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ABSTRACT 

Underwater animal monitoring magnetic sensor system 

Altynay Kaidarova 

Obtaining new insights into the behavior of free-living marine organisms is fundamental for 

conservation efforts and anticipating the impact of climate change on marine ecosystems. Despite 

the recent advances in biotelemetry, collecting physiological and behavioral parameters of 

underwater free-living animals remains technically challenging. 

In this thesis, we develop the first magnetic underwater animal monitoring system that utilizes 

Tunnel magnetoresistance (TMR) sensors, the most sensitive solid-state sensors today, coupled 

with flexible magnetic composites. The TMR sensors are composed of CoFeB free layers and 

MgO tunnel barriers, patterned using standard optical lithography and ion milling procedures. The 

short and long-term stability of the TMR sensors has been studied using statistical and Allan 

deviation analysis. Instrumentation noise has been reduced using optimized electrical 

interconnection schemes.  

 We also develop flexible NdFeB-PDMS composite magnets optimized for applications in 

corrosive marine environments, and which can be attached to marine animals. The magnetic and 

mechanical properties are studied for different NdFeB powder concentrations and the performance 

of the magnetic composites for different exposure times to sea water is systematically investigated. 

Without protective layer, the composite magnets loose more than 50% of their magnetization after 

51 days in seawater.  The durability of the composite magnets can be considerably improved by 

using polymer coatings which are protecting the composite magnet,  whereby Parylene C is found 

to be the most effective solution, providing simultaneously corrosion resistance, flexibility, and 
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enhanced biocompatibility. A Parylene C film of 2µm thickness provides the sufficient protection 

of the magnetic composite in corrosive aqueous environments for more than 70 days. 

 For the high level performance of the system, the theoretically optimal position of the composite 

magnets with respect to the sensing direction of the sensor has been estimated using finite element 

modeling software.  The magnetic sensing system has been practically implemented for monitoring 

the belly size of a model fish and for monitoring the behavior of the largest living bivalve, giant 

clam  (Tridacna maxima) in an aquarium. In both of these experiments, the sensing system showed 

a high performance, indicating its potential for novel marine monitoring applications. 
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Chapter 1  
 
Introduction  

 

 

1.1 Motivation  

 

The underwater world, constituting 75% of Earth’s surface in the form of rivers, canals, seas, and 

oceans, holds numerous invaluable resources [1].  Humankind has yet to find efficient ways to 

preserve marine ecosystems and is still exploring unknown and undocumented species.  

 Conservation of the underwater world is a relatively new discipline and of growing interest, 

which develops innovative approaches to prevent endangered species from extinction.  

According to “Living Blue Planet report”, the marine populations have decreased by 49% and 

deep sea fish have decreased by 72% from 1970 to 2012.  Vast majority of coral reefs supporting 

the living of fish species, are also under risk of extinction by 2050 [2]. The authoritative 

associations, such as the “International Union for the Conservation of Nature” has examined 

47,600 species, 36% of which have been regarded as threatened with extinction [4].  The  Director 

of the World Wildlife Fund (WWF) International, Marco Lambertini, has urged humanity  to  

preserve abundant marine life for coming generations, since  a critically low level of key marine 

species could be disastrous not only for marine ecosystems, but also for global food supply, 

future medicine and for developing countries that heavily depend on underwater resources [2], 

[5]. A better understanding of the individual behavior of free-living marine organisms is the key 

and the initial step towards developing efficient methods of conservation.  
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The behavior of underwater animals can mainly be investigated using two approaches, which are 

observation from a distance and from the animals’ own perspective [6].  The former is a 

conventional method, which is biased towards human vision and senses, and is usually performed 

purely by visual inspection. Because this approach is limited by deficiency of humans’ visual 

capacity, it is often assisted by various technologies, such as photography, videos, night vision 

devices, echolocation, and hyperspectral scanners [6]. Irrespective of which means of assistance 

is utilized to remotely “observe” marine species, these investigations are hindered by elements 

coming in between the human and the interested marine species. For instance, observation of 

animals submerged deep in the water is always limited by the distance.   The second approach 

uses telemetry   (“tele” -remote, “metron”- measure, also recently named as “bio-logging”), 

which is a branch of science aiming to minimize such limitations.  In its ultimate formation,   

sensory and recording mechanisms will allow the limitless observation. These advanced systems 

can be attached to the body of underwater animals for remote sensing and have unprecedented 

possibilities for further technological progress.  The most appealing aspect of biologging systems 

is the many different pioneering ideas, methods and solutions collected during their developing 

process. The new generation of sensors will lead to novel discoveries, not only helping to 

understand the behavior of underwater species  but also contributing to a range of research 

topics , from the effects of global warming to the discovery of  unknown and undocumented 

creatures.         

Magnetic sensing systems are attractive for marine monitoring, because magnetic fields are well 

tolerated by underwater animals [86] and due to the measurable magnetic properties exhibited 

by magnets in water [87].  A magnetic monitoring system consisting of small neodymium magnets 
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coupled with a Hall-effect magnetic field sensor was first introduced by Wilson et al, to study the 

feeding behavior of penguins [87],   limb movements [88], respiration [89], defecation and heart 

rates [90]. Other rare earth and ferrite magnets were also utilized in systems exploring spawning 

[91-94] and foraging activities [95-97] of marine organisms. 

1.2 Objectives and Contributions  

Despite the recent advances in biotelemetry, collecting physiological and behavioral parameters 

of underwater free-living animals remains technically challenging.  In this thesis, ultra-sensitive 

Tunnel magnetoresistance (TMR) sensors are introduced for biologging applications for the first 

time.  The sensor is effectively coupled with novel, flexible polydimethylsiloxane (PDMS) 

/neodymium (NdFeB)    magnetic composites. This novel underwater animal magnetic monitoring 

sensing system enabled the discovery of new information regarding the behavior of the giant 

clam, the largest bivalve organism. The two main objectives of this work are: 

a) Evaluating the feasibility of the proposed magnetic sensing system. This includes analysis 

of TMR sensor output signal, short and long-term stability, noise and drift identifications. 

The optimal position of the magnetic composite with respect to the sensor is first studied on 

a model fish and then tested in real – life setups.  

b) Optimization of the magnetic composites for applications in corrosive marine 

environments. This includes the search for an effective fabrication process, investigations of 

magnetic and mechanical properties of magnetic composites as well as the effects of 

corrosion and biofouling. As a result, protective coatings for the magnetic composite from 

oxidation, while maintaining its flexibility are studied and solutions are introduced. 
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Figure 1.1 shows the concept of the proposed magnetic sensor system with examples of potential 

applications in underwater animal monitoring. 

  

Figure 1.1 Schematic of magnetic sensor system for underwater animal monitoring. The 
combination of a magnetic sensor with a composite magnet enables non-invasive underwater 
animal monitoring. Thereby, the magnetic field of the composite magnet is measured by the 
magnetic sensor and the signal depends on the distance between sensor and the magnet. By 
using a state-of-the-art tunnel magnetoresistance sensor, a high sensitivity, small size and weigth 
are obtained. The composite magnet provides magnetic properties that can be easily tailored 
and it is lightweight and mechanically flexible.   
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1.3 Outline of this thesis  

 

Chapter 2 provides the basic information regarding the telemetric technology. The focus is on 

the state-of-the-art of electronic tags and their potential contribution to the development of 

marine science. 

Chapter 3 presents the history of research and the fabrication process of TMR sensors in addition 

to the characterization, signal stability and noise analysis. 

Chapter 4 presents novel magnetic PDMS/NdFeB composites. This chapter includes the 

background information, fabrication process details and magnetic characterization, as well as 

the study of the effects of seawater environment on the performance of the magnets.  It provides 

coating solution to avoid deterioration of the magnetic properties and to maintain the 

mechanical flexibility in seawater. 

Chapter 5 investigates the optimum shape, size and position of composite magnets with respect 

to the location and sensing direction of TMR sensor using COMSOL simulation. The composite 

magnet’s field is modeled and visualization, and the obtained results are implemented on a 

real fish model. 

Chapter 6 presents the long-term measurement recordings obtained from giant clams.   The 

analyzed data provides new behavioral information. 

Chapter 7 gives a summary and outlook on future work. 
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Chapter 2 

Biologging technology  
 
 

2.1 Underwater electronic tags 

   The aqueous environment is approximately opaque to electromagnetic radiation, which makes 

it difficult to monitor underwater animals visually over significant distances [25]. For the last forty 

years,  marine scientists have been searching for an optimal electronic system, which can be used 

to study the behavior and physiology of underwater animals in their natural habitat. The temp of 

investigation has increased in the 1990s by stimulation of fishery management organizations and 

propelled by rapid breakthroughs in electronics. By the end of the 1990s, a range of different 

electronic tagging devices have been utilized in various marine environments and applied to a 

significant number of species [26]. The main types of electronic tags that are commercially 

available are radio, acoustic, archival, pop-up satellite archival tags (PSAT) and satellite-linked 

dive recorders (SLDR), as seen in Figure 2.1 [23], [39]. The operating principle of each tag is briefly 

discussed below.  

2.1.1 Radio and acoustic transmitters with sensors 

  Radio signals propagate in water and air omnidirectionally. Radio transmitters are attached to 

the underwater animal to send radio signals via an antenna (usually aerial) to a receiver ranging 

from ~10m to ~ 2 km [23]. The specific marine animal is then identified by the receiver via a 

unique sequence of radio frequency (30 MHz-225 MHz), pulse rate or code [29]. Since the signals 

attenuate in conductive media like salty water, this type of tagging system is mainly useful in 
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freshwater [30]. Therefore, these tags have been utilized in rivers, streams and shallow lakes [31]. 

A tagged organism can be monitored by foot, car, boat, aircraft that has a portable receiver and 

aerial antenna or by fixed loggers at the coast.  

 

Figure 2.1 Common types of electronic tags. 

Acoustic tags operate on a similar principle and distance as radio transmitters, the signals, in this 

case, are pressure waves, which propagate omnidirectionally in water, but not in the air. 

Therefore, the receiver antenna should be submerged into water to detect the tracked animal.    

As with radio transmitters, a fish is detected using a unique sequence of radio frequency (30 kHz 

to 400 kHz), pulse rate or code of transmitter. Those tags are used at sea, lakes, and rivers with 

manual and automatic modes.  The size of the tag depends on the frequency, such that lower 

frequencies have larger diameter resonant elements and vice-versa. With the same function and 

lifetime, the acoustic tag is larger in size than a radio transmitter [23]. It should also be noted 

that the smaller the transmitter, the shorter the battery lifetime, which is true for both the radio 

and the acoustic transmitters. Generally, many kinds of sensors for monitoring physiological 

and/or environmental properties can be used with either radio or acoustic tags [32], [33]. 



20 
 

2.1.2 Archival tags or Data storage tags   

Data storage tags (DSTs) are minimized data logging tags containing a clock incorporated with a 

number of sensors.    The sensors are sampled at predefined intervals and the signals are saved 

in the memory for up to several years.  Unlike the acoustic and radio transmitters, DST does not 

transmit signals, which implies that the underwater animal must be recaptured to obtain the 

logged information from the tag. DSTs are rather unreliable since they typically reach the water 

surface after the fish died, and then it is necessary for the tag to drift to the shore where it needs 

to be found and returned to the indicated address [34].   DSTs are commercially available with 

two-three sensors measuring such parameters as pressure, temperature, light, salinity, earth’s 

magnetic field, compass heading, tilt angle and animal behavior [35]. 

2.1.3 Pop-up Satellite Archival Tags  

Pop-up Satellite Archival Tags (PSATs) were developed to avoid undesirable long-term fish 

disturbances, which can cause stress, decrease in appetite, physical damage and increased 

susceptibility for diseases and retard growth [36]. The tag is detached from the underwater 

animal after a pre-defined time and floats to the surface. The data is then transmitted to polar-

orbiting ARGOS satellites (until the battery is finished). The satellites in turn send this information 

to base stations on Earth, providing the collected recordings measured between the initial and 

the pop-up locations, as seen in Figure 2.2. Although PSATs do not have the same recovery issue 

as DSTs, they are bigger in size, to facilitate satellite communication, which puts restrictions on 

the size and type of the tagged underwater animals.   
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2.1.4 Satellite-linked dive recorders   

Satellite-linked dive recorders (SLDRs) have the same operation principle as PSATs, except that 

they process and send data whenever the fish swims close to the surface [27]. Both PSATs and 

SLDRs are attached externally to the underwater animal body. A summary of all tags and the 

corresponding collected data types is provided in Table 2.1 [23], [39]. 

