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Abstract: 

Wireless capsule endoscopy (WCE) is a remarkable diagnostic device that examines 

the gastrointestinal (GI) tract. The WCE is a small capsule integrated with a camera that is used 

to visualize the inner mucosa of the GI tract. WCE has been proven to be the most effective 

method to diagnose GI diseases and GI cancers. The procedure reduces the discomfort and risk 

compared to conventional endoscopy methods. However, current WCEs lack the ability to take 

a biopsy or deliver a drug to a specific location. Those therapeutic functions can be introduced 

by wirelessly controlled WCEs.  

This thesis introduces an electromagnetic system that uses a magnetic field to wirelessly 

maneuver the capsule inside the GI tract. An enhanced control method for controlling the 

steering of the capsule endoscope is presented. The control method uses image processing 

feedback to enhance the controllability of the WCE and enlarge the effective workspace. The 

final constructed system consists of 8 electromagnetic coils and can steer the capsule in the x-

y plane. Additionally, a novel design of an untethered capsule endoscope that can deliver a 

drug to a specific location inside the GI tract wirelessly is presented. In conclusion, we present 

an electromagnetic system that enhances the controllability and therapeutic functions of the 

WCEs.   

  



3 

 

Acknowledgment:  

I would like to thank my parents, Ashraf Hussein and Ghada Mohamed for their endless love 

and support. No words can describe my gratitude for their patience and support. Also, I would 

like to thank my advisor, Prof. Mohamed Serry for giving me the opportunity to enhance my 

skills and supporting me with many resources during my master’s journey. I thank my co-

advisor, Dr Islam Khalil for his support and knowledge. I would like to thank my lab 

teammates, Eslam El Gamal, Omar Ibrahim, and Yousef Kotb for their time and efforts in 

supporting me. This Thesis is partially funded by the American University of Cairo. 

  



4 

 

Contents: 
Declaration of Authorship ............................................................................................. 1 

Abstract: ......................................................................................................................... 2 

Acknowledgment: .......................................................................................................... 3 

List of Figures: ............................................................................................................... 6 

List of Tables: ................................................................................................................ 7 

List of Symbols: ............................................................................................................. 8 

Chapter 1 Introduction ................................................................................................... 9 

1.1 Motivation ........................................................................................................ 9 

1.2 Outline of the Thesis ...................................................................................... 11 

Chapter 2 Review of the Literature:............................................................................. 12 

2.1 Moving Permanent Magnet Systems: ............................................................ 14 

2.2 Stationary Electromagnetic Systems: ............................................................. 20 

2.3 Research Aim: ................................................................................................ 24 

Chapter 3 Theoretical Background: ............................................................................. 26 

Chapter 4 Experimental Methods: ............................................................................... 29 

4.1 Design and Manufacturing of the Actuation System: .................................... 29 

4.1.1 System implementation:.............................................................................. 29 

4.1.2 Field-Current Mapping: .............................................................................. 31 

4.2 Design and Fabrication of the Capsule Endoscope: ....................................... 31 

Chapter 5 Results and Discussions .............................................................................. 35 

5.1 Field-Current Mapping Result: ...................................................................... 35 



5 

 

5.2 Control Algorithm of the Capsule: ................................................................. 36 

5.3 Discussion: ..................................................................................................... 39 

Chapter 6 Conclusions and Future Work ..................................................................... 41 

6.1 Future Works: ................................................................................................. 41 

Appendix A: Python Code for Control and Image Processing .................................... 43 

References: ................................................................................................................... 46 

 

  



6 

 

List of Figures: 

Figure 2-1 M2ATM Capsule ......................................................................................... 13 

Figure 2-2 Moving Permanent Magnet Systems ......................................................... 19 

Figure 2-3 Stationary Electromagnetic Systems. ......................................................... 22 

Figure 4-1: Overview of the electromagnetic system. ................................................. 30 

Figure 4-2: SMA micropump manufacturing process. ................................................ 33 

Figure 4-3: Overview of the capsule and its actuation system .................................... 34 

Figure 5-1: Unit current magnetic field maps .............................................................. 35 

Figure 5-2: Example of the real-time image that appears to the operator to enter the 

desired path.. ................................................................................................................ 36 

Figure 5-3: Results of enhanced control of the capsule.. ............................................. 38 

Figure 5-4 The measured velocity and acceleration of the pilot robot. ....................... 40 

  



7 

 

List of Tables:  

Table 4.1: Ecoflex 00-30 material properties……………………………………32  



8 

 

List of Symbols: 

T Magnetic torque 

m Magnetic dipole moment 

B Magnetic field 

F Magnetic force 

∇ Gradient 

I Electric current 

�̃� Unit current magnetic field 

  



9 

 

Chapter 1 Introduction 

1.1 Motivation 

Cancer is a serious disease that threatens the entire world and is the second leading 

cause of mortality. In the United States, there were 609,360 cancer deaths and about 1.9 million 

new cancer diagnoses in 2022[1]. The digestive system cancer cases are almost 32% of all 

cancer deaths[1]. Over the past 80 years, there have been great efforts to find answers to this 

devastating crisis that resulted in great improvements in the early detection and treatment of 

cancer which helped in reducing mortality rates[2]. However, to increase early cancer detection 

and treatment effectiveness, additional research must be done in order to reduce treatment side 

effects. Current chemotherapeutic cancer treatments are less effective because the anti-cancer 

drugs slowly reach the tumor cells that are distant from blood vessels [3], [4]. The low 

selectivity (tumor targeting) of anti-cancer drugs is another deficiency that results in systemic 

exposure of healthy cells to anti-cancer drugs. Chemotherapy can be enhanced through better 

anti-cancer drug cargo targeting tumor cells.  

