which ships can be moored in the deep oceanic areas. A mooring                    

buoy weighs more than the general type of buoys and are filled with polyethylene.  

 

 

 

 

 

 

 

 

Data buoys 

Data buoys are used to collect data. This can be for           

weather forecasting, research and other purposes.      

Data buoys are often equipped with a battery, solar         

panel and antenna. 

Data buoys can be separated into moored and        

drifting buoys. Drifting buoys are designed to move        

on the surface with the current. These buoys are         

relatively small and inexpensive in compare with the        

moored buoys. Moored data buoys are relatively       

large and expensive. They can vary from a few         

meters in height and breadth, to over 12 meters.  

 

Navigation buoy 

Thanks to the navigation buoy, boats and other vessels can navigate safely in the waters. The buoys give 

information about where to sail and possible hazards. Some buoys are equipped with a bell, light,                

reflector or a symbol on the top. They come in all sizes and are generally higher so that they are                    

noticeable rather than wide.[29] 
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Cable/pipe floaters 

Cable floaters are attached to cables or pipes. They come in different sizes, with an inner diameter of 15                   

to 600 cm. Floaters are often used in dredging, mining and aggregate applications. They have a high                 

floating capacity. 

 

 

Table 8: Dimensions of floating buoys 
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Conclusion on the research of the navigation and mooring buoy 

Mooring and navigation buoys are filled with a foam that gives them a good buoyancy. The downside for                  

a ready filled buoy like these two is that there will be no space for electronic components to be put on                     

and in order to do so, some modifications need to be done which is not desirable. 

 

In terms of sizes, navigation buoys are quite tall but small in width while mooring buoys are short in                   

height but have a very wide body (smallest 1.2 meter AMR 600). These characters are not desired for the                   

porpoise detection buoy.  

 

Example 

Navigation buoy without electronics: 

nne buoy cost (tax excl.) - 972 € 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If there is a smaller navigation buoy that comes with no filling and cheaper than this example, it could be                    

used for the porpoise detection buoy [30]. 

 

Conclusion on the research for data buoy: 

Data buoys are specifically designed for their desired function and are expensive. While researching, one               

data buoy comes close to the project requirements because it can be equipped with many compatible                

sensors. The name of this buoy  is the Nexsens-cv-50. 

 

Description 

The CB-50 Data Buoy is designed for quick deployment in emergency response situations including              

industrial spills and natural disasters.  
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Features 

Design accommodates SDL500 data loggers and is compatible with most          

environmental sensors: radio-to-shore and Iridium satellite telemetry.  

Lightweight system can be deployed by a single person. The buoy with the             

data logger and solar marine light cost 1,367 euro. Unfortunately, the buoy            

is not meant for sea conditions and the data logger does not for fill the               

requirements for detecting the porpoises [31].  

 

Prices 

To get an idea of the price of designing a buoy, three different concepts have been proposed. Each one                   

will give an idea of how the buoy is produced and thus giving the assumption of the prices for each                    

concept. 

 

Concept one: Using the A800 navigation buoy 

 

After research on navigation buoys there is       

one navigation buoy that can be adjusted to        

our needs. This buoy is called the Special A         

800 buoy of the company Almarin in       

Barcelona. To compare with other     

navigation buoys, this buoy is small and can        

be delivered without filling. 

 

 

 

Steps of production: 

1. The mast of the A800 is removed 20 cm above the           

floating body. 

2. The components will be placed and connected in  

a plastic/aluminium pipe with one side open.  

The battery  goes in first. 

3. The one side closed pvc pipe will be placed in the           

buoy. 

4. The buoy is filled around the pipe with polyethylene. 

5. A screw thread allows the top to be closed. 

 

 

Concept two: Using a pipe floater: 

The second concept is based on a pipe floater. In this concept, instead of placing only a pipe in the floater,                     
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some components will be put together in the pipe. The pipe floater can be easily fixed to our pipe with                    

the components in it. The pipe can be made of galvanized steel or plastic. 

 

The pipe floater that can be used is from DragonPlastics. 

The sizes can be the A250 € 209,25 or the AH280 € 299,25 

Steps of production: 

1. A aluminium pipe with an outside diameter of 305 mm and wall thickness of one is closed by                  

welding at one side. On this side is a mooring ring added. The other side is equipped with screw                   

thread.  This allows a watertight connection. 

2. Two rings are welded on the pipe so that it is not possible for the floater to move in the vertical                     

direction. 

3. The electronics are connected together along with the batteries at the bottom. This goes into the                

pipe. 

4. The floating body goes around the aluminium pipe. 

5. The last step is to connect the antenna and hydrophone with watertight seals in the cover or on                  

the side. 

 

 

Concept three: New design 

A new buoy specially made for our components. 

Buoys that are designed for surface and sub-surface use are normally produced by rotational molding.               

The outside buoy is made from polyethylene (PE) and filled with polystyrene foam (EPS), polyurethane               

foam (PUR), or other materials depending on the application. Because the buoy is filled with foam, it gets                  
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stronger and will not sink when there is a leak. 

 

 

Steps of production: 

1. The mold has to be milled for the floating body. 

2. The body is produced by rotational molding. 

3. The buoy gets assembled in a workplace 

4. The batteries are installed on the bottom plate with the other electronics. 

5. The plate is connected to the laser cut cover. 

6. Solar panel and is added to the cover and sealed watertight by Plexiglas. 

7. The cover is screwed on the floating body and is sealed by a silicone ring. 
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Price assumption: 

 

Navigation buoy 

Special A800 buoy 700 (series size of 100) 

Installing components 150 

Plastic pipe 10 

Foam 20  

Cylinder shape casing for electronics 20 

Bolts and screws 10 

Total: €1160  

 

Pipe floater 

Pipe floater A250 210 (series size of 100) 

Installing components 150 

Aluminium pipe 50 

Cylinder shape casing for electronics 40 

Bolts and screws 10 

Total: €460 

 

New buoy: 

product weight: +/-15 kg (wall thickness of 5-7mm) 

PE powder price: 2-2,5 €/kg 

Cycle Time: 45 min. 

Man hour per product: 45 min. 

Machine cost: €75 / hour  

Labour price: €50 /hour 

The mold: €5000-15000 

 

PE compound powder 37.5 

Man hours production 37.5 

Mold cost per product 150 (series size of 100) 

Machine cost 56.25 

Foam 10 

Installing components 50 

Laser cut aluminium plates 10 

Plexiglas 5 

Bolts and screws (sink) 10 

Total: €366.25 
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As predicted, the dominant factor of the cost of creating a buoy is buying the buoy and making changes to                    

it.  A new design can be cheaper and will have a lesser possibility of additional labour cost. 

 

The new design 

Out of the rough price calculation we can conclude that it can be cheaper to design our own buoy. 

All the concepts are made by rotational molding. 

The shape of the buoy is mostly decided by the shape of the battery. There are two batteries that can be                     

used. 

1) AL 25-18  242x850mm (65kg) from mobilis 

2) 8G4D 527x216x254 (57.5kg) from mobilis 

For the stability of the buoy it is desirable if the battery is under the water level. In this way the batteries                      

can function as the ballast for the buoy. 

 

Buoy A 

On the left is a cross section view of the buoy. On the right the casing with electronics.  

 

 

 

 

 

 

 

 

 

 

cccccccccccccccccccccccccc 
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Figure ____: Buoy A design 

 

The battery pack is kept in place by two aluminium plates. The plates are connected with screw thread to                   

the top. By using the handles on the top, the whole casing can be lowered down in the buoy. The top of                      

the casing has a watertight seal and is equipped with the antenna and connection for the hydrophone. 

 

Buoy B and C  

These buoys are very similar. The floating body is donut shaped the hole in the middle is 300mm. The                   

battery pack with the electronics is in a aluminum pipe with the mooring point at the bottom. 

 

 

 

In buoy B, the electronics for detection are on top of the            

battery just like concept A. 

Buoy C is a little shorter. The battery is in the aluminum            

pipe, the rest of the electronics are in a watertight box on            

the top of the buoy.  

 

This makes the buoy easier to store and access. The          

battery can be taken out to recharge while the data box           

and floating body can be stored in a different place. 
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Buoy D 

Instead of a cylindrical battery, this buoy is equipped with a square shaped battery. The casing contains                 

the battery and the other components. The casing is lowered down in the buoy and closed with a                  

watertight connection.  

 

 

Buoy E and F 

These buoys are quite similar to buoy A. The only difference would be the shape and size. The detection                   

components are on top in a watertight box. The cylindrical battery goes in from the top and is closed by a                     

watertight lid. The mooring point is connected through a hole with the aluminum plate in the battery                 

space.  
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ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 

Conclusion concepts. 

After comparing the different concepts we decided to elaborate concept C further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Why the donut shape? 

● There is a option to buy the floating body or produce it. 

● Floating body is simple to produce. 

● All the components are easy to store. 

● The buoy is modular. 

● Components are adjustable to future needs . 

● Regular shape- easy to transport, store and handle 

● Battery is protected by the pipe in case of collision (environmental friendly) 

 

Floating body 

The buoy has a donut shape with a dimension of 1000mm in diameter and 400mm in height. The inner                   

hole is 285mm wide. There is another hole for the cable of the hydrophone. The buoy is filled with                   

polyurethane foam. The donut shape compared to a cone shaped buoy is easier to transport and store.                 

The hole is 22mm wider than the pipe this space needs to be filled to prevent movement and damage on                    
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the buoy. This can be done with a rubber layer of 10.5mm. The layer can be around the pipe or in the                      

buoy. 

 

Casing for the battery 

The casing of the battery (AL 25-18 battery 242x850mm) is an aluminum pipe with an outer diameter of                  

258mm. The wall thickness is 4mm. between the battery and pipe there is a space of 4mm which has to                    

be filled with foam. The battery is insulated to prevent power loss and corrosion of the aluminum.  

The pipe is produced by extrusion and can be ordered [32]. It is sealed by two end caps with screw                    

thread. The bottom end cap is longer so a mooring point can be weld in. 

Halfway the pipe is a ring, this ring is welded on the pipe, screw thread is in this case not possible. 

 

Aluminium plate 

The aluminium plate is fixed on the top of the buoy by closing the top cap of  the pipe. 

In this laser cut plate is a part cut out for a watertight box. By using an aluminum plate it is not necessary                       

to screw objects in the plastic buoy. When it is desired it is possible to attach other or new components                    

on the buoy. In this way the buoy can be updated and used for years. 

 

Watertight box 

The components for detecting    

the porpoise are installed in a      

watertight box. In this way, the      

box is always easy to excess.      

The box is fixed with a lever       

closure or screws on the     

aluminum plate. When   

something has to be adjusted it      

can be done easily in a safe       

environment. 