Electronic tags can be attached to underwater animals via three major techniques, which are 

external attachment,  implantation by surgery (as shown in the Figure 2.3) and gastric insertion 

via the mouth [40],[41]. The selection of a particular tagging technique depends on the 

morphology, size and life phase of particular species, environment, study period, tag type and 

application [23]. For more information the reader is referred to Appendix A. 

Table 2.1 Summary of underwater animal monitoring tags  

Tags Collected Data  

Radio and 

acoustic 

Pressure, temperature, salinity, dissolved oxygen, fish activity inactivity , 

body position, heartbeat rate, differential pressure (breathing and feeding 

activity) swimming  speed, metabolic rate and energy expenditure, behavior  

Archiva/DSTl Pressure, temperature external environment, internal (body), light level, 

geolocation, salinity, earth’s magnetic field, compass heading, tilt angle and 

behavior  

PSAT Time at depth, environmental temperature, geolocation, behavior  

SLDR  Time at depth, swim speed, environmental temperature, behavior 
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Figure 2.2 Principle of fish monitoring using PSAT. The tag records information on depth, water 
temperature and light intensity as the marine animal roams underwater. When the tag floats to 
the surface, the data is transmitted to satellites. Based on this data, information on position, of 
marine animal is retrieved [23]. 

 The magnetic sensing system developed in this thesis could be incorporated into any one of the 

electronic tags presented above. Example applications are measurements of belly-size variations, 

gills or mimic movements. Such data will be useful to evaluate the metabolism of the fish and 

behavioral responses to environmental conditions.  The system will be realized by implementing 

an accurate position measurement by TMR sensors coupled with flexible, lightweight magnetic 

composites. Magnetic Tunnel Junction (MTJ)-based devices offer high signal output, small size, 

low cost, and low power consumption, whereas composite magnets offer a compromise 

between the outstanding magnetic properties of bulk permanent magnets and the elasticity 

and lightweight of polymers [42].  
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a)  b)  

Figure 2.3 a) Non-invasive, external attachment and b) surgical attachment of electronic tags.         

  

2.2 Potential underwater applications  

 

The physical contact between an electronic tag and an underwater organism enables the tag’s 

sensors to record signals of various parameters, such as heart beats, skin humidity or breathing 

rate, which cannot be obtained using visual observation [25-28]. Multi-sensor tags combined 

with large data-storage capacities of logging devices allow several variables to be monitored 

simultaneously with high frequency. This can lead to outstanding breakthroughs in marine 

science in the near future. 

Underwater animal monitoring systems enable the estimation of the growth tendency, health 

problems and demeanor patterns.  This generally requires recording parameters such as fish 

mass, food intake and surrounding conditions [7]. The difficulties associated with monitoring 

underwater animals imply that early symptoms of diseases can be easily missed until a great 

portion of the species is affected and the chances for early curing are lost. It is also difficult to 

create optimal feeding and harvesting methods, because of insufficient information about food 

intake and growth rate. As a result, fish farms could greatly benefit from the development of 
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more effective stock management techniques.  Hence, disease detection has become a research 

focus of the Farm Animal Welfare Council, which is an influential animal welfare advisory body 

[7]. 

Chandroo et al. have reported that fish is likely to possess the ability to suffer, and that, under 

captive conditions, its life quality mostly depends on how much it suffers [9]. However, this 

hypothesis has not been confirmed by clear evidence. Long-term monitoring systems could help 

in obtaining signals that will serve as confirmation of sentience existence, such as fear, pain and 

stress, in various underwater animals. What is certain is that there is a limited scientific data on 

underwater animals that are kept in intensive environments [9]. Certain kinds of behavior are 

assumed to be caused by fear, pain, hunger, thirst and pleasure, which are the states that are 

considered as adaptive products of natural selection [10],[11]. These states help to identify the 

quality of life of marine organisms, where the presence of positive states and absence of negative 

states are considered as good quality of life [11]. Fear is a phenomenon that occurs when species 

perceive danger and generate psychophysiological responses, which motivate them to escape 

[12]. Most of the marine research groups have started referring to the ‘ecology of fear’ [9] 

‘degree of fear’ [13] or ‘cost of fear’ [14], when explaining behavioral changes in prey caused by 

predators.  Nevertheless, up to now, a very limited amount of research has been done that 

directly addresses predator-induced fear [15].   Therefore, bio logging technology could help 

marine scientists to conduct interesting predator-induced experiments.   

Nowadays, marine ecosystems are subject to several threats, such as overharvesting, pollution 

and climate change [16]. The Living Blue Planet Report studies have alarmed that climate change 
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is affecting marine biodiversity [2]. For instance, due to global warming coral reefs have reduced 

by 40% in the world. Some species of underwater animals are already migrating to cooler regions. 

Less fortunate organisms might not find new ranges for survival, due to increasing temperature 

in oceans and more acidic seawater conditions [17]. These changes could lead to different 

physiological responses, behavior, and demographic traits of underwater animals [18]. 

Physiological performance is the main factor showing an organisms’ tolerance to environmental 

shifts. Thus, as climate or environment changes, underwater animals first react according to the 

physiological and behavioral adaptations molded throughout evolution [19]. A vast number of 

investigations is currently being conducted to improve ecological forecasting methods, which can 

be used to support climate adaptation strategies for individual species. Researchers from MIT, 

Doney, Scott C., et al., have concluded that there is a need for span laboratories, manipulative 

small and large-scale experiments, observational networks or historical data synthesis [21]. Such 

small-scale experiments could be conducted at the King Abdullah University of Science and 

Technology by examining the responses of underwater animals to spatial and temporal 

variability: intensity of light, temperature, etc. By drawing conclusions from existing 

investigations on climate change and newly obtained data, a comprehensive knowledge could be 

obtained. 
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Chapter 3 

TMR sensor  
 

 

The Tunnel Magnetoresistance (TMR) effect observed in ferromagnetic tunnel junctions had a 

significant impact on magnetic sensing technology over the past two decades. This effect has 

been widely used for magnetoresistive reading heads, nonvolatile random access memory as well 

as other industrial applications [43-46].  The pioneering research on the TMR effect has initated 

a tremendous interest in this field, since it was first reported by Julliere in 1975. Julliere examined 

the effect of spin polarization on the variation in electrical conduction. By varying the 

magnetization directions in both magnetic layers of an Fe/GeO/Fe junction, he obtained a 

resistance change of 14%. During the early 1990s Miyazaki and Moodera have developed an 

amorphous Al2O3 insulator with CoFe and Co electrodes, which showed 70% of change in 

resistance at room temperature (RT) [48], [51], [52].    

3.1 Principle of TMR effect 

 

A Magnetic Tunnel Junction (MTJ) is composed of an insulator sandwiched between two 

ferromagnetic electrodes.  While the direction of the magnetization of one ferromagnetic layer 

is fixed, the direction of the other layer can change under an external magnetic field; hence, it is 

characterized by a parallel or antiparallel state.  If an electric current is applied, the electrons 

transit from one ferromagnetic layer to another by tunneling. Julliere has assumed that there is 

no spin flipping during tunneling and the electrons’ probability of transition is directly dependent 
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on the product of the density of states of the two electrodes. He stated that if electron states on 

both sides of the barrier are spin-polarized to a parallel configuration, it will be easier to tunnel 

(low resistance state) compared to the antiparallel configuration (high resistance state) [51]. This 

causes a large difference in the resistance as a function of the magnetic configuration of the two 

electrodes.  The simplified cross-section of a magnetic tunnel junction together with the density 

of states is shown for the two configurations in Figure 3.1. 

 

Figure 3.1 Schematic of a tunnel junction with magnetic electrodes sandwiching an insulating 
tunnel barrier. The arrows inside of the magnetic electrodes indicate the magnetization direction 
a) for parallel aligned magnetization, where electrons near the Fermi level with spin up (↑) and 
spin down (↓) can tunnel from majority to majority bands, and from minority to minority bands; 
b) for anti-parallel aligned magnetization, tunneling takes place from majority to minority and 
minority to majority bands, resulting in a decrease of the overall tunneling current.  

The TMR ratio is defined in terms of tunnel resistances in parallel (Rp) and antiparallel states (Rap).  

It can also be expressed in terms of P1 and P3, which are the spin polarizations of the 

ferromagnetic layers (layers 1 and 3 in Figure 3.1): 

                                          TMR= 1 3

1 3
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1
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p
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  .                                                      (3.1) 
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By defining the numbers of the majority (Nmaj) and minority (Nmin) spin electrons, the spin 

polarization is expressed as  

               maj min

maj min

N N
P

N N





.                                                           (3.2) 

The operating principle of TMR sensors relies on the spin valve structure with a pinned and a free 

layer as shown in Figure 3.2 [57]. In the absence of a magnetic field, the direction of 

magnetization of the free layer is parallel to the one of the pinned layer. The resistance across 

the tunnel junction can be calculated by 

0( ) cos( )R R R   ,                                                         (3.3) 

where   is the angle between the magnetization directions of the pinned and free layers, Ro is 

the  resistance-area product, RA, divided by the area of the tunnel junction.  RA is the resistance 

property of layered materials, which has an exponential dependence on the barrier thickness, d, 

and decay length, do[50] ,    

                                            0~

d

d
RA e  .                                                                             (3.4) 

This implies that the thickness of the barrier layer is crucial for determining the sensor’s 

resistance [57]. The TMR reduces precipitously for barrier thicknesses below 2nm [56].  

 



29 
 

 

Figure 3.2 Typical TMR sensor response to magnetic fields.  Arrow across layers represents the 

current flowing perpendicular to the film surface. The electrical resistance is low when the 

magnetization directions of the magnetic electrodes are parallel, causing a large current to flow 

through the barrier layer. When the magnetization directions are antiparallel, the resistance is 

high and, consequently, the current flow low.  

 

3.2 Fabrication of Tunnel Junction  

 

Recent experiments have shown that MgO-based junctions provide much larger TMR ratios than 

those obtained using Al2O3.  In 2004, a TMR ratio of ~200% was achieved using Fe/MgO/Fe and 

CoFe/MgO/CoFe configurations at RT [45], [46], [61], [62].  The performances of MgO and Al2O3 

based MTJs are shown in Figure 3.3.  Butler et al. were the first to demonstrate the large TMR 

ratio of Fe/MgO/Fe junctions by epitaxial growth of Fe on single crystal MgO [63],[64]. 

Meanwhile, National Institute of Advanced Industrial Science and Technology and Canon-Anelva 

have integrated CoFeB and MgO deposition into commercial sputtering tools   [65]. The sharp 

increase in the TMR ratio when using MgO barrier layers has been explained by a symmetry- 

filtering phenomenon or lateral symmetry of wave functions [66]. 
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Figure 3.3 The development of the TMR ratio with Al2O3 and MgO insulators [67]. 

CoFeB/MgO/CoFeB junctions have the highest TMR ratio of all MTJs [63]. Thermal annealing is 

considered as a crucial fabrication step to obtain high TMR ratios [69]. The relationships between 

different annealing temperatures, times and TMR ratios are shown in Figure 3.4.   

 

 

 

. 

 

 

 

            Figure 3.4 The evolution of the TMR ratio at different annealing temperatures and times in 
CoFeB/MgO/CoFeB junctions [66] 
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In this work, MTJs with CoFeB layers and MgO tunnel barrier have been fabricated by members 

of the Sensing Magnetism and Microsystems Group at the KAUST nanofabrication core. The MTJ 

multilayer films were deposited on thermally oxidized Si wafers using a Singulus ROTARIS PVD 

Cluster Tool under pressure below 2.10−8 mbar. The wafers were cleaned in Ar plasma at 5.10−3 

mbar using an RF bias power of 200 W for 15 sec before deposition. All metallic layers were 

deposited in DC magnetron sputtering mode and the MgO layer was deposited in RF magnetron 

sputtering mode. The deposition was performed in Ar atmosphere at 3.10−3 mbar. The uniformity 

of each layer was optimized to be within 2% on 8-inch wafers.    

The structure_thicknesses of the MTJs (in Å) are: 

Wafer/Ta_50/Ru_300/Ta_50/CoFe30_20/IrMn_150/CoFe30_20/Ru_8/Co40Fe20B20_30__ferro

magnetic pinned layer_/MgO_20.5/Co40Fe40B20_t_magnetic free layer_/contact layer. Figure 

3.5 illustrates the fabrication process steps of the TMR sensors. The tunnel junctions were 

patterned utilizing conventional optical lithography and ion milling procedures. The sensors were 

elliptical in shape with lateral dimensions between 8 and 16 µm and either used individually or 

connected in series. After patterning, the samples were annealed at 360 °C for two hours at 10−6 

Torr in an applied field of 8 kOe.    
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Figure 3.5 Fabrication process of TMR sensors utilized in this project: a) magnetic stack 
deposition; b) MTJ pillars definition by ion beam etching;  c) bottom electrode fabrication; d) SiO2 
passivation layer; f) gold top contact deposition. 

