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RESUME 

Les champs magnétiques présent dans un système clinique d’Imagerie par Résonance 

Magnétique (IRM) peuvent être exploités non seulement, afin d’induire une force de déplacement 

sur des microrobots magnétiques tout en permettant l’asservissement de leur position - une 

technique connue sous le nom de Navigation par Résonance Magnétique (NRM), mais aussi pour 

mettre en œuvre un procédé de communication. Pour des microrobots autonomes équipés de 

senseurs ayant un certain niveau d'intelligence et opérant à l'intérieur du corps humain, la 

puissance de transmission nécessaire pour communiquer des informations à un ordinateur externe 

par des méthodes présentement connues est insuffisante. Dans ce travail, une technique est 

décrite où une telle perte de puissance d'émission en raison de la mise à l'échelle de ces 

microrobots peut être compensée par le scanner IRM agissant aussi comme un récepteur très 

sensible. La technique de communication prend la forme d'une modification de la fréquence du 

courant électrique circulant le long d'une bobine miniature incorporé dans un microrobot. La 

fréquence du courant électrique peut être réglée à partir d'une entrée de seuil prédéterminée du 

senseur mis en place sur le microrobot. La fréquence devient alors corrélée à l’information de 

l’état du senseur recueilli par le microrobot et elle est déterminée en utilisant l'IRM. La méthode 

proposée est indépendante de la position et l'orientation du microrobot et peut être étendue à un 

grand nombre de microrobots pour surveiller et cartographier les conditions physiologiques 

spécifiques dans une région plus vaste à n’importe quelle profondeur à l'intérieur du corps. 
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ABSTRACT 

The magnetic environment provided by a clinical Magnetic Resonance Imaging (MRI) scanner 

can be exploited to not only induce a displacement force on magnetic microrobots while allowing 

MR-tracking for serving control purpose or positional assessment - a technique known as 

Magnetic Resonance Navigation (MRN), but also for implementing a method of communication 

with intelligent microrobots. For untethered sensory microrobots having some level of 

intelligence and operating inside the body, the transmission power necessary to communicate 

information to an external computer via known methods is insufficient. In this work, a technique 

is described where such loss of transmission power due to the scaling of these microrobots can be 

compensated by the same MRI scanner acting as a more sensitive receiver. A communication 

scheme is implemented in the form of a frequency alteration in the electrical current circulating 

along a miniature coil embedded in a microrobot. The frequency of the electrical current could be 

regulated from a predetermined sensory threshold input implemented on the microrobot. Such a 

frequency provides information on the level of sensory information gathered by the microrobot, 

and it is determined using MR imaging. The proposed method is independent of the microrobot's 

position and orientation and can be extended to a larger number of microrobots for monitoring 

and mapping specific physiological conditions inside a larger region at any depths within the 

body. 
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CHAPTER 1 INTRODUCTION 

1.1 Research context and problem statement 

Recent developments in the design and fabrication of integrated circuits allow us to build 

advanced microrobots for different medical applications such as telemetry and minimally 

invasive surgery [1, 2]. Different tasks that cannot be performed using traditional technologies, 

such as targeted drug delivery and the clearing of clogged blood vessels, may be accomplished by 

navigating microrobots through complex structures (e.g., blood vessels) [3, 4]. 

However, the great majority of the studies on microrobots for interventions in the human body 

focus on the actuation and control of the microrobots [5-14]. Potential applications of the 

microrobots can be considerably expanded by embedding an integrated circuit capable of sensing, 

processing, and communicating environmental variables (e.g., pH, O2). There are three major 

requirements for implementing such a microrobot as shown in Figure 1-1. 

1. A power supply to provide energy for the functioning of all the components of the 

microrobot. The miniaturization of microrobots prevents the implementation of an 

embedded power source; hence, the electrical power must be provided from an external 

source using wireless approaches such as radio-frequency (RF), induction [15, 16], or 

photovoltaic cells [17].  

2. An integrated circuit to measure the environmental variable, process the data and provide 

an input to the communication circuit.  

3. A communication method to transfer data from the microrobot inside the human body to 

the external control system.  

In this dissertation, we focus on providing communication method that will fulfill this last 

requirement. In our proposed microrobot, we use a photovoltaic cell as a power supply as 

presented in [18] while an ion-sensitive field-effect transistor (ISFET) could be exploited as a 

sensor and a miniature coil acts as a transmitter. 
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Figure 1-1: Simplified schematic diagram showing the three major parts of the microrobot. 

 

The communication methods for in-vivo application are mainly investigated in the literature for 

medical implants [19-24] such as implantable pacemakers and defibrillators [20, 25, 26], insulin 

pumps [21], hearing aids [22] or robotic endoscopy [27-30]. For instance, Ghovanloo et al. [19] 

developed a high-rate phase-coherent FSK modulation protocol, a wideband inductive link, and 

three FSK demodulator circuits which are used in wireless implantable neural micro stimulation. 

Bradley et al. [20] proposed a 402-405 MHz, MICS band transceiver for implantable medical 

devices which features a low power consumption and a high data transmission rate. However, 

none of the aforementioned methods are applicable to communicate with a sub-milimetric 

microrobot due to the lack of power supply and the large size of the receiver antenna. Due to the 

high degree of system miniaturization, a geometrically small antenna must be embedded on the 

microrobot. This pushes the communication range to the high frequency domain since the 

antenna efficiency is directly proportional to its electrical size [31]. However, the electrical 

permittivity (ε) and conductivity (σ) of the human body as a propagation medium are frequency 

dependent [32], and the attenuation of human body tissue increases with frequency. This leads to 

a tradeoff between the size of the microrobot and the amount of attenuation to achieve an 

efficient wireless link [33]. 
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Hence; there is a need for new approaches to communicate with sub-milimetric microrobots 

inside human body. 

 

Figure 1-2: Overview of the system. 

1.2 Contributions 

As shown in Figure 1-2, we propose using a Magnetic Resonance Imaging (MRI) system as a 

communication mean to overcome the size and power constrains mentioned in Section 1.1. An 

electrical current passing through the transmitting coil that is embedded in the microrobot 

generates a magnetic field that interferes with the homogeneous static magnetic field of MRI (B0) 

and appears in the MR images as a susceptibility artifact.  

First, we proposed a binary communication method in a simplest form in which the direction of 

the current passing through microrobot’s transmitting coil is changed based on the predetermined 

sensory threshold input. We conducted a set of empirical experiments and showed that the shape 

of the artifact in MR images is affected by the form of the magnetic field, and as a result, by the 

direction of the current in the transmitting coil.  

However, further investigation showed that the shape of the artifact is also dependent on the 

orientation of the microrobots. Therefore, prior knowledge of the microrobot’s orientation 

relative to its initial orientation is needed to interpret the MR images. 
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We overcame the aforementioned limit by proposing a new method in which the frequency of 

electrical current will change based on the sensory input instead of its direction. We utilize 

single-shot EPI imaging to detect the frequency of the current. Our simulation and experimental 

results confirmed the possibility of using this method as a means of communication for 

microrobots.  

Finally, we discussed the possibility of using T1ρ imaging technique as an alternative method of 

communication to detect higher range of frequencies.  

Our study has resulted in the following publications:  

 Azadeh Sharafi, Nina Olamaei and Sylvain Martel, ”MRI-based Communication for 

Untethered Intelligent Medical Microrobots”, Journal of Micro-Bio Robotics, 2015 

 Azadeh Sharafi , Nina Olamaei and Sylvain Martel, "A new communication method for 

untethered intelligent microrobots," 2013 IEEE/ ASME conference on Advanced 

Intelligent Mechatronics (AIM), pp.559,564, 9-12 July 2013 

 Azadeh Sharafi and Sylvain Martel, "Magnetic resonance tracking of catheters and 

mechatronic devices operating in the vascular network with an embedded photovoltaic-

based microelectronic circuit, “35th Annual International Conference of the IEEE 

Engineering in Medicine and Biology (EMBC), 2013 vol., no., pp.2952,2955, 3-7 July 

2013 

1.3 Organization of the dissertation 

The reminder of this dissertation is organized as follows: 

Chapter 2 –Literature review: This chapter discusses related work relevant to this dissertation 

such as a general overview of microrobots in medicine; a survey of micro-power generation, 

actuation, and control; and communication for microrobots. 

Chapter 3 – Binary communication method: This chapter presents a new communication 

scheme based on binary encoding method. 

Chapter 4 – Frequency Based Communication with EPI imaging: This chapter presents our 

proposed method that utilizes the MRI system to communicate with the microrobot through its 

frequency.  
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Chapter 5 – Frequency Based Communication with T1ρ imaging: This chapter presents an 

alternative method based on T1ρ imaging technique to communicate with the microrobot through 

its frequency. This chapter covers a brief overview of spin-lock and T1ρ relaxation and how the 

microrobot magnetic field interacts with the spin-lock field. 

Chapter 6 – Conclusion and Recommendation: This chapter concludes the dissertation by 

summarizing the contributions of our work and presenting possible future works.  
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CHAPTER 2 LITERATURE REVIEW 

Microrobots are untethered devices that are remotely controlled and powered. Being wireless 

enables the microrobots to work in narrow, complex environment for a long time and maintain 

high safety. Nelson et al. [1] presents a comprehensive survey of microrobots along with their 

current and possibly future medical applications. In this chapter, we complement this work by 

adding previous works related to the medical microrobot function and application.  

The rest of this chapter is organized as follows: Section 2.1 focuses on microrobot function, 

whereas Section 2.2 explores how to provide power for microrobots. Section 2.3 dedicates to the 

actuation and the control of microrobots followed by the communication techniques presented in 

Section 2.4. 

2.1 Microrobots in medicine 

Microrobots can be used to perform several tasks that have been impossible or difficult using 

traditional methods. Current microrobots allow navigating or transmitting information through 

complex, narrow structures, e.g., blood vessels [1, 3, 4]. 

Lu et al., [34] proposed a minimally invasive vascular interventional robotic system consists of 

propulsion, image navigation and a virtual surgery training system for vascular intervention. The 

proposed VIS system allows remotely performing angiography and omits the operators exposure 

to X-ray radiation as they operate the robot far away from the patient. 

It is also possible to perform a biopsy using microrobots. The sample analysis is typically 

performed in an ex-vivo condition. However, if the microrobot is equipped with a type of remote 

sensing technology, the sample analysis could be performed in situ [1]. The feasibility of in-vivo 

biopsy with thermally-responsive untethered micro grippers is reported in [35].  

Several studies have also reported using a microrobot for endoscopy [27, 28, 36, 37]. For 

instance, Iddan et al. [27] reported a study presenting a new painless endoscopic imaging of the 

small bowel. They developed a swallowable capsule of the size of 11×30mm. It passes through 

gut well and takes photos that are stored on a portable recorder which is capable of recording for 

more than 5 hours. Their study on ten human subjects confirms the applicability of the capsule 

[27]. 



7 

 

Yan et al. [30] proposed a microrobot for endoscopy which uses a wireless module for 

communication and power transfer. However, its overall dimension of 12.1mm in diameter and 

120.5mm long is the major limitation for using this microrobot for other applications inside 

human body. 