Before deployment, the box is     

fixed on the plate, connected     

with the power supply and the      

hydrophone. The last step is     

turning the equipment on,    

closing the box and lowering     

the buoy in the water. 
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Back to existing buoy 

In the last picture was the process from sketch to the concept in the north sea visible. While developing                   

the buoy, there was contact with the company Resinex. This company is able to produce our buoy for a                   

price of 390 euro. Because their buoy is very similar to our buoy and comes very close to the price of                     

making a new buoy (366.25 euro), we decided to go further with the buoy of Resinex. The difference is                   

that there is no possibility for a lowered level in the buoy. This will not be a problem for our design. It is                       

important to avoid movement of the pipe in the buoy, therefore a soft rubber of 10 mm thick will be                    

added to the outside of the pipe.  

For the rest of the design we use the floating body of Resinex. 

 

3.4.2 Final Design 

Floating body 

The body is bought from the company Resinex. It is made by rotational molding from linear polyethylene                 

and filled with polyurethane foam. The middle hole has a diameter of 285mm which is perfect for the                  

pipe. The smaller hole has now a diameter of 60. This is necessary for the hydrophone. The body has a                    

weight of 50 kg.  

36 



 

Pipe  

The pipe offers a safe casing for the battery (battery weight           

is 65 kg) of the buoy. On the inside of the pipe there is a               

soft foam to avoid damage and movement. With this pipe          

design, the battery is used as a counterweight for the buoy.           

A ring is welded on the pipe (400mm from the bottom), on            

which the floating body will rest when the buoy is on land            

or in the water. The other function is to fix the floating            

body on the pipe. Half of the pipe is covered with a rubber             

sleeve. This prevents movement and therefore damage       

between the pipe and the floating body. The pipe floor is           

sealed by welding a 20mm thick aluminium plate to the          

bottom equipped with a mooring eye. The eye is free to           

turn in order  to avoid entanglement.  

 

 

Figure 8: Pipe Core 

 

Aluminium plate 

When the floating body is placed on to the pipe          

the aluminum plate follows. The function of the        

plate is to protect the buoy and offer space to          

attach equipment without damaging the plastic      

body. The watertight box and an antenna are        

attached using this plate as well.  

Figure 9: Aluminum plate  

 

 

The three holes around the big hole are for         

the zinc lifting eyes used for deployment       

and retrieval. The plate is also used to        

attach a cable gutter for the wires (from        

the battery to the electronics). The plate is        

produced by laser cutting. On the outside       

is half of a pipe welded. This fits in the hole           

for the hydrophone and prevents     

movement. 

Figure 10: Assembly of floating body, pipe, and plate. 
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Ring to fasten 

There is a 20 mm thick ring with screw thread that matches with the              

screw thread on the pipe. This is needed to fix the aluminium plate             

and the floating body on the pipe. After four months at sea, there will              

be some corrosion. 

         Figure 11: Fastening ring  

 

To put more torque on the ring, a special tool was designed. This tool has two points that match with the                     

holes in the ring, making it is very easy to unscrew the ring when there is corrosion. 

Figure 12: Fastening Tool 

End cap 

The pipe is sealed with the end cap. The top of the pipe is equipped with screw thread for the ring. In this                       

screw thread there is a cut of 120mm in vertical direction. The end cap has a extrusion on the inside that                     

matches with the cut in the pipe. When the ring is fastened, the lid can be put on top of the pipe. The cap                        

can be fixed with four screws      

into the ring. There are eight      

holes to make sure that they      

can be in line. This ensures      

that neither the lid nor the      

ring can turn off the pipe      

when connected. The two    

holes in the cap are for the       

vacuum valve and the    

connection between battery   

and electronics. The cap is     

airtight by using a rubber     

ring. The end cap is produced      

by milling. Figure 13: End Cap 
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Mast 

It is mandatory to have a light on the buoy. Therefore the end cap can be equipped                 

with a mast. There are extra bigger holes so it is always possible to reach the screws                 

in the end cap. The parts of the mast are made of aluminum and are welded                

together and the flat pieces are produced by laser cutting. By using an unfixed              

mast, it is easy to add other technology in the future, such as solar panels and                

antennas. 

 

 Figure 14: Mast. 

 

Electronic box   

The box for the electronics is a purchased product from the company DHGate. The outer diameter is                 

204x166x90mm and weighs 515 grams. The box needs three watertight connections for the antenna,              

power supply, and hydrophone. It is made out of plastic by injection molding. 

 

Installing 

To make the assembly and disassembly easy, there is an option to use a              

wooden frame. When the pipe is placed in the middle of the frame, the              

user can move the product around safely. Forklifting is also possible by            

putting the forks under the body. When the buoy is totally assembled it             

will be approximately 130 kg. All of the technical drawings can be found             

in the Appendix. 

 

 

                                                                                Figure 15: Assembly frame  

General information 

Aluminum parts 

The metal parts are made out of coated aluminium. Aluminium weights 1/3 of steel, thereby the product                 

is 30-50% lighter. To recycle aluminium you only need 5% of the energy that is needed to make                  

aluminium as well. Aluminum barely corrodes in the sea and keeps its value. The bolts and screws are                  

made of zinc as it is not possible to use other metals in combination with aluminium in the marine                   

environment [33]. 

 

Light 

The buoy has to be visible for sea traffic therefore an autonomous light, the 501               
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carmanah light specifically, is used. To make this light more visible it is placed on a mast. This mast can                    

also be used to attach optional solar lights and an antenna.  

Figure 16: Light 

 

 

Watertight connections 

The connection between the electronics and      

the hydrophone has to be watertight.      

therefore we use the MCDLSF connection.      

The connection between electronics and     

battery needs to be water and airtight. For        

this we use the MCIL3F connection. 

 

Figure 17: Hydrophone connections 

 

 

Vacuum valve  

It is important to avoid condensation in the tube of the battery. If not,              

there is a chance that the battery leaks power. As a result, the aluminum              

will corrode. This valve from Anver is designed to conserve vacuum and            

have minimum loss. The valves are produced in different sizes.  

 

Rubber rings 

The watertight connections and the cap of the pipe are equipped with            

rubber rings that are chloride (sea water) and UV proof. This is necessary             

in the sea conditions.  

        Figure 18: Vacuum valve 

 

 

Installation guide 

To install the parts of the buoy, use the frame. In this way there is less chance of damage or injuries.  

1. Set the pipe holder on a stable ground 

2. Place the aluminium pipe in the holder 

3. Lower the battery slowly into the the pipe with three persons 

4. Two or three workers will then put the floating body over the pipe 

5. Place the aluminium plate over the pipe on the floating body, make sure that the pipe shape falls                  

into the hydrophone hole 

6. Use the ring to fix the plate and the floating body on the pipe (not too tight yet) 

7. Connect the battery with the watertight connection in the lid  

7.1 Put the lid on to the pipe (do not turn, there is a extrusion that follows the pipe 
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8. Fasten the ring tight, make sure the holes of the lid are in line with the ring when turning, then                    

connect the lid with the ring using zinc screws 

8.1  Screw the electronic box onto the aluminium plate connect the hydrophone and power supply 

9. Put the mast on to the cap and connect it with the screws 

 

 

 

 

 

 

Figure 19: Assembly process 

 

Lifting the buoy with lines 

During deployment and retrieval, the lifting eyes are connected with a crane. To avoid damage to the                 

buoy, the lines can not be shorter than 1.5 meter (see left picture in Figure 19 above). In the picture on                     

the right side are lines used of two meters. The longer the lines the bigger the distance between the mast.                    

therefore we advise to use lines a minimum of two meters long. 

 

Storing 

The buoy can be disassembled for storage. This can be useful when the buoy needs maintenance,                

charging, to save some space or when waiting for the next project. A rack for charging the batteries and                   

a rack to move the floating bodies with a forklift was designed too. The floating body carrier is made out                    

of a 1X2m steel plate with a rectangular profile on two sides. Because the profile is closed, the carrier will                    

not fall over in a sharp turn. It can carry four floating bodies. The rack for the batteries can be made of                      
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wood or metal profiles. These can be seen below in Figure 20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Storing of buoy 

 

3.4.3 Buoyancy 

Archimedes' Principle states that an object completely or partially immersed in a fluid (a liquid or gas) is                  

acted upon by an upward, or buoyant force equal to the weight of the displaced fluid. Buoyancy or                  

buoyant force is defined by the force exerted on an object that is wholly or partially immersed in a fluid                    

[34]. It is usually denoted as B or FB and its SI unit is Newton [N]. Buoyant force arises from a difference of                       

density between a fluid and an object immersed in the fluid. Show in Figure 21 below is the free body                    

diagram of forces acting on the buoy itself: 

 

Fig. 21: Free body diagram of forces acting on the buoy 

where: 

B = Buoyant force, 

To = Tension of the mooring line, 

To cos θ = vertical component of the tension of the mooring line, 
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To sin θ = horizontal component of the tension of the mooring line, 

Db = Drag Force (Wind force + current force).  

 

The tension of the mooring line To would be the sum of the vertical component, To cos θ and the                    

horizontal component, To sin θ. For the vertical component, To cos θ would be the same as the buoyant                   

force minus the weight of the buoy, while for the horizontal component, To sin θ would be equal to the                    

sum of the dynamic and hydrodynamic forces that act on the buoy, the wind force, Fw and the current                   

force, Fc respectively. 

 

Knowing the dimensions of the buoy and its volume, the buoyant force can be calculated using the                 

following equation [35]: 

       B = ρsea water *Vfl*g       (Eq 6) 

 

where; 

ρsea water = density of seawater (1029 kg/m3) 
VL = Volume of fluid displaced (m3) 
g = gravity constant (9.81 m/s2) 
 

To find the Vfl, we can apply Archimedes’ Principle by equalling the weight of the fluid displaced to the                   

weight of the object (the buoy itself). 

 

Weight of fluid displaced = Weight of body  

 

 ρsea water x VL x g = ρbuoy x Vb x g (Eq  

7)  

 

where; 

ρsea water = density of sea water (kg/m3) 
ρbuoy = average density of buoy (kg/m3) 
VL = Volume of liquid displaced (m3) 
Vb = Volume of the buoy (m3) 
g = gravity constant (9.81 m/s2) 
 

Simplifying equation (7),  

VL = Vb (ρbuoy/ρsea water) 

 

The density of the buoy comes from the average density which is defined by the total mass of the buoy                    

divided by its volume [36]. Knowing that the mass and the volume of the buoy is about 120 kg and 0.347                     

m3 respectively, the average density for the buoy, ρbuoy equals to 345.8 kg m-3 approximately. Plugging in                 

the values, 
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VL = 0.347 m3 (345.8 kg m-3/1029 kg m-3) 
 

VL = 0.117 m3 

 

Therefore, the buoyant force that will be acting on the buoy will be; 

 

B = ρsea water *Vfl*g 

 

B = 1029 kg m-3*0.117 m3 *9.81 m s-2 

 

B = 1181 N 

 

Apart from that, the submerged fraction of the buoy can be found by simplifying equation 7. Since the                  

buoy floats (being its density is smaller than the density of seawater), its mass and the displaced fluid are                   

equal, so they can be cancelled out from the equation, giving; 

 

                                                                 Fraction submerged =  

 

Fraction submerged = 0.336 

 

Fraction submerged ≈ 34% submerged in the sea water. 