 

 

3.3 Characterization and signal stability 

The Manual Transport Measurement Setup (MMS) is utilized to obtain transfer curves of the TMR 

sensors using four-probe measurements in an auto-mechanical stage. The MMS includes  

precision positioners (Cascade, DCM 210 ) with four evenly spaced tungsten metal tips,   bipolar 

operational power supply/amplifier (©Kepco, BOP 100-4M), gaussmeter (  ©Pacific Scientific, 

6010,), sourcemeter (©Keithley Instruments, 2400) and ultrasonic camera  (©Canon, DS 126201) 

as shown in Figure 3.6.  
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Figure 3.6 Probe station to measure magnetotransport properties of TMR sensors.  

A current source (©Keithley Instruments, 2400) supplies current of 1mAthrough the outer two 

contacts of the TMR sensor, while a voltmeter (©Keithley Instruments, 2400) measures the 

voltage across the inner two contacts to calculate the resistance. Figure 3.7 illustrates a TMR 

sensor with 10 MTJs in series and the contacts for the four probe measurements. The MMS 

generates the graph of the resistance as a function of the applied magnetic field. The shape of 

the curve may depend on several parameters, such as the coercive field, Hc, Néel coupling field, 

HF, of the free layer, demagnetizing fields and interlayer fields affecting the free layer. The latter 

is related to the area and aspect ratio of the TMR sensor [70].   

The sensitivity (S) of TMR sensor is defined as the change in resistance (R) per unit change of the 

external magnetic field (H), by 
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R
S

H





.                                                       (3.1) 

To obtain the sensitivity and TMR ratio of sensors and the influence of the number of MTJs 

connected in series, 16 TMR sensors were characterized using the MMS. The results show that 

by increasing the number of MTJs, the TMR ratio reduces, while the sensitivity increases. 

Compared to 1 MTJ the TMR ratio of 1200 MTJs is less by ~ 54%, while the sensitivity is 738~% 

higher. The average numerical values are summarized in Table 3.1.  The increased number of 

MTJs will provide not only more sensitivity, but can also lead to reduced noise [89], providing 

attractive features for monitoring applications. 

 

Figure 3.7 TMR sensor with contacts designed for four probe measurements. The current is 
applied from I+ to I-, while the voltage is measured between V+ and V-.The zoom in shows a series 
configuration of 10 MTJs. The arrows indicate the sensing direction of the sensor.  

The magnetic underwater animal monitoring system will also benefit from a stable TMR 

response.  Thus, it is important to collect and examine the time-varying TMR sensor output 

signals and analyze the degree of variation with time, “drift”. The time-dependent TMR output 
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signals were recorded using a Keithley 2400 Series SMU instrument via an electrical 

interconnection substrate. 

Table 3.1 TMR ratio and sensitivity of in-house fabricated sensors. In case of 10  and 1200 MTJs, 
the sensors were connected in series. 

 

  The sourcemeter data was exported to a spreadsheet via the USB 2.0 memory port. The initial 

types of the electrical interconnection substrates, illustrated in Figure 3.8a and Figure 3.8b, were 

designed with Calculated Structured Design (CSD) software and fabricated using FR4 material. 

The FR4 material was laminated with double sided copper tape to accommodate both wire 

bonded and soldered connections. The contacts of the TMR sensors were wire bonded to the 

substrate, while soldered wire ends were connected to the Keithley 2400 to perform two and 

four probe measurements.   

The advantage of these first two designs is the ease in testing different TMR sensors by simply 

reattaching them with two-sided bonding tape.  On the other hand, the measurement reliability 

is limited by the breakage of soldered and bonded wires. The breakage occurs because the TMR 

sensor is not on the same level as the electrical interconnection substrate.  Any movement of the 

soldered single core wires also leads to unstable and unreliable measurements. 

 1 MTJ 10 MTJs 1200 MTJs 

Average TMR Ratio (%) 65.1 15.3 7.5 

Average Sensitivity (Ω/Oe) 0.59 12.7 436.3 
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Figure 3. 8 The evolution of the electrical interconnection substrates. a) The first type of four 
wire and b)  two wire substrate. c) Optimized four wire measurement substrate. 

 

 The aforementioned issues were eliminated using an optimized interconnection substrate, 

shown in Figure 3.8c, made of Poly(methyl methacrylate) (PMMA ). A CO2 laser cutter (Universal 

Laser Systems Inc.PLS 6.75) was utilized for PMMA patterning, while the conductive contacts 

were implemented with copper tape. The TMR sensor was fixed inside of a specially designed 

rectangular window of the PMMA pad, equalizing the surface of the TMR sensor chip and the 

copper electrodes.    Due to different designated areas for soldering and wire bonding, it is 

possible to perform either of these procedures in any order.  Multiple core wires soldered onto 

the copper tapes are independent from any mechanical movement, providing more stable and 

accurate results. In addition, the proposed design is more lightweight and smaller in size (0.8cm: 

0.6cm), which is advantageous for marine monitoring applications.   

The output signal of the TMR sensor was then measured in an electrically shielded room, which 

reduces the effect of urban electric background, particularly 50/60 Hz AC line noise. To get a 

better understanding of the TMR signal stability, the recordings of short and long time periods 

are systematically investigated. Short term measurements had a duration of one minute, while 
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long term measurements lasted for 24 hours. The time-varying short-term signals tested at 

0.1mA, 0.5mA and 1mA current are shown in Figure 3.9a. The corresponding transfer curve of 

the single MTJ is shown in Figure 3.9b. The statistical analysis of the data shows that increasing 

the current from 0.1mA to 0.5mA, reduces the fluctuations by 75.8%, and when increasing it from 

0.1mA to 1 mA, the fluctuation goes down by 88.6%. The absolute numbers of fluctuations are 

included in Table 3.2 and Figure 3.10a. Table 3.2 also contains other statistical parameters of the 

TMR sensor output.  The statistical analysis provides an elementary way to analyze the signal 

fluctuation, without identifying the type of noise or drift.  In other words, 1mA current generates 

less signal fluctuation than a current of lower value. The dependences of the standard error (SE) 

and the standard deviation (SD) of the MTJ’s resistances as a function of current are shown in 

Figure 3.10 b.  

    

 

Figure 3.9 a) TMR resistance as a function of time at different current values. b) Transfer 
function of a TMR sensor.  
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Figure 3.10 The relationship between a) current and resistance fluctuation; b) current and 
standard deviation/standard error 

 

Table 3.2 Statistical analysis of time-varying TMR sensor output signal. 

 

For the subsequent experiments the optimum current of 1mA was used. Figure 3.11a shows the 

resistance recorded for the period of 24 hours with and without the influence of a permanent 

magnet. The permanent magnet located 2cm away from the TMR sensor has increased the 

resistance value by 0.7 Ohms.  In both cases, the maximum signal fluctuation has found to be ~  

0.014 Ohms, corresponding to ~7.2 %.  The results imply that the magnet has not affected to the 
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long-term signal stability of the TMR sensor. The transfer curve of the TMR sensor with 2 MTJs 

connected in series is shown in the Figure 3.11b.  

 

Figure 3.11 a) Long-term signal stability of TMR sensor with and without the influence of a 
permanent magnet at 1mA and 1V.  b) Transfer function of corresponding TMR sensor with 2MTJs 
connected in series. 

 

The smallest detectable signal, known as sensor resolution [170], can be also estimated by  

Resolution noiseV

S
 ,                                                               (3.5) 

where Vnoise denotes the RMS voltage noise and S represents the voltage-referred sensitivity of 

the sensor defined in Equation 3.1.  Using the obtained values of the time -varying short-term 

signal at 1mA, the resolution of the TMR sensor is ~6.37mOe.  
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3.4 Noise and drift detection  

 

Noise can put major limitations on the performance of TMR sensors for low magnetic field 

applications or long-term measurements.  The Allan deviation analysis [73] is used to readily 

identify the types of noise and drifts of the TMR sensor output signal.  The plot of the Allan 

deviation as a function of the time interval within a measurement set in a log-log format 

represents the sum of all noise sources in the experiment.   

  The Allan deviation analysis is computed by obtaining the time or frequency dependence of the 

noise and drift components and utilizing the power spectral density of the time series and a 

transfer function.   The most general technique is to determine the slope of a log-log graph of the 

Allan deviation versus averaging time, either manually or using the fitting line [73]. The Allan 

variance consists of a two-sample variance constructed  from the mean of the quadratic 

differences of successive values  over sampling periods from interval up to half the largest 

measurement time [74],[75]. In contrast to the standard variance, the Allan variance relies on 

measurement to measurement variations. For N measurements of values Ti with interval 0 the 

Allan variance is: 

       .                                             (2.8) 

Gaussian (white) noise, flicker (1/f) noise, random-walk and steady drift are usually found in 

electronic measurement devices and are of particular interest.  
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 i) The Gaussian noise or “white” noise is given by a section with a slope of −0.5 on the Allan 

deviation graph. It is statistical noise with a probability density function (PDF) being normally 

distributed. Gaussian noise originates from thermal signals of natural sources, such as the 

thermal vibrations of atoms in conductors (thermal noise , Johnson-Nyquist noise) [76]. 

 (ii) Flicker noise or ”1/f noise” is given as a region with a slope of 0 on the Allan deviation 

curve. This noise is dominant at low frequencies and usually encountered in systems with DC 

current. The spectral density is inversely proportional to the frequency.  The noise corner of 

flicker noise meets the Gaussian noise in the 100 Hz–1 kHz region [77].   

 

Figure 3.12 σ-τ-diagram obtained for the TMR sensor output signal. The labels on the right side 
indicate the slope of the curve over a period of 24 hours.  

  

 iii)  Random-walk noise is a type of variation represented with a slope of 0.5. It usually 

occurs in integrated uncorrelated signals and because of short-term temperature variations of 

microwave circuit losses and in amplifier gains [78] 

https://en.wikipedia.org/wiki/Statistical_noise
https://en.wikipedia.org/wiki/Probability_density_function
https://en.wikipedia.org/wiki/Thermal_noise
https://en.wikipedia.org/wiki/Johnson-Nyquist_noise
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iv) Steady drift is a variation represented by a slope of 1. It is an increase or decrease in data 

values over time, which generally occurs because of variations in the instrumentation 

components, as well changes in environmental parameters (humidity, temperature and 

pressure)  [79]. 

For the experimental analysis, the Keithley sourcemeter recorded the data 7 times per second 

over 24 hours period. The corresponding code was created by means of MATLAB files. The source 

code outputs series of Allan deviations and measurement time values, which are used to 

calculate the slopes. The obtained graph of the Allan deviation with the noise slopes is shown in 

the sigma (σ) –tau (τ) diagram in Figure 3.12.  On the basis of the slope values,   a large number 

of slope magnitudes lingers near zero, which suggests the dominance of flicker noise.  The same 

results have been obtained repeatedly after testing other TMR sensor output signals.  

It should be noted that the signal measurement system is limited with respect to the measured 

noise spectrum, which according to Nyquist theorem, extends only to frequencies comparable to 

half of the sampling rate (7Hz).  This constrained data spectrum comprises reduced measurement 

component contributions to the Allan deviation analysis for the shortest sample averaging times 

in comparison to the extended uniform spectrum. This implies that white noise cannot be really 

detected with this method. However, the underlying application does not require the 

employment of high frequencies.  Many accelerometer studies involving fish [171-175] employ 

sampling frequencies ≤32Hz due to battery, data-storage and size constraints associated with 

commercially available tags. Data obtained at such frequencies can detect a relatively simple 

behavior such as resting and swimming or complex behavior such as spawning [175].  
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It was previously reported that flicker noise dominates in Magnetic tunnel junction field sensors 

at low frequencies [81-83], which occurs due to the coupling of electronic processes with 

magnetization fluctuations.  The source of electronic flicker noise could be due to charge trapping 

of electrons in barriers and at material interfaces of tunnel junctions.  During the flow of current 

in MTJs, a portion of the charges is immobilized at barrier defects, slowing down the mobility of 

the carriers. The reason of magnetic flicker noise might be alternating magnetization alignment 

at the interface between pinned and free layers [84].  There are also several reported flicker noise 

reduction techniques.  Both magnetic and electronic flicker noise could be reduced by using micro 

system flux concentrators [86]. Magnetic flicker noise is mitigated by annealing in high magnetic 

fields (7T) and further reduced  by annealing in a hydrogen environment [85], increasing the 

junction area or thickness of the free layer [87],  minimizing the saturation field of the free layer  

or application of a hard-axis magnetic field[88].  Electronic flicker noise could be reduced by 

increasing the number of MTJs in series or parallel [89], by chopping the magnetic signal or 

utilizing the nonlinear response of the transfer function [90].   Although the aforementioned 

methods could greatly minimize the flicker noise in MTJs, each one comes with the inherent 

technical difficulties and trade-offs. A minimization of flicker noise should be achieved during the 

fabrication process nonetheless. 