Endoscopic technology has been the main tool for visualizing and diagnosis of 

gastrointestinal (GI) tract cancers. The traditional flexible endoscope has improved 

significantly over the last 200 years [5]. The endoscope has become more flexible and accurate 

using enhanced flexible materials; in addition to, using high-definition cameras instead of using 

mirrors. These developments help in making the diagnostic procedure less painful and increase 

the accuracy of the diagnosis. However, it still causes pain and discomfort to patients and 

usually, it requires sedation for the patients. All these challenges paved the way for introducing 

new technology to ease the pain and discomfort that results from the traditional endoscopy.  

In 2000, a wireless capsule endoscope (WCE) was introduced for diagnosing GI 

diseases, because it can be easily swallowed by patients due to its small size, then capture 
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images of the GI tract for diagnosis[6]. Because of its small size, WCEs have minimized the 

discomfort, pain, and risk of the endoscopic procedure. Moreover, it succeeded in taking visual 

images of the small intestine, which was very difficult using traditional endoscopes. However, 

WCEs have some challenges and limitations, such as lack of controllability. Current 

commercially available WCEs are moving through the GI tract by natural peristalses and 

cannot be controlled. This challenge limits the capabilities that can be offered by WCEs. 

Doctors still use traditional endoscopes if they need to further examine suspicious cells, take a 

biopsy, or deliver drugs. While wireless capsule endoscopy is already used in the clinic to 

improve the diagnosis of GI tract diseases, the capabilities that can be offered by wireless 

capsule endoscopy are still being investigated. The WCE can be enhanced to take a biopsy or 

deliver the drug to a selective area, making it one of the promising technologies that can 

improve early detection and cancer treatment efficiency. 

The focus of this research study is the development of an electromagnetic system that 

can wirelessly control soft capsule endoscopes. It is expected to have great capabilities in 

bioengineering applications, especially targeted drug delivery systems. Advanced drug 

delivery systems are more adequate than the current traditional ones, as they can deliver a drug 

to a selected site, more easily and accurately which leads to less needed doses and reduces the 

painful side effects of the treatment. Such capabilities make wirelessly controlled capsule 

endoscopy a valuable step towards more efficient targeted drug delivery systems. 
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1.2 Outline of the Thesis 

This thesis is structured as follows, background of wireless capsule endoscope 

technology and literature review are introduced in Chapter 2. Then in Chapter 3, the 

theoretical foundation and theory behind the control algorithm are presented. Followed 

by the methodology and experimental work, manufacturing the actuation system, and 

fabricating the capsule endoscope are illustrated in Chapter 4. Next, the results of the 

experiment conducted as a proof of concept and discussion of the results are presented 

in Chapter 5. Finally, the conclusion of the thesis is presented in Chapter 6.   
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Chapter 2 Review of the Literature: 

Gastrointestinal (GI) cancers are considered one of the most common cancers with a 

high mortality rate[1]. Early diagnosis has a significant effect on curing cancers, as the early 

diagnosis survival rate can reach 90% while it is reduced to below 20% for late diagnosis[7]. 

One of the main tools that is used for GI diseases/cancer diagnosis is GI endoscopy. Philipp 

Bozzini was the pioneer of developing endoscopy in the early years of the 1800s [8]. In 1822, 

William Beaumont, an army surgeon, proposed the idea of using endoscopy to examine the 

human GI tract. The majority of endoscopic techniques used up until the end of the 1990s were 

based on the flexible tube[9]. 

The diagnosis of numerous diseases was previously only possible in the upper 1.2 

meters and lower 1.8 meters of the colon and rectum of the GI tract, using gastroscopy and 

colonoscopy[9]. The process was unable to adequately identify the type of disease and the 

precise GI tract regions that were infected. Additionally, the treatment is time-consuming and 

requires the use of a large-diameter tube, making it challenging to complete and causing the 

patient's discomfort and pain. Often this procedure requires sedation as it requires inserting the 

endoscope through the mouth or the anus into the digestive system. Moreover, the traditional 

endoscopy cannot reach the entire small intestine. These challenges paved the way for the 

development of a wireless capsule endoscope. 

The idea of embedding a tiny camera in a pill for human GI tract imaging was first 

introduced by Iddan et al. in 1981[10], and it was later developed and became a prototype of 

the WCE in 1997 [11]. The first WCE system, called M2ATM (Figure 2.1), was commercialized 

by "Given Imaging" in 2000 [12]. With the ability to monitor the whole length of the GI tract, 

the WCE marked a turning point in the development of endoscopy. However, doctors still use 
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traditional endoscopes if they need to inspect certain areas or take a biopsy. That demand 

revealed further challenges in controlling the location of WCE.  

 
Figure 2-1 M2ATM Capsule  (a) and schematic diagram of its components (b): optical dome 

(1), lens holder (2), short focal length lens (3), four LEDs (4), CMOS image sensor (5), two 

silver oxide batteries (6), ASIC radio-frequency transmitter (7) and external receiving antenna 

(8) – Retrieved from [12] 

 

Modern robots and conventional diagnostic technologies can be used to enhance the 

mobility and controllability of the WCEs, which may offer innovative answers to the 

aforementioned issues. For this goal, many actuation techniques and energy sources have been 

investigated, such as pneumatic or hydraulic [13]–[15], electromechanical [16]–[18], hybrid 