A micro pressure system is proposed in [36] to monitor gastrointestinal (GI) pressure. The system 

includes a sensor capsule which measures the pressure using a sensitive micro-capacitive sensor 

in series with an induction coil to form a LC tank. The induction coil is magnetically coupled 

with a detection coil outside of the subject which is connected to a network analyzer. The change 

in the pressure leads to a change in the resonant frequency of the LC tank which is quantified by 

impedance change in the detection coil. The system works without batteries and electrical 

components for energy transfer. The functionality of the system is confirmed by in-vivo and in-

vitro experiments [36]. 

Ergeneman et al. [38] introduced a microrobotic luminescence oxygen sensor for wireless 

monitoring of retinal hypoxia. A custom setup for wireless excitation and readout includes a UV 

LED and a short pass filter for excitation, and a Si photodetector (PD) with a long pass filter for 

the readout. Magnetic field was exploited to precisely control the sensor in the ocular cavity 

A multi-parametric micro-sensor that was proposed by Otto et al. [39] can detect online micro-

physiological changes of living cells growing on its glass surface. Changes in pH and pO2 reflects 

the metabolic activity and changes the impedance, which is related to morphological properties of 

the tumor. The overall size of this chip is more than 30mm2; therefore, it is only useful for in-

vitro experiments.  

Another biosensor prototype was proposed by Wang et al. [40]. It has a pH sensor and a 

temperature sensor on chip as well as a wireless communication system. Again, the dimension 

(4.1mm × 4.1mm) is the main limitation for using this sensor inside human body. 

Microrobots are also promising for targeted drug delivery which can deliver and simultaneously 

change the dosage of drugs in a specific area of interest [1]. Dogangil et al. [41] proposed a proof 

of concept of a magnetic microrobot to perform targeted retinal drug delivery. More advanced 

works complement this method by adding microscope cameras to provide motion-scaling 

behavior [42] or to map and localize retinal vessels [43] to reduce collateral damage.  
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In addition, heat (local hyperthermia) or radioactive energy (Brachytherapy) can also be locally 

delivered to specific regions. These methods are promising approaches to kill the cells of 

malignant tumors [1]. Sendoh et al. [44] fabricated a microrobot for delivering local delivery of 

heat energy. They used a high frequency magnetic field to wirelessly produce the heat energy 

locally. In Brachytherapy, radioactive seeds are placed close to the unwanted cells and the 

radiated energy kills the cells [45].  

2.2 Method of micro-power generation  

Different methods can be used to store, harvest, and transmit power for the microrobots. 

Providing enough power for the circuit is one of the issues that limits the miniaturization of the 

microrobots. To be used in medical applications, several approaches exist in the literature for 

power generation which are discussed as follows.  

2.2.1 Photovoltaic generation 

Photovoltaic power generation is one of the most well-known techniques for scavenging energy 

in both large and small scale applications. The photovoltaic effect generates voltage by radiating 

light which transfers electrons between different bands. In order to have an efficient photovoltaic 

cell, the light direction must be direct and perpendicular to the surface of the cell. Without a 

direct and high intensity light, the generating capacity of the cell can decrease drastically from 

15mW/cm2 in direct sunlight to 10µW/cm2 in normal office lighting [46]. 

The material for fabricating the photovoltaic cell must be selected carefully because the output 

power can vary over three order of magnitude at low illumination level [47]. For using in medical 

application, a new structure of a photovoltaic cell is proposed by André and Martel [17]. The 

experimental results using the cascaded cells of an area of 200µm × 200µm photocell, show a 

short circuit of 70µA and an open voltage of 0.48V [17].  

2.2.2 Thermoelectric generation 

Direct thermoelectric generators use the Seebeck effect to directly convert temperature 

differences into an electrical potential between two material pair junctions [48, 49]. For 

maximizing the power generation, a large thermal contact area is required. Since waste heat is an 

abundant source of energy, energy conversion can be continued without interruption. The 
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efficiency of the conversion is limited by the Carnot efficiency of the generating situation. Large 

thermal gradients are needed for having efficient production.  

It is shown in [50] that it is possible to use human body as a heat source. Because of different 

kinds of tissues and fluids inside body, human body has non-uniform temperature distribution. A 

micro-generator is fabricated using an array of polysilicon-germanium (poly-SiGe) 

thermocouples by Leonov et al. [50] which is mounted to wrist to allow heat absorption directly 

from the radial artery. Its package size is 3×3×1cm3 and it is able to generate 4.5μW/cm2 of 

power on the radial artery. 

In addition to direct conversion, there are works that first convert heat to mechanical actuation 

and then to electricity using a secondary mechanism [51]. This approach is mainly interested in 

MEMS device where the mechanical actuation is the final desired energy form. For generating 

electricity, this approach can be used to actuate electrostatic, electromagnetic, and piezoelectric 

based generation scheme [52]. 

2.2.3 Micro-Fuel cells 

Micro fuel cells generate electricity from controlled electrochemical reactions [52]. They 

categorized into two classes of regenerative and non-regenerative generation techniques. Since 

the non-regenerative cells use toxic materials, they are not suitable for biomedical application. 

Thus, we discuss only the regenerative cells.  

One of the more interesting types of regenerative fuel cells are biological fuel cells (Biofuel). 

Biofuel cells transform chemical to electrical energy via electrochemical reactions [1]. Utilizing 

glucose and oxygen that are abundant inside human body (e.g., blood) can power an in-vivo 

microrobot [1]. These biofuel cells are able to generate 50μW/cm2 to 430μW/cm2 for long-term 

constant generation [53]. Deterre et al. [54] presented the preliminary result of a biocell of a size 

around 500mm3 that can generate 100μW power. This cell can be potentially used in a pacemaker 

or other heart implants to provide the required energy. A complete review of the current state of 

the art biofuel cells is presented in [55] and [56].  
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2.2.4 Electromagnetic generation 

Inductive coupling is often used for wireless power transmission. This approach has been used in 

different implantable devices [16, 57, 58]. Commonly, the inductive link consists of two coils 

namely primary and secondary coils. The efficiency of the system is highly related to the quality 

factor and the coupling between the coils. Hence, it depends on the size, the structure, the 

distance between the coils, and the properties of the environment surrounding the coils. The 

coupling decreases drastically when the distance between the coils increases which leads to a 

decrease in the efficiency [59, 60].  

Kumar et al. [61] presented a resonant based wireless power delivery system which uses four 

coils instead of the common two coils. The efficiency of this system with 22mm diameter 

implantable coil for a power-link frequency of 700 kHz and a coil distance range of 10 to 20mm 

is more than 80% [61]. However, the size of the implemented secondary coil on the microrobot 

with the required electronics still is a serious limitation on the level of miniaturization that can be 

achieved. Far field approaches such as radio and microwave-based power transmissions have the 

same disadvantages.  

2.2.5 Electrostatic vibration-to-electricity conversion 

These types of power supplies generate electricity by transferring charges through a vibration-

driven capacitance variance [62-64]. To support power generation, the capacitors must have 

constant charge during the time; hence, a polarization source must be available to generate 

additional power [52]. 

Briefly, in this approach, the variable capacitor is charged when the capacitance is high. Then, 

using mechanical vibrations, the capacitance is reduced and finally discharged at a desired time. 

Different types of electrostatic generators are distinguished by their actuation direction [52]. 

2.2.6 Piezoelectric conversion 

Piezoelectric generation is a method of producing power from mechanical vibrations based on the 

piezoelectric effect. By loading the crystal structure of the piezoelectric material, the micro-

structure of the crystal is deformed. Piezoelectric generation is frequency dependent, and it is 

maximized when the frequency at which the system is driven is at resonance [65]. 
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There are two piezoelectric effects: direct and converse. When we maintain electrical equilibrium 

within the crystal, the electrons become mobile and shift and a current is created. This 

phenomenon is referred to the direct piezoelectric effect, which is used to convert the vibration to 

electricity. Alternatively, the exact opposite phenomenon, which creates the vibration by 

applying an electric field is called the converse piezoelectric effect.  

The direct piezoelectric effect is used for micro generation and it can be used as a force sensor. 

While, the converse piezoelectric effect is used mainly as actuators [52].  

A piezoelectric film is required to convert the displacement and strain into electricity in 

piezoelectric micro-generator. Three materials that can be used for this application are lead 

zirconate titanate (PZT), zinc oxide (ZnO) and aluminum nitride (AlN). ZnO and AlN are more 

commonly used in actuation while PZT is mainly used for power generation purposes [52]. An 

example of this would be the PZT microfiber generator developed by Ishisaka et al. [66] that used the 

contractions of a heart muscle to actuate the piezoelectric microfiber generator. Zinc Oxide nanowires 

were also used to generate electricity on a microscale [67, 68]. 

2.3 Actuation and control  

For locomotion, microrobot power must be transduced into motion [69]. The actuation method 

must be chosen based on the operational environment (e.g., blood vessels, soft tissues, cavities, 

and etc.) [1]. 

Several approaches have been used for the wireless actuation and propulsion of microrobots 

which are briefly discussed as follows: 

2.3.1 Actuation with magnetic field gradient 

The magnetic movements of objects within the body has been practiced for a long time [70]. The 

recent advancement in the related technologies such as superconductors, magnetic materials, and 

medical imaging makes the magnetic manipulation a promising approach in medical applications 

[70].  

Gardi et al. [71] presented a set of in vivo experiments in which a permanent magnet was inserted 

and moved to the designated destination under the fluoroscopic guidance. Yesin et al. [72] 

studied an idea in which an untethered microrobot is steered inside body fluids while a pair of 
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coils developed a gradient field and superimposed a uniform field of another pair of 

electromagnetic coils. Meeker et al. [73] complement the work of Gardi and used several 

stationary coils instead of one to develop a force on the implanted magnet. In a recent work, 

Steager et al. [74] presented a magnetically actuated microrobot to automatically manipulate cells 

and microbeads. They also demonstrated how their proposed robot delivered microbeads to 

specific location on neuron.  

Several previous works also used a clinical MRI system to guide and position ferromagnetic 

beads [75, 76]. Mathieu at al. [75] presented how to use a clinical MRI system to propel micro 

devices for the first time. The proposed mathematical model and the results of experiments show 

that a MRI system could provide enough magnetic force to move a ferromagnetic bead inside 

human cardiovascular system. In addition, Martel et al. demonstrated the feasibility of the 

aforementioned method [75] for in vivo navigation of untethered robots [76]. 

Instead of using permanent magnets, some previous works used soft-magnetic MEMS 

microrobots. These MEMS devices become magnetized easily compared to permanent magnets 

(e.g., ferromagnetic beads), therefore it is more feasible to control these devices wirelessly over 

long distances [1]. Moreover, additional MEMS functionalities can be added to these MEMS 

devices [77, 78]. Nagy et al. [78] focused on a soft-magnetic 3D MEMS devices and proposed a 

method of the fast computation of magnetic force and torque acting. 

Some previous works have focused on the steering of nanoparticles instead of one microrobot. 

Compared to a single microrobot, a set of particles has a higher chance of avoiding obstacles and 

rapidly penetrating through narrow spaces [1, 79]. The nanoparticles are useful to be used in a 

wide variety of biomedical applications including targeted delivery and hyperthermic treatment 

of cancers [79]. Kalambur et al. [79] investigates the movement and the heating of three different 

types of magnetic nanoparticles in vitro.  