The TMR sensors with the highest number of MTJs and highest sensitivity, shown in the Figure 

3.13, have been selected for the underwater animal monitoring setup.   
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Figure 3.13 Transfer curves of  in-house TMR sensors with 1200MTJs connected in series  
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Chapter 4 

 

Flexible composite magnets 
 

Permanent magnets provide large remanent fields, but they are bulky, inflexible, restricted with 

respect to the possible shapes and heavy, limiting their applicability. In order to provide a 

versatile solution for magnetic-based underwater monitoring systems without the 

aforementioned problems, we propose the use of composite magnets.  Mixing magnetic fillers 

into a soft and flexible carrier matrix has been recently proposed for a new generation of 

magnetic composites [86],[98],[99]  and exploited in biomedical [110-123], robotics [124-128], 

and automotive [129-131] fields. Besides other advantages, the multi-directional deflection and 

tailored magnetic properties of such flexible composites allow non-invasive, less intrusive 

attachment along the body curvature of marine animals and organisms and serve as integral part 

of monitoring systems.   

 

4.1 Magnetic materials  

The magnetic properties of a material are determined by its response to the presence of an 

external magnetic field. Magnetic domains are regions in the bulk of ferromagnetic substances 

(iron, nickel, cobalt), where the magnetic moments of the atoms are aligned parallel to each 

other as shown in the Figure 4.1. At first, domains are randomly oriented and cancel each other 

out, resulting in zero net magnetic field. When an external magnetic field is applied, the domains 

become aligned in the same direction as the magnetic field, producing a large magnetization 
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value. The magnetization is dependent on the temperature, whereby above the Curie 

temperature materials turn from ferromagnetic to paramagnetic [99]. 

 

Figure 4.1 Magnetic moments in a ferromagnetic material are parallel to each other within 
domains. The domains are randomly oriented  before magnetization and aligned with an 

applied field, leading to a net magnetizing of the material.  

 

  Figure 4.2a illustrates the relationship between the magnetization (M) and an applied magnetic 

field (H) of ferromagnetic matter, which is known as a hysteresis curve. The region enclosed by 

the curve is the hysteresis loop, that is proportional to the energy loss as the ferromagnetic 

material is magnetized with changing polarity.  The main properties of ferromagnetic materials 

are their saturation magnetization, remanent magnetization and coercivity [132]. The remanent 

magnetization (Mr), is the residual magnetization  under zero external magnetic field.   The 

saturation magnetization (Ms), occurs when an increase in the applied external magnetic field, 

H, cannot increase the magnetization of the material any further. After saturation a measure of 

https://en.wikipedia.org/wiki/Magnetization
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Magnetization
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the reverse field required to drive the magnetization to zero is the coercively (Hci). Figure 4.2b 

shows the magnetic induction (B), as a function of the magnetic field (H).   

 

 

Figure 4.2 Hysteresis curves of ferromagnetic materials   a) Magnetization (M)  as a function of 
magnetic field strength (H), where Mr is the remnant magnetization, Hci is the intrinsic coercivity, 
Ms is the saturation magnetization. (b) Magnetic induction as a function of magnetic field, where 
Br is the remnant induction and Hci is the coercivity [177].  

Both hysteresis loops in the Figure 4.2 have common features, except for one important aspect. 

At saturation, the magnetization versus magnetic field curve becomes a straight line with zero 

slope, while the slope of the magnetic induction continues with the fixed magnetic permeability 

of free space [177]. This implies that this curve does not reach a saturation value, even with a 

further increase of the magnetic field.  The relation between the magnetic induction or the 

magnetic field intensity of a material, B, the magnetic field, H, and the magnetization of the 

material (M)   are defined by  

( )oB H M 
,                                                                         (4.1) 



48 
 

where(
o ), is the permeability of free space (4π*10-7 H/m). The total magnetization (M) is 

defined as the magnetic moment (d) over a unit volume (V) by 

1
M d

V 

  .                                                                    (4.2) 

Soft magnetic materials are defined by a high permeability and a low coercivity (Hci< 1000 A/m), 

while hard magnetic materials are opposite to it (Hci >10000 A/m) [134].   Although soft-magnetic 

materials can be easily magnetized and demagnetized with low magnetic fields, they do not have 

a magnetization at zero magnetic field, while the hard magnetic materials remain permanently 

magnetized.  Hard-magnetic materials fall into one of three categories:   rare-earth magnets 

(SmCo and NeFeB), metal alloys (Alnico magnets), and ceramic (ferrite) magnets. Table 4.1 

summarizes the major properties of commonly used permanent magnets. SmCo and NdFeB 

possess high a remanence and coercivity, thereby providing the best permanent magnetic 

properties. SmCo was utilized heavily in the 1960s while NdFeB was developed later in 1980s as 

inexpensive and strong permanent magnet. NdFeB offers high energy product, large coercive 

force and remanent induction [124-126]. Isotropic NdFeB powder is inexpensive mainly due to 

the comparative abundance of Nd and Fe, and it has good thermal aging characteristics [125-

127].The drawback of NdFeB is that its fabrication requires using complex techniques [135]. 
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Table 4.1 Summary of characteristics of most relevant  permanent magnetic materials 

 

   

4.2 Polymer materials  

  

Factors that are crucial during the development of novel materials are, for example, the 

fabrication methods, costs, complexity, yield, and compatibility with existing technologies [135]. 

Polymer materials are known for their rapid and simple fabrication, elasticity,   biocompatibility, 

chemical resistance and ability to be fabricated in different forms and dimensions with minimal 

weight [122], [123]. The most commonly utilized polymers are poly(methylmethacrylate) 

(PMMA), polystyrene (PS), polycarbonate (PC), poly(dimethylsiloxane) (PDMS), SU-8 

photopatternable epoxy, polyethylene (PE), polypropylene (PP), poly(etheretherketone) (PEEK), 

polyurethane (PU) and cyclic-olefin-polymers (COP) or copolymers (COC) [136]. Among all 

Type of 
permanent 
magnet 

Cost Coercive 
force 

(BH)max Mechanical  

Strength  

Temperature  

Stability  

Ceramic Low High Lowest 
(up to 3.5) 

High Moderate 
(Tcurie=460oC) 

Alnico High Low Low (up to 5.5) High  Highest 
(Tcurie=800oC) 

SmCo Very high  High  High  
(up to 32) 

Low-Brittle  Very high  

(Tcurie=750oC) 

NdFeB High 
(1/10th of 
SmCo) 

High Highest 

(up to 50) 

Low-Brittle Moderate  

(Tcurie=310oC) 
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aforementioned elastometers, PDMS is the most widely used for fabrication of magnetic 

composites.      

4.3 PDMS/NdFeB composites  

By merging NdFeB magnetic powder with PDMS, we generate a material that can be permanently 

magnetized, offering both the advantages of hard-magnetic and polymer materials. Therefore, 

NdFeB-based composites have been proposed for applications such as soft MEMs [128],[129] 

microfluidic pressure sensitive valves [130], micromanipulation tools [131] and microrobots 

[104].   

 

4.4 Fabrication of composite magnets 

The fabrication of the composite magnets comprises four steps: molding, particle alignment, 

curing and demolding as shown in Figure 4.3. The fabrication process includes an optional 

optimization step to obtain a higher remanent magnetization than previously reported [122-

124], by particle alignment using a magnetic field, prior to curing. 

The preparation of PDMS (Dow Corning Corp. Slygard® 184) includes mixing the elastomer and 

the curing agent with a 10:1 weight ratio. Composite materials were prepared by dispersing 

NdFeB microparticles (Molycorp MQP-16-7FP, 5 μm average diameter) into the PDMS, and 

mixing them thoroughly by mechanical stirring.   Concentrations of 10 % wt, 50% wt and 70 % wt 

were prepared to study its effects on mechanical flexibility and magnetic properties. The 

composites were patterned by pouring them into poly(methyl methacrylate) molds fabricated 

using a CO2 laser cutter (Universal Laser Systems Inc.PLS 6.75) for rectangular magnets or 



51 
 

Poly(methyl methacrylate) capsules for cylindrical magnets. To improve the mechanical 

properties of the composite magnets, air bubbles were eliminated by vacuum desiccation. 

 

 

Figure 4.3 Schematic of the composite magnets’ fabrication process. The NdFeB-PDMS material 
mixture is formed inside of a PMMA mold. Then it is cured and released from the mold. For 
optimized results, the magnetic particles are aligned prior to curing with a magnetic field.  

 For the optional alignment of the magnetic fillers along a preferential direction, the composite 

is subjected to a unidirectional magnetic field of 1.5 T generated by an electromagnet. Finally, 

the composite is cured at 90°C for one hour. It was found that for the same volume, the weight 

of composite magnets is approximately eight times less than permanent magnet’s . 

The optical microscopy image in Figure 4.4 shows the cross section of a fabricated composite magnet 

with a NdFeB concentration of 50% wt, demonstrating a relatively homogeneous distribution of 

https://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
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the magnetic powder in the polymer matrix. Figure 4 .5a shows the mechanical flexibility of the 

composite magnets, by manual bending. The attachment of a magnetic composite ribbon to a 

giant clam is illustrated in Figure 4.5b. 

 

Figure 4.4 Optical microscopy image of the cross-section of a magnetic composite sample. 

Although it has been found that varying the Nd content can decrease the oxidation rate of NdFeB 

alloys [124], the goal of this study is to develop a more effective solution that does not 

compromise the magnetic properties and maintains the flexibility of the composite magnets. To 

this end different protective coatings were tested, including Parylene C, UV resin, epoxy, acrylic 

and parafilm. The magnetic composites were encapsulated in the following ways: 

1) The Parylene C (poly(dichloro-p-xylylene)) coating was applied using the PDS 2010 

Parylene Deposition System (SCS). With a Parylene granule of 2 mg, a coating layer thickness of 

1 µm was obtained. Further details of this process can be found elsewhere [125].   

2) Clear epoxy adhesive (ALTECO F-05) was applied using disposable polyethylene pipets and 

then cured for 4 minutes at room temperature. 
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3) Flexible photopolymer resin (FLFLGR01, Formlabs) was applied with disposable 

polyethylene pipets. Then, it was exposed to ultraviolet light in a CL-1000 UV Crosslinker for 15 

minutes to cure.   

4) Acrylic (VCF Films) and 5.) Parafilm “M” (American National Can TM) were applied using 

outgassing effects created by vacuum soldering. 

a)       

b)   

Figure 4.5 a) Flexible NdFeB-PDMS magnetic composite ribbon bent by hand b) attached to a 
giant clam (Tridacna maxima).   
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4.5 Magnetic characterization  

A vibrating sample magnetometer (VSM),  pioneered by Simon Foner in 1955,  is a simple yet 

effective technique for characterizing properties of magnetic materials [178]. The composite 

magnet is placed on a long sample holder rod, inside a uniform magnetic field to magnetize the 

magnet, as shown in Figure 4.6[179]. The magnet is then moved by a mechanical vibrator.  The 

oscillatory movement of the composite magnet creates a voltage in the pickup coils. This voltage 

is proportional to the magnetization of the composite magnet. In this work the magnetic 

composites were vibrated with an amplitude of 1 mm and a frequency of 83 Hz, while sweeping 

the applied magnetic field from -20 kOe to 20 kOe.       

 

 

Figure 4.6 Schematic of vibrating sample magnetometer used to study the magnetic properties 
of the composite magnets. The instrument includes electromagnets, pickup coils and sample 
holder. The sample is vibrated along z-axis in the uniform magnetic field [180] and its 
magnetization induces a voltage in the pickup coils. 