[19], [20], and magnetic methods [21], [22]. The features of the other examined actuation 

methods, however, are far from optimal in comparison to magnetic actuation. For instance, 

electromechanical and pneumatic or hydraulic are difficult to design, and the commonly 

prescribed driving processes could result in extensive intestinal injuries and considered 

expensive. On the other hand, magnetic actuation systems use an external magnetic field to 

maneuver and control medical devices to perform a diversity of diagnoses and treatments. In 

comparison to mechanical systems, magnetic actuation systems allow for remote manipulation 

of devices and the penetration of body flesh without injuring the intestinal organs. As a result, 

medical applications of magnetic actuation systems are considered less risky. Permanent 

magnets and electromagnetic coils are the two main methods of producing magnetic fields. The 
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first application of permanent magnets in medicine was for the extraction of metal parts from 

the human body. In 1951, permanent magnets were used to show how to control a catheter 

inside an animal’s abdominal aorta [23]. In the 2000s, a magnetic actuation system consisting 

of six electromagnetic coils was proposed to control a catheter for brain biopsy [24]. The first 

magnetic actuation system for magnetic catheter guidance, that was clinically authorized, was 

released to the market by Stereotaxis in 2003. After cardiovascular procedures, magnetic 

actuation technology was used in ophthalmic, neuro, and drug delivery procedures [25]–

[29]. Since its use in 2006 to examine the GI tract, the technique has gradually gained 

popularity among researchers in the field of medicine [30]. Extensive studies have been 

conducted to develop magnetic actuation technology. Several businesses have already started 

using magnetic actuation capsule endoscopes for commercial purposes in the abdomen [31]. A 

magnetic actuation system generates controlled magnetic fields to maneuver the capsule 

endoscope. According to the method of generating the magnetic field, the magnetic actuation 

systems are divided into two main categories: moving permanent magnet systems, and 

stationary electromagnetic systems. 

2.1 Moving Permanent Magnet Systems: 

Controlling a capsule endoscope (CE) with a rotating external magnet was introduced 

by Carpi et al. in 2007 [32]. They added magnetic particles to the M2A capsule (Figure 2-1) to 

be controlled by the magnetic field. Permanent magnets were part of the external control 

device, and they generated a magnetic field that was used to navigate and rotate the capsule 

endoscope on the inner mucosa of the tissue. This preliminary analysis was the first step toward 

the development of magnetic actuation capsule endoscopes.  

In 2010, Valdastri et al. [33] controlled a capsule (diameter: 15 mm; length: 48 mm; 

weight: 14.4 g) with an external magnet (diameter: 60 mm; Length: 70 mm; weight: 1500 g). 
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Similar to an ultrasound machine, the device's magnet was mounted on hydraulic arms and was 

operated by a doctor. The capsule endoscope had a transmission system that consisted of a 

motor and worm gear. The gear moved the magnet inside the capsule in response to the motor's 

rotational motion, rotating both the magnet and the casing. This reduced the load on the doctor 

by enabling the capsule to be adjusted depending on the surrounding tissue without moving the 

external magnet. By conducting in vivo tests on a deceased pig, a 360° panoramic view of the 

abdomen was produced to evaluate the controlling capability of the capsule endoscope. 

However, the capsule can show only a 45° view of the colon due to contact with the side wall.  

Pittiglio et al presented a magnetic actuation system that controls and levitates a 

magnetic flexible endoscope using a single permanent magnet that is controlled by a robotic 

arm (KUKA Med) in 2019 [34], [35]. As shown in Figure 2.2a, the system was used to levitate 

a flexible endoscope inside the colon. The levitation helps reduce the pressure and friction 

against the bowel wall, which reduces patient pain and discomfort. Although this system was 

used to control the flexible endoscope, it can be used to control wireless capsule endoscope. In 

2013, the Mirocam-Navi system was created by IntroMedic Co., Ltd. [39]. The magnet has the 

following characteristics: 260 mm in length, 35 mm in handle width, 65 mm in head width, 0.5 

T of magnetic field, and 2.63 N of magnetic force on the capsule. The system has proven a 

comparable diagnostic rate to traditional flexible endoscopy through 26 human stomach studies 

[36]. The OMON MACE and the InsightEyes EGD system were created by Lin et al. [37] and 

have been effectively used in hospitals as a physical diagnostic device. A system for guiding 

magnetic actuation flexible endoscopes was initially introduced by Ciuti et al. [38], [39]. The 

system moved the flexible endoscope inside the GI tract using a permanent magnet controlled 

by a 6-DOF robotic system that could navigate the capsule along the body. 

In 2011, Mahoney et al [40], [41] proposed to use a permanent magnet actuation system 

to control a screw-shaped capsule endoscope by regularly rotating along a fixed axis. The 
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model consists of a 6-DOF robotic arm, an extra motor, and a NdFeB magnet. The motor 

rotates the magnet, while the robotic arm handles its position and orientation. At every location 

in the working space, an equivalent magnetic field vector is produced as the magnet spins 

around a fixed axis. The magnetic robot rotates constantly because of the magnetic field 

vector's simultaneous rotation around its fixed axis. In vitro studies, the technology 

demonstrated promising results with magnetic robots including spiral and rolling ball robots 

[41], [42]. The model, which makes use of a single permanent magnet, is nonetheless 

frequently affected by an unwanted force of attraction between the magnetic robot and the 

magnetic actuation system. Deformation and possible harm to the GI tract may be caused if the 

force is not controlled. The stepping motion of the magnet can also become out of phase with 

the rotating magnetic field or possibly lose it totally with just a slight variation in friction. 

Mahoney et al developed a magnetic force control technique to address these problems, in 

which, six linear magnetic sensors were utilized to monitor the magnetic field, allowing closed-

loop control to minimize the overshoot angle and prevent the capsule's loss [43], [44].  