Instead of designing and developing an actuation control system, several previous works utilize 

microorganisms that could swim as self-propelled natural microrobots [6-9, 80]. Martel et al. [8] 

used a swarm of magnetotactic bacteria (MTB) to move forward beads of the size of 3µm by the 

average velocity of 75µm/s. Moreover, They also demonstrated that how micrometer-scale 

objects can be controlled and transported by a set of MTBs to assemble micro-structure, a 
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miniature version of an ancient Egyptian pyramid [80] and proposed a new mathematic 

framework to navigate and deliver the drug using MTB [6, 7]. 

2.3.2 Helical Propulsion 

Helical propulsion uses some form of helical propeller for locomotion. A controlled locomotion 

method for untethered microrobots using the Artificial Bacterial Flagella (ABF) is reported in 

[81]. The helical swimmer has a helical tail and a thin soft-magnetic head and is steered using 

three orthogonal electromagnetic coil pairs. The ABFs can manipulate with a full six degrees of 

freedom, therefore, they may potentially be used for medical and biological applications under 

3D control for fluid environments [81].  

2.3.3 Traveling-wave propulsion 

Similar to eukaryotic flagella, several approaches use a travel wave for propulsion generation [1]. 

Kosa et al. [82] presented and experimentally verified a swimming method that works based on 

the creation of a traveling wave along a piezoelectric beam. They also proposed a hybrid 

approach that used both electrical power and a static magnetic field to generate propulsion force 

[83].  

2.4 Communication 

The communication methods for in-vivo application are mainly investigated in the literature for 

medical implants [19-24], such as implantable pacemakers and defibrillators [20, 25, 26], insulin 

pumps [21], or hearing aids [22] or robotic endoscopy [27-30].  

Ghovanloo et al. [19] developed a high-rate phase-coherent FSK modulation protocol, a 

wideband inductive link, and three FSK demodulator circuits which is used in wireless 

implantable neural micro stimulation. One of the demodulator circuits, digital FSK, occupies 

0.29mm2 and consumes 0.38mW at 5V. This circuit was simulated up to 4 Mbps, and 

experimentally tested up to 2.5 Mbps, while receiving a 510-MHz FSK carrier signal.  

Bradley et al. [20] proposed a 402-405 MHz MICS band transceiver for implantable medical 

device which features low power consumption and high data transmission rate.  
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It has a unique ultra-low power wakeup system that consumes an average sleep current of less 

than 250nA. The transceiver consumes less than 5mA current and operates with a supply voltage 

between 2.1-3.5 V. 

Bohorquez et al. [23] present a 350μW FSK/MSK transmitter and a 400μW super-regenerative 

receiver architecture optimized for using in medical implants. The transmitter was implemented 

in CMOS 90nm technology. A frequency correction loop was presented to eliminate the 

frequency synthesizer in the implant which leads to reduction in power consumption, device size, 

and system cost. The transceiver antenna has a diameter of 2.3cm. 

However, none of the aforementioned systems can be employed to communicate with a sub-

milimetric microrobot due to the lack of power supply as well as their embedded antenna size. 
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CHAPTER 3 BINARY COMMUNICATION METHOD 

In this chapter, we propose an on-off communication scheme based on the binary encoding 

method. Binary encoding is known to be reliable, tolerant to excessive noises, and simple, which 

is critical considering the technical constraints imposed by the miniaturization of microrobots. 

Our binary method works based on detecting the direction of the current-induced magnetic field 

of the microrobot in MR images. Based on the information sent from the sensory component, the 

microrobot would trigger its communication circuit to alter the direction of the current circulating 

through its transmitting coil.  

If the magnetic field generated by microrobot is detectable in a MR image, this would form a 

basic communication scheme in which the MRI scanner acts as a receiver. To investigate the 

feasibility of our proposed communication method, we try to answer the following two 

fundamental research questions.  

 (RQ3.1): Is the sensitivity of MRI sufficient to allow the microrobots to be miniaturized 

to an appropriate level? 

 (RQ3.2): Is the MRI scanner able to detect the direction of the current from an image of 

the local magnetic field surrounding the microrobot; and hence, is such a communication 

scheme valid and workable? 

To answer these questions, we performed the following steps: 

1. To map the simulated magnetic field of the coil on an actual MR image to determine the 

minimum magnetic field detectable by this setup.  

2. To simulate a planar coil and investigate the effect of physical parameters of the coil on 

magnetic field to show the possibility of shrinking the size of the coil to the appropriate 

level for microscale applications.  

3. To perform an experiment to analyze the effect of magnetic field on MR images.  

Our result confirmed that the effect of alteration in the current direction is visible in MR images. 

Therefore, our proposed communication method is applicable to future medical microrobots. 
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The rest of this chapter is organized as follows: Sections 3.1 and 3.2 provides the steps that we 

followed to answer RQ3.1 along with the results. The RQ3.2 is discussed in Section 3.3 followed 

by the conclusion in Section 3.4. 

3.1 RQ3.1: Defining the magnetic field threshold 

To answer RQ3.1, we design and perform an experiment to define the minimum detectable 

magnetic field from a DC-current in MR images. The MR image was acquired by conducting the 

following experiment. Then, the magnetic field of the coil with the same specification was 

simulated and mapped on the actual MR image. 

3.1.1 Experiment setup 

A three turn double layer planar coil as the microrobot’s transmitting coil was designed in Eagle 

CAD (CadSoft Computer, USA) and converted to the LMD format using LPKF CircuitCAM 

software. The file of the design was then provided to the LPFK ProtoMat 95s/II milling machine 

(LPKF Laser & Electronics AG, Germany) as an input to build the coil from a copper PCB. The 

specifications of the coil were: outer diameter = 3mm, inner diameter = 1.4mm, track width = 

200μm, gap size (space between adjacent conductors) = 200μm (Figure 3-1a). EPO-TEK® 301-2 

epoxy resin (Epoxy Technology Inc., USA) [84] was then applied to both sides of the coil to 

make it water resistant. 

A commercial power supply (Agilent E3631A, Agilent Technologies, USA) was used to generate 

electrical currents in the coil during the imaging sequence.  

During imaging, the signal generator was placed inside MRI room in a safe distance from the 

MRI magnet bore and connected with wires to the coil inside the MRI bore. To acquire MR data, 

the coil was suspended inside a solution made of gelatin (Figure 3-1b). 
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Figure 3-1: (a) The coil design in EagleCAD (b) Fabricated planar coil (c) Suspending the coil in 

gelatin for imaging purpose 

Table 3-1: Imaging Parameters 

System Siemens Magnetom 1.5T 

Sequence Name GRE_Field_Mapping 

Repetition Time (TR) 500ms 

Echo Time (TE) 120ms 

Image matrix 384×384 

Pixel Size 0.3mm×0.3mm 

Slice Thickness 5mm 

Flip angle 90o 

 

MR images were taken using Siemens Magnetom 1.5T Magnetic Resonance Imaging System. 

Afterward, the magnetic field of a coil with the same specification was calculated and mapped on 

the image to determine the minimum magnetic field detectable in the MR images. The imaging 

parameters are shown in Table 3-1. Clinical GRE_Field_Mapping sequence was selected to 

generate a phase image. The parameters were set to result largest artefact while maintaining SNR. 
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3.1.2 Simulation framework 

The schematic of a planar coil is shown in Figure 3-4. It is assumed that the coil is parallel to the 

x-y plane. 

 

Figure 3-2: The schematic of planar coil 

 

The magnetic field of a finite straight wire can be calculated using Biot-Savart law according to: 
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where x, y, z are the position at which the magnetic field is calculated. x1 and x2 are the x- 

coordinate at the end of the straight wire, I is the current passing through the coil, dl is the 

differential spatial element on the wire segment, and a is the distance between each wire and the 

center of the coil as shown in Figure 3-2. The magnetic field of the wire parallel to y-z plane can 

be calculated in a similar manner [85]: 
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where y1 and y2 are the y coordinate at the end of the straight wire. 

The magnetic field of the coil in an arbitrary position (x, y, z) is calculated by superposition of 

the field vectors of all straight wires. Subsequently, the magnetic flux, ΔBm is calculated as: 

HB rm 0  (3-4) 

where µr is the relative permeability of the material in which the field has been calculated and 

µ0=4π×10-7 is the free space permeability. 

3.1.3 Results 

The magnetic field of the coil with the same specification as the one used in the experiment was 

calculated in MATLAB from Eqs.(3-2), (3-3) and (3-4) and mapped on the acquired MR image 

from the experiment. Figure 3-3 shows the MR image of the planar coil along with its simulated 
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magnetic field. As illustrated in Figure 3-3, a magnetic field as small as 50nT is detectable in the 

MR image. We considered this amount as the threshold value for the magnetic field to be 

detected in MR images. 

 

Figure 3-3 : Mapping simulated magnetic field to MR image of a coil with the same 

specification. It is possible to detect magnetic field as small as 50nT in MR images. Coil 

specification: Number of turns = 3, Number of layers = 1, Gap size = 200µm, Track width = 

200µm, Outer diameter = 3000µm. Inner diameter = 1400 µm, I=5mA. 

3.1.3.1 Effect of echo time 

The measure signal at the echo time in the presence of current-induced magnetic field of the 

microrobot can be written as [86]: 

      dverTErs
v

TEtrBiTErGi mx
 ,22,

    (3-5) 

while ρ is the proton density, Gx is the readout gradient and �⃗ is the position vector. The term 

TEBm 2  shows the additional phase dispersion at the the echo time (TE). 
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As shown in Eq.(3-5), the amount of phase change and consequently the measured MR signal are 

related to the amount of magnetic field inhomogeneity as well as TE. As shown in Figure 3-4, 

increasing TE leads to the larger artifact. Hence, the minimum detectable magnetic field also 

depends on TE and the threshold magnetic field must be defined based on the specific value of 

TE used in acquiring the MR image.  

 

Figure 3-4: Effect of echo time on the susceptibility artifact. Axial image from the coil in coronal 

plane while applying 5mA electrical current. (a) TE=120ms (b) TE=30ms. 

3.2 RQ3.1: Determining the coil size 

The result of previous experiment confirms the possibility of detecting a magnetic field as small 

as 50nT. To show the possibility of generating this magnetic field with a microcoil, the effects of 

the physical parameters of the coil including gap size, number of turns, number of layers, and 

inner diameter on its magnetic field was investigated. 

The magnetic flux is shown in Figure 3-5 for different gap sizes at x=0, y=0 and z=0. As 

expected, decreasing the gap size causes a significant increase in the magnetic flux. It also 

decreases the total size of the coil. The minimum gap size depends on the equipment used for the 

fabrication of the coil. For example, the minimum distance between two tracks using LPKF 

ProtoMat 95s/II milling machine is 100µm. Hence, the minimum gap size is 100µm. This 

distance can be decreased to 5µm when fabricating the coil in CMOS 0.13µm technology. 
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Figure 3-5: Effect of the gap size on the magnetic field (Number of turns = 3, Inner diameter = 

1400µm, I = 5mA) 

 

Figure 3-6: The effect of number of turns on magnetic field (Gap size = 200µm, Track Width = 

200µm, Inner diameter=1400 µm, I=5mA). 
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The magnetic flux can be further increased at the cost of increasing the overall size of the coil 

with a larger number of turns as shown in Figure 3-6. Moreover, increasing the layers will 

increase the total magnetic field (Figure 3-7). 