 

Now that the buoyant force is calculated, the vertical component of the tension of the mooring line can                  

be found through the free body diagram (Figure 3) 

 

B = Weight of buoy + To cos θ 

 

To cos θ = B - Weight of buoy 

 

To cos θ = 1181 N – (50 kg*9.81 ms-2) 
 

To cos θ = 690.5 N 

 

For the horizontal component of the tension of the mooring line, 

To sin θ = Fw + Fc  

 

To sin θ = 38.5 N + 24.05 N 

 

To sin θ = 62.55 N 
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Finally, the tension of the mooring line, To can be found using Pythagoras’s theorem; 

To =  √(To cos θ ) To sin θ ) 2 + ( 2     

 

To =  √(690.50 ) 62.55 ) 2 + ( 2     

 

To = 693.3 N 

 

Therefore, the minimum sinker weight must exceed this To = 693.3 N value and the type of mooring line                   

used must be able to withstand this force. 

 

3.4.4 Stability of Floating Body  

A floating body displaces its own weight in the fluid in which it floats. It is considered stable if, when it is                      

displaced, it returns to equilibrium while it is considered unstable if, when it is displaced, it moves to a                   

new equilibrium. 

 

Consider a floating body tilted by an angle Δθ, as shown in Figure 22 below. For the untilted body, the                    

point G is the centre of gravity of the body where the body weight, W, acts. The point B is the centre of                       

buoyancy (the centroid of the displaced volume of fluid) where the upward buoyancy force, FB, acts. 

 

Figure 22: Calculation of the metacenter M of the floating body shown in (a). Tilt the body a small angle 

Δθ. Either (b) B´ moves far out (point M above G denotes stability); or (c) B´ moves slightly (point M 

below G denotes instability).  

 

When a body is tilted, its centre of buoyancy shifts to a new position, called B´ because the shape of the                     

displaced volume changes. Due to this, a new point, M, called metacentre may be defined. Metacentre is                 

defined by the theoretical point at which an imaginary vertical line passing through the centre of                

45 



 

buoyancy, B and centre of gravity, G intersects the imaginary vertical line through a new centre of                 

buoyancy, B´ created when the body is displaced. The buoyancy force, FB, now acts through B'. From                 

Figure 22(b), we can see that W and FB will give a restoring moment that will turn the body back to its                      

untilted position. From Figure 22(c), we can see that W and FB give an overturning moment that rotates                  

the body even further in the tilted direction.  

 

Therefore, it is safe to say that the body will be stable if the metacentre, point M is situated above the                     

centre of gravity of the body or in other word, the metacentric height, MG is positive (MG = zM - zG . If M                        

is below G (negative MG), the body is unstable and will overturn if disturbed. Stability increases with                 

increasing MG. The metacentric height, MG is given by, 

MG =  - GBI
V s  (Eq 8) 

 

where I is the area moment of inertia of the waterline footprint of the body about its tilt axis; moment of                     

area of the plane section of the body where it cuts the waterline (this is the solid plane surface that we                     

would see if the solid body is cut horizontally through at the water surface), Vs is the submerged volume                   

(volume of fluid displaced) and GB is the distance between the centre of gravity and the centre of                  

buoyancy. (GB= zG – zB) 

Figure 23: Diagram showing the position of each parameter on the buoy body 

 

To assess the buoy’s stability, some parameters need to be found first as explained in the theoretical part                  

above. They are the centre of gravity of the buoy, G, centre of buoyancy, BO, and the distance between                   

centre of gravity and the centre of buoyancy, GB. By modelling the buoy through SolidWorks, the centre                 

of gravity and centre of buoyancy can be find. Shown below is the value for each parameter.  

 

 

 

 

 

 

 Table 8: Parameter Values 
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Parameter Value (mm) 

Centre of Gravity, GO  -10.56 

Centre of buoyancy, BO  -51.53 

Distance between centre 

of gravity and the centre 

of buoyancy, 

GB = GO - BO 

40.97  

 

Finally, the metacentric height, MG is calculated, from equation (8)  

 

MG =      – GBI
V s 

  

MG = [(π D4/64 )/ Vs] - GB 

 

MG = [(π(1 m)4 /64) / 0.117 m3] - 0.04097 m 

 

MG = 0.41955 m - 0.04097 m 

 

MG = 0.3786 m 

As the calculated metacentric height, MG, is a positive value, it is expected that the buoy will be stable. 

3.5 Mooring Design 

While designing the mooring, many different factors need to be considered. Since the mooring will be                

holding the buoy in place, it must be strong enough to withstand North Sea conditions. However, since                 

the main concept of the project is to be low-cost, the mooring must also be affordable and efficient. The                   

short deployment time frame means it must be easily deployed, recovered, and stored, especially since               

the process will be repeated many times as the buoy is moved from worksite to worksite. The                 

composition of the seafloor and water depth also play an important part in the design and material                 

selection. 

 

In the beginning, a two point mooring system was considered. With this design, the entanglement risks                

with the hydrophone would below since the mooring lines are held away from the hydrophone hanging                

directly below the buoy. A two point mooring system has two separate lines and anchors, each one pulled                  

away from the main buoy with two smaller marker buoys, as seen in Figure 24. One of the main problems                    

with this design was that it required double the amount of mooring line as well as two anchors instead of                    

one. This would require more work to deploy and recover, as well as a larger area of deployment [36]. All                    

of these factors make this option rather expensive and inefficient. 
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Figure 24: Example of two-point mooring system. 

 

Since two-point mooring wasn’t proving to be the best option, it was decided to look into more options.                  

Other options included catenary and taut leg systems, however, these also required multiple lines and               

anchoring points. Single-point mooring proved to be the best and cheapest option since it required a                

minimal amount of materials and labor, therefore further research and development was focused in this               

direction. 

 

The main problem with using single-point mooring was where to put the hydrophone. Attaching it directly                

to the line would cause too much interference with the data recording since it would pick up all of the                    

vibrations and movements of the line in the water. Letting it float separately would risk it floating                 

aimlessly and bumping into and/or tangling with the mooring line or any other surrounding obstacles.               

With so many factors playing into such an important part of the project, it was difficult to figure out a                    

design that would solve all of them. 

 

3.5.1 Mooring Lines 

Mooring lines can be made of chain, wire, synthetic fiber rope, or any kind of combination of the three                   

[37]. Since this buoy will be designed to be temporary and easily recoverable, the lines need to be strong                   

yet lightweight and easily stored away when not in use. Also taken into account is the environmental                 

impact, including organism interaction and the possible rope breakdown and release of chemicals. 

 

Since the North Sea is shallow in the areas of deployment and doesn't have a strong current, heavy chains                   

are unnecessary and were very quickly dismissed. Chains create a lot of extra sound as they move in the                   

water, which is unwanted since the hydrophone needs to record with as little background noise as                

possible for accurate data. They are also very heavy and bulky, which would make storage more difficult. 

 

However, the North Sea does have a relatively high wind speed average, which means that the mooring                 

line must be able to withstand the forces on the buoy this causes. The wave height can get up to 2.5 to 3                       
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meters, which will also cause tension on the line. Since the goal is to have a mooring system that moves                    

as little as possible as to not interfere with the hydrophone, all of these forces must be taken into account                    

when choosing a design. 

 

The most commonly used line in buoy mooring is Dyneema, which is a high modulus polyethylene fiber                 

that has a very high strength yet is very lightweight and floats on water. While Dyneema line is very                   

strong, it has has very little elasticity. To remedy this, there either needs to be extra line deployed or                   

elasticity needs to be added to take into account the rise and fall of the sea. Since the amount of extra                     

line needed would have to be several meters longer than the depth, it was decided to look into options                   

adding elasticity. Having a bunch of extra line drifting around would be counterproductive against              

avoiding entanglement. 

 

Elastic mooring uses a natural rubber cord that is able to stretch and return to its original length with the                    

swells of the water. This allows the mooring to stay in constant tension without any extra contraption to                  

constantly adjust the amount of free line. Using the rubber cord also solved the entanglement issues                

because it meant extra line to account for the waves would not be needed. 

 

The problem with using a purely elastic mooring system was again the hydrophone connection. The               

constant stretching and compressing of the line would cause more interference than the original option               

of extra line. Therefore while elastic line solved the elasticity problem, it worsened the data skewing                

problem. It was then decided to create a hybrid system that used both elastic line and regular Dyneema                  

line to combine and utilize the best properties of each material. 

 

The design proposed was to have the top section of the rope be the natural rubber cord, allowing it to                    

stretch when the water swells and returns to its original length. This section would consist of one-fourth                 

of the total mooring length. In order to make this work, the rubber cord must have a good maximum                   

required length and minimum cord length ratio. The minimum cord length must be short enough to keep                 

the mooring in constant tension yet the maximum required length cannot be larger than the maximum                

cord length. If this ratio is off, the rubber cord could break [38]. The rubber cord being used can stretch                    

to four times its length before breaking. This means that a five meter long rubber cord can stretch up to                    

twenty meters before breaking. Since waves don’t usually surpass 2.5 meters, there is very little chance of                 

the rubber breaking, even if a terrible storm hit. 

 

After some research, the best type of elastic line to use is 35mm 45 Shore A natural rubber cord. It has a                      

maximum force tolerance of 1000 kilograms and has the ability to stretch five times its length before                 

breaking. This ensures that the line can withstand the tidal forces stretching it. A safety line will be                  

implemented not only for in case the elastic line breaks or is damaged, but also for retrieving the mooring                   

at the end. This line will be the same Dyneema line being used in the rest of the mooring. 
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The remaining three-fourths of the rope will be Dyneema rope. This provides a strong and steady                

connection to the ballast and less movement for the hydrophone. The specific type of Dyneema line                

needed is made of SK78 fiber. This fiber is made specifically for mooring lines under constant load and                  

therefore will have very little creep over time. The maximum tension of the lines was calculated to be 823                   

Newtons, as shown earlier in the report. A diameter of 16mm was chosen because it has a maximum                  

breaking force of 35kN, which would provide a very large safety factor. 

 

Of course, this then created the need for a sturdy connection point between the two ropes. There are                  

three main types of connectors commonly used: kenter, c type, and pear shaped. The deciding factor for                 

which one would be used is the two rope diameters. If they are very similar in size, kenter or c type can                      

be used. If they are different, the pear shape should be used. However, looking further into the                 

hydrophone connection, it became apparent that there needed to be something more than just a simple                

connector. Some kind of damping was needed in order to be able to attach the hydrophone to the                  

Dyneema rope without significant movement and noise skewing the data. 

 

Using a steel mooring spring to connect the two ropes, the vibration and movement of the buoy can be                   

absorbed so that there is little movement in the Dyneema line. This spring (shown in Figure 25) is specially                   

designed for this application and has a damping force of 260 kilograms and breaking force of 3000                 

kilograms. 