In 2013, Arezzo et al [45] added a 1-DOF device to the end of the original 6-DOF 

robotic arm to expand the robot's flexibility to achieve the entire capabilities needed for 

operating with the endoscope. An NdFeB permanent was attached to the end-effector of the 7-

DOF robotic arm. During the procedure, a gyroscope was placed inside the endoscope to avoid 

its loss. This made it possible to identify the loss of the flexible endoscope, which would be 

signaled by an alarm. Moreover, they added an algorithm to continuously observe the 

amplitude of the magnetic flux. The experiments proved that the magnetic actuation of flexible 

endoscopes was feasible and that it was sufficiently accurate when compared to traditional 

flexible endoscopy. In 2016, Mahoney et al [46] improved a magnetic actuated system utilizing 

a commercial 6-DOF robotic arm with a permanent magnet attached to its end-effector. The 

system achieves 3-DOF closed loop directional control and 2-DOF open loop rotation control 
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by using direct actuation of magnetic force and torque to control the capsule endoscope. The 

limitation of kinematic singularity and joints of the manipulator were the key research areas. 

By giving up the capsule's direction control authority when the permanent magnet attached to 

the end-effector of the robotic arm enters a kinematic singularity enables the system to keep 

control of the capsule's 3-DOF position. The feedback for the closed-loop 3-DOF control is 

provided by two cameras to calculate the capsule's position (the orientation is not determined).  

A spherical magnetic actuation system, known as the SAMM, was developed in 2017 

by Chaluvadi et al to enhance the resolution of kinematic singularity constraints in the magnetic 

actuation system [47], [48]. Using three omnidirectional wheels, the SAMM achieves 

omnidirectional control of a spherical permanent magnet and allows it to continually spin 

around any axis, As shown in Figure 2.2d. For determining the direction of the magnetic 

dipoles of the permanent magnet, the SAMM also includes a magnetic field sensor system. 

Design-wise, SAMM is free of kinematic singularities and joint restrictions, allowing the use 

of robots with less than six degrees of freedom in magnetic actuation systems. The SAMM has 

demonstrated good performance and ability to provide continuous rotational and directional 

control of magnetic force and torque. Moreover, the magnetic actuated micro-robot swarms 

can be controlled by the alternating magnetic dipole field produced by the SAMM [49]. 

In 2019, Jiang et al [50] introduced a magnetic actuation system, which includes a C-

arm type robotic manipulation arm, a capsule endoscope, a localization system for the capsule, 

and a data recorder, as shown in Figure 2.2b. The single spherical permanent magnet head and 

C-arm robot have a combined 5-DOF in a working space of 50 x 50 x 50 cm, the maximum 

adjustable magnetic field is 200 mT. The system's accuracy is comparable to traditional flexible 

endoscopy and is mostly applied for stomach magnetic control examinations [51]. The device 

contains a robotic arm with a magnet attached to its end-effector that can move the capsule 

endoscope in all directions at 300 mm. The system can produce a magnetic field of (200±50) 
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mT. Because the robotic arm is housed inside the system, there may be fewer safety concerns 

when patients are close to moving machinery. The system exhibits comparable diagnostic 

outcomes to traditional flexible endoscopy, with a 94.41 % overall agreement [52]. Cheng et 

al developed a standing magnetic actuation capsule endoscope system that resembles an X-ray 

machine for the chest backplane to increase system safety [53]. 

In 2021, a magnetic actuation colonoscopy system with a servo motor and permanent 

magnet operated by a belt was proposed by Yen et al. [54]. The device, shown in Figure 2.2c, 

has a working space of 65 x 65 x 41 cm.  The image processing-based object identification and 

orientation control system achieves semi-automatic manipulation control that can moderate 

inspection time. The deep learning algorithms used to train the detection model demonstrated 

great accuracy in each validation metric. 

The first in vivo human study using an external magnet was carried out in 2010 by 

Swain et al. [55]. The system consists of a pair of powerful permanent magnets (10 x 10 x 3 

cm) that are housed together in a casing with a handle and weight combined 2.96 kg. A 

permanent magnet was used in place of the image module in the commercially available 

capsule endoscope (PillCam), and a temperature-activated switch was used in place of the 

magnetron switch. This was changed in the following generation to a radio frequency activation 

technique. The work by Swain et al. showed that CEs could be applied to volunteers' stomachs 

in a secure and efficient manner [56]. It was challenging for the system to control the 

vertical movement of the capsule in the esophagus, due to issues including lack of required 

force and controllability [57].  
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Figure 2-2 Moving Permanent Magnet Systems, a) magnetic levitation system (Pittiglio et al 

[34]), b) The MCE system (Jiang et al [50]), c) Magnetic actuation with servo motor and 

permanent magnet (Yen et al [54]), d) Spherical magnetic actuation system (SAMM) 

(Chaluvadi et al [49]) 

  

(a) (b) 

(c) (d) 
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2.2 Stationary Electromagnetic Systems: 

By combining different kinds of coils, such as solenoidal coils, Helmholtz coils, and 

Maxwell coils, the electromagnetic actuation systems produce magnetic fields. Maxwell coils 

can produce gradient magnetic fields; however, Helmholtz coils can produce constant magnetic 

fields. Hence, a gradient field and a 3D uniform magnetic field can be produced by 

superimposing three Helmholtz coils and three Maxwell coils [58]. 