The VSM was also used to study the effect of aligning the NdFeB powder by magnetizing the 

samples prior curing.  The magnetic properties were characterized for cylindrical (1cm in height 
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and 0.2 cm in diameter) and rectangular (0.5cm: 0.5cm: 0.2cm)   composite magnets of 1cm in 

height and 0.2 cm in diameter at room temperature. This was done for composite magnets with 

NdFeB concentrations of 10% wt, 50% wt and 70% wt.  The magnetization curves shown in Figure 

4.7 reveal that the composite magnets have the same coercivity (Hci) of (5.4±0.1)kOe, 

independent of the concentration, while the remanent (Mr) and saturation magnetization (Ms) 

have a positive linear relationship with the concentration, as is further detailed in Figure 4.8. 

Since the value of Hci of NdFeB particles is (4.7-5.5) kOe, the results indicate that the magnetic 

properties of the particles are not affected by the fabrication process. It also shows that the 

particles at these concentrations are not interfering with each other magnetostatically. 

For the case of 50%wt NdFeB, the optimization step in which the NdFeB particles are aligned 

before curing the PDMS, has increased the magnetization by nearly 16% (red and pink loops). In 

addition, we found the magnetic properties to be reproducible for different samples from the 

same magnetic composite batch, indicating a homogenous dispersion of the NdFeB powder 

inside of the PDMS. 
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Figure 4.7 Magnetization curves of magnetic composite magnets with cylindrical and rectangular 
shapes. The percentage values indicate the NdFeB powder concentration. The NdFeB powder 
particles were either aligned (optimized) or not aligned (regular) before curing. 

 

In order to study the mechanical properties of the composite magnets, a tensile test was 

performed using an electromechanical pull tester (Instron 5900-Series). Figure 4.9 shows the 

Young's moduli and yield strengths of magnetic composite samples with different NdFeB 

concentrations taken from the stress/strain diagrams. The Young's modulus is increasing with 

increasing amount of NdFeB powder. A similar result was reported for NdFeB/epoxy composites 

[126]. The composites with NdFeB concentrations of 10 % wt show ~1MPa of Young's modulus, 

which is lower than the value previously reported for pure PDMS [127-130].   
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Figure 4.8 Remanent (Mr) and saturation (Ms) magnetization of composite magnets as a function 
of the NdFeB powder concentration. 

  

 

Figure 4.9 Modulus of elasticity and yield strength as a function of NdFeB powder 
concentration. 
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4.6 Magnetic properties of composite magnets in sea water   

 

NdFeB powder is known for its poor resistance to corrosion, limiting its use in underwater 

applications [131], [137]. In sea water, a deterioration of the magnetic properties occurs, due to 

the oxidizing environment, following an inverse parabolic rate law. Biofouling is another process 

that creates adverse effects on immersed magnetic materials, further limiting their utilization 

and accelerating the corrosion [138]. Therefore, the magnetic properties of NdFeB-PDMS 

composite magnets deployed in sea water were investigated for different durations of time. To 

this end, cylindrical composite magnets were made with 50%wt of magnetic powder and 

deployed at the Al Fahal reef in the Red Sea (geographic coordinates: 22.25285, 38.96123) show 

in the Figure 4.a. The results in Figure 4.11 and Table 3.2 show that both the remanence and the 

saturation magnetization follow the same trend and deteriorate quickly, whereby the biggest 

changes happen during the first 3 days. This is the case for both the composite magnets made 

with optimized and regular fabrication processes. During the first 3 days, between 30% and 38% 

of the magnetization is lost. After 51 days around 60% of the magnetization is lost.   

Biofouling on the composite magnets is evaluated using both accumulations of matter in terms 

of the surface area covered and weight of the biofoulants. For biofouling evaluation using ImageJ 

software [134], [135], magnetic composites were captured under white, fluorescent blue and 

green lights as seen in Figure 4.b. Then, the area of the composite magnets’ surface covered by 

biofoulants after 51 days was found to be 13.2%. After scratching it off, measuring the dry weight 

of this matter per area resulted in 10.2 mg/cm2.  
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Figure 4.10 a) Deployment of magnetic composites at the Al Fahal reef in the Red Sea and b) 
Stereoscope images of the composite magnet under white, fluorescent green and blue lights 
after 51 days in Red Sea. 

    

 

 

 

  

Figure 4.11 Saturation and remanent magnetizations of cylindrical composite magnets with 50%wt 
NdFeB powder in sea water. The NdFeB powder particles were either aligned (optimized) or not 
aligned (regular) before curing.  
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Table 4.2 Decrease in magnetization after 3 and 51 days 

 

 

4.7 Polymer based coatings for corrosion protection 

 The capability of the polymer coatings to preserve the composite magnets’ properties was tested 

for 21 days. The results in Figure 4. show that the coatings slow down the corrosion compared to 

the unprotected composite magnets. However, all polymers had limited success in protecting the 

magnetic properties, except for Parylene C, in which case the Mr remained stable over 21 days.  

Therefore, Parylene C was employed for further investigations. Six samples of magnetic 

composites were coated with Parylene C of 2 µm and 4 µm thickness and, as can be seen from 

Figure 4. they show a stable magnetization for 63 days. The obtained results are explained by 

the low water and gas permeability of Parylene C [136],[137]. Parylene C also exhibits a high 

biocompatibility, is optically transparent and highly flexible (∼4 GPa of Young’s modulus) [165], 

which are additional features making it suitable for marine animal monitoring applications. 

 

 
 Saturation Remanence  

3 days 51 days 3 days 51 days 

Optimized 30.42% 60.23% 12.43% 58.89% 

Regular 38.01% 60.23% 37.35% 58.03% 
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Figure 4.7 a) Remanent and b) saturation magnetization of composite magnets coated with 
different polymers and deployed in the Red Sea. 

 

 

Figure 4.8 a) Remanence and b) Saturation magnetization of six magnetic composites coated 
with 2 µm and 4 µm of Parylene C and deployed in the Red Sea 
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Table 4.3 compares the properties of the commercially available permanent magnet (©K&J 

Magnetics, NdFeB Grade N52) with in-house composite magnets. For underwater animal 

monitoring, the low weight and superior mechanical flexibility of composite magnets are of 

special importance. This allows them to conform to the body curvature of marine animals and 

follow their movements while posing less weight burden to them.  Compared to bulky permanent 

magnets, the composite magnets of 50%wt are three times lower in weight, while composite 

magnets of 10% wt are thirteen times lower in weight.   Moreover, magnetic composites have 

higher formability.   The molding techniques utilized in this study allow fabricating different and 

complicated shapes.   These come at the expense of weaker magnetic properties of composite 

magnets.  

Table 4.3 The comparison of the commercial magnet and in-house composite magnets of the 
same volume (V=0.13cm3) and different concentrations. “Green” is advantageous, while “red” is 
disadvantageous property for underwater animal monitoring).  

 Commercial magnet 

(V=0.13cm3) 

Composite magnet (V=0.13cm3) 

70 % wt 50 % wt 10 % wt 

Weight (g) 1.27 0.62 0.44 0.094 

Mr (emu/cm3) 162 31.69 

 

24.38 2.462 

Modulus of elasticity 
(MPa) 

150000 9 5 1 

Formability  Low [189] High 
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Chapter 5  

Optimal position estimation   
 
Since the TMR sensors have the highest sensitivity in a specific direction, and the composite 

magnets exhibit a direction-dependent field, their positioning with respect to each other has a 

strong influence on the sensing system’s performance. Therefore, modeling the magnetic field 

effects of the composite magnet with respect to the position of the magnet and TMR sensor will 

allow to optimize the underwater monitoring system. In this chapter simulations of the magnetic 

field generated by cylindrical, spherical and cuboidal PDMS-NdFeB composites magnets of 

different volumes are carried out and analyzed with respect to sensing system sensitivity.  

5.1 Modeling and Simulation  

Geometries 

The magnetic fields of cylindrical, cuboidal and spherical PDMS-NdFeB composite magnets have 

been studied using COMSOL Multiphysics finite element software. Magnets with small 

(<0.25cm3), medium (>0.25cm3 and <0.5cm3) and large (>0.5cm3 and <0.1cm3) sizes have been 

modeled, as summarized in Table 5.1. 

Table 5.1 Dimensions and shapes of the modeled composite magnets  

   

 Small(<0.25cm3) Medium (>0.25cm3and 
<0.5cm3) 

Large (>0.5cm3 and <0.1cm3) 

Cylinder r=2mm, h=11mm r=2mm, h=14mm r=3mm, h=16mm 

Sphere r=3mm r=4.5mm r=6mm 

 Cuboid 5mm:5mm:2mm 10mm:10mm:3mm 13mm:13mm:5mm 
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Physics. The underlying physics of the magnetic field simulations follow Maxwell’s equations. For 

regions without macroscopic current density J, the magnetic field is found by  

                             0,  H                                                                                (5.1) 

and flux density is determined by 

                                                             0B  .                           (5.2) 

The magnetic field strength can also be derived in terms of the scalar magnetic potential (Vm) , 

by  

mH V   .                                 (5.3) 

As it was mentioned in the chapter 4, the magnetic flux density and magnetic field are related via 

the constitutive relationship 

                                                                 0B H M  ,                            (5.4) 

where 𝜇0 is a permeability of free space. By substituting Equation 5.3 and Equation 5.4 into the 

divergence condition of the magnetic field flux density (Equation 5.2.),   the expression for Vm can 

be evaluated as  

                                                 0o m o oV M      .                                                        (5.5) 

Therefore, the magnetic field flux density inside and outside of the magnetic composite can be 

estimated.  In the simulation, it is assumed that the magnet is uniformly magnetized, which 

means the magnetization is constant everywhere inside of the magnet. 
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3D symmetry.  Since the magnetic field distribution is characterized by two symmetric planes (xy, 

yz planes) and one anti-symmetric (xz plane) plane, as shown in Figure 5.1, a 1/8th-fractional 

symmetry can be exploited in the model. To obtain the final results, geometry/physics/results 

are mirrored across the planes.  

 

Figure 5.1 3D schematic of the cylindrical magnet. Symmetric planes of the magnetic field 

distribution are the xy and yz planes, while the xz plane is an antisymmetric plane. The 

magnetization is aligned along the y direction, 

The magnetization of composite magnets. The composite magnets have a PDMS:NdFeB mass 

ratio of 1:1 and a density ratio of 1:7 [166]. The volume fraction of NdFeB is therefore 12.28%  

(Volume(NdFeB) = 0.14*100 / 1.14 =12.28%). This implies that the homogeneous magnetization of 

the composite magnet is 12.28% of the remanent magnetization of NdFeB powder. The dipole 

moment of a composite magnet with a volume of V=0.05cm3 has been measured using the VSM 

and was found to be 5emu (Figure 5.3).   The remanence magnetization is, therefore, 100kA/m 
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(Mr=d/V, where “d” is dipole moment and “V” is a volume). In order to investigate the effect of 

volumes, the magnetization of 100kA/m2, has been used for all simulated geometries.  

Sensitivity calculation. The goal of the simulation is to find the optimum position and alignment 

of the composite magnet and TMR sensor with respect to a high sensitivity to the magnet’s 

displacement. This simulates, for instance, monitoring of the belly movement of a fish. To this 

end, the TMR sensor output signal is evaluated for a displacement of the composite magnet by 1 

mm. Thereby, the magnetic field change is obtained from the COMSOL simulation and the TMR 

sensor output is obtained from the transfer curve (Figure 3.13) 

Simulation. 

The following sequence of steps was performed during the simulation:  

1) Building the geometries of pre-defined volumes and simulation regions. 

2) NdFeB material with a relative permeability of 1.05 [168], [169] was chosen to represent the 

magnet, while the surrounding environment was air.  Add a picture of the model and label the 

parts accordingly. 

3) The software-specific physics interface was defined by selecting magnetic fields and no 

currents, while the magnetization of the magnet was set to 100 kA/m2. The boundaries, magnetic 

insulation and zero magnetic potential conditions were applied to the symmetric and 

antisymmetric planes, respectively.  

4) The “fine mesh” was utilized to obtain an accurate computation of the magnetic field and flux 

density (Figure 5.2). 
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Figure 5.2 Fine meshed structure of the cylinder embedded in a box of air with a lower mesh 
resolution. 

  

 
 

Figure 5.3 Magnetization curve of a cuboidal composite magnet  (<0.05 cm3) obtained using a 
VSM. A magnetizing field of 15000 Oe (1.5 T) was applied and a remanence of  ~5emu was found.  
The inset shows the cuboid NdFeB – PDMS composite magnet.  