 

Figure 25: Spring Damper 

 

To add extra protection from movement and vibration, a floater was added to the design. This would be                  

attached to the Dyneema line above the hydrophone to keep a constant upward force. Since there will be                  

a few meters between the spring and the floater, this creates a buffer zone for any other noises that are                    

able to continue down the line from movement. A sketch of the complete design can be seen in Figure 26. 
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Figure 26: Complete mooring line design 

 

3.5.2 Hydrophone Connection 

The most important part of the mooring is the hydrophone connection. It must keep the hydrophone line                 

from tangling with the mooring and also not interfere with the data collection. Since single point mooring                 

is being used, this creates a very difficult task to complete. To add to the problem, hydrophones are                  

expensive, so any chance of damaging it should be avoided. 

 

The first design for the hydrophone connection was created before the damper spring was found, as well                 

as the decision to also use a floater, so it attempted to take all of the vibration into account directly. It                     

was very simple, consisting of a single bar that attaches to the hydrophone line at one end and to the                    

mooring line at the other. The main problem with this was that the movement of the mooring line will                   

directly interfere with the hydrophone recording. To remedy this, the bar will connect to the mooring                

with a damper. The damper would lessen the amount of vibration from the mooring line affecting the                 

data collection. 

 

In this application, the the hydrophone would need to be free hanging to be more accurate. Therefore the                  

bar would need to connect to the hydrophone cable about 10-15 centimeters above the hydrophone. This                

would keep the interference at a minimum yet still keep the hydrophone from drifting into the mooring                 

and possibly tangling. The connection on the mooring end will be connected at the halfway depth, which                 

will be regular Dyneema. Since this section will be in constant tension and will not stretch, it will provide                   
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the most steady connection point. The damper would add further disturbance protection from the rest of                

the movement. 

 

Since this was not going to be a very reliable system, further research was made to find the damper                   

spring and floater, as stated earlier. After it was decided those would be utilized to minimize the                 

vibrations and movement, the hydrophone connection became much easier. The only thing to worry              

about was how to attach the hydrophone to the mooring line to make everything deployable at once. A                  

very simple locking clip was designed to wrap around the mooring line and hold the hydrophone in place.                  

A SolidWorks drawing can be seen below in Figure 27. 

 

Figure 27: Drawing of hydrophone clip design. 

3.5.3 Anchor 

Before starting research for the anchor, the required mass needed to be calculated. Using the tension on                 

the mooring lines calculated earlier and a free body diagram, the mass of the anchor could be                 

determined. The calculated mass of the anchor needed ended up being 190.2 kilograms, which was then                

rounded up to an even 200 kg. Using this mass, the necessary amount of material needed for each type of                    

anchor could be easily calculated. 

 

Since the seafloor consists of mainly sand, clay, and gravel, special anchoring systems do not need to be                  

considered. They can be expensive and require divers or special machinery to deploy. These designs               

include pile drived posts and helical screws. The anchor needed to be low cost and easily deployed,                 

retrieved, and stored, which eliminated some material choices. Lead and Galena are both very dense,               

however they are also very expensive so it would not be feasible to use them. 

 

One of the first suggestions was to leave the anchor behind after the buoy deployment is over. This would                   

make retrieval much easier since only the ropes would have to be recovered. However, regulations for                

the North Sea are very strict and it would be very difficult to meet the requirements to do this. Also, a                     

diver would most likely be needed to release the line from the anchor in order to leave it behind. If it was                      

a possibility, the anchor could also be designed as a habitat, creating a home for fish and other creatures                   

which would stimulate the local environment. However this would require the block to be left behind as                 
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well. Another thought was to make a biodegradable anchor, in which it would slowly dissolve, allowing it                 

to be left behind. This proved to be very complex and not very cost effective and was also abandoned. 

 

The cheapest solutions turned out to be sand, water, concrete, or barite. As water is very light, it was                   

eliminated since it would be very difficult to use successfully. The main problem with concrete is that it                  

loses half of its weight when submerged in water. This means the weight would have to be doubled to                   

keep the buoy in place. Sand has a higher density than barite and costs much less per ton, so barite was                     

eliminated. The choices were narrowed down to concrete and sand and further research helped decide               

which was better. Table 9 shows each material and its corresponding density, price, and volume needed. 

 

Table 9: Anchor materials and corresponding properties. 

 

Material Density (kg/m3) Price (€) Volume Needed (m3) 

Barite 1250-1500 125-150/ton 0.133 

Concrete 2300-2400 104/m3 0.167 

Sand ~1600 (dry) 

~1900 (wet) 

20-40/ton 0.105 

 

 

Sand was the first option as it is a very cheap and abundant resource. There is also the possibility of                    

releasing the sand during retrieval, so that the entire anchor does not need to be retrieved. While this                  

would greatly reduce the weight when pulling the mooring back up, it would mean buying new material                 

for every deployment. The current price of sand is about 20 to 40 euros per ton. With the required of                    

sand, the total cost would be 4.50 to 8.80 euros per anchor, without considering the price of the                  

container it would be deployed in. 

 

Concrete is one of the most commonly used materials for buoy deployment. It is a bit more expensive                  

than sand, however it provides an easily customizable and solid option that can be reused again and                 

again. The main drawback is that the weight of the concrete must be doubled to account for the weight                   

lost when submerged due its buoyancy. Concrete currently sells for around 104 euros per cubic meter,                

the amount of concrete needed for each anchor would cost just under 18 euros. A steel mooring eye                  

would need to be added as well so that the line can be attached. 

 

Using a decision matrix, the material decided on was concrete. It is the simplest material yet the most                  

customizable so it easily works with the project scope. A model of the concrete block can be seen in                   

Figure 28. The shape will be a trapezoidal prism with the mooring eye cast to the bigger face. Since the                    

sides will be angled inward towards the bottom, when the anchor hits the sea floor, it can embed itself                   
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into the sand more to ensure a sturdier hold. The top face will have an area of 0.64m3 and the bottom                     

face 0.16m3. The height will be 0.5m. A small cavity can be created in the top so that the mooring eye can                      

be inset into the block for easier stacking when not in use. 

 

 

Figure 28: Model of proposed anchor design. 

 

3.5.4 Deployment and Retrieval 

While there are many different ways to deploy a buoy, finding the most efficient one can be tricky. The                   

least amount of extra equipment and labor is desired in order to streamline the process and keep costs                  

low. In order to achieve this, it was decided that the buoy and mooring system be designed to be                   

deployed at once. To make this possible, the hydrophone would need to be attached to the mooring line                  

before everything is put into the water. This makes it a bit more difficult, since hydrophones are quite                  

fragile and plunging it into the water with an anchor could cause unwanted damage. Below lists the                 

proposed process for deploying the buoy. 

 

1. Attach the safety line to the elastic line using stainless steel links 

2. Attach the elastic and safety lines to the damper spring using a U Type shackle [39] 

3. Attach the Dyneema line to the other end of the spring using a U Type shackle 

4. Attach the floater to the Dyneema line four meters below the spring, twisting to lock into place 

5. Attach the Dyneema line to the concrete block using a U Type shackle 

6. Lift the buoy out of the stand using the crane and tow ropes 

7. Attach the elastic and safety lines to the bottom of the buoy using a U Type shackle 

8. Connect the hydrophone to the buoy with the pigtail and power cord 

9. Feed the hydrophone cable through the hole in the floating body 

10. Attach the hydrophone to the mooring line using the clip 

11. Attach the retrieval line to the buoy using the elastic line’s shackle and loop on floating body 

12. Lower the buoy into the water and unhook from the crane using a small boat 

13. Gently drop half of the mooring line so that the hydrophone is in the water 
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14. Use the crane to drop the concrete block into the water 

 

This buoy is designed to move around to different work sites and only have a three month deployment,                  

so it must be easily recovered as well. The same rules set for the deployment will be implemented with                   

the minimum amount of extra work and equipment. A crane of at least six meters in height with two                   

hooks must be used. There will be a total of three retrieval points placed in five meter intervals in order                    

to pull the buoy and mooring out of the water more efficiently. The retrieval steps are listed below. 

 

1.) Throw a rope with hook out to the retrieval line connected to the buoy 

2.) Pull the buoy in using the crane 

3.) When the second retrieval point is reachable (underneath the spring), switch crane attachment             

by attaching the second crane hook to the shackle 

4.) Continue lifting the mooring out of the water 

5.) Repeat steps 3 and 4 for the third retrieval point 

6.) Pull the anchor onboard 

7.) Disconnect all of the lines and accessories 

8.) Organize and store equipment 

 

3.5.5 Storage 

The mooring has been designed to be very easily stored. All the parts easily disconnect so that each                  

different piece can be organized and put away. All of the ropes can be rolled up on a spool and put on                      

shelves. Since there are different lengths of line, the spools and shelves should be labeled so that the                  

correct length can easily be found. The spring dampers, hydrophone clips, and floaters can be put in                 

totes and also stored on a shelf. The links holding the safety line and the shackles are very small and a                     

large amount can be stored away in a small box or drawer. Extras can easily be included in case anything                    

is damaged or worn out so that there is no waiting for new parts. As long as everything is kept organized                     

and labeled, the mooring will have no issues being stored between uses. 

 

3.5.6 Antifouling 

Since the North Sea has a very weak current, sea life can very easily build up on mooring lines and the                     

underside of buoys. Even though this buoy will only be deployed for three months at a time, this is plenty                    

of time for mussels and other sea life to attach to the lines and make retrieval much more difficult. The                    

cheapest solution to this is anti-fouling paint. It is purchasable in bulk and is relatively inexpensive. Other                 

options are currently in development and very expensive. One of these is an ultrasonic antifouling               

technology that uses a transducer to emit low-powered ultrasonic frequencies that do not allow sea life                

to attach to surfaces [40]. 

 

Many anti-fouling paints are not eco-friendly due to the leaching of biocides into the water. The most                 

commonly used biocide is currently cuprous oxide and other copper based compounds. These can be very                

bad for various forms of sea life, such as fish and mussels, as it gets absorbed into their bodies and                    
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poisons them. Since environmental protection is very important, it was imperative to find the most               

eco-friendly paint choice that still maintained the low-cost budget for this project. 

 

Two different types of antifouling paint are necessary for this project. The first one is for the mooring                  

lines and needs to be flexible and not reduce movement or ability of the rope. This will only be needed                    

for the sections of Dyneema rope being used, since the elastic line will not need any anti-fouling. With the                   

constant motion of the rubber stretching and compressing, sea life attachment and growth will be very                

difficult. This paint can be bought in two gallon buckets. One bucket can cost 100 to 160 euros. 

 

The other type of antifouling paint is more rugged, made for buoys and other solid objects. It is ablative,                   

which means that the paint slowly wears off, constantly exposing a fresh layer to keep sea life from                  

attaching and growing. This paint can be bought for 20 to 60 euros per quart. Depending on the quality of                    

paint bought, the amount of time between reapplying the paint can vary from months to years.  
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3.6 Internal Technical Components and Software 

3.6.1 System Design 

In order to detect the frequency of harbour porpoises, several specific components are needed. In the                

following chapters, an overview about all chosen components with technical information is going to              

provided. Furthermore, components which can be used for future improvement of the overall system are               

also included in the system design. 