 

Figure 3-7: Increasing the magnetic field by increasing number of layers. Number of turns = 3, 

Gap size = 200µm, Track Width = 200µm, Inner diameter=1400µm, I = 5mA. 

The magnetic flux, B, along the z-axis is shown in Figure 3-8 for different inner diameters of the 

coil at x=0 and y=0. As shown in Figure 3-8, decreasing the inner diameter increases the 

maximum magnetic field effect. We considered that the magnetic field produced by the coil 

should vary across a threshold distance of at least three pixels to be detectable in MR images. 

Considering the pixel size of 300μm, the amount of the magnetic field should be higher than its 

threshold at z=900μm. For example, in Figure 3-8, the amount of magnetic field at z=1 mm for 

an inner diameter of 100µm is 39nT, which is below the threshold, while it is 148nT for a coil 

with an inner diameter of 200µm. 
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Figure 3-8: Effect of coil inner diameter on magnetic field. Number of turns = 1, Number of 

layers = 1, I = 5mA. A coil with smaller inner diameter has larger magnetic field in the beginning 

but the field decreases faster as the distance from the center of the coil increases. 

Considering all parameters, the simulation results show that it is possible to generate a magnetic 

field as small as 50nT with a double layers coil with an outer diameter of 700µm by delivering a 

current of 70µA to the coil. This amount of current is delivered using micro-power generation 

techniques presented in some previous works such as in [17]. It is possible to fabricate such coil 

in CMOS 0.13µm technology. Figure 3-9 shows the magnetic field generated by the mentioned 

coil in the x-z plane. Each square grid is equal to a pixel in the MR image (0.3mm). Since the 

magnetic field at the third pixel from the center of the coil is larger than 50nT, we can state that at 

least 3 pixels around the coil are affected by a current induced magnetic field larger than 50nT. 

As a result the magnetic field produced by the coil is clearly visible in the MR image. 
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Figure 3-9: Current-induced magnetic field generated by a double layers coil in coronal plane. 

Each square grid is equal to a pixel in MR image. The amount of magnetic field at the third pixel 

from the center of the coil is higher than 50nT and thus is visible in the MR image. Coil 

specifications: Inner diameter = 200µm, Gap size = 5µm, Track width= 5 µm. Number of turns = 

30 in each layer. 

3.3 RQ3.2: Binary communication system 

As depicted in Eq.(3-5), the amount of phase dispersion in the MR signal is related to the 

direction of the magnetic field as well as its magnitude. This phenomenon is the basis of our 

proposed communication method. 

3.3.1 Experiment setup 

An experiment was carried out with the coil used in Section 3.1.1. The imaging parameters are 

shown in Table 3-1.  

The coil was placed in coronal plane so the x-component of its magnetic field, Bx, becomes 

parallel (or anti-parallel) to the B0. Then, a MR image was acquired while applying 5mA current 

to the coil. Next, another image with the same imaging parameters was taken while the applied 

current was alternated to the opposite direction. 
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To investigate the effect of rotation, the coil was rotated into different positions and images were 

taken for each current direction. Two types of rotations were considered: in-plane rotation where 

there is a 2D rotation in the same plane and through-plane rotation where the coil was rotated 

from the coronal plane to the axial or sagittal planes; and therefore; its Bz and By move parallel to 

the B0 respectively. The simulation was performed for several in-plane and through-plane 

rotations and confirmed by experiment. 

3.3.2 Results 

3.3.2.1 Detection of current direction with MRI 

The simulated magnetic field and the MR images of the coil placed in coronal plane while 

applying DC current in two opposite directions is shown in Figure 3-10.  

 

Figure 3-10: Binary communication system. Axial MR image was taken from the coil in the 

coronal plane. (a) Simulated magnetic field and MR image while applying 5mA current. (b) 

Applying the current in the opposite direction. 
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As shown in Figure 3-10, the effect of alternating the current’s direction can be detected in the 

images and hence the proposed communication method is valid and demonstrable. 

3.3.2.2 Rotation effect 

3.3.2.2.1 Through-plane rotation 

First, the coil was rotated from the coronal to axial plane. The simulated magnetic field of the coil 

and the MR images is shown in Figure 3-11. Then it was rotated to the sagittal plane.  When 

there is a through plane rotation, there is a change in the shape of the artifact within the MR 

images. 

 

Figure 3-11: Through plane Rotation. Coronal images were taken from a coil in axial plane. (a) 

Simulated magnetic field and MR image while 5mA current was applied. (b) Applying the 

current in the opposite direction. 
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Figure 3-12: Through plane Rotation. Coronal images were taken from a coil in sagittal plane. (a) 

Simulated magnetic field and MR image while 5mA current was applied. (b) Applying the 

current in the opposite direction. 

3.3.2.2.2 In-plane rotation 

Figure 3-13 shows the in-plane the effect of rotating a coil in coronal plane on MR images. 

As shown in Figure 3-13, an arbitrary rotation of the coil more than 180o in the same plane 

causes the change in the result. For instance, it is not possible to distinguish between situations 

where the coil rotates 180o with the situation where there is no rotation but the current has an 

opposite direction. Hence, to interpret the MR images, initial knowledge about the orientation of 

the microrobot is essential. 
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Figure 3-13: Effect of rotation in the current direction based communication system. (a) 

Simulated magnetic field and coronal MR image of the coil in axial plane while applying 5mA 

current. (b) Alternating the current direction. It is not possible to distinguish between a.0o and 

b.180o or a.90o and b.270o
. 
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3.4 Conclusion 

In this chapter, a technique was described to exploit MRI scanner as a sensitive receiver to 

communicate with the microrobots. We proposed a binary communication scheme in the form of 

a directional alteration in the current circulating in a miniature coil that could be embedded in the 

microrobot. The direction of the current could be regulated from a predetermined sensory 

threshold input implemented on the microrobot. The direction of the current provides information 

about the level of sensory input from a microrobot and it is determined using MR phase encoding 

images. The results showed that the MRI scanner is able to detect the direction of the current 

from image of the local magnetic field surrounding the microrobot and it is sensitive enough to 

detect a magnetic field generated from a miniature coil with appropriate size to be embedded on a 

microrobot. However, the shape of the artifact in MR images is dependent to not just the current 

direction but also on the orientation of the microrobots. Hence; knowledge of the microrobot’s 

orientation relative to its initial orientation is essential to interpret the MR images. 
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CHAPTER 4 FREQUENCY BASED COMMUNICATION WITH EPI 

IMAGING 

In Chapter 3, we proposed a binary communication scheme based on detecting the direction of 

the current passing through a miniature coil that is embedded in the microrobot using MR phase-

encoding images. However, in addition to the current direction, the orientation of the microrobot 

also affects the shape of the artifact in MR images. Therefore, information about the microrobot’s 

orientation relative to its initial position is required prior to interpreting the MR images.  

In this chapter, we demonstrated how we addressed this problem by overcoming the 

aforementioned limit through the development of a new communication method based on the 

detection of variations in the electrical current’s frequency using the same principle that is 

presented in [87, 88] for direct mapping of neuronal activity. We showed that the frequency is 

independent of the rotation of the transmitting coil; hence, it can be interpreted without any initial 

knowledge of the microrobot’s orientation. We also showed that MRI is sensitive enough to 

detect changes in the magnetic field of a miniaturized transmitting coil embedded into a 

microrobot.  

The remainder of this chapter is organized as follows: Section 4.1 describes the theoretical 

background behind this method. Section 4.2 explains methodology, simulation framework, and 

experiment setup to test the proposed communication system. Results are presented and 

discussed in Section 4.3, followed by the conclusion in Section 4.4. 

4.1 Theoretical background  

The presence of any field inhomogeneity impacts the formation of MRI images and results in 

image artifacts known as susceptibility artifacts [89, 90]. The susceptibility effect is the source of 

two types of artifacts in MR images [91, 92]: geometrical distortion and intensity distortion. 

The geometrical distortion corresponds to a misregistration of spin positions due to field 

variations during frequency encoding. Thus, the misregistered signals appear in a wrong location 

because of the change in the Larmor frequency of the affected spins. 

))(()( 0 rBBr m


   (4-1) 
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where )(rBm


 is the parallel or anti-parallel component of the background magnetic field to the 

main magnetic field B0 of the MRI scanner. 

The position error due to the misregistration is calculated as: 
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  (4-2)

 

Where Gx is the readout gradient. 

The intensity distortion is only limited to GRE sequences due to the lack of 180o refocusing 

pulse. Because of the presence of a background gradient (e.g., magnetic field generated by 

microrobot), an additional position dependent phase term is added to the echo signal, which leads 

to a signal loss.  

The measure signal at the echo time in the presence of background field of the microrobot can be 

written as [86]: 

      dverTErs
v

TEtrBiTErGi mx
 ,22,

    (4-3) 

while ρ is the proton density, Gx is the readout gradient and �⃗ is the position vector. The term 

TEBm 2  shows the additional phase dispersion at the the echo time (TE). 

As shown in Eq.(4-3), an alternative magnetic field generated by a transmitting coil (ΔBm) leads 

to an alternative MR signal variation over time, the frequency of which can be detected by 

applying a Fourier transform after sampling the signal over time. Single-shot Echo-Planar 

Imaging (EPI) [93] is a very fast imaging method that can acquire a complete image in a fraction 

of a second [94]. As a result, the alternative signal can be sampled using real-time EPI images. 

The sampling rate is equal to the sequence’s repetition time (TR). The Fourier transform of the 

identical pixels on different images acquired over time reveals the frequency of the alternative 

magnetic field of the coil. 

Note that for the single-shot EPI, we define the TR as the total acquisition time for one complete 

image; Hence, the time between two consecutive images is equal to TR.  
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Considering the Nyquist criteria, the maximum frequency detectable by this method (fmax) is 

limited by the minimum allowable TR in the sequence: 

min

max
2

1

TR
f   (4-4)

 

 

Figure 4-1: The current induced alternative magnetic field of the coil was sampled by taking 

successive single-shot EPI images from the same slice. 

 

4.2 Material and method 

4.2.1 Simulation framework 

EPI-GRE sequence was developed in C language and added to SIMRI program [95] to simulate 

MR images.  

The current magnetic field of the planar coil is simulated using MATLAB and added to the 

SIMRI as field inhomogeneity. 

The simulator overview is shown in Figure 4-2 
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Figure 4-2 SIMRI overview [95] 

The virtual object is defined by set of physical parameters that is needed to calculate 

magnetization vector [95]. These values are spin density (ρ), spin-lattice relaxation time (T1) and 

spin-spin relaxation time (T2); 

The magnetization vector is calculated by solving the Bloch Equation [96] 
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where ���⃗ = (��,��,��)
� is the magnetization vector and M0 is the spin magnetization in 

equilibrium which is dependent on proton density and T1,T2 relaxation constants. The local 

magnetic field is defined as:  

)())(()(),( 10 tBzrtGzrBzBtrB m
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Where )(rBm


  is the local field inhomogeneities, )(tG


 is the applied field gradient, )(1 tB


 is the 

RF excitation pulse and Tzyxr ),,(


is the spatial coordinate [95]. 