5) The simulation results were 3D mirrored to generate the data of the symmetric and 

antisymmetric parts of the magnets. The magnetic flux density (B) distribution in one of the 2D 
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planes of the magnets was visualized. 

 6) The optimum position of the magnetic sensor and composite magnet with respect to each 

other, is the one where a movement of either the sensor or the magnet results in the highest 

signal change. In order to determine this optimum position, the magnetic field change per 

millimeter was calculated from the simulation results for an imaginary grid, as shown in Figure 

5.7. 

 

5.2 Results  

The magnetic flux densities of a cylinder, sphere and cuboid are shown in the Figure 5.4, Figure 5.5 and 

Figure 5.6, respectively. In all three cases, it can be clearly seen that the magnetic field outside of 

the magnets strongly depends on the positions, and they quickly decrease with increasing 

distance from the magnet. It is also important to note that the field is mainly concentrated at the 

top and bottom faces in case of the cylinder and cuboid, whereas it is relatively homogenous 

around the sphere.  
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Figure 5.4  The distribution of magnetic flux density of a cylinder that is magnetized in the y- 
direction. The arrows in the magnet show the direction of magnetic flux density. The color bar 
indicates the magnitude of the magnetic flux density in Tesla (T).    

 

 

Figure 5.5The distribution of magnetic flux density of a cylinder that is magnetized in the y- 
direction. The arrows in the magnet show the direction of magnetic flux density. The color bar 
indicates the magnitude of the magnetic flux density in Tesla (T).    
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Figure 5.6 The distribution of magnetic flux density of a cylinder that is magnetized in the x- 
direction. The arrows inside of the magnet show the direction of magnetic flux density. The color 
bar indicates the magnitude of the magnetic flux density in Tesla (T).    

 

For a more quantitative study, the field outside of the cylindrical magnet is measured along the 

x and y- axis as shown in Figure 5.7.  The magnetic field strengths outside of the magnetized 

cylinder in both directions are illustrated in Figure 5.8a and Figure 5.8b, respectively. The 

sensitivity to changes in the position of the magnet with respect to the TMR sensor is 

proportional to the slopes of those curves. Hence, in the x-direction, a position at y = 6.5 mm, 

and in the y-direction, a position of x = 0, are the best locations for positioning a TMR sensor. 
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Figure 5.7 Cylindrical magnet (green box) with respect to x and y- axis. The center of the 
cylinder corresponds to x=0 and y=0.       

 

 

Figure 5.8 Magnetic field strength outside of the magnetized cylinder in a) x-direction and b) y-
direction.   

   

A more detailed analysis is given in the appendix. From the graphs in Appendix B , it can be seen  

that in case of the cylindrical magnets the maximum change per one millimeter occurs in the 
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vertical y-direction. For a small cylinder ( r=2mm, h=11mm), the maximum change is 27.63 Oe at 

x=0mm and 6.5mm<y<7.5mm. For a medium cylinder (r=2mm, h=14mm), the maximum change 

is 14.48Oe   at x=0mm, 7mm<y<8mm. For a large cylinder (r=3mm, h=16mm) the maximum 

change is 11.05Oe at x=0mm, 8mm<y<9mm. 

From the results shown in Appendix C, it can be seen that in the case of spherical magnets the 

maximum change per one millimeter occurs in the vertical y-direction. For a small sphere 

(r=3mm), the maximum change is 58.33Oe at x=0mm and 3mm<y<4mm. For a medium sphere 

(r=4.5mn), the maximum change is at 45.92Oe at x=0mm and 4.5mm<y<5.5mm. For a large 

sphere (r=6mm), the maximum change is 38.37Oe at x=0mm and 6mm<y<7mm. 

From graphs shown in Appendix D, it can be seen that in the case of cuboidal magnets, the 

maximum change per one millimeter occurs in the vertical x-direction.  For a small cuboid (5:5:2) 

the maximum change is 27.63Oe at z=0mm and 3mm<x<4mm. For a medium cuboid (10:10:3), 

the maximum change is at 22.11Oe at x=6.5mm and 5mm<z<6mm. For a large cuboid (13:13:5), 

the maximum change is at 19.54Oe at x=0mm and 7mm<z<8mm. Table 5.2 shows a summary of 

all aforementioned results.  

Another interesting trend that can be deduced from the results is that independent of the shape 

of the magnet, an increase in volume results in a reduction of the magnetic field change per one 

millimeter in the y-direction and an increase in the x-direction. This can be seen in Appendix B, 

Appendix C and Appendix D.  
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Table 5.2 The maximum change in magnetic field per millimeter for the tested composite magnet 
geometries 

  

To summarize the obtained results, Figure 5.8 shows the theoretically optimal positions to place 

a TMR sensor with respect to a composite magnet. The TMR sensor should be placed in the region 

marked with the red dots.  In this region a magnetic field change per millimeter occurs evenly in 

the x and y- directions. The area where the maximum change per millimeter occurs only along 

the vertical y –direction is indicated by black dots.   

 

 

Small (<0.25cm3) Medium (>0.25cm3and 
<0.5cm3) 

Large (>0.5cm3 and 
<0.1cm3) 

Magnitude 

(Oe/mm) 

Location 

(mm) 

Magnitude 

(Oe/mm ) 

Location 

(mm) 

Magnitude 

( Oe/mm ) 

Location 

(mm) 

Cylinder 27.63 x=0 

6.5<y<7.5 

14.48 x=0,  

7<y<8 

11.05 x=0 

8<y<9. 

 

Sphere 58.33 x=0 

3<y<4 

45.92 x=0 

4.5<y<5.5 

38.37 x=0 

6<y<7 

Cuboid 27.63 x=0 

3<y<4 

27.63 x=0 

5<y<6 

19.54 x=0 

7<y<8 

Volume 

Shape 

ee 
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Figure 5. 9 Theoretically optimal positions of a TMR sensor with respect to a composite magnet 
for obtaining the highest sensitivity to position changes. The green rectangle represents a 
composite magnet of any shape and volume.  The red dots indicate the region where the 
magnetic field change per mm is almost the same in both directions. The black dots are positions 
where the maximum change occurs only in the y-direction.   

 

Next, the output signal of a TMR sensor is calculated for a position change of 1 mm with respect 

to a composite magnet. The sensor is biased at 1 mA resulting in a sensitivity of V/H=0.436 

V/Oe (Table 3.1).  If a small cylindrical magnetic composite is placed at the position where the 

maximum change of the magnetic field occurs (black dots in Figure 5.8), i.e. H/ y=27.63 

Oe/mm, a TMR sensor signal of 12V/mm is obtained. If a small cylindrical composite magnet is 

placed inside the area indicated by the red dots in Figure 5.9, then the TMR sensor output ranges 

from 0.4 V /mm to 3.5 V / mm. 

The maximum distance, L, at which it is still possible to detect the composite magnet’s 

displacement by 1mm can be estimated by finding the point P where the change in magnetic 

field per millimeter is equal to the resolution ( ( ) ResolutionH P  ), as shown in the Figure 
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5.10.  Using the graphs in Appendix B, C, D and sensor a resolution of 6.37 mOe, the maximum 

distances are 1 cm for small and 1.5 cm for medium and 2 cm for large magnets, respectively. 

 

Figure 5.10 Schematic to find the maximum distance at which the position change of 1 mm of a 
TMR sensor can still be detected. 
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Chapter 6 

Realization of magnetic monitoring system 
 

6.1 Model setup 

The first experiments of the novel magnetic sensor system were done on a 3D printed fish model. 

3D clown fish models were designed using .stl files in Preform software [181] as shown in Figure 

6.1a. The fish model was obtained using 3D printing technology (Ultimaker, model and Formlabs, 

model) with nylon and clear resin (company, FLGP CL02).  The middle section of the fish was then 

removed with the rotary cutters of a milling machine to create a cavity as shown in the Figure 

6.1b 

         a)  b)  

Figure 6.1a) A clown fish modeled in Preform software; b) Cavity in the middle section of a 3D 
printed fish that was covered in the next step with a balloon to model belly size changes. 

 

To imitate the fish belly, a balloon was manually cut to close the cavity. When pumping the cavity 

with nitrogen gas, the balloon expanded simulating a change in the fish belly’s circumference.  
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Figure 6.2 Model fish a) without and b) with a gas filled cavity. 

 

An experimental setup was constructed by attaching a TMR sensor and a cylindrical composite 

magnet with 50wt% NdFeB concentration (r=2mm, h=1.1cm, Mr=5emu/cm3) magnetized along 

its long axis to the belly of the fish model.  The changes of the output signal of the TMR sensor 

were used to track the belly movement.  

The sensor and magnet were tested at different belly positions to examine possible paths of 

motion for detecting a magnetic field and confirm the location of maximum sensitivity.    For this 

purpose, a four-wire monitoring system with a sourcemeter (©Keithley Instruments, 2400) was 

used. Figure 6.2 depicts six belly positions.  When the sensor and magnet were located on the 

same side of the belly, in a way that the magnetic lines of flux were parallel to the sensing 

direction of the device as shown in “Position 1” ( Figure 6.2a), the resistance values of the TMR 

sensors showed a clear dependency on the belly movement.  This is the location that was found 

as the optimal position by simulation in chapter 5.    In the “Position 2” shown in the Figure 6.2b,   

the magnet was placed 0.25cm below the optimal position. In this case, the resistance values 
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have reduced by a factor of two compared to the optimal “Position 1”.  The following trials 

included rotation of magnet by 90oC (Position 3), mounting the magnet below the sensor 

(Position 4),  increasing the distance between the magnet and  sensor (Position 4) as shown in 

the Figure 6.2c, Figure 6.2d and Figure 6.2e, respectively. The TMR sensor showed changes in the 

output signal with belly movement in all those positions, indicating the versatility of the magnetic 

monitoring system. The best results were obtained from the optimal “Position 1”, confirming the 

results obtained in the modeling and simulation section. When the sensor and magnet were 

located at opposite sides of the belly in a way that the magnetic lines of flux were perpendicular 

to the sensing area of the device (Figure 6.2f), the TMR sensor showed no change in the output 

signal. 

 “Position 1” was used to obtain the TMR sensor output voltage as a function of the distance 

between the composite magnet and the sensor, as shown in Figure 6.3.  A video link showing the 

sensor signal with growing belly size can be found in Appendix E. 

The setup was further improved by repeating the same experiments in an aqueous environment 

using four-wire measurements as seen in Figure 6.5. PMMA aquarium fabricated using CO2 laser 

was filled with DI water and another fish model was placed inside. The nitrogen gas was pumped 

in and out without generating any air bubbles in water.  The TMR sensor with optimized PMMA 

electrical interconnection substrate described in chapter 3 was coated with clear epoxy.  This 

provided a good water protection and   the measurement were successfully recorded with the 

same trend as in Figure 6.4  The video link can be found in Appendix D. 
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Figure 6.3 TMR sensor and composite magnet tested at different belly positions. “Position 1”  
was found to be the most effective configuration to track the belly movement, confirming the 
simulation results. 
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Figure 6.4 The TMR sensor output voltage as a function of the distance between the sensor and 
the composite magnet.   

  

 

Figure 6.5 Four-wire underwater monitoring setup with model fish. 

 

6.2 Giant clam monitoring 

The magnetic monitoring system was tested on a giant clam Tridacna maxima, which is the 

largest bivalve living in near association with coral reefs (Figure 6.6) [157].  The giant clam is a 

filter feeder, which uses the siphon to generate a current and gather nutrients from the water. 
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The siphon edges detect rapid changes of luminosity using a build-in sensory system [182]. The 

morphology of a giant clam is shown in Figure 6.7. 

 

Figure 6.6 Giant clams living in a shallow reef of the Red Sea and in an aquarium 

 

 

Figure 6.7 Morphology of giant clam [183] 

 

 The mantle of the giant calm is outside of the shell and is very prone to attacks by predators. 

Due to their vulnerability, giant clams hide inside their shells, which was explained as an inherent 

refuge from perceived threats [156]. The hiding time is defined as the period between when the 
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clam is fully closed and when the mantle reemerges and returns to a relaxed state [155]. The 

clam retracts in its shell, upon detection of a potential predator, it also expulses water of the 

excretory siphon.  Both mechanisms consume energy and reduce the potential for 

photosynthesis. These iconic invertebrates have ecological importance and are used as flagship 

species—focusing attention on current disruption and biodiversity of coral reefs   [158-161]. 

Research on giant clams has mainly been carried out on studying their biology and nutrition 

[157], and there is a lack of research that provides behavioral insights of giant clam,  which is 

crucial for their conservation, restocking efforts and fine-tuned mariculture methods.    