  

Figure 29: System Design Diagram including all chosen components and connections 

 

Figure 29 shows the system design with all required components to record audio samples underwater,               

digitalize the analog signals obtained by the recorded audio samples, and finally process the gathered               

data. The system is powered by a battery, which provides 18V and 720Ah. As next step, a DC-DC                  

converter regulates the power provided by the Battery to 5V in order to ensure the correct voltage input                  

for the Sleepy Pi. The Sleepy Pi itself is directly attached to the Raspberry Pi via GPIO connection and is                    
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responsible for the power management of the whole system. By connecting the Raspberry Pi to the ADC                 

with a standard USB cable, power supply for the ADC as well as communication between both                

components are provided. Another USB port of the Raspberry Pi is used to provide power for the                 

Hydrophone. More precisely, the wires of an open USB cable are connected to a waterproof bulkhead                

connector, which is placed between Hydrophone and ADC. The Hydrophone itself is connected to the               

other end of the bulkhead connector with a waterproof IP68 cable. In order to obtain the recorded audio                  

samples from the Hydrophone, the ground and channel input of the ADC are wired to the bulkhead                 

connector. As possible future implementation, a XBEE module attached to the appropriate XBEE Explorer              

Dongle can be connected with another USB port of the Raspberry Pi. XBEE can be used to transmit the                   

gathered data to offshore workers and other buoys equipped with the XBEE module. Another future               

implementation is the active RFID reader, which is connected to another USB Port of the Raspberry Pi and                  

is described in Section 3.8. 

 

3.6.2 Hydrophone 

A hydrophone is an underwater microphone that converts underwater sound pressure energy waves into              

electrical energy with piezoelectric materials [41]. In order to compare and choose the right hydrophone,               

a scoring model was made with different criterias (Fig 31). The criteria of exclusion was the sonar range                  

which has to be in the sonar range like harbour porpoises (100-160 kHz) in order to detect them. The                   

sonar range represents the frequency span which can be reproduced. The following figure shows the               

Power spectrum of a harbour porpoise click. The bandwidth (red bar) is the frequency spectrum with the                 

dominant frequency components for the transmission of a signal. The bandwidth is defined between the               

maximum frequency response and a decrease of - 3dB and can be calculated by means of subtracting the                  

lower limiting frequency (fgu) and the cutoff frequency (fgo) [42]. 

 

Figure 30: Power spectrum of a harbour porpoise click 
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According to our price budget of 5000€, the price is high weighted with 9 of 10 points. The power                   

consumption was also a high weighted criteria due to our operation period of 3 months. The operation                 

depth is less weighted because of our operation depth between 15 and 30 meters. 

 

An integrated pre-amplifier in the hydrophone simplified the system and a subsequent attachment is not               

necessary. The pre-amplifier boost the signal source to avoid magnifying signal interferences encountered             

further up the system, such as through sub-optimally routed deck cables, background noise underwater,              

such as water flow/turbulence. The sensitivity shows the required sound. For instance, hydrophones with              

a sensitivity of -205 dBV re 1 µPa have a less sensitivity than a hydrophone with -160 dBV re 1 µPa. Thus,                      

the device with a higher negative sensitivity require a louder signal for a successful detection [43] 

 

Figure 31: Scoring Model Hydrophone 

 

After the evaluation the hydrophone M36-100 from Geospectrum achieved most of the points, but after               

examination of the frequency response graph of all hydrophones it became clear that the C75 from                

Cetacean Research fits best. The frequency response shows for a given input signal the output in dB at a                   

specific frequency. For instance, at 40 kHz an input signal will produce 100 dB of output and the same                   

input signal may produce 97 dB at 100 kHz [44]. 

Furthermore, the graph shows the roll off frequency which means the hydrophone sensitivity drops off at                

higher frequencies of 125 kHz. The roll off describes the amplitude of the transfer function declines at                 

higher or lower frequencies, in our case higher. The above 125 kHz frequencies getting gently rolled off                 

[45]. Therefore, the whole recording system have a flat frequency response from 20 Hz to 125 kHz (+-3                  

dB). Further explanations according to the roll off and the need of the cut of higher frequencies is                  

explained in the section Analog-to-Digital converter. Figure 32 shows the beginning of the stop-band area               

at the mentioned frequency at 125 kHz. 
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In order to connect the hydrophone a MCIL3F pigtail connector with MCDLSF locking sleeve is needed.                

The pigtail will need to be mounted on a cable that goes into the water-tight electronics box through a                   

cable gland. For more information see chapter System design.  

 

Figure 32: Frequency Response of the C75 Hydrophone 

 

3.6.3 Analog-to-Digital Converter 

As mentioned earlier, harbour porpoises generate clicks ranging from 40-160 kHz with a mean peak               

frequency of 137 kHz [46]. In order to provide a system which is capable of detecting this frequencies, it is                    

necessary to select an Analog-to-Digital converter (ADC), which provides the correct sampling rate. The              

correct restoration of a signal can be achieved by using the Nyquist-Shannon sampling theorem [47]. It                

implies that the sampling rate has to be at least twice as high as the maximum frequency of the recorded                    

signal. According to this theorem, the desired ADC would have to provide a minimum sampling rate of                 

320 kHz (also referred to as kilo samples per second = kS/s). The market does not provide an ADC, which                    

would be suitable for the desired system. In case of 320 kHz would be sampled with a sampling rate of                    

250 kS/s, the frequencies above the sampling rate of the signals would appear as lower frequencies which                 

provides a wrong digitalization of the recorded analog signal. 

 

This effect is called “Aliasing” and can be avoided by a low-pass-filter (anti-aliasing filter) [48]. The filter is                  

used to cut the frequency above the critical area which provides a wrong digitalization of the recorded                 

analog signal.  
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Sampling with a sampling rate higher as the maximum frequency is called oversampling. It does not                

provide more information and causes a bigger complexity of data processing, data storage and data               

transmission. Oversampling is often used in practice to get a excellent stop-band attenuation. A digital               

filter, called Cascaded-Integrator-Comb Filter (CIC-Filter) [49] provides a subsequently reduction of the            

sampling rate.  

 

For reasons of simplification and according to the roll off of the C75 hydrophone, the need for an                  

additional low-pass or CIC Filter is not mandatory. Sampling with a sampling rate of 250kS/s provides                

frequencies up to 125 kHz. The sonar range of 100-160 kHz would appear in the range between 100-125. 

 

Example 1: 

The sampling with the roll off frequency at 125KHz signal with a digitizer that has a maximum sampling                  

rate of 250 kilosamples per second (kS/s) has been set up in the graph below. Sampling with a sampling                   

rate of 250kS/s provides frequencies up to 125 kHz as mentioned before. Thus, the 125KHz signal that                 

you are sampling will be aliased back and appear as an image at around 125KHz. 

  

 

Figure 33: Aliasing Example 1 
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Example 2: 

This example shows a 70kHz signal with a digitizer that has a maximum sampling rate of 100 kilosamples                  

per second (kS/s) and has been set up in the graph below. Sampling with a sampling rate of 100kS/s                   

provides frequencies up to 50kHz. Thus, the 70kHz signal that you are sampling will be aliased back and                  

appear as an image at 30kHz (70 is 20 greater than the Nyquist frequency of 50 and so the aliased signal                     

will occur as a mirror image at 20 less than 50, or 30). 

 

 

Figure 34: Aliasing Example 2 

 

The aliased signals will not represent the right energy of the frequency but is able to detect the harbour                   

porpoises. Measuring a signal of 120 kHz cause additionally an aliasing of 130 kHz which present together                 

the sampling rate of 250 kS/s. 

 

In this case, the contribution of the higher frequencies is limited but in order to detect harbour porpoises                  

is the system sufficient. A USB-1608G was chosen as ADC, which provides a maximum sampling rate of                 

250 kS/s and operates with a 16 Bit resolution [50]. It has a USB connector, which ensures powering (5V)                   

as well communication with computer systems. Therefore, no external power supply is required.  

 

3.6.4 Single Board Computer 

In order to process the collected data, a single board computer is needed. For this project, a Raspberry Pi                   

3 Model B was chosen, which is based on a BCM2387 system on a chip with a 1.2GHz 64-bit quad-core                    

processor and 1GB RAM. The Raspberry Pi is a fully functional computer and is able to perform more                  

complex tasks and execute multiple programs. Compared to other devices like e.g. Arduino, which is a                
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microcontroller that can only run written code and does not provide a full operating system, the                

Raspberry Pi offers comprehensive solution [51]. It also includes: 

 

● 802.11n Wireless LAN 

● Bluetooth 4.1 

● Bluetooth Low Energy (BLE) 

● 1GB RAM 

● 4 USB ports 

● 40 GPIO pins 

● Full HDMI port 

● Ethernet port 

● Combined 3.5mm audio jack and composite video 

● Camera interface (CSI) 

● Display interface (DSI) 

● Micro SD card slot (now push-pull rather than push-push) 

● VideoCore IV 3D graphics core 

 

It is usually powered by a 5V Micro USB socket and boots from a Micro SD card, which is capable of                     

running the operating systems Linux or Windows 10. This system operates on the Raspbian operating               

system, which is provided by the Raspberry Pi community and is based on Debian (Linux) systems [52]. In                  

order to access data processed by the ADC on the Raspberry Pi, MCC Linux drivers are needed [53]. These                   

drivers are available for USB, Bluetooth, and Ethernet devices, can be accessed and downloaded via               

GitHub and additionally include a test program to prove functionality [54]. Due to the fact that the ADC is                   

connected to one of the USB ports of the Raspberry Pi, only USB drivers are needed. Moreover, date and                   

time can be accessed through the DS1374 Real Time Clock, which is included in the Sleepy Pi [55]. On the                    

one hand date and time can be used to set a time interval for power management (see Section 3.6.5). On                    

the other hand, the provision of date and time enables the system to perform cron jobs, which is a service                    

provided by the Linux system that makes it possible to start programs automatically at a specified date                 

and time [56]. Date and time can be accessed via the I2C bus of the Raspberry Pi [57]. To be more specific,                      

these cron jobs can be used to execute the script responsible for detecting the harbour porpoise                

frequencies at a given date and time interval. 

 

3.6.5 Power Management 

In addition to the previously mentioned constraints, another aspect which affects the design of the               

overall system is the power consumption. The system is powered by a AL 25-18 with a power supply of                   

18V and 720Ah. In order to ensure a correct redistribution of power to the desired components, one                 

synchronous rectified step-down converter (MP2307) with an efficiency of up to 95% [58], is interposed.               

The converter is set to 5V, which is the operating voltage of the Sleepy Pi. Due to the fact that the                     

Raspberry Pi does not contain a power management module, an additional device was needed.              