Considering the effect of applying a RF excitation pulse, applying the gradients and spin 

magnetization relaxation, the magnetization vector evolution can be iteratively computed by [95]: 

),()()(),( trMRRRotRotttrM RFrelaxizgz


  (4-7) 

where )(zRot  is a rotation matrix about the z-axis associated to the angle θ by: 
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Where θg is linked to the applied gradient )(tG


by: 
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Where θi is linked to the field inhomogeneities by: 
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Where Rrelax describes the relaxation effects by: 
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and where RRF represents the rotating effect of a RF pulse of phase angle ϕ leading to a flip angle 

α in a time Δt. Considering only one component on resonance, in the absence of any gradient RRF 

is given by rotation about z and x-axis [97]: 
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)()()(   zxzRF RotRotRotR  (4-12) 

In the presence of the magnetic field other than B0 , RRF is given by Eq.(4-13) [95]: 

)()()()()(   zyxyzRF RotRotRotRotRotR  (4-13) 

with effective flip angle   as : 
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where ),( tr


 is the local value of frequency offset and is calculated by: 
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The k-space is filled by calculating one dimensional discrete complex RF signal (s[t]) from the 

magnetization using:  
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The noise is then added to the k space data before applying the reconstruction algorithm 

including inverse Fourier transform to obtain the final MR image [95]. 

4.2.2 Experiment setup 

A three turn double layer planar coil as the microrobot’s transmitting coil was designed in 

EagleCAD (CadSoft Computer, USA) and converted to the LMD format using LPKF 

CircuitCAM software. This file was then provided to the LPFK ProtoMat 95s/II milling machine 

(LPKF Laser & Electronics AG, Germany) as an input to build the coil from copper PCB. The 
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square planar structure was selected due to the ease of miniaturization and embedding in the 

microrobot using CMOS technology. The specifications of the coil were: outer diameter = 3mm, 

inner diameter = 1.4mm, track width = 200μm, gap size (space between adjacent conductors) = 

200μm (Figure 4-3b). EPO-TEK® 301-2 epoxy resin [84] (Epoxy Technology Inc., USA) was 

then applied to both sides of the coil to make it water resistant. 

A commercial signal generator (Agilent 33220A, Agilent Technologies, USA) was used to 

generate electrical currents with various frequencies in the coil during the imaging sequence.  

During imaging, the signal generator was placed in the control room and connected with wires to 

the coil inside MRI through the penetration panel. To acquire MR data, the coil was suspended 

inside a solution made of gelatin (Figure 4-3c). 

 

Figure 4-3: (a) The planar coil on PCB (b) Applying water resistant epoxy on the surfaces (c) 

Suspending the coil in gelatin for imaging purpose. 

4.2.3 MRI experiment 

To detect changes in the magnetic field at different frequencies, a susceptibility-sensitive 

sequence with a high temporal resolution was required. Gradients echo (GRE) sequences are 

known to be sensitive to the susceptibility artifact due to the lack of the 180o RF pulse [98, 99]. 

A single-shot GRE echo planar (EPI-GRE) sequence with a temporal resolution of 220ms was 

applied to acquire the images. In a single shot sequence, one image was acquired during one 

repetition time. So the acquisition time is determined by the duration of TR. On the other hand, the 

maximum detectable frequency is limited by the acquisition time. As such, the TR was set to the 
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minimum value allowed according to the sequence parameters. According to the parameters of the 

imaging sequence and the Nyquist criteria, the maximum detectable frequency was fmax=2.27Hz. 

The imaging parameter is shown in  Table 4-1. Two arbitrary frequencies lower than 2.27Hz 

were chosen (0.5Hz, 1Hz) to show two states of binary communication. The amplitude of the 

electrical current was fixed, and the frequency was set to 1Hz in the first set, and then changed to 

0.5Hz in the second set of the experiment. In each set of experiments, fifty images were obtained 

from the same slice. Afterward, a frequency map was built by applying the Fourier transform on 

each pixel for all the 50 slices prior to the detection of the peak frequency . 

Table 4-1: Sequence Parameters. 

System Siemens Skyra 3T 

Sequence Name GRE_EPI(ep2d_fid) 

Repetition Time (TR) 220ms 

Echo Time (TE) 105ms 

Image matrix 128×128 

FOV 120mm×120mm 

Slice Thickness 5mm 

Flip angle 90o 

Measurement 50 

In the next step, the minimum magnetic field detectable by this method was calculated by 

mapping the simulated magnetic field on the experiment results.  

To examine the effect of the microrobot’s rotation on the proposed communication method, the 

coil was initially placed on the axial plane, and MR images were acquired while a current was 

applied. Then, the coil was rotated 90o and MR images were taken while a current with the same 

frequency and amplitude was applied. Finally, the same procedure was repeated while the coil 

was positioned in the sagittal and in the arbitrary planes. 
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4.3 Results 

4.3.1 Frequency detection 

Figure 4-4 shows the simulated and experimental results when the coil was placed in the axial 

plane and an alternative electrical current with maximum amplitude of 1mA and frequency of 

1Hz was applied.  

 

Figure 4-4: Detecting frequency using MRI. 1mA, 1Hz AC current was applied to the coil in 

axial plane. (a) Simulated MRI image (b) Simulated frequency map (c) Coronal single-shot EPI 

image of the coil (d) Experimental frequency map. The yellow pixels have a frequency of 1Hz 

which is equal to the applied current’s frequency. 
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Figure 4-5 shows the results when the frequency was set to 0.5Hz. In these tests, a coronal image 

was taken as a plane perpendicular to the coil’s surface. As shown in Figure 4-4 and Figure 4-5, 

the frequencies of applied current were successfully determined using MR images in both 

experiments. In the frequency maps, it is possible to identify a group of adjacent pixels with the 

same frequency. This frequency is equal to the frequency of the current applied to the coil. We 

refer to this group of adjacent pixels as the region of interest (ROI) in the rest of this chapter. 

 

Figure 4-5: Detecting frequency using MRI. 1mA, 0.5Hz AC current was applied to the coil in 

axial plane. (a) Simulated magnetic field (b) Simulated frequency map (c) Coronal single-shot 

EPI image of the coil (d) Experimental frequency map. The red pixels have a frequency of 0.5Hz 

which is equal to the applied current’s frequency. 
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Any arbitrary frequency under fmax was detectable with this method. Figure 4-6 shows the 

frequency maps of two sets of experiments with two different frequencies. 

 

Figure 4-6: Detecting arbitrary frequencies using MRI. Frequency map resulting from an 

experiment set with 1mA and (a) 1.3Hz (b) 2Hz AC current. 

4.3.2 Possibility of miniaturization 

To investigate whether the MRI is sensitive enough to detect changes in the magnetic field of a 

miniature coil embedded in the microrobot, the minimum magnetic field detected in the above 

experiment was first calculated. Subsequently, the possibility of generating such a magnetic field 

using a miniature coil was shown. To calculate the minimum magnetic field, the magnetic field of 

the coil was simulated and mapped (as a contour) on the frequency maps acquired from MR 

images (Figure 4-7). The amount of magnetic field on the contour line at the edge of the ROI 

indicated the minimum magnetic field. As shown in Figure 4-7, a change in the magnetic field as 

small as 350pT is detectable using our proposed method. 

We observed that, where the source of the frequency was noise, the number of adjacent pixels 

with the same frequency did not exceed five pixels. In addition, the areas indicative of the real 

frequencies included a minimum of 30 pixels. Therefore, in our first attempt to distinguish the 

real frequency from noise, only an area containing a minimum of 30 pixels was considered a 

ROI. Figure 4-8 shows the simulated magnetic field generated from a 70µA current passing 

through a double layer coil with an outer diameter of 350 µm in a plane perpendicular to its 

surface. Figure 4-8.b shows the simulated frequency map after considering the 350pT threshold. 

As shown in Figure 4-8.b, the ROI has more than 30 pixels, and as a result, the frequency of the 
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magnetic field produced by the microrobot with a miniaturized transmitter coil will be detectable 

by our proposed method. 

 

Figure 4-7: Detecting the minimum magnetic field by mapping the simulated magnetic field on 

the experiment field map. (a) Field map. The frequency in the ROI is 1Hz in the first and 0.5Hz 

in second row respectively. (b) For better visualization, a mask was applied to remove other 

frequencies on the field map. The area inside the dashed square is magnified. The change in the 

magnetic field as small as 350pT can be detected with our proposed method. 
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Figure 4-8: (a) Simulated magnetic field of a coil with an outer diameter of 350μm by applying 

70µA current with f=1Hz. (b) Frequency map constructed from simulated magnetic field shows 

the frequency equal to the frequency of applied current. More than 30 pixels are affected by the 

magnetic field higher than 350pT. (c) Simulated MR image (d) Frequency map constructed from 

simulated MR image. 

 The second approach to distinguish the real frequency from noise is by means of standard 

deviation (SD). The experiment set was repeated several times and the frequency map was built 

for each set (Figure 4-9b). Then the SD of each pixel in the frequency maps was calculated. The 

pixels with the zero SD are the ones affected from coil’s magnetic field because the frequency of 

other pixels affected by random noise varies at each set of experiment and as a result the SD of 

these pixels is non-zero (Figure 4-9c). Finally, the pixels in which the SD is non-zero are masked 

in frequency map. As shown in Figure 4-9d, the frequency of unmasked pixel is equal to the 

frequency of the microrobot. Comparing to the first approach, it is possible to detect frequencies 

of smaller coils with this method since only a few pixels is enough for detection. For instance, as 



44 

 

shown in Figure 4-9 it is possible to detect a frequency of a micro-coil with outer diameter of 

156μm. 

 

Figure 4-9: Localizing the micro-coil using standard deviation map. (a) Simulated MR image (b) 

Frequency Map (c) Standard deviation map of frequency change in each pixel after 20 

repetitions. (d) Masking the frequency map using the standard deviation map. Frequencies with 

non-zero SD are masked. The specifications of the coil were: outer diameter = 156μm, inner 

diameter = 56μm, track width = 5μm, gap size = 5μm, number of turn = 5, current = 70μA 

4.3.3 Rotation and displacement 

As stated in Eq.(4-3), only a magnetic field parallel to B0 affects MR signals. Hence, only the part 

of coil’s magnetic field which is parallel to B0 determines the magnetic field affecting the MR 

images. For instance, when the coil is in the axial plane, its Bz is parallel to the B0 and appears in 

the MR image. Rotating the coil to the coronal plane (90o rotation around the x-axis in 

Figure 4-3a) causes By to become parallel to B0, and affects the MR images (Figure 4-10). 
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Figure 4-10: Coil in (a) Axial (b) Coronal (c) Sagittal plane. 

Eqs. (3-2) and (3-3) show the relationship between the three magnetic field components and the 

current passing through the coil. Let us assume that an alternative current with amplitude A and 

frequency f, I(t)=Asin(2πft), will pass through the coil. As stated in Eqs. (3-2) and (3-3), the 

current has the same amplitude and frequency in all three components of magnetic field. 

Moreover, it is a scalar value, and thus independent of the coil’s orientation and position. This 

implies that the frequency can be detected without initial information on the position of the 

microrobot. The detection of the frequency is also independent of any rotational movement. 

Figure 4-11 shows the frequency maps of the coil in axial, coronal, sagittal and an arbitrary plane 

while a 1mA current with two different frequencies passes through the coil. As shown in 

Figure 4-11, the frequency was correctly determined in all four configurations. 