 In 2010, Kummer et al [59], presented OctoMag, which is a 5-DOF wireless magnetic 

manipulation system. The system consisted of eight electromagnetic coils to control 

microrobots wirelessly, as illustrated in Figure 2.3a. Kummer et al introduced the theory of 

individual decoupling field contribution, which states that if we assume using ideal soft 

magnetic cores inside the coils, we can assume that the field contributions of the coils are 

decoupled and can be linearly superimposed. The system was designed for eye operations, 

however, the same concept was used for controlling other microrobots and capsule endoscopes 

in later studies [20], [60]. In 2010, Jeon et al. [61], [62] proposed a magnetic actuation system, 

known as MNS, for controlling capsule endoscope inside blood vessels which consists of 10 

coils; six orthogonal Helmholtz coils and saddle coils are used for directional control and the 

other four coils are Maxwell coils that generate gradient magnetic fields to control the 

propulsion of the capsule, as illustrated in Figure 2.3b. A magnetic actuation system with eight 

electromagnetic coils was developed by Hoang et al. [63] to solve the issue of poor driving 

force and complex coil design used in GI tract inspection. The system has two pairs of 

rectangular coils, two pairs of Maxwell coils, and a pair of Helmholtz coils; thus, it achieves 

3D directional control with fewer coils and maximizes the usage of the workspace, producing 

225 mN force. 
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Keller et al introduced a magnetic actuation system that generates a low magnetic field 

of 3-10 mT [64]. The system resembles traditional MRI equipment in shape but does not have 

a cooling system. It comprises six pairs of electromagnetic coils, with a working space of 1 m 

by 2 m. It was demonstrated through in vivo clinical studies including 53 patients that the 

system can control the capsule endoscopy in 5-DOF. Clinical research was conducted, 

including analysis of movement functions (straight, rotate, tilt, etc.) and operator-specific 

evaluation of each participant. These movements were found to be enough for accessing the 

entire stomach and obtaining up-close pictures of the gastric mucosa [65]. In 2016, five animal 

cases of cardiac surgery experiments were conducted using a catheter magnetic navigation 

system, demonstrating the reliability of the system [66]. 

In 2019, an electromagnetic system for accurate control of the capsule endoscopy was 

proposed by Son et al. [67], as shown in Figure 2.3c. The model consists of 9 electromagnets 

and an array of 64 Hall effect magnetic sensors. The magnetic sensor array is placed on the top 

and all 9 coils are placed on the bottom of the working area, with enough space between them 

to prevent saturation of the magnetic sensors. To control the capsule, magnetic gradients in the 

x-y-z directions are produced by optimizing the magnetic energy well. The hall-effect sensors 

array calculates the position of the capsule by applying an algorithm that subtracts the 

contribution of the electromagnet's magnetic field from the recorded magnetic field and 

performs a nonlinear optimization to determine the position of the capsule in real time [68]. As 

a result, this system's active control of capsule endoscopy and sensor array localization system 

have contributed to accurate inspection of the stomach [67].  
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Figure 2-3 Stationary Electromagnetic Systems, a) The OctoMag (Kummer et al[59]), b) The 

MNS system (Jeon et al [61]), c) Nine-coil electromagnetic system (Son et al [67]), d) The 

MNCE system (Sun et al [69]). 

  

(a) (b) 

(c) 

(d) 
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In 2022, Sun et al [69] carried out a study on an enhanced and upgraded magnetic 

actuation system, known as the MNCE system, to diagnose the entire GI tract, as shown in 

Figure 2.3d. Three fundamental control strategies were proposed to adapt to the complicated 

GI tract environment, and their viability was originally examined utilizing experiments on a 

3D-printed model. In vivo experiments were conducted in 2022 [70]. This demonstrates an 

enhanced and integrated magnetic actuation system that could examine the esophagus, 

stomach, and colorectum all at once. X-ray image analysis and anatomical investigations were 

used to further show the system's effectiveness and safety.  

Safety is the main advantage of the stationary electromagnetic system compared to the 

moving permanent magnet systems. Although permanent magnet systems can generate 

stronger magnetic fields with less heat produced and energy usage, electromagnetic systems 

are considered safer as they can be switched off immediately in case of emergencies. However, 

the permeant magnets cannot be demagnetized. Another advantage of electromagnetic systems 

is generating variable magnetic fields and magnetic gradients without the need to move any 

part of the system. Moreover, they can diagnose and inspect many parts of the GI tract. The 

electromagnetic system can extend the application of capsule endoscope technologies to the 

cardiovascular system and GI tract and has higher application scalability than permanent 

magnet systems.  
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2.3 Research Aim: 

Based on the literature review, the Capsule endoscope has improved radically, from the 

original handheld endoscope, introduced in 1822 to the existing wireless capsule endoscope 

(WCE). Wireless capsule endoscope is considered the main method to diagnose GI tract 

diseases because it improves the accuracy of the diagnosis, makes the procedure much less 

painful, and lowers the risk of fatal mistakes. Modern studies still explore the possibilities 

afforded by WCE [71]. The inability of commercially available WCEs to deliver a drug to a 

specific location inside the GI tract is one of their main limitations. Another limitation of the 

WCE is the lack of controllability, since the current commercially available WCEs are 

passively actuated by GI tract peristalses, and they cannot be controlled by a doctor directly. 

These two limitations triggered a new research area.  

The aim of this thesis is to improve the diagnostic accuracy and therapeutic potential 

of the WCEs by addressing the above-mentioned limitations. To improve the controllability of 

the WCE, remote manipulation methods must be enhanced. Moreover, the WCE’s design 

significantly affects the diagnostic accuracy and their ability to deliver drugs wirelessly, 

therefore, design improvement must be considered.  

Our main study area is a magnetically actuated capsule endoscope since it has 

advantages over other actuation methods for capsules, as we have already illustrated in the 

previous section. We use magnetically actuated soft capsule endoscopes in particular because 

of their potential application in cutting-edge therapeutic activities. [67], [72]–[74]. Moreover, 

we chose an electromagnetic actuation system due to its ability to manipulate objects at a 

distance and penetrate the human flesh without causing injury to the patient. 
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In conclusion, the final goal of this research is to develop a magnetically automated 

system that can conduct a visual endoscopy and deliver drugs under the supervision of a 

medical operator. Hence the main objectives of the thesis are:  

• Develop an electromagnetic actuation system to enhance the manipulation and 

controllability of the WCE. 