Therefore, the so-called Sleepy Pi was chosen to perform this task. This smart device is available for 40€                  
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and is developed exactly for this purpose. The Sleepy Pi is designed to fit perfectly on the Raspberry Pi’s                   

GPIO pins. This allows the use of PWM (Pulse-width modulation) of the Sleepy Pi, which is used to control                   

the power management. Instead of powering the Raspberry Pi, the Sleepy pi is powered by a 5V Micro                  

USB socket and supplies the Single Board Computer via GPIO connection with power. The power               

consumption during the standby mode is 500µA, which is very low.  

 

Additionally, the Sleepy Pi includes a Real Time Clock (RTC), which provides date and time on the                 

Raspberry Pi. Since the Raspberry Pi is designed to be a low-cost computer it lacks of several                 

functionalities, which are usually included in common computers. One of these functionalities is the              

provision of a RTC. However, there are possibilities to provide date and time on the Raspberry Pi. This can                   

be achieved by using chipsets like the DS1374 (which is used for the Sleepy Pi) powered by a 3V Lithium                    

Cell Coin Battery, which ensures to keep the current time, even though the Sleepy Pi is turned off [59]. It                    

uses the I2C bus which allows multiple devices to be connected to the Raspberry Pi [60] and a 3V Lithium                    

coin cell battery for keeping the time when the Raspberry Pi is turned off. The Sleepy Pi can be used to                     

power off the Raspberry Pi during pile driving breaks and to turn it on, when construction works are                  

starting again. This is achieved with two handshake lines over the Raspberry Pi’s GPIO Pins 24 and 25,                  

which then enables the Sleepy Pi to cut power from the Raspberry Pi and set itself into a low power mode                     

[61]. The time schedule can be customized for different working schedules by obtaining the date and time                 

provided by the included RTC. Figure 35 shows the block diagram of the Sleepy Pi including the the RTC, a                    

programmable Arduino chipset and all connections. 

 

 

Figure 35: Block diagram of the Sleepy Pi including all components [23] 
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3.6.6 Power Consumption 

After choosing all components, the power consumptions was calculated. The first calculation shows that              

the battery operating span of 108 days which is for our needs sufficient. With a reduction from 24h to 20h                    

operating time is rise up to 127 day possible. Even if, 108 days are sufficient is the duty cycle due to its                      

simplicity and increased flexibility used for our buoy.  

 

Table 10: Calculation operating mode. 

 

Device Consumption Calculation 

Hydrophone C75 15mA at 5VDC  W1 =0.015A x 5V = 0.075W 

USB-1608G 230mA at 5VDC  W2 =0.23A x 5V = 1.15W 

MP2307 Step Down Converter 1.5mA at 5VDC W3 =0.0015A x 5V = 0.0075W 

Zigbee 150mA at 3.3VDC W4 =0.15A x 3.3V = 0.5W 

Raspberry Pi 600mA at 5VDC  W5 =0.6A x 5V =3W 

Active RFID Reader 20mA at 12VDC  W6 =0.020A x 12V =0,24W 

 

 

 

Table 11: Calculation standby mode. 

 

Device Consumption Calculation 

Sleepy Pi (Standby mode) 0,5 mA at 5VDC  W6 =0,0005A x 5V =0, 0025W 

MP2307 Step Down Converter 1.5mA at 5VDC W3 =0.0015A x 5V = 0.0075W 

 

The power consumption of the Sleepy Pi during the standby mode is very low. It would make no                  

difference if we would shut down the hole system manual by disconnecting from the battery or operating                 

in standby mode. 
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MP2307 1-17V (1.8A) Step-Down Schaltregler 

1.5mA at 5VDC W3 =0.0015A x 5V = 0.0075W 

 

W123456 = 5W 

 

Calculation with operating time of 24 hours per day:  

 

AL 25-18 18V  720Ah 

Battery Energy = 720Ah x 18V =12960 Wh 

Power(W)= energy (Wh) / time (h) 

t(h)= 12960 Wh / 5W =2592 h → 108 days 

 

Calculation with operating time of 20 hours per day 

 

AL 25-18 18V  720Ah → 20 h 

Battery Energy = 720Ah x 18V =12960 Wh 

Power(W)= energy (Wh) / time (h) 

t(h)= 12960 Wh / 5,10W =2541,18 h  → 129.6 days 

 

3.6.7 System Demonstration 

Due to financial and time-bound limitations and the fact that there was no signal processing expert                

available in the team, the system demonstration was completely separated from the system design and               

does not include the same components and tasks. The aim of the system demonstration is to prove the                  

workability of the hardware by analyzing the frequencies of a .wav sound file with a Raspberry Pi, saving                  

the gathered data into a XML file, plot the frequency spectrum to a graph, and light a LED when a specific                     

frequency is detected. 
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Figure 36: Physical system demonstration setup 

 

 

 

Figure 37: System Demonstration Diagram including all used components. 

 

As shown in Figure 37, the Raspberry Pi was connected to a Laptop via standard RJ45 Network Cable and                   

powered through a Micro USB cable plugged into a power socket. Additionally, the Micro SD card was                 

equipped with the latest Raspbian version. In order to provide controllability of the Raspberry Pi, the                

wireless network connection was shared with the Ethernet port of the Laptop. Next, the connection with                

the Raspberry Pi was established by using the SSH and telnet client ‘PuTTY’ [62] with the IP address of the                    

Raspberry Pi. Furthermore, a remote desktop connection to the Raspberry Pi was provided by using ‘VNC                
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Viewer’ [63]. The software for the system demonstration was developed by using the programming              

language ‘Python’ [64]. Following Python modules were used: 

 

● Tkinter: Standard module for building user interfaces with Python [65]. 

● NumPy: Essential package for scientific computing, which is particularly useful for linear algebra,             

Fourier transform, and random number capabilities [66]. 

● matplotlib: Python 2D plotting library which makes it possible to generate figures [67]. 

● SciPy: Ecosystem of open-source software for mathematics, science, and engineering. In           

particular, scipy.io was used to read the .wav sound file and scipy.fftpack to perform the Fast                

Fourier Transformation [68]. 

● pygame: More precisely, pygame.mixer module for loading and playing sounds [69]. 

● ElementTree: Module for creating and parsing XML files [70]. 

● datetime: Module for obtaining date and time from the Raspberry Pi [71]. 

● RPi.GPIO: Module for controlling the Raspberry Pi GPIO channels [72]. 
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When starting the program, it provides a simple user interface where the user can choose between                

playing the sound of a cat or a dog. By clicking one of the displayed buttons, the desired sound is played                     

through speakers connected to the audio jack of the Raspberry Pi. After the sound is played a separate                  

window is opened, which shows the frequency spectrum of the played .wav file (see Figure 36). 

 

When starting the program, it provides a simple user interface (see Figure 37) where the user can choose                  

between playing the sound of a cat or a dog. By clicking one of the displayed buttons, the desired sound is                     

played through speakers connected to the audio jack of the Raspberry Pi. After the sound is played a                  

separate window is opened, which shows the frequency spectrum of the played .wav file (see Figure 36). 

 

 

Figure 38: Frequency spectrum of the sound of a cat (bottom) compared to a dog (top). 

 

 

Figure 39: Simple User Interface to play the .wav sound files. 

 

By using the wavefile.read() function of the scipy.io module, the program obtains the sample rate of the                 

file as an integer and the data as so-called numpy array. Afterwards, the numpy.arrange() function is used                 

to get evenly spaced values within a given interval, which is then used to perform the Fourier                 

Transformation with the fftpack.fft() function of the scipy.fftpack module. Finally, the outcome of the              

Fourier Transformation serves as an indicator to distinguish between the animals. By extracting the              

maximum value of the outcome array, it was possible to define limits for each animal. In order to                  

demonstrate the possibility of storing the gathered data on the Raspberry Pi, the program saves date and                 

time during detection of a specific animal (obtained by the datetime module) and the outcome of the                 
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Fourier Transformation into a XML file. This is achieved by using the ElementTree module. Additionally,               

the program loops through all <detection> elements inside the XML-File and assigns an individual ID               

based on the currently highest ID number to every new element, which is added to the file. 

 

Example XML-File: 
<?xml version="1.0" encoding="UTF-8"?> 

<data> 

<detection id=”1”> 

<date>2017-06-04</date> 

<time>13:54:14</time> 

<frequency>54263049.9831</frequency> 

</detection> 

<detection id=”2”> 

<date>...</date> 

<time>...</time> 

<frequency>...</frequency> 

</detection> 

</data> 

 

3.6.8 Future Directions and Improvements 

As mentioned before, the presented system was designed to detect harbour porpoises in their natural               

environment. However, there are possibilities to expand the functionalities of this system in order to               

assist offshore works even more to comply the given regulations. This section puts focus on future                

directions for the developed system and provides suggestions on how to achieve better support for               

harbour workers. 

 

3.6.8.1 Signal Transmission with Zigbee 

Zigbee (in the system design referred to as XBEE) is a reasonable and safe wireless sensor network                 

communication technology, which is widely used in fields like smart home or automatic control. The               

Zigbee network is able to provide multiple network topologies and allows data transmission between all               

to the network assigned nodes [73]. The signal transmission range varies between 30m in Indoor/Urban               

areas and up to 100m in Outdoor line-of-sight areas [74]. For future research, Zigbee could be used to                  

transmit the gathered data to offshore workers. The transmitted data could subsequently be used for               

further analysis or to trigger a warning for offshore workers, when a potential harbour porpoise               

frequency was detected. However, the appliance of Zigbee to this system would cause another issue to be                 

taken into consideration. Since Zigbee only provides a maximum signal transmission range of 100m,              

multiple buoys would have to be placed around the construction area in order to pass on data between                  

the buoys and finally transmit it to the offshore workers. By placing buoys around the construction area                 

and equipping them with Zigbee modules, a wireless mesh network could be provided. Only one node in a                  

mesh network needs to be physically wired to a network connection. Afterwards, the wired node shares                
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its internet connection wirelessly with the closest node and enables the other wireless nodes to               

communicate with each other [75]. 

 

3.6.8.2 Interface Proposal 

The data gathered during the deployment of the buoy in the North Sea can be used to provide a                   

supportive user interface. As mentioned before, construction works are supposed to be stopped, when              

harbour porpoises are nearby. Through the use of Zigbee, data could be transferred to offshore workers                

and displayed on a screen. As described earlier in the Section 3.6.7, data can be obtained through XML                  

files containing relevant data such es measured frequency, date and time for further analysis. The               

previously mentioned data served as a basis for the two following interface proposals. 

 

Warning Screen Mockup: 
 

 

Figure 40: Interface Proposal for a warning screen. 

 

As mentioned in earlier sections, construction works are supposed to be stopped when harbour porpoises               

are nearby. The data transmitted by Zigbee could be used to trigger a warning screen (see Figure 38) for                   

offshore workers, which highlights the detected frequency, date and time of the potential harbour              

porpoise detection. The background is held in red color in order to strengthen the warning character of                 

the screen and draw the user's attention to it. Moreover, the interface provides a button, which can be                  

used to open the detail overview (see Figure 41). 
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Detail Overview Mockup: 
 

 

Figure 41: Interface Proposal for a detailed overview. 