4.3.4 Effect of imaging parameters 

There are several parameters available when setting up the imaging protocol. The parameters 

affect our proposed communication method through its effect on the susceptibility artifact and as 

a result the minimum detectable magnetic field. Therefore, the goal is to achieve highest signal to 

noise ratio (SNR) in the minimum scan time while having the largest susceptibility artifact. 

4.3.4.1 Matrix size 

Increasing the matrix size increases the resolution at the cost of SNR. Moreover, increasing the 

samples in frequency encoding direction lowers the susceptibility. On the other hand, in the 

phase-encoding direction, it increases the echo train length which leads to a larger artifact. 
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Figure 4-11: The effect of the rotation on the communication method. MR images were taken 

from the coil with current of I=1mA and a frequency of f = 1Hz, and a frequency map was built 

when the coil was placed in (a) axial, (b) sagittal, (c) coronal, and (d) arbitrary plane. The coil 

was in the middle of FOV, and the MR images were taken in a plane orthogonal to the coil’s 

surface in all experiments. In the first row, an electrical current with the frequency of f=1Hz was 

applied to the coil, while in the second row, the frequency was set to f=0.5Hz. 

 

Figure 4-12 shows the effect of halving the matrix size on frequency maps. The overall effect of 

the matrix size is negligible.  

 

Figure 4-12: Effect of matrix size on the communication method. Frequency map was acquired 

from (a) 128×128 and (b) 64×64 images. 
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4.3.4.2 Time of Echo (TE) 

As stated in Eq.(4-3), increasing TE increases the phase dispersion and results in a larger artifact. 

Figure 4-13 shows MR images and their frequency maps for two experiments with TE=50ms and 

TE =105ms.  

 

Figure 4-13: Effect of TE. Frequency map was acquired from MR images acquired with (a) 

TE=50ms and (b) TE=105ms 

4.3.4.3 Repetition Time (TR) 

In case of scan time and maximum detectable frequency, a smaller TR is desirable. However as 

mentioned in previous section it is desirable to set TE to its maximum value to increase the size 

of the artifact. Decreasing TR will limit the maximum TE allowable in the sequence. 
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4.3.4.4 Receiver Bandwidth (rBW) 

The receiver bandwidth defines the range of frequencies that are sampled in the echo signal by 

the analog-digital-converter (ADC) during the application of the frequency gradient. It is 

calculated by: 

tN
rBW

x 


.

1  (4-18)

 

where Nx is the number of samples in the frequency encoding direction and Δt is the ADC dwell 

time [100]. Note that Eq.(4-18) is the bandwidth per pixel, which is the number that appears on 

the Siemens scanner sequence parameter card. Total bandwidth across the entire image (which is 

used in GE scanners [101]) is defined as the reciprocal of the dwell time. 

The rBW has an important role in determining the echo spacing (ESP) in EPI sequence [102]. 

Increasing the rBW shortens the ESP which leads to a smaller susceptibility artifact. However, 

the SNR decreases, since there is more noise being sampled relative to the received signal.  

 

Figure 4-14: Effect of receiver bandwidth. Frequency map was acquired from MR images 

acquired with (a) rBW=1174Hz/px and (b) rBW=751Hz/px 
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4.3.4.5 Image acquisition and reconstruction method 

The maximum frequency to be detected using this technique is limited by the minimum TR 

(Eq.(4-4)). Therefore, it is desirable to decrease the TR to expand the range of detectable 

frequencies.  

In single-shot EPI imaging all phase encoding lines are acquired after a single RF excitation by 

employing series trains of bipolar readout gradients. Each line is phase-encoded separately by 

phase-encoding blips on the phase-encoding axis [94] (Figure 4-15). Reduction of the acquisition 

time in EPI sequences has been carried out by decreasing the echo train time by applying fast 

gradient. Echo-planar imaging employs gradient coils capable of a maximum amplitude of 

20mT/m, a minimum rise time of 0.1ms, a slew rate of 200T/m per second, and a duty cycle of 

50%–60% [94]. However, the switching rate is limited for safety consideration because fast-

switching gradients induce a time-varying electric field that may cause peripheral nerve 

stimulation (PNS) at sufficiently high amplitudes [103-105].  

 

Figure 4-15: Echo-planar sequence (figure adapted from [38]). 

Parallel imaging methods (pMRI) offer a decrease in acquisition time while maintaining the same 

resolution and signal to noise ratio (SNR). pMRI works by using the spatial sensitivity 

information of a multiple receiver surface-coil array to construct an image with only a fraction of 

phase-encoding steps [106]. The effect of the coil sensitivity is considered as an encoding effect 

similar to gradient encoding. Reduction in the phase encoding steps results in a reduction in the 
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field of view (FOV). This leads to aliasing effect which is irreversible if only one receiver coil is 

used. This problem is solved by a multiple-coil acquisition approach. Several pMRI 

reconstruction techniques and strategies have been proposed in the literature [107-111]. The 

techniques can roughly be classified in two main groups. In the first group the partial k space 

acquired from each coil is transformed to images and the final reconstruction happens in image 

space by combining the individual images using the coil sensitivity maps. PILS [109] and 

SENSE [112] are two examples in this group. In the second category, the reconstruction 

procedure happens in the k-space by calculating the missing k-space using the sensitivity 

information. (e.g. SMASH [107], GRAPPA [110]). 

However, these techniques have a negative effect on our proposed communication method since 

they reduce the echo train length of the single-shot EPI sequence which leads to a reduction of 

the susceptibility artifact. Figure 4-16 shows the MR image and frequency maps of two sets of 

experiments acquired using GRAPPA technique and conventional full k-space acquisition.  

 

Figure 4-16 : Coronal single-shot EPI image and frequency maps of the coil for (a) conventional 

full k-space and (b) GRAPPA reconstruction. A 1mA, 1Hz AC current was applied to the coil in 

the axial plane. The yellow pixels have a frequency of 1Hz. The size of the coil’s artifact is 

smaller in the GRRAPA image due to the reduction of the susceptibility artifact. 
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4.3.4.6 Parameters trade-offs 

Table 4-2 summarizes the effect of the imaging parameters on our method. As shown in 

Table 4-2, there is a trade-off between parameters. For instance, Eq.(4-19) shows the relationship 

between the total acquisition time, rBW and matrix size. 

TNtNNTTNTR yyxsy  )(  (4-19)

 
where rtT 2 is defined as the time needed to go from a peak to opposite peak in read 

gradient between echoes [113]. Nx is the total line in the read direction, Ny is total line in the 

phase direction and Δt is the sampling rate along read direction (ADC dwell time) [113] and it is 

related to rBW through Eq.(4-18). 

Table 4-2: Parameters and their associated trade-offs 

To optimize the communication method Adjusted parameter Consequence 

Maximize the size of susceptibility artifact ↑ TE 

 

↑ minimum TR 

↓ SNR 

↓ receive bandwidth 
↑ minimum TR 

↑ SNR 

Maximize SNR 

 

↓ matrix size  
↓ TR 

↓ spatial resolution 

↓ TE ↓ susceptibility artifact 

↓ receive bandwidth 
↑ minimum TR 

↑ susceptibility artifact 

Minimize TR ↓ matrix size  
↑ SNR 

↓ spatial resolution 

↑ receive bandwidth 
↓ susceptibility artifact 

↓ SNR 
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4.3.5 Localization and tracking 

Due to the geometrical distortion in EPI images, this sequence cannot be used for exact 

positioning. Other sequences -such as gradient-echo- must be applied to locate and track the 

microrobot prior to the communication using the proposed EPI-based method. However, as we 

showed in Chapter 3, the minimum visible magnetic field in MR images is 50nT. Hence; as the 

magnetic field of the microrobot is smaller than this threshold, the microrobot is not visible in the 

MR images (Figure 4-9a) and only the frequency of its magnetic field is detectable.  

Ferromagnetic materials have a high susceptibility. A magnetic field generated by a magnetic 

sphere (Figure 4-17) with constant susceptibility in a uniform magnetic field is calculated by 

[114]: 
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(4-20) 

when �̂ is the r-directional unit vector, �̂ is the unit vector in z-direction, and ���⃗  is the magnetic 

dipole moment calculated by: 

zMam sat ˆ
3

4 3



 

(4-21) 

where a is the radius of the sphere and ����� corresponds to the saturation magnetization. 

 

Figure 4-17: Schematic of a magnetic sphere with radius a in an external magnetic field B0 
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Adding a ferromagnetic particle as a core to the transmitter coil raises the total magnetic field of 

the microrobot above the threshold of 50nT and therefore it becomes visible in the MR images 

(Figure 4-18).  

 

Figure 4-18: (a) simulated magnetic field of a 15μm ferromagnetic particle in 3T (b) simulated 

EPI-GRE MR image of the particle. 

The magnetic core doesn’t affect our communication method since its magnetic field is constant 

(Figure 4-19). 

 

Figure 4-19: Micro-coil with ferromagnetic core (a) MR image (b) frequency map. The 

specifications of the coil were: outer diameter = 350μm, current = 70μA, ferromagnetic core’s 

diameter = 15μm 
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4.3.6 Accuracy and frequency resolution 

The frequency resolution of this method limits the accuracy of frequency measurement.  

The frequency resolution, Δf, is defined as: 

N

f
f max  (4-22)

 

where fmax is the maximum frequency defined by Eq.(4-4) and N is the number of images 

acquired in each set of experiments. For instance, using the sequence parameters in Table 4-1, the 

frequency resolution of the experiment is 45mHz. As shown in Figure 4-20, four frequencies with 

50mHz steps can be successfully detected. 

 

Figure 4-20 : Detecting four consecutive frequencies with 50mHz step. 

4.3.7 Communication with several microrobots 

Any arbitrary frequencies under the fmax are detectable with our proposed method. Hence; the 

communication can be expanded to communicate with more than one microrobot, or to obtain the 
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states of more than one sensor in a microrobot. For instance, Figure 4-21 the simulated MR 

images taken from two coils placed in arbitrary positions with different frequencies. As shown in 

Figure 4-21 two frequencies are detected separately and hence this method can be used to 

communicate with two or more than two microrobots at once.  

 

Figure 4-21: Communicating with several microrobots. (a) Simulated MR image of two coils in 

arbitrary positions with different frequencies (1Hz and 1.4Hz). (b) Two frequencies are 

successfully detected in the frequency map. The specifications of the coils were: outer diameter = 

3mm, inner diameter = 1.4mm, track width = 200μm, gap size= 200μm, current = 1mA 

Figure 4-22 shows the communication with two and five microrobot that were placed in arbitrary 

positions. 

In cases where the magnetic fields of the coils overlap with each other, two peaks will appear in 

the frequency spectrum of each pixel. However only one of them appears in the frequency map as 

the algorithm selects the frequency of the absolute maximum in the spectrum. To distinguish 

between each coil, partial frequency maps were built for a specific frequency range (Figure 4-23).  
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Figure 4-22: Communication with two (left column) and five (right column) microrobots in 

arbitrary positions with different frequencies. (a) Simulated MR images (b) Frequency maps (c) 

Standard deviation maps (d) Masked frequency maps. The specifications of the coils were: outer 

diameter = 350μm, current = 70μA, Frequencies= (a)1 and 1.30Hz (b) 0.3, 0.75, 1,1.4 and 1.8Hz  
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Figure 4-23: Communicating with two microrobots with overlap. The first microrobot uses 

frequencies between 0 and 1.2Hz while the second microrobot communicates with frequencies 

between 1.2Hz and 2.25Hz. Simulated partial frequency maps were made based on these ranges. 