• Improve the actuation algorithms by introducing image processing position feedback. 

• Increase the diagnostic accuracy and ability to deliver drugs to a specific location wirelessly 

using AC induction heating.  
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Chapter 3 Theoretical Background:   

The magnetic torque and force, applied on a magnet placed in the magnetic field B, can 

be calculated below:  

𝑇 = 𝑚 × B (3.1) 

𝐹 = (𝑚 ∙ ∇)B (3.2) 

Where T is the magnetic torque, F is the magnetic force and m is the magnetic dipole moment 

of the magnet [75]. Maxwell’s equation states the below constraint in equation (3.3) since there 

is no current produced in the working space.  

∇ × 𝐵 = 0 (3.3) 

By using the skew-symmetric matrix form to represent the vector cross-product, eq. (3.1) can 

be represented by below: 

𝑇 =  [

0 −𝑚𝑧 𝑚𝑦

𝑚𝑧 0 −𝑚𝑥

−𝑚𝑦 𝑚𝑥 0
] [

𝐵𝑥

𝐵𝑦

𝐵𝑧

] (3.4) 

According to Petruska et al. [76], the spatial derivative of the magnetic field and the magnetic 

dipole moment can be used to express Eq. (3.2) as below: 

𝐹 = [
𝑚𝑥 𝑚𝑦 0 0

0 𝑚𝑥 0 𝑚𝑦 𝑚𝑧

−𝑚𝑧 0 𝑚𝑥 −𝑚𝑧 𝑚𝑦

]

[
 
 
 
 
 
 
 
 
𝜕𝐵𝑥

𝜕𝑥
𝜕𝐵𝑥

𝜕𝑦

𝜕𝐵𝑥

𝜕𝑧
𝜕𝐵𝑦

𝜕𝑦

𝜕𝐵𝑦

𝜕𝑧 ]
 
 
 
 
 
 
 
 

 (3.5) 

Equations (3.4) and (3.5) state that a rotating magnetic moment will be created when the 

magnetic dipole moment is not aligned with the direction of the external magnetic field. The 
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magnetic moment tries to align the magnetic dipole moment vector of the magnetic robot with 

the direction of the magnetic field. When the magnetic dipole moment and the magnetic field 

are aligned, the magnetic force will move the magnetic robot in the same direction as the 

magnetic field [76]. 

Kummer et al. [71] introduced the OctoMag system which was based on the idea of 

superimposing a magnetic field generated from soft magnetic core electromagnets. In a 

nutshell, the magnetic field at point P can be calculated by summation of the magnetic field 

contribution of each electromagnet e. The magnitude of the vector �̃�𝑒(𝑃) varies linearly with 

the electromagnet current and may be defined as a unit-current vector in units T/A. By 

multiplying by a scalar current value in units A, it can be used to represent the magnetic field 

produced by this electromagnet. 

𝐵𝑒(𝑃) =  �̃�𝑒(𝑃)𝑖𝑒 (3.6) 

When using soft-magnetic cores, the field generated depends on both the current flowing 

through each electromagnet's core and the current flowing through the cores of all the other 

electromagnets in the system. We can assume that the field contributions of the individual 

currents superimpose linearly if the core material approaches an ideal soft-magnetic material, 

and the cores are kept inside their linear magnetization zones. The unit-field contribution 

matrix B(P) can be used to represent this in matrix form: 

𝐵(𝑃) = [�̃�1(𝑃) … �̃�𝑛(𝑃)] [
𝑖1
⋮
𝑖𝑛

] =  ℬ(𝑃)𝐼 (3.7) 

Applying the same concept, the contributions from each of the currents can be used to express 

the gradient of the field in a particular frame, such as the x direction: 
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𝜕𝐵(𝑃)

𝜕𝑥
= [

𝜕�̃�1(𝑃)

𝜕𝑥
…

𝜕�̃�𝑛(𝑃)

𝜕𝑥
] [

𝑖1
⋮
𝑖𝑛

] =  ℬ𝑥(𝑃)𝐼 (3.8) 

These equations can be rearranged as follows if we are only concerned with creating a magnetic 

field and a magnetic field gradient: 

[
𝐵
∇
] =

[
 
 
 
 

ℬ(𝑃)

�̂�𝑇ℬ𝑥(𝑃)

�̂�𝑇ℬ𝑦(𝑃)

�̂�𝑇ℬ𝑧(𝑃)]
 
 
 
 

[
𝑖1
⋮
𝑖𝑛

] = 𝒜(�̂�, 𝑃)𝐼 (3.9) 

Where �̂� represents B's unit vector. Using a 6-n actuation matrix 𝒜(�̂�, 𝑃), that dependents on 

the magnetic field's orientation and the set point, electromagnets currents are calculated from 

the magnetic field and gradient. The pseudoinverse can be used to determine the currents for a 

desired magnetic field and magnetic gradient vector that best solve for the target: 

𝐼 =  𝒜(�̂�, 𝑃)
∗
[
𝐵
∇
] (3.10) 

Using eq. (3.4) and (3.5), this derivation can be used to control the magnet’s torque and/or 

force.  
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Chapter 4 Experimental Methods: 

The work in this thesis is divided into two main parts: the design and manufacturing of 

the magnetic actuation system, and the design and fabrication of the capsule endoscope. 