 

The detail overview (see Figure 41) mockup provides a timeline on the bottom of the interface, where the                  

user can choose days of interest and a graph which should represent a visual assistance for data                 

observation. The graph is a visual representation of potential harbour porpoise occurrences during a              

specific time line. Specific information can be obtained in a separate window, which shows e.g. the                

number of occurrences at a specific date. Additionally, frequency and time of specific occurrences are               

available by moving the marker associated with the graph. The desired data is then displayed on the top                  

of the interface and is automatically validated when moving the marker attached to the graph. With the                 

implementation of such an interface, offshore workers could get a better overview about potential              

harbour porpoise detections around the construction area and subsequently draw conclusions about the             

behaviourism of these animals. 
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3.7 Detection Range  

To have an idea of just how good the buoy is for detecting the porpoise, the application of the Passive                    

Sonar equation can be applied to estimate the range of detection of the porpoises. Passive sonar system                 

works through the listening of the sound generated by sources in the underwater sound, rather than                

listening to echoes reflected from a target. For the sonar equation in our case, parameters like the                 

loudness of the sound source (source level, SL), sound spreading and attenuation as the sound pulse                

travels from the source to the receiver where it is detected (transmission loss, TL) and the background                 

noise at the receiver (noise level, NL). 

The passive sonar equation states that the signal-to-noise ratio value is defined by 

                                                   SNR (decibels) = SL – TL - NL [dB]                                                          (Eq 9) 

  

where SL is the source level; TL is the transmission loss and NL is the noise level. The sound source, which                     

will come from the clicking sound made by the porpoises, radiates a signal with a maximum SL of 178 dB                    

when the porpoise orientation hits the detector head on, but only 149.5 dB (weighted average), if the                 

porpoise orientation towards the detector is assumed to be random [79]. The sound intensity is then                

reduced by the transmission loss, TL as the sound travels from the source to the hydrophone. The                 

transmission loss, TL includes both sound spreading loss and attenuation. In the case of the North Sea, a                  

simplified model for the Transmission Loss is calculated using the following equation [77] 

 

TL = (16.07+0.185F)(log R + 3) + (0.174 + 0.046F +0.005F2 )R          (in dB) (Eq 10) 
 

where; 

R = distance (km) 

F = 10 log(f/[kHz]) 

Knowing that the mean peak frequency of the porpoise clicks is at 137 kHz, (with a bandwidth of 5-36                   

kHz) [76], we can compute the F value and thus, plugging it in equation 10, leaving the TL term 

TL = 20.02 (log R + 3) + 3.44R 

in functions of R, the distance. From the the so-called Knudsen spectra shown below, the ambient noise                 

level above 100 kHz is determined by the thermal noise of the molecules in the sea and the spectral level                    

of this noise contribution increases with frequency. 
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Figure 42: Knudsen spectra showing mean ambient noise spectra for the underwater noises. (Note that               

the noise levels shown in the spectra are valid only for deep water and are indicative (uncertainty 5-10 dB,                   

amongst other reasons due to varying propagation conditions). In shallow water the ambient noise levels               

show much larger variations (both spatially and temporal). The average levels are about 10 dB higher                

than in deep water). [78] 

From the spectra, the noise level at a frequency of about 137 kHz is contributed by the thermal noise and                    

the sea state 5 or 4 (normal conditions of the North Sea). The noise level made from thermal noise of the                     

molecules in the sea would be approximately 45 dB re 1 µPa2 , but after taking into account that 10 dB                     

must be added from the value in the graph, the final value for this noise level is about 55 dB re 1 µPa2. By                        

the method of extrapolating, the noise level at a sea state 5 (normal conditions) would be approximately                 

60 dB re 1 µPa2, after adding the 10 dB correction value for shallow water. 

Therefore, knowing all the parameters in the SNR equation, the R value can be figured out by supposing                  

the SNR value. By fixing the SNR value to a minimum of 10 dB and a total NL of 114 1 µPa2, the maximum                        

value that the Transmission Loss can have is 108 dB (when the porpoise is orientating heads on with the                   

detector).  The calculation is shown as follows, 

TL = SL – SNR – NL; 

TL = (178 – 10 – 115) dB 

TL = 53 dB 
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In the case of a random orientation, the maximum TL can also be figured out by also fixing the SNR value                     

and the NL value as mentioned before. Shown below is the calculation of it, 

TL = SL – SNR – NL; 

TL = (149 – 10 – 115) dB 

TL = 24 dB 

 

By plotting a graph of TL vs R, as shown below, the maximum range of detection of the porpoise can be                     

found.  

 

Figure 43: Detection range, R against Transmission Loss, TL. 

  

As the value of the R increases, the TL values increases and at some point, exceeding the limit of 54 and                     

24 dB respectively. By keeping other terms constant, the maximum distance that the porpoise can be                

detected is at about 200 m. Therefore, it is safe to say that the detection range of the buoy is going to be                       

in the range of 15-200 meters. 
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3.7.1 Proposal of The Placement of the Buoys 

After finding out the range of detection of the buoy, the placements of the buoy need to be figured out.                    

To start off, as per regulation, The German Hydrographic Service (Bundesamt für Seeschiffahrt und              

Hydrographie, BSH) has limited man-made emissions within 750 m of a marine sound source at 160 dB                 

SEL or 190 dB (peak to peak) [h]. Bearing in mind of this regulation, there are 2 possibilities of deploying                    

the buoy: 

1. Around just one pile driving work 

- In this case, the number of buoys needed would be small as the buoys will be deployed                 

around a single pile-driving working spot. 

- Around 8 buoys will be needed to cover this area. (minimum radius of 750 m from the                  

pile driving and a separation of about 600 m between buoys). 

 

Radius of the dangerous area for the porpoise: 0.75 km 

Circumference: 4.71 km 

Separation between buoys: about 600 m 

Number of buoys needed: ≈ 8 buoys 

Shown below is the approximation of the placement of the buoys around the pile driving work. 

 

 

Figure 44: Approximate placement of buoys around pile driving work 
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2.   Enclose the working area of constructing the wind farm. 

- The smallest wind farm built in the North Sea is the Alpha Ventus wind farm, located in                 

Germany [80] (see annex i). 

- It has an area of about 4 km2. By taking the Alpha Ventus as the example, the number of                   

buoys needed to cover this area of 4 km2, is about 22 buoys with a separation of about                  

600 m between each buoy. 

Radius of the dangerous area for the porpoise: 2.16 km 

Circumference: 13.57 km 

Separation between buoys: about 600 m 

Number of buoys needed: ≈ 22 buoys 

 

 

 

Figure 45: Details of the Alpha Ventus wind farm [81]. 
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3.8. Additional Device 

Due the fact that harbour porpoises cannot be detected using signal processing when they stay in silence,                 

the need of the other device appears. This device has to inform about the appearance of porpoises when                  

they are close to the buoy to compare the results with the ones we obtain using hydrophones. It has to be                     

attached directly on or inside their body and be harmless to them. The strategy of implementation of the                  

device is crucial as well. It is very important not to interrupt their daily life and avoid external stress.  

 

3.8.1 Detection Technology 

To be able to detect the presence of harbour porpoises the RFID (radio frequency identification), GPS and                 

SPOT tag (a real-time satellite) techniques were taken under consideration. The final conclusion was              

made that RFID is the best choice. The further explanation can be found below. 

 

RFID:  
Due to the fact that the purpose of our project is to confirm the results we obtain from signal processing,                    

the range has to be similar as the one we obtain from hydrophones. As active RFID tags have greater                   

transmission power than passive tags, we consider only them.  

Like passive RFID systems, active RFID systems are comprised of:  

● Reader – sends a signal to the reader and reads its response.  

● Tag - a wireless communication device that automatically receives, modulates, amplifies and            

responds to incoming real-time signals.  

● Antenna – different types of antennas can be applied depending on the range of tags, readers                

and systems. This includes UHF antennas, patch antennas, and linear or circular polarized             

antennas. Each antenna has different strengths, and each fits specific types of systems. When              

choosing the proper antenna we need take into account:  

● Gain – the higher gain the more powerful antenna. A higher gain antenna will              

produce a larger field. As a transmitting antenna, the gain describes how well the              

antenna converts input power into radio waves headed in a specified direction. As a              

receiving antenna, the gain describes how well the antenna converts radio waves            

arriving from a specified direction into electrical power.  

● Polarization – linear vs. Circular. Linear polarized antennas emit radio frequency           

energy along a single plane. Typically, they have a longer range compared to similar              

gain circular antennas, but due the linear nature of field tags must line up with the                

beam in order to achieve the long read range. In contrast, circular polarized antennas              

split the energy across the axes and spin the field in either right or left hand direction                 

allowing antenna to pick up tags regardless of orientation.  

● IP rating – a measurement of protection against dust and water ingress. The higher              

the number the better protected antenna is against environmental factors.  
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Figure 46: Processing of RFID tag 

 

Passive system requires the tags to be energized by the reader, where the active RFID system utilizes                 

battery powered RFID tags that require no energy from the reader to send a signal and because the active                   

RFID tags possess their own power source and transmitter enabling the tag to broadcast its signal,                

performance capabilities include longer read ranges and greater memory capacities when compared to             

passive RFID tags. However, in order to achieve a significant read range and larger memory, these                

performance capabilities generate a greater demand for power. Typically, active RFID tags are powered              

by a long life battery that will last a few years.  

 

To obtain the range up to 150 m a UHF (ultra high frequency) transmitter is required that operates at                   

433MHz. To strengthen the signal the whip antenna on the top of buoy is attached. It means that our                   

system works only above the water surface. Antenna is waterproof so can be applied above the water                 

surface. It operates on the same ultra – high frequency and it is omnidirectional so it sends and receives                   

energy in degrees of 360 so energy radiates all around it. The value of gain is 4,15 dBi, which is enough to                      

fulfil requirements. It is made of aluminium and is really light- 450 g. It has 60 cm length and 5cm                    

diameter. It can be attached to the reader by N femelle connector. The reader is suited inside the buoy                   

and connected to the Raspberry Pi by USB cable. The tag has to be as small as possible. the best choice                     

seems to be a coin model due to its small diameters (O: 36 mm, H: 10mm, W: 11g) and range up to 80                       

meters in open field. The battery can last even up to 1 year so it does not have to worry us.  

It has interval of 1 / 2 s between transmission, which gives us assurance that we retrieve the data before                    

porpoises swim away. The tag itself contains copper coil antenna, programmed chip with number to               

identify. To minimize the size of the tag, the data storage can be removed.  