Some basic investigations were conducted before using manual techniques, such as pushing/ 

poking and recording the hiding time using a stopwatch.   As a result, it was concluded that most 

of the clams remain closed for less than 30 seconds.   However, due to visual observation, these 

results are prone to error and inaccuracy. In addition, these methods do not allow to study the 

natural behavior of the giant clams.  

Using a reliable underwater magnetic monitoring technology, a much richer set of data could be 

obtained providing deeper insight into understanding of this species. With the magnetic 

monitoring system developed in this thesis, the following response variables are of particular 

interest: 

 Total time “open” in day and night; 

 Mean time “open” without “closing” in day and night; 

 Time to “open” after “closing” in day and night; 

 A number of times it “closes” in day and night. 
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Initially, the TMR sensor and magnet were glued onto flexible aluminum rod tips and attached to 

both shells of a giant clam as shown in Figure 6.8. This was done as a precautious measure to 

prevent damage to the mantle. While the mantle itself is sensitive, there are also dinoflagellates 

algae living on the mantle, which is responsible for photosynthesis and the well-being of the giant 

clam [184]. 

The experiments have been conducted in a seawater aquarium filled to the highest level (50cm). 

The temperature in the aquarium was kept between 26°C and 27°C. The lights’ intensity has been 

controlled using an LED lighting system (© Radion, XR30w PRO) mounted 22.9cm above the 

water.  A TMR sensor with 1200 MJTs and a TMR ratio of 13.66% was coupled with a composite 

magnet (< 0.5cm3). The TMR sensor was coated with clear epoxy to protect it from the harsh 

environment.   A  Keithley 2400 was used to perform long-term DC four –probe measurements.  

 
 

Figure 6.8 a) Closed, b) half-open and c) open giant clam with TMR sensor and the composite 

magnet attached using an aluminum rod.  

 

Over a period of two months “baseline data” was collected, referring to the signals obtained 

without causing any external disturbances to the giant clam.  Figure 6.9 shows plots of the TMR 

sensor’s resistance as a function of time, where the top region of the graph represents the “fully 
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open” state, while the bottom is the “fully closed” state. These two regions are separated by a 

green line, which represents the half-open state. The day time is defined from 7am to 8pm.  The 

valves movement produces large signal changes of ΔR≈600Ω. Some signal drift can be observed, 

which could be potentially eliminated using low-frequency measurement circuits like chopping 

techniques (operational amplifier OPA2333 family) to provide a low initial offset voltage and 

near-zero drift over time and temperature [162]. 

 The setup was improved by introducing the EpoPutty (©Alteco, A+B 2part Adhesive), which is a 

clay type two parts epoxy putty adhesive. Its usage is considered safe for aquatic life and it can 

be cured under water [163]. TMR sensor and composite magnet were, therefore, directly 

attached to the mimic of giant clam as shown in the Figure 6.10. 

After the baseline experiments, the behavior of the giant clam was also examined by stimulating 

it with another marine animal. To this end, a caged crab was placed in the aquarium at a distance 

of 15-20cm away from the clam.   The aim was to identify whether the giant clam can sense the 

locomotion of the crab and, thereby, alter its behavior. Figure 6.11 represents the giant clam 

behavior in response to the presence of the threat. 
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Figure 6.9 Giant clam behavioral monitoring over a duration of (a) 24 hours and (b) 21 hours. The 
measurements were obtained with an in-house made TMR sensor and a large cylindrical 
composite magnet (>0.5cm3).   

 

Figure 6.10 Attachment of the TMR sensor and composite magnet to a giant clam using 
biocompatible EpoPutty adhesive 
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Figure 6.11 Giant clam behavior when a caged crab is nearby over a duration of 24 hours 
monitored by a TMR sensor and composite magnet.  

 

 

 

6.3 Giant clam behavior  

In the day time, once the giant clam opens, it remains open for ~3.5 hours on average. In total 

~88% of the day time it stays open. Meanwhile, it spends only half of the night time being open 

(~50% on average). The baseline data also suggests that the giant clam is more active at night, 

and more relaxed during the day. This can be concluded from the response variables summarized 

in Table 6.1, which shows that at night it closes more frequently and spends less time to open 

again than during the day time. 

Table 6.1 Response variables of giant clam, describing its normal behavior. 

 Night (11hours) Day (13 hours) 

Total time open   ~5.5  h ~11.5h     
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Mean time open without 

closing  
~30 min ~3h 

Time to open after closing ~11.5 min   ~17.5 min 

Number of closing times   ~14   ~8   

 

With the crab placed next to it, the giant clam showed considerably different behavior.  

Compared to its “normal behavior”, it had spent less time being open and more being closed.  To 

be more precise, the giant clam had spent ~73% of the day time being open.  Meanwhile, it 

remained open only ~12% of the night time.  Moreover, since at night it showed an erratic 

response, spending most of the time in the closed state, it is difficult to estimate the time to open 

after closing as seen in Figure 6.11.    

Table 6.2 Response variables of giant clam with a crab placed nearby 

 Night (11hours) Day (13 hours) 

Total time open   ~1.3  h    9.5  h 

Mean time open without closing  ~10  min ~1 h 

Time to open after closing   - ~12 min 

Number of closing  times  ~12   ~18  

 

Giant clams are mixotrophs (both autotrophs and heterotrophs) and adult Tridacna gigas acquire  

about 2/3 of their energy requirements from autotrophy [187]. Tridacna maxima, used in this 

experiment, resides in shallow water and is primarily an autotroph [185]. Thus, T. maxima attains 

the majority of its energy during the day and only when its mantel is extended, which only occurs 
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when it is open. However, being open also makes it vulnerable to predators [186]. It would be 

expected that clams stay open longer, and close less during the day when they are acquiring the 

majority of there energy from autotrophy. At night they are only acquiring energy from 

heterotrophy by filtering organisms from the water column. Attaining the necessary resources 

for metabolism, growth and reproduction is a trade-off between staying open and closing to 

reduce injuries and mortality from predators. Results show that crabs induced a greater 

reduction in time closed during the night because the clam is not acquiring a lot of energy during 

the night. However the clam needs to stay open during the day to attain its required energy and 

thus the crab had less effect on how long the clam remained open during the day (ie. clam needs 

to take more chances during the day). Although the overall time open in the day did not reduce 

by much in the presence of the crab, it closed more times when a crab was present, thus reducing 

the chance of predation, but still attain energy from autotrophy. 

The obtained set of data provides more detailed information regarding the behavior of giant clam 

than has been available before and confirms the simplicity, reliability and applicability of the 

underwater magnetic monitoring system.  
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Chapter 7 

Conclusion and outlook 
 

Traditional methods for marine animal observation can only provide limited information on the 

animals’ behavior. This lack of fundamental knowledge on the behavior of underwater species 

together with the environmental changes the marine life is face with urges the development of 

more potent monitoring systems.  

In this thesis, a magnetic sensing system is introduced for underwater animal monitoring. The 

advantages of the magnetic approach are a high tolerance of fish to magnetic fields and the 

measurable magnetic properties exhibited by magnets in water.  The magnetic monitoring 

system consists of an in-house made TMR sensor, the most sensitive solid-state sensors today, 

and novel flexible composite magnets.  

The magnetic monitoring system is based on the detection of the field emanating from the 

composite magnet by the sensor. This detection is highly sensitive to position or orientation 

changes of either the sensor or magnet or both of them. By exploiting this principle, numerous 

monitoring tasks can be accomplished. Both of the magnetic monitoring system’s components 

were optimized for underwater operation.  

The proposed system can be applied to and allows investigating of differnt kinds of underwater 

species. This is mainly due to the novel elastic composite magnets. Unlike conventional 

permanent magnets, composite magnets are flexible and lightweight.  This allows them to 

conform to the body curvature of marine animals and follow their movements, while posing less 
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weight burden to them.  Composite magnets can also be tailored to any shape, keeping sufficient 

amount of magnetization.    

The NdFeB-PDMS composite magnets are optimized for applications in corrosive marine 

environments. The magnetic and mechanical properties are studied for different NdFeB powder 

concentrations and the performance of the magnetic composites for different exposure times to 

sea water is systematically investigated. Without protective layer, the composite magnets loose 

more than 50% of their magnetization after 51 days in seawater.  The durability of the composite 

magnets can be considerably improved by using polymer coatings which are protecting the 

composite magnet, whereby Parylene C is the most effective solution, providing simultaneously 

corrosion resistance, flexibility, and enhanced biocompatibility. A Parylene C film of 2µm 

thickness provides a sufficient protection of the magnetic composite in corrosive aqueous 

environments for at least 70 days. 

For maximizing the performance of the system, the optimal position of the composite magnets 

with respect to the sensing direction of the sensor has been estimated theoretically, by using 

finite element modeling software and experimentally, on a 3D fish model. Thereby, the magnetic 

sensing system has been practically implemented for underwater monitoring of the belly size of 

a model fish and for monitoring the behavior of the largest living bivalve, giant clam (Tridacna 

maxima) in an aquarium. In both of these experiments, the sensing system showed a high 

performance, indicating its feasibility and future potential for novel marine monitoring 

applications. The  ecologically important giant clam spends all its life submerged and the behavior 

of such animal is logistically difficult to investigate. In the course of this thesis, the magnetic 

monitoring system has collected a set of data over two months, which enables describing the 
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“normal” behavior of the giant clam, i.e. the duration and the rate of opening and closing during 

day and night time periods.  

In addition, the first attempts on investigation the “ecology of fear” were performed, by testing 

behavioral changes of the giant clam when a potential predator is nearby.  The results show a 

largely different behavior of the clam in this situation, which spends much more time in the 

closed state. Since giant clams live in a very small depth band (1-3 meters) in nature and due to 

the proposed increase in UV light as climate changes, future work will include a series of 

experiments with varying intensity of light.  Different underwater species are scheduled to be 

safely investigated by attaching TMR sensors and flexible magnetic composite magnets using a 

biocompatible adhesive (Aronalpha-A Sankyo, Toagosei, Tokyo, Japan).  The magnetic 

underwater monitoring system is planned to extended for wirelessly measurements by 

integrating it into commercially available electronic tags. One of the challenges when monitoring 

moving animals will be the effect of the Earth’s magnetic field, which affects the TMR sensor 

output signal. The methods for discerning the monitored animal signals from the effects of the 

Earth’s magnetic field will have to be determined. Additional opportunities for improving the 

underwater animal monitoring system in the future are in the development and employment of 

flexible TMR sensors. 
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 [125] B. Ślusarek, I. Dudzikowski, Application of permanentzmagnets made from NdFeB powder 
and from mixtures of powders in DC motors. J. Magn. Magn. Mater. 239, 1 (2002)  

[126] Ma, B. M., et al. "Recent development in bonded NdFeB magnets." Journal of magnetism 
and magnetic materials 239.1 (2002): 418-423. 

[127] Rahbar, M., H. Y. Tseng, and B. L. Gray. "High-aspect ratio magnetic nanocomposite polymer 
cilium." SPIE MOEMS-MEMS. International Society for Optics and Photonics, 2014. 

[128] Khosla, Ajit. Micropatternable multifunctional nanocomposite polymers for flexible soft 
MEMS applications. Diss. Applied Science: School of Engineering Science, 2011.     

[129] Khosla A, Gray BL (2012) (Invited) Micropatternable multifunctional nanocomposite 
polymers for flexible soft NEMS and MEMS applications. ECS Trans 45(3):477–494  



101 
 

[130] Hilber, W., and B. Jakoby. "Controlled liquid flow in a microfluidic network with pressure 
sensitive valves based on polydimethylsiloxane (PDMS)/neodymium (NdFeB) 
composites." Procedia Engineering 47 (2012): 382-385.  

[131] E. Diller, M. Sitti, Three-dimensional programmable assembly byuntethered magnetic 
robotic micro-grippers. Adv. Funct. Mater.24, 28 (2014)  

[132] Gray B L 2014 A Review of Magnetic Composite Polymers Applied to Microfluidic Devices J. 
Electrochem. Soc. 161 B3173–83 

[133] Ho B and Kjeang E 2011 Microfluidic fuel cell systems Cent. Eur. J. Eng. 1 123–31 

[134] Ashby M F, Messler R W, Asthana R, Furlani E P, Smallman R E, Ngan A H W, Crawford R J 
and Mills N 2009 Engineering Materials and Processes Desk Reference (Butterworth-Heinemann 

[135] Zheng P 2004 Magnetic MEMS and its applications Thesis (Florida State University) 

[136] Tsao C-W and DeVoe D L 2008 Bonding of thermoplastic polymer microfluidics Microfluid. 
Nanofluidics 6 1–16 

[137] Drotlef, Dirk‐Michael, Peter Blümler, and Aránzazu del Campo. "Magnetically actuated 
patterns for bioinspired reversible adhesion (Dry and Wet)." Advanced Materials 26.5 (2014): 
775-779.                                                                                       
 
[138] Muljadi, Priyo Sardjono, and Suprapedi. "Preparation and characterization of polymeric 
composite permanent magnet Nd2Fe14B." AIP Conference Proceedings. Vol. 1719. No. 1. AIP 
Publishing, 2016.   