4.1 Design and Manufacturing of the Actuation System:  

4.1.1 System implementation:  

An electromagnetic system is designed to generate a magnetic field to control the 

capsule precisely. The system is composed of 8 electromagnetic coils with a metallic core. The 

configuration of the actuation system is illustrated in Figure 4.1b. The coil base and the frame 

that holds the coils are made of aluminium. Each coil is made of 530 turns of copper wire 

(Ø1.2mm) wrapped over a steel core (Ø30 mm, L 90 mm). The final dimensions of each coil 

are Ø = 52 mm, and L = 90 mm, as shown in Figure 4.1a. Each coil is derived by DC motor 

driver BTS7960B and controlled by the PWM channel of Raspberry Pi 3 model B. The system 

is powered by two DC power supplies (24 V, 20 A).  

The control algorithm is coded in Python 3 and run by the Raspberry Pi 3 Model B. The 

control algorithm is based on equation 3.10 described in the previous chapter. The set point 

can be set at the origin of the working space (0,0) to achieve open-loop control; however, we 

used image processing position feedback to close the loop to control the magnetic field at the 

captured position of the magnet. The position feedback was provided by a webcam connected 

to the USB port of the Raspberry Pi, as shown in Figure 4.1C.  

 

 

 

 

 a

) 

b

) 
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Figure 4-1: Overview of the electromagnetic system: (a) Electromagnetic coil design and its 

aluminium base. (b) CAD model of the actuation system.  c) Photographs of the actual 

electromagnetic actuation setup. (c) Overview; A: 8 electromagnetic coils; B: Working space 

40 x 40 x 40 mm for the capsule; C: Raspberry Pi 3 Model B that controls the whole system; 

D: 8 DC motor drivers BTS7960B; E: two DC power supplies (24 V, 20 A). F: Webcam for 

position feedback. 
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4.1.2 Field-Current Mapping: 

The magnetic field of the final system is measured to generate the unit-current field 

map of each electromagnetic coil. The mapping process is done by measuring 3D magnetic 

field measurements when feeding one coil at a time with unit current (1 A). These 

measurements are taken at 125 points in the workspace arranged in a cubic 5 x 5 x 5 grid pattern 

and the distance between each point is 5 mm. Then, in real-time control, these data are 

interpolated. The mapping process is a very critical step of the study because the measurement 

errors will have a significant effect on the precision of the controller; hence, we used an Alpha 

Lab Inc. Vector/Magnitude 3D Gauss Meter Model VGM to measure the x, y, and z 

components of the magnetic field.  

4.2 Design and Fabrication of the Capsule Endoscope:  

The capsule is designed to deliver the chemical drug to a specific location. The capsule 

consists of two main parts, SMA actuated micropump and a pilot robot. The two parts are 

connected through a fine tube (Ø0.5 mm), as shown in Figure 4.3(a).  

The micropump is based on the shape memory alloy micropump represented by Kotb. 

et al [77]. The concept behind the micropump is wrapping SMA wires around a flexible 

material. When the SMA is heated, it transforms the heat energy into a linear displacement, 

which causes the drug to be infused through a one-way valve into the targeted location. In the 

previous study [77], the SMA was heated by applying current to it; however, applying current 

to the capsule while being inside the GI tract requires the capsule to be threaded which causes 

discomfort to the patient. In order to actuate the capsule wirelessly, we heated the SMA using 

AC induction heating. NiTi SMA wires (Ø 0.4 mm) were acquired from Kellogg’s Research 

Lab, USA. The SMA wires have a transition temperature of 45 C. We glued iron flakes to the 

NiTi wires to be heated wirelessly by AC induction. The micropump enclosure material is 



32 

 

Ecoflex 00-30 platinum silicone (Table 4.1). It was chosen because it is a flexible polymer with 

enough stiffness to follow the SMA shape. Moreover, Ecoflex 00-30 platinum silicone can be 

cured at a temperature lower than the transition temperature of the NiTi SMA wire. The SMA 

micropump manufacturing process was reported by Kotb et al.[77]. The inner pump structure 

was created by curing the Ecoflex in a 3D-printed mold. The SMA wire with iron flakes was 

then wrapped three times along the helical loops of the inner structure, as shown in Fig 

4.2c.  Next, the inner structure is put together with the outer capsule using a 3D-printed mold. 

Ecoflex 00-30 is used to shape the drug chamber in an aluminium mold. After that, the inner 

and outer one-return valves are fabricated using a stereolithography printer and are made of 

flexible 80 A resin by Formlabs, USA. A casing was used to hold the inner valve and the drug 

chamber. Additionally, it supports one end of the pump so that when the SMA spring contracts, 

the volume of the pump is pushed out without constricting the chamber. Figure 4.2a-e 

illustrates the steps of the pump fabrication, retrieved from [77]. 

Table 4.1: Ecoflex 00-30 material properties (retrieved from [78]) 

Material property Value 

Mixed Viscosity [Pa.s] 3 

Specific Gravity [g/cm3] 1.07 

Shore Hardness [ASTM D-2240] 00-30 

Tear Strength [N/mm] 6.65 

Tensile Strength [MPa] 1.38 

Elongation at break [%] 900 

Shrinkage [mm/mm] <0.001 

Curing Time at Room Temperature [h] 4 
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Figure 4-2: SMA micropump manufacturing process (a-e) manufacturing process flow, (e) 

show a schematic of the assembled pump: 1: SMA wire with iron flakes, 2: Silicon rubber, 3: 

casing, 4: drug chamber, 5: inner valve, and 6: outer valve – retrieved from [77]. 