The specifications of the coils were: outer diameter = 350μm, current = 70μA, frequency (a) 1Hz 

(b) 1.4Hz. 

This method might also be used for measuring a parameter instead of binary communication. For 

example, each pH level can be mapped onto a specific frequency. The accuracy the of 

measurement is limited by the maximum detectable frequency and frequency resolution 

4.4 Conclusion 

In this chapter, the basis for a new approach in communication for an untethered intelligent 

medical microrobot was introduced and demonstrated. In the proposed method, the frequency of 

the current circulating through a miniature planar coil embedded in the microrobot was designed 

to change relatively to the sensory input level. The AC current produces AC magnetic field 

inhomogeneity, which is detectable in MR images independent of the microrobot’s orientation. 

The minimum magnetic field detectable by this method is decreased to 350pT compared to 50nT 

in Chapter 3. This allows us to achieve a higher level of miniaturization where the power source, 

and consequently, the generated magnetic field would be very limited. Moreover, the ability to 

detect several frequencies makes it possible to use the binary communication method for more 

than one sensor on the microrobot, or to use several microrobots by associating each sensor or 

microrobot to two specific frequencies which differ from the others. 
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CHAPTER 5 FREQUENCY BASED COMMUNICATION USING T1ρ 

IMAGING 

In Chapter 4, we proposed a communication method based on detecting the frequency of the 

magnetic field generated by the microrobot using EPI imaging. We showed that the maximum 

detectable frequency by this method is limited by the minimum TR. Reduction of the TR in EPI 

sequences can be carried out by employing the fast switching gradient and parallel imaging 

methods. However, the switching gradient rate is limited because of safety considerations, and 

we showed that using parallel imaging technique such as GRAPPA decreases the sensitivity of 

our method. Moreover, decreasing TR leads to a decrease in TE which has negative impact on the 

communication. 

In this chapter, we investigated the feasibility of using T1ρ imaging technique to detect higher 

range of frequencies. We showed that it is possible to detect the frequency of the microrobot’s 

magnetic field using a spin-lock module independent of microrobot position and orientation. 

The rest of this chapter is organized as follows: Section 5.1 covers a theoretical background 

underlying T1ρ imaging technique (spin-lock). Section 5.2 describes the methodology and 

simulation framework to test the proposed communication system. Results are presented in 

Section 5.3, followed by the discussion and conclusion in Sections 5.4 and 5.5 respectively.  

5.1 Theoretical background  

To understand the spin-lock, we need to explain the rotating frame of reference. As explained 

earlier, the external magnetic field causes a rotation of the magnetic moment about the field. In 

case of a static external field ( B0), the rotation is a constant precession about B0. Suppose that we 

look at the magnetization in a reference frame rotating clockwise at the Larmor frequency around 

the z-axis of the laboratory reference frame and the static field is pointing in the positive z-

direction. The spin axis does not move at all from this point of view. This reference frame is 

called the rotating reference frame and is useful to simplify the mathematical framework 

governing the NMR phenomenon [92]. In this frame: The effect of the B0 has disappeared; The 

RF field (B1) appears static since it is rotating with the same frequency; and Magnetization has 

begun a new precession around B1. Since B0 no longer exists in this frame of reference, the only 

magnetic field acting on M is the now stationary B1 field. Therefore, M will precess around B1 
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with frequency ω1 =γ B1. Figure 5-1 shows a comparison of magnetization behavior in the 

laboratory and rotating reference frames. 

 

Figure 5-1: Comparison of magnetization behavior in (a) laboratory and (b) rotating reference 

frames [115]. 

Now assume that a RF excitation pulse is applied and the magnetization is aligned to y-axis. If all 

of the spins precess at Larmor frequency, the magnetization remains aligned to y-axis. However, 

slight variation in the Larmor frequency arises from different sources which lead to T2 decay. In 

the rotating reference frame, this will appear as spin spreading away from y in both the positive 

and negative directions, and the net magnetization will shrink along the y-axis. Applying a 

continuous RF pulse called spin-lock pulse at resonance with the Larmor frequency along the y-
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axis, it will appear as a static magnetic field along the y-axis in the rotating reference frame. 

Similar to the Larmor precession about the static magnetic field, all the magnetization will be 

pulled into precession around the spin-lock field with the frequency equal to ωsl=γBsl, and the 

spins undergo a new relaxation which is characterized by T1ρ relaxation constant. In this situation, 

the oscillating magnetic field generated by the microrobot (ΔBm) can act as the RF pulse and tip 

the magnetization away from the y-axis if its frequency is at resonance with spin-lock frequency. 

The magnetization behavior during the spin-lock Msl = [Mx, My, Mz]T can be expressed by the 

Bloch equation. Considering a doubly rotating reference frame (it rotates along y-axis in the 

rotating reference frame with spin-lock frequency ωsl) and renaming the axis x to y, y to z, and z 

to x we have [116]: 
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 (5-1) 

where ωm=γΔBm . ΔBm and ωac are the amplitude and the frequency of the oscillating magnetic 

field.  

The spin-lock module combined with application of microrobot’s oscillating magnetic field and 

an imaging sequence and its effect on magnetization is shown in Figure 5-2. First, the 

magnetization is flipped into the transverse plane along the y-axis by applying a 90o RF pulse 

along the x-axis. Then the magnetization is locked along the y-axis by applying the spin-lock 

pulse along the same axis. After a time Tsl the spin-lock field is switched off and the 

magnetization is restored to its original direction along the z-axis in preparation for the imaging 

sequence. As shown in Figure 5-2c1, applying ΔBm perpendicular to the spin-lock field tips away 

the magnetization from the transverse plane which leads to a decrease in the restored 

magnetization after applying the second 90o pulse. 
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Figure 5-2: A conventional imaging sequence combined with spin-lock module and microrobot 

magnetic field. (a) Sequence diagram. (b) Magnetization behavior in the absence of the 

microrobot magnetic field (c) Magnetization behavior in the presence of the microrobot magnetic 

field. The initial magnetization along with B0 (1) is flipped into the transverse plane by a 90o 

pulse (2) and is locked on y-axis (3). Finally the magnetization is restored by a second 90o pulse 

(4) in preparation for the imaging sequence. The presence of the microrobot magnetic field 

causes the magnetization to tip away from y-axis (c.3) and as a result, the restored magnetization 

is smaller than its initial value (c.4). 
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5.2  Material and method 

5.2.1 Magnetization behavior 

The magnetization during spin-lock was calculated from Eq.(5-1) by means of a matrix operation 

[117]. Then it was transform to rotating reference frame by: 

slaczrot MtRotM )(  (5-2) 

where Rotz is the rotation matrix around z-axis as defined in Eq.(4-8).  

Finally, after renaming the axis x to z, y to x, and z to y the magnetization in laboratory reference 

frame was calculated from Eq.(5-3): 

rotzlab MtRotM )( 1  (5-3) 

where ω1 is the frequency of the RF excitation pulse and it is equal to the Larmor frequency. 

5.2.2 Frequency detection 

To detect the frequency of the microrobot magnetic field ΔBm (ωac), the magnetization was 

flipped into the transverse plane using 90o pulse and then locked by a spin-lock pulse along the y-

axis. Then the signal was recorded after the spin-lock period Tsl. The experiment was repeated 

with different spin-lock fields and the magnitude of My at the end of the spin-lock period was 

calculated for each spin-lock frequency.  

To show the sensitivity of the method to external AC fields, the experiment was conducted for 

different arbitrary frequencies. The amplitude of the microrobot field was set to ΔBm = 200nT and 

the relaxation constants were T1 =1100ms, T2
*=75ms and T1ρ=100ms.  

Next, the influence of ΔBm and duration of spin-lock pulse on signal decrease was investigated. 
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5.3 Results 

5.3.1 Magnetization behavior 

Figure 5-3 shows the magnetization behavior during the spin-lock module in the absence and 

presence of the microrobot AC magnetic field. As shown in Figure 5-3a.3, in the absence of the 

microrobot AC field, the magnetization stays in the transverse plane and was only decreased due 

to the T1ρ effect. However, it oscillates along z-axis and there is an additional decrease in the final 

magnetization due the presence of the microrobot AC field. 

 

Figure 5-3: Magnetization behavior in laboratory reference frame during the spin-lock module in 

the absence (a) and in the presence (b) of the microrobot AC field. (1) Magnetization behavior in 

3D format. (2) Evolving transverse magnetization during the spin-lock module. (3) Evolving 

longitudinal magnetization during the spin-lock module. Mz is flipped onto the transverse plane 

within 1ms by applying the 90o RF pulse. It will oscillate during spin-lock around the z-axis 

because of the AC magnetic field. Finally, it turned back to the z-axis by applying the second RF 

pulse in the last 1ms. There is a decrease in the Mz because of the microrobot AC field. 
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5.3.2 Frequency detection 

Figure 5-4 shows the magnitude of y-magnetization after the spin-lock period for different spin-

lock frequencies. It clearly indicates the point of maximum resonance at 200Hz and 320Hz and 

displays ∼20 Hz width at half.  

 

Figure 5-4: Magnetization versus spin-lock frequency. The decrease in the magnetization is 

maximized when the spin-lock frequency (ωsl) and microrobot AC field (ωac) are at resonance: 

200Hz and 320Hz. The half width at half maximum (HWHM) is approximately 20Hz. The 

simulation parameters were: Tsl = 20ms, T1ρ=100ms, T2=100ms, T1=1100ms. 

5.3.3 Possibility of miniaturization 

Miniaturizing the microrobot affects the communication method through a decrease in the 

microrobot magnetic field. As mentioned earlier, the magnetic field of the microrobot acts as a 

RF excitation pulse during the spin-lock and tips the magnetization away from y-axis. The flip 

angle is calculated by: 
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slmm TB  (5-4) 

Decreasing mB as a result of microrobot miniaturization leads to a smaller flip angle and hence, 

to less decrease in the amount of MR signal. Figure 5-5 shows the y-magnetization at the end of 

the spin-lock period during a sweep of the spin-lock frequency across resonance with ωac for two 

amount of ΔBm. 

 

Figure 5-5: Effect of the AC magnetic field. Increasing ΔBm leads to larger flip angle and greater 

signal reduction. Simulation parameters were: Tsl = 20ms, T1ρ=100ms,T2=100ms,T1=1100ms. 

Figure 5-6shows the amount of y-magnetization and the flip angle versus different amount of 

ΔBm with constant Tsl. As shown in Figure 5-6, the magnetization reaches to when the flip angle 

reaches to 90o or 270o. And it is at its maximum value when αsl = 0o and 360o. 
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Figure 5-6: Effect of the AC magnetic field. Increasing ΔBm leads to a larger flip angle. First 

maximum reduction happens at αm=90o where there is no magnetization left along the y-axis. A 

greater field causes the magnetization to return to its initial position after a 360o rotation. 

Simulation parameters were: Tsl = 50ms, T1ρ=100ms, T2=100ms, T1=1100ms, ωsl = 100Hz, ωac = 

100Hz. 