[139] Jacobson, J., and A. Kim. "Oxidation behavior of Nd‐Fe‐B magnets." Journal of applied 
physics 61.8 (1987): 3763-3765 

[140]Bender, Florian, et al. "On-line monitoring of polymer deposition for tailoring the waveguide 
characteristics of love-wave biosensors." Langmuir 20.6 (2004): 2315-2319. 

[141] Grujić, A., et al. "Mechanical and magnetic properties of composite materials with polymer 
matrix." Journal of Mining and Metallurgy B: Metallurgy 46.1 (2010): 25-32. 

[142] Johnston, I. D., et al. "Mechanical characterization of bulk Sylgard 184 for microfluidics and 
microengineering." Journal of Micromechanics and Microengineering 24.3 (2014): 035017. 

[143] Wang, Weisong, et al. "Composite elastic magnet films with hard magnetic 
feature." Journal of Micromechanics and microengineering 14.10 (2004): 1321. 

[144] Brown, Xin Q., Keiko Ookawa, and Joyce Y. Wong. "Evaluation of polydimethylsiloxane 
scaffolds with physiologically-relevant elastic moduli: interplay of substrate mechanics and 
surface chemistry effects on vascular smooth muscle cell response." Biomaterials 26.16 (2005): 
3123-3129. 



102 
 

[145] Sepúlveda, A. T., et al. "Full elastic constitutive relation of non-isotropic aligned-CNT/PDMS 
flexible nanocomposites." Nanoscale 5.11 (2013): 4847-4854. 

[146] Cygan, D. F., and M. J. McNallan. "Corrosion of NdFeB permanent magnets in humid 
environments at temperatures up to 150° C." Journal of Magnetism and Magnetic 
Materials 139.1-2 (1995): 131-138. 

[147] Mao, Shoudong, et al. "Corrosion behaviour of sintered NdFeB deposited with an 
aluminium coating." Corrosion Science 53.5 (2011): 1887-1894. 

[148] Pelletier, Émilien, Claudie Bonnet, and Karine Lemarchand. "Biofouling growth in cold 
estuarine waters and evaluation of some chitosan and copper anti-fouling paints." International 
journal of molecular sciences 10.7 (2009): 3209-3223. 

[149] Abràmoff, Michael D., Paulo J. Magalhães, and Sunanda J. Ram. "Image processing with 
ImageJ." Biophotonics international 11.7 (2004): 36-42. 

[150]Schindelin, Johannes, et al. "Fiji: an open-source platform for biological-image 
analysis." Nature methods 9.7 (2012): 676-682. 

[151]Rodger, Damien C., et al. "Flexible parylene-based multielectrode array technology for high-
density neural stimulation and recording." Sensors and Actuators B: chemical 132.2 (2008): 449-
460. 

[152] Liu, Chang. "Recent developments in polymer MEMS." Advanced Materials19.22 (2007): 
3783-3790. 

[153] Actuators and Microsystems Conference. [Online]. Available: 
http://ieeexplore.ieee.org/abstract/document/5969307/ 
 
[154] J. Brugger, M. Despont, C. Rossel, H. Rothuizen, P. Vettiger, and M. Willemin. (1999, Mar.). 
Microfabricated Ultrasensitive Piezoresistive Cantilevers for Torque Magnetometry. Sensors and 
Actuators A. [Online]. 73(3). Available: 
http://www.sciencedirect.com/science/article/pii/S0924424798002404 
 
 [155] Johnson, G. C., et al. "The bigger they are the better they taste: size predicts predation risk 
and anti‐predator behavior in giant clams." Journal of Zoology301.2 (2017): 102-107. 
 
[156] Cooper Jr, William E., and Daniel T. Blumstein, eds. Escaping from predators: an integrative 
view of escape decisions. Cambridge University Press, 2015. 
 
[157] Soo, Pamela, and Peter A. Todd. "The behaviour of giant clams (Bivalvia: Cardiidae: 
Tridacninae)." Marine biology 161.12 (2014): 2699-2717. 
 
[158] Gomez, Edgardo D., and S. Suzanne Mingoa-Licuanan. "Achievements and lessons learned 
in restocking giant clams in the Philippines." Fisheries Research 80.1 (2006): 46-52. 

http://ieeexplore.ieee.org/abstract/document/5969307/


103 
 

 
[159] Gomez, E. D., S. S. M. Licuanan, and H. A. R. Quaoit. "Culture of the true giant clam Tridacna 
gigas for conservation in the Philippines: proceedings." Special Session on Mollusk Research in 
Asia,[np], 12 Nov 1998. 
 
[160] Neo, Mei Lin, and Peter Alan Todd. "Giant clams (Mollusca: Bivalvia: Tridacninae) in 
Singapore: history, research and conservation." Raffles B Zool 25 (2012): 67-78. 
 
[161] Neo, Mei Lin, and Peter Alan Todd. "Giant clams (Mollusca: Bivalvia: Tridacninae) in 
Singapore: history, research and conservation." Raffles B Zool 25 (2012): 67-78. 
   
[162] Available Online : http://www.ti.com/product/OPA2333 

[163] Available Online : http://www.epoputty.co.uk/ 

[165] Ghane-Motlagh, Bahareh, et al. "Physicochemical properties of peptide-coated 
microelectrode arrays and their in vitro effects on neuroblast cells." Materials Science and 
Engineering: C 68 (2016): 642-650. 

[166] Bowden, Ned, et al. "Self-assembly of mesoscale objects into ordered two-dimensional 
arrays." Science 276.5310 (1997): 233-235 

[167]Available Online 
http://www.mqitechnology.com/downloads/powder_datasheet_PDF/MQP-7-8-20171-pds.pdf 

[168] Jorgensen, Frank T., Torben Ole Andersen, and Peter Omand Rasmussen. "The cycloid 
permanent magnetic gear." IEEE Transactions on Industry Applications 44.6 (2008): 1659-1665. 

[169] Edwards, J. D., et al. "Permanent-magnet linear eddy-current brake with a non-magnetic 
reaction plate." IEE Proceedings-Electric Power Applications146.6 (1999): 627-631. 

[170] Doll, Joseph C., and Beth L. Pruitt. "Sensitivity, Noise and Resolution." Piezoresistor Design 
and Applications. Springer New York, 2013. 51-83.[171] Kawabe, R., Nashimoto, K., Hiraishi, T., 
Naito, Y. and Sato, K. (2003a). A new device for monitoring the activity of freely swimming flatfish, 
Japanese flounder Paralichthys olivaceus. Fish. Sci. 69, 3-10.  

[172] Kawabe, R., Kawano, T., Nakano, N., Yamashita, N., Hiraishi, T. and Naito, Y. (2003b). 
Simultaneous measurement of swimming speed and tail beat activity of free-swimming rainbow 
trout Oncorhynchus mykiss using an acceleration datalogger. Fish. Sci. 69, 959-965 

[173] Tsuda, Y., Kawabe, R., Tanaka, H., Mitsunaga, Y., Hiraishi, T., Yamamoto, K. and Nashimoto, 
K. (2006). Monitoring the spawning behavior of chum salmon with an acceleration data logger. 
Ecol. Freshw. Fish 15, 264-274 

[174] Murchie, Karen J., et al. "Estimates of field activity and metabolic rates of bonefish (Albula 
vulpes) in coastal marine habitats using acoustic tri-axial accelerometer transmitters and 

http://www.ti.com/product/OPA2333
http://www.epoputty.co.uk/
http://www.mqitechnology.com/downloads/powder_datasheet_PDF/MQP-7-8-20171-pds.pdf


104 
 

intermittent-flow respirometry." Journal of Experimental Marine Biology and Ecology 396.2 
(2011): 147-155. 

[175] OʼToole, A. C., Murchie, K. J., Pullen, C., Hanson, K. C., Suski, C. D., Danylchuk, A. J. and 
Cooke, S. J. (2010). Locomotory activity and depth distribution of adult great barracuda 
(Sphyraena barracuda) in Bahamian coastal habitats determined using acceleration and pressure 
biotelemetry transmitters. Mar. Freshw. Res. 61, 1446-1456 

[176] Broell, Franziska, et al. "Accelerometer tags: detecting and identifying activities in fish and 
the effect of sampling frequency." Journal of Experimental Biology 216.7 (2013): 1255-1264. 

[177] Sung, H. W. F., and C. Rudowicz. "Physics behind the magnetic hysteresis loop—a survey of 
misconceptions in magnetism literature." Journal of magnetism and magnetic materials 260.1 
(2003): 250-260. 

[178] Avilés-Félix, L., E. Monteblanco, and A. Gutarra. "Optimization of a Vibrating Sample 
Magnetometer for a laboratory physics course." Revista TECNIA Vol26.2 (2016). 

[179] Burgei, Wesley, Michael J. Pechan, and Herbert Jaeger. "A simple vibrating sample 
magnetometer for use in a materials physics course." American Journal of Physics 71.8 (2003): 
825-828. 

[180] Available Online: https://en.wikipedia.org/wiki/Vibrating_sample_magnetometer 

[181]Availble OnlineL: https://formlabs.com/tools/preform/ 

[182] Crawford, C. M., W. J. Nash, and J. S. Lucas. "Spawning induction, and larval and juvenile 

rearing of the giant clam, Tridacna gigas." Aquaculture 58.3-4 (1986): 281-295 

[183] Available Online: 

https://www.gbri.org.au/Species/Tridacnamaxima.aspx?PageContentID=1305 

[184] Leggat, William, Murray R. Badger, and David Yellowlees. "Evidence for an inorganic 

carbon-concentrating mechanism in the symbiotic dinoflagellate Symbiodinium sp." Plant 

Physiology121.4 (1999): 1247-1255. 

[185] Jantzen, C., Wild, C., El-Zibdah, M., Roa-Quiaoit, H.A., Haacke, C. & Richter, C. (2008) 

Photosynthetic performance of giant clams, Tridacna maxima and T. squamosa, Red Sea. Marine 

Biology, 155, 211–221. 

[186] Johnson, G.C., Karajah, M.T., Mayo, K., Armenta, T.C. & Blumstein, D.T. (2017) The bigger 

they are the better they taste: size predicts predation risk and anti-predator behavior in giant 

clams. Journal of Zoology, 301, 102–107. 

https://en.wikipedia.org/wiki/Vibrating_sample_magnetometer
https://formlabs.com/tools/preform/
https://www.gbri.org.au/Species/Tridacnamaxima.aspx?PageContentID=1305


105 
 

[187] Klumpp, D.W., Bayne, B.L. & Hawkins, A.J.S. (1992) Nutrition of the giant clam Tridacna 

gigas (L.) I. Contribution of filter feeding and photosynthates to respiration and growth. Journal 

of Experimental Marine Biology and Ecology, 155, 105–122. 

[189] Kirchmayr, H. R. "Permanent magnets and hard magnetic materials." Journal of Physics D: 

Applied Physics 29.11 (1996): 2763. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 
 

 

APPENDICES 

Appendix A. Comparison of major types of electron tags ((-)not suitable, (+) suitable, (++) 

highly suitable)[27] 
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Appendix B Magnetic field change per one millimeter for cylinder ( Small (<0.25cm3), medium 
(>0.25cm3 and 0.5cm3) and large (>0.5cm3 and <1cm3)) 
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Appendix C Magnetic field change per one millimeter for sphere 
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Appendix D Magnetic field change per one millimeter for cuboid 
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Appendix E Video of magnetic monitoring of fish prototype    

https://www.dropbox.com/s/2py0beritbcojd6/VID_20170506_183742.mp4?dl=0 

Appendix F  Video of underwater  magnetic monitoring of fish prototype   

https://www.dropbox.com/s/2s1g209cfqspeyd/IMG_0501.MOV?dl=0 

 

https://www.dropbox.com/s/2py0beritbcojd6/VID_20170506_183742.mp4?dl=0
https://www.dropbox.com/s/2s1g209cfqspeyd/IMG_0501.MOV?dl=0