 

The second part of the capsule is the pilot robot, and it consists of a chamber with 

microneedles and a cap that holds an NdFeB N52 (Ø 6 mm) magnet to be magnetically 

controlled by the electromagnetic actuation system described in section 4.1. The chamber and 

the cap are 3D-printed through a stereolithography printer and are made of ABS (Acrylonitrile 

Butadiene Styrene). The actual fabricated capsule is shown in Figure 4.3a.  
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Figure 4-3: Overview of the capsule and its actuation system (a) Prototype of the capsule. A: 

The SMA-actuated micropump; B: the cap of the pilot robot and an NdFeB N52 (Ø 6 mm) 

magnet; C: The chamber of the pilot robot with microneedles on the bottom. D: Tube (Ø 0.5 

mm) that connects the micropump with the pilot robot. (b) close-up view of the working space; 

E: the induction heating system 120W that is used to actuate the micropump of the capsule; F: 

Part 1 of the capsule, the micropump; G: Part 2 of the capsule, the pilot robot (Ø 6 mm, L 6 

mm) 

 

 

  

a) 
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Chapter 5 Results and Discussions 

In this chapter, the results of the experiments are illustrated. 

5.1 Field-Current Mapping Result: 

As described before, the unit current magnetic field maps are generated for each 

electromagnetic coil. Fig. 5.1 shows the unit current field maps of one of the coils.  

 

 

 

Figure 5-1: Unit current magnetic field maps (a) map for x component of the magnetic field 

Bx, (b) map for y component of the magnetic field By, (c) map for z component of the magnetic 

field Bz 

a) b) 

c) 
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From the measured magnetic field unit-current maps, we can interpolate the magnetic 

field at any point ℬ(𝑃) and calculate its gradient ℬ𝑥(𝑃) , ℬ𝑦(𝑃), ℬ𝑧(𝑃) to be used in the control 

algorithm.  

5.2 Control Algorithm of the Capsule: 

The control starts by showing the operator a real-time image of the workspace; then the 

operator enters the desired path as shown in Fig 5.2.  

 
 

Figure 5-2: Example of the real-time image that appears to the operator to enter the desired 

path. The yellow line in the figure indicates the entered path. 

 

The control algorithm calculates the required current for each electromagnetic coil to 

achieve the required motion. The algorithm uses the magnetic field unit-current maps that have 

been generated before in the previous section to interpolate the magnetic field at any point 

ℬ(𝑃) and calculate its gradient ℬ𝑥(𝑃) , ℬ𝑦(𝑃), ℬ𝑧(𝑃). Using Eq. 3.10, we can calculate the 

required current for each electromagnetic coil to generate a specific magnetic field B and 

gradient ∇ at point P.  
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To linearize the controller, we choose a constant value for the magnetic field.  Here we 

set |B| = 15 mT. The magnetic gradient is set to the desired steering vector. For simplified 

control, the point P can be set at the origin, However, this control method limits the effective 

workspace of the capsule. Hence, an enhanced control algorithm has been applied, using image 

processing feedback to calculate the real-time position of the capsule P. The code that runs the 

control algorithm is shown in Appendix A. 

Fig 5.3 shows the motion of the capsule. When the pilot robot reaches the final position, 

the operator can press a button to actuate the induction heating system to heat the SMA in the 

micropump. It releases the drug through the microneedles on the pilot robot. It takes almost 52 

sec to actuate the micropump using induction. 
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Figure 5-3: Results of enhanced control of the capsule. The images (a-e) show snapshots of the 

pilot robot that follows the entered path.   
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5.3 Discussion:  

We introduced the design of a magnetically actuated capsule endoscope to improve the 

accuracy of the GI tract diagnosis and the ability to deliver drugs to specific locations. The 

unstructured and complex GI tract environments place high demands on the control accuracy 

of the electromagnetic systems. To enhance the controllability of the electromagnetic system, 

we generated the unit-current field maps by measuring the magnetic field explicitly instead of 

using FEM models as described in previous studies [59], [60], [69]. Moreover, an enhanced 

control algorithm has been developed and applied to increase the accuracy of the control and 

it can be used to maximize the workspace in future studies. Figure 5-4 shows the velocity and 

acceleration of the pilot robot in the first path, Figure 5-3a, b. The acceleration reaches 2000 

mm/s2 and the magnetic force reaches 1.3 mN, which is considered high for inner organs to 

sustain. However, in a larger workspace, the control can be optimized to control the velocity 

and acceleration of the capsule to be safer. The electromagnetic system has been able to steer 

the capsule endoscope successfully in the x-y plane, as shown in Figure 5-3; moreover, the 

control algorithm can be used for 3-D control. Additionally, the proposed electromagnetic 

system can be used to actuate other untethered devices for drug delivery application such as 

helical microrobots [79]–[81], soft microrobots [82]–[84], MagnetoSperm [85], [86], 

IRONSperm [87], [88], spermbots [89], [90], and paramagnetic microparticles [91]. 

Furthermore, the capsule endoscope design plays a significant role in the diagnostic 

accuracy and the safety of the operation. Hence, we introduced a novel design for an untethered 

capsule endoscope. The capsule endoscope has a micro pump that can be actuated wirelessly 

through AC induction. This allows the capsule endoscope to be untethered which eases the 

discomfort of the operation and increases the safety. As a proof of concept, we actuate the 

micropump in the capsule by a small 120W AC heating system, which takes around 52 sec to 

actuate the micropump and deliver the drug to the required position.   
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Figure 5-4 The measured velocity and acceleration of the pilot robot, a) The velocity in the y 

direction vs. time, b) The acceleration in the y direction vs. time. 

  

a) 

b) 
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Chapter 6 Conclusions and Future Work 

Wireless capsule endoscopes (WCEs) have the potential to revolutionize present 

medical practice and greatly enhance the diagnostics and therapeutic procedures of GI tract 

cancers/diseases. Based on the literature review, the most promising method for wirelessly 

manipulating capsule endoscopes is magnetic