 

In aquatic environments RFID can be greatly distorted or hard to detect. That is why fixed antenna on the                   

top of the buoy is used. It can be done due to the fact that harbor porpoises swim out of the water less                       
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than every 8 minutes and during that time information is gathered. [83] Radio tags, which can only be                  

used in water of very low salinity, are useful in freshwater because radio waves are less affected by                  

physical obstacles, turbidity, turbulence and thermal stratification than acoustic (non-electromagnetic)          

waves. Radio signals also radiate through the water surface and can be detected at great distances                

because there is little loss of signal strength in air (Priede, 1992).  

  

SPOT and GPS  

SPOT and GPS tags are quite similar. They both take a snapshot of the GPS satellite signals overhead when                   

they break the water’s surface so the tag has to be enough long out of water`s surface to lock with                    

satellite. If successful, the tracker transmits the received information to a computer server, which displays               

it on an online web-based portal with mapping software. Whatsmore the power consumption is higher as                

well and location accuracy is very low ±250 m, which makes a huge difference in our research. [84] 

 

Reasons why we do not take into account: 

● dimensions are at least 3 times bigger than for a RFID tag 

● the battery can last up to 5 days 

● information needs to be recovered by the system deployed in the field 

 

3.8.2 Legislation for radio tagging 

As we decided to use radio tagging it is necessary to get acquainted with regulations for radio tagging to                   

avoid future problems with breaking the law. There are a number of guidelines to follow to minimize any                  

discomfort to the animal. 
 

EU regulations for radio tagging  

 

● The radio device should be within the recommended percentage of weight for the animal,              

ideally less than 5% of the animal’s body weight and no greater than 10%.  

● Harnesses should only be used where the shape of the animal's head/neck means that a               

collar can be removed by the animal itself.  

● Whip antenna should be incorporated into the tag box wherever possible. Where freely             

attached, antenna should cause minimum disruption to the movement of the animal, and the              

animal should be closely tracked for the first 24 hours.  

● Collars or harnesses should not be used in species where they would interfere with              

locomotion such as aquatic, burrowing animals.  

 

3.8.3 Types of tagging 

Two main types of tagging are distinguished: external and internal. Each of them has variety of methods                 

used to apply the tag and to recover it, different application depending on a tag, advantages and                 

disadvantages. For the purpose of the project almost all of them are listened to justify the final choice.  
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3.8.3.1 External tagging  

External tags are defined as visible tags applied externally on the animal. It follows that the tag is easily                   

detectable.  

 

Advantages:  

● Useable for a large range of animal sizes  

● Easily detected due to the exterior attachment  

● No need for special surgery  

 

Disadvantages:  

● May affect growth, health and survival, due to penetration of the skin, providing an access               

route for infections  

● Fouling of the tags may be a problem. Overgrowth of algae, barnacles and mussels may               

increase the drag on the tag considerably and may also make detection difficult  

● May become entangled in aquatic vegetation or in fishing gear  

● Tag losses may be high  

● Can be difficult to apply or may not be applicable  

● May affect behaviour and swimming/hiding performance of the porpoise 

  

External attachment  

External tagging is simpler and quicker than most of the internal tagging, avoids surgery and anesthesia                

and may also entail a shorter refractory period. It may also be essential when there are difficulties with                  

catching the porpoise and bringing it on a board. External tags may be attached directly to the surface of                   

the dorsal fin by pins or suction cups, or by a trailing lead that allows the tag to stream free when the                      

porpoise is swimming. In external tagging also collars are used but due to regulations it is not practiced on                   

marine animals. Furthermore, applying anything on porpoises` tail could cause a dislodge of the tag               

caused by its rapid movements and might hinder their swim performance.  
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Figure 47: Attachment  

  

We distinguish three main ways of attaching a tag, depending on its kind:  

● Pole – it is a simply 2.5 m long stick with a special barbless hook that has in the end tag                     

attached. It enables to release an animal after a minute and is mainly used for bigger species                 

such as sharks and dolphins where capturing and handing on a board of a boat might be                 

difficult.  

● Crossbow – enables to shoot from the larger distance, but not further than 7 meters. It works                 

similar to a pole. Main method for attaching suction cups.  

● Seine net - a large fish net that is positioned vertically in the water column with weights at                  

the bottom and floats at the top. The seine is used in conjunction with a high speed boat or                   

boats to chase a pod of animals into shallow waters and encircle them with the net. The net is                   

then closed around the animals and pulled very tightly at the bottom, trapping the animals in                

a “purse.” They are then manhandled into slings and hauled on board by capture vessel or                

herded into shallow sea cages. This method is mainly used to attach pins on a dorsal fin.  

 

 

Characteristics of a pin tag on a dorsal fin:  

● Capturing using a seine net  

● Molding a saddle from a cast of the dorsal fin and upper back of a typical adult male spotted                   

dolphin using neoprene rubber, which is a material with perfect properties such as: high              

corrosion resistance, cheap comparing to other breathable fabrics.  

● The radio transmitter is attached directly to the saddle with plastic ties and rivets.  

● To balance the VHF transmitters an equal weight is placed on the other side of the saddle.  

● By biopsy needle (0.64 diameter) a hole is made through a dorsal fin to attach the saddle by                  

stainless steel bolts, that are covered by a biocompatible nylon.  
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Research show that no further harm is done by capturing animals using seine net. They recover really                 

quickly after realizing. Unfortunately, it is proved that tagging through screws on a dorsal fin can become                 

highly harmful. Many tags fall out before the end of experiment, causing serious deformations of the                

dorsal fin. The examples of bad effects are shown at the Figure 44. Sometimes even after removal of the                   

tag, a hole remains and cannot be healed. It affects on the species extremely distinctive. It is also worth to                    

remember about growing of the mammals. A dorsal fin gets bigger as well and the balance of the tag is                    

changed causing troubles in usage of a dorsal fin while swimming. In our case such problems can be                  

avoided due to the shorter time of experiment, only 3 months (this research was conducted after more                 

than 12 months of tags attachment).  

 

  

Figure 48: Side effects of tagging 

 

Characteristics of a suction cup on a dorsal fin:  

● Fitting a tag on a crossbow ( the stock of the           

suction cup has pre-formed hole) or on a pole.  

● Using a crossbow/ pole the tag is placed.        

Crossbow bounce off when hitting the animal.  

● Components are housed in a synthetic foam       

that can stand a depths of 1000 m.  

 

  

The main disadvantage of this method is that the average duration of attachment is 15 hours and the                  

chance of losing the tag is very high. It had been proved that tagging using crossbow and pole sometimes                   

produces negative effects on animals` behavior as well.  

The research on bottlenose dolphins in 1990 can show more closely the effect of tagging the VHF radio                  

transmitter in mammals` behavior using suction cups.  

 

There were used two options of tagging implementation:  

- crossbow  

- 2.5 m pole  

20 minutes before and after implementation of the tag observations were made, including checking the               

speed of the species, number of leaps and reaction level.  
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As the conclusion it occurred that using pole was successful in 70% and it increased by 6 time the number                    

of leaps and speed at least twice. Moreover the strong reaction was reported. Crossbow worked only in                 

3% of the cases, so there is no further point to take it under our consideration.  

 

  

 Figure 49: Crossbow tagging 

3.8.3.2 Internal Tagging  

Internal tags are defined as tags inserted or injected into the body cavity, muscle or cartilage and carried                  

internally. They can be used to identify without removing the tag, thus providing a completely               

non-destructive means of identification. Examples of internal tags are PIT tags.  

 

Advantages:  

● Tags have little or no effect on growth, health and survival  

Disadvantages:  

● Expensive equipment is required for tag application  

● Tag migration  

 

Figure 50: Methods of implementing internal tags 
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In Figure 50, two main methods of implementing internal tags are presented. The first one concerns                

placing the tag in a stomach. It can be done through insertion rod or by self ingested in bait, like a fish.                      

Another consists of small surgery. The incision has to be done to insert the tag under the muscles.   

As our choice is RFID tag, it is impossible for us to use an internal method due to the fact that our tag to                        

communicate has to break the surface and it is possible only when it is attached on a dorsal fin and                    

cannot be under the skin. The best option seems to be attaching the RFID tag directly to a dorsal fin as it                      

the only way to collect data for all three months without losing the tag and avoid stressful situations like                   

using crossbow or pole. As our tag has small dimensions comparing to the ones used mostly, such                 

complicated saddle as mentioned before is not required. Simply the waterproof box for a tag needs to be                  

designed to attach it on a stainless steel clip (Figure 47) that would catch the dorsal fin from both sides.                    

To assure it holds tight, biomaterial and biodegradable screws can be used. They would go inside the skin                  

very shallowly, that after time it allows for a tag to drop off in a natural way as we do not want the tag to                         

remains forever.  

 

 

Figure 51: Clip 
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4. Conclusion 

Over the course of this project, it became clear that noise during pile driving is a big problem that needs                    

to be addressed as offshore wind parks become increasingly more popular. While there’s a variety of                

existing solutions on the market today, none of them meet all of the needs required by offshore workers.                  

The aim of this project was to design a low-cost buoy that is able to close the gap between simplicity and                     

accuracy to protect harbour porpoises during pile driving.  

 

Since there was no current design that could fulfill these requirements, a new design was created by                 

combining an existing floating body and a custom core. By utilizing a custom modular design, the buoy is                  

easily stored, assembled, and transported. It can easily be adapted for any future technologies yet is                

rugged enough to withstand a tough marine environment.  

 

To keep the risk of entanglement and data interference, a combination of different materials are utilized                

in the mooring design. An elastic cord keeps the mooring in constant tension while the Dyneema line                 

keeps the hydrophone steady. To further decrease vibrations, a damper spring and floater are used. This                

design minimizes the amount of extra line drifting around and vibration affecting the data recording.  

 

By researching the requirements for technical components, it was possible to choose an effective              

combination of devices for underwater audio recording, analog-to-digital conversion of the recorded            

audio samples, and the processing of the gathered data. Additionally, the system was designed to               

optimize power consumption by implementing a device that is able to provide a duty cycle. However,                

further field tests would need to be conducted in order to prove the effectiveness of the system. A                  

separate system demonstration confirmed that the hardware is compatible with given tasks.            

Furthermore, an overview for future directions and improvements of the designed system was provided              

that consisted of signal transmission possibilities and user interface proposals. 

 

In addition to the system and buoy design, the option to use an external device to prove the system’s                   

credibility was explored. Harbour porpoises are endangered, so the restrictions on such a device would be                

very high. To avoid complications such as skin deformation, changes in behavior, or infections caused by                

external tagging, a safer and minimally invasive design would need to be implemented. According to               

current research, the best solution would be an RFID tag. This would be the most simple and safe option. 

 

In the end, the total cost of the buoy and mooring system was 4,753.92 euros. This includes all of the                    

electronics, housing, buoy itself, and the entire mooring system. Since the goal was to be below 5,000                 

euros, the low-cost aspect of the project was successfully met. Some of the prices could also be lowered                  

further if bought in bulk, therefore decreasing the overall price per buoy. 
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Appendix 1 : Screenshot of the surface current of one of the weather stations in the North Sea, Hoek Van                    
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