As stated in Eq.(5-4), the flip angle is also affected by the duration of the spin-lock pulse. Hence; 

in case of a very small magnetic field, the spinlock time can be increased to acquire the desired 

flip angle. The spin-lock time is limited by the relaxation times, T1ρ and T2. Figure 5-7 shows 

the effect of Tsl on magnetization. 

Therefore, to maximize the reduction, the spin-lock duration must be decreased for a specific 

amount of ΔBm if the flip angle is larger than 90o.  
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Figure 5-7: Effect of Tsl on magnetization. Increasing the Tsl leads to larger flip angle and tips the 

magnetization away from y-axis. The magnetization decays over time because of relaxations. 

Simulation parameters: ΔBm = 200nT, T1ρ=100ms, T2=100ms, T1=1100ms, ωsl = 100Hz, ωac = 

100Hz. 

5.3.4 Rotation effect 

Only the orthogonal component of the microrobot’s magnetic field to the spin-lock axis affects 

the signal. Since the magnetic field of the planar coil are not equal in all the direction, the 

effective amount of ΔBm changes by rotating the microrobot. However, as explained in 

Section 4.3.3, the frequency of the applied electrical current is independent of microrobot’s 

rotation. Therefore, the spin-lock method for communication is independent of the microrobot’s 

rotation and displacement. 

Figure 5-8 shows the simulated magnetic field and magnetization after the spin-lock period in the 

coronal plane for a microcoil placed in the axial plane. Figure 5-9 shows the simulated magnetic 

field and the magnetization when the coil is rotated to the coronal plane. 
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Figure 5-8: Coil in axial plane (a) Simulated magnetic field, of a microcoil with an outer diameter 

of 350μm by applying 70µA current with ωac = 100Hz. (b) Coronal image of magnetization at the 

end of spin-lock period. Simulation parameters: Tsl = 50ms, T1ρ=100ms, T2=100ms, T1=1100ms, 

ωsl = 100Hz. 

 

Figure 5-9: Rotating the coil onto coronal plane (a) Simulated magnetic field. (b) Axial image of 

magnetization at the end of spin-lock period. Simulation parameters: Tsl = 50ms, T1ρ=100ms, 

T2=100ms, T1=1100ms, ωsl = 100Hz. 
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5.4 Discussion 

The resolution of our proposed method to distinguish between two frequencies depends on the 

resolution of sweeping spin-lock power and hence, on the scanner’s RF module. The maximum 

detectable frequency with this method is restricted by maximum spin-lock power allowed due to 

the safety limits since long spin-lock pulses could potentially lead to tissue heating [118]. 

For clinical applications, the signal absorption rate (SAR) related to the RF energy deposition by 

the spin-lock pulse must meet safety regulations. SAR is normally defined as the absorbed RF 

power per unit mass per unit time during an imaging experiment, and it is measured in watts per 

kilogram (W/kg) [119]. For example, based on FDA regulation, the allowable maximum SAR for 

clinical imaging is 4 W/kg averaged over the whole body for any 15 min period, 3 W/kg 

averaged over the head for any 10 min period, or 8 W/kg in any gram of tissue in the extremities 

for any period of 5 min [119]. Since SAR is proportional to the square of the RF pulse flip angle 

and the square of static field strength B0 [120], T1ρ imaging is considered as SAR intensive 

because of the long spin-lock time.  

Other factors that can affect the proposed method are inhomogeneity in B1 field and the main 

static field. Presence of B0 and B1 field inhomogeneities cause poor alignment of the 

magnetization along the y-axis during the spin-lock module and the complicated magnetization 

evolution. B0 shimming, B1 calibration, and the improved design of the spin-lock RF pulse are 

helpful to lessen the inhomogeneity effect [119].  

5.5 Conclusion 

In this chapter, the feasibility of using the spin-lock and T1ρ imaging techniques to communicate 

with the microrobot at higher frequency ranges than the EPI technique was discussed. The results 

showed that sweeping the spin-lock power across resonance with the frequency of microrobot 

magnetic fields displays the resonant point between spin-lock field and the microrobot field and 

the frequency can be detected independent of microrobot’s rotation and orientation. Our method 

can be expanded to communicate with several microrobots by selectively sweeping the spin-lock 

power across their frequency range. 
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 

This dissertation aimed to develop a new technique for communication with medical microrobots 

inside the human body. The miniaturization of the microrobot prevents the implementation of an 

adequate embedded communication system capable of transmitting sensory data. One of the 

major limitations is that power transmission cannot reach a level sufficient for proper 

communication.  

In Chapter 3, we proposed exploiting the MRI system and its sensitivity to the susceptibility 

artifact as a communication mean with microrobots to overcome size and power constrains. An 

electrical current passing through the transmitting coil embedded in the microrobot generates a 

magnetic field that interferes with the homogeneous static magnetic field of the MRI (B0) and 

appears in the MR images as a susceptibility artifact. The direction of the electrical current could 

be regulated based on a predetermined sensory threshold input, which leads to a change in the 

form of the magnetic field. We showed that the shape of the artifact in MR images is affected by 

the form of the magnetic field, and as a result, by the direction of the current in the transmitting 

coil. However, the shape of the artifact is also dependent on the orientation of the microrobots 

and thus, knowledge of the microrobot’s orientation relative to its initial orientation is essential to 

interpret the images.  

To overcome the above limitation, we proposed a new communication method using single-shot 

EPI-GRE MR images to detect the variation in the electrical current’s frequency instead of its 

direction in Chapter 4. We showed that the frequency is independent of the rotation and the 

position of the microrobot. The minimum magnetic field detectable by our proposed method 

decreased to 350pT compared to 50nT in Chapter 3. This allows us to achieve a higher level of 

miniaturization where the power source, and consequently, the generated magnetic field, would 

be limited. Moreover, the ability to detect several frequencies makes it possible to use our binary 

communication method for more than one sensor on one microrobot, or even to communicate 

with several microrobots by associating each sensor or microrobot to two specific frequencies 

which differ from the others. In addition, this method could also be used to measure a parameter 

by mapping each value onto a specific frequency. However, the maximum detectable frequency 

by EPI technique is limited by the minimum TR.  
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To increase the range of frequency, in Chapter 5, we proposed a new communication method 

using a T1ρ imaging technique. We showed that the sweeping of the spin-lock power across 

resonance with the frequency of microrobot magnetic fields display the resonant point between 

the spin-lock field and the microrobot field. And the frequency can be detected independent of 

the microrobot’s orientation and position. Our method can be expanded to communicate with 

several microrobots by selectively sweeping the spin-lock power across their frequency range. 

Compared with the EPI method, this technique can detect higher ranges of frequencies; however, 

its clinical use is restricted because of SAR safety regulations. 

6.1 Future work 

Our work opens several new research directions. In-vivo realization of the proposed technique 

necessitates further steps:  

 Since only the magnetic fields parallel to B0 affect the MR images, the amount of effective 

magnetic field varies by rotating the microrobot. As a result, the current must be strong 

enough to generate a magnetic field larger than the threshold in all directions. This larger 

power requirement limits the level of miniaturization. Hence, it is necessary to investigate 

different topologies for the transmitting coil to generate an equal magnetic field in all 

directions, making such a communication method completely independent of rotational 

motions.  

 An integrated circuit should be designed and fabricated to be embedded on the microrobot to 

measure sensory data. 

 The localization technique must be investigated for navigating and tracking purposes.  

Successful realization of this microrobot could potentially be used in the following medical 

applications: 

 Catheter Steering  

Catheter steering through the arterial system is a major issue in several medical applications. A 

surgeon with a high level of endovascular skills needs to manipulate a catheter manually through 

a complex blood vessel network. Catheters must be placed and steered carefully to avoid major 

injuries such as the perforation of an artery. Traditionally, several shapeable guide wires and 
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catheters can slide inside each another to perform catheter steering. A physician can use a linear 

back and forth movement as well as rotating the catheter around its axis in order to steer it. This 

method of actuation might cause many complications such as exposing the patient to more 

radiation, longer procedure time, hematoma, and the puncture of vessels [121]. Some methods 

use x-ray fluoroscopy to guide the catheter through the arterial system. Fluoroscopy uses ionizing 

radiations that lead to radiation exposure to the patient and the medical specialist. This 

phenomenon may lead to serious health effects on each person who attends the procedure if there 

is overexposure [122]. The idea of using an upgraded Magnetic Resonance Imaging (MRI) 

system to facilitate the steering of a catheter has been proposed and investigated in many studies 

[122-125] Using a MRI system not only excludes the ionizing radiation exposure but also 

enhances the soft tissue contrast in the images [123]. Moreover, fluoroscopy can only describe 

the lumen of the vessels while MRI can visualize the morphology of the soft tissue surrounding 

the blood vessels [121, 124]  

Different research propose the idea of placing wound coils at the distal end of a catheter to guide 

the catheter during intravascular procedures using MRI. A catheter with three orthogonal coils on 

its tip is proposed in [122]. The artifact of the current induced magnetic field of the coils can be 

detected in MR images. However, the radio frequencies used for imaging and the intermittent 

current passing through the coils induce ohmic heating of the catheter wiring which can burn the 

surrounding tissues. To solve this problem, the use of ferromagnetic spheres instead of the coils 

has been proposed [125]. In this case, one or two optimally distanced ferromagnetic spheres are 

attached at the distal tip of the catheter. However, due to the generated artifact, it is impossible to 

visualize the tissues within a few centimeters of the catheter tip in MR images. 

The ferromagnetic bead can be replaced by our microrobot that is powered by a photovoltaic cell. 

When the light source is switched on, the photovoltaic cell powers the microrobot and the 

microrobot generates a magnetic field that can be detected in MR images. In addition, by 

switching off the light source, the microrobot will not generate any magnetic field. Therefore, it 

is possible to visualize the tissues in the absence of the artifact.  

The ability to steer the microrobot by a magnetic gradient force, providing a suitable light source, 

and the penetration of light into the human body are the challenges that must be addressed for 

this application. Successful accomplishment of this project would lead to the ability to facilitate 
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real-time control of the catheter. This new approach can be used for drug delivery as well as 

making this process more precise and fast.  

 Detect Early Stage Tumor Based on its pH Variation 

According to the World Health Organization (WHO), the total number of cancer deaths is 

projected to rise by 45% between 2007 and 2030, which represents an increase from 7.9 million 

to 11.5 million deaths [126]. Therefore, it is necessary to develop new tools to more efficiently 

detect, propose new treatment, and follow up with people affected by cancer. 

Our microrobot could potentially be used for the early detection of new cancerous cells located at 

a specific part of the body. Studies illustrate that when a tumor starts to grow, it changes some of 

its nearby micro-environmental variables such as pH level. The extracellular pH (pHe) of a tumor 

is usually lower than the one of normal cells [127, 128]. Hence, a pH level of less than a 

predetermined threshold would trigger the communication part of the microrobot, and the 

direction or the frequency of its electrical current will vary depending on the pH level. 

Successful accomplishment of the proposed technique will result in:  

 Reducing the risk of tumor metastases to other organs of the body by improving early 

detection  

 More efficient treatment by providing more information about the environmental variables of 

the tumor, 

 Reducing the risk of tumor reformation 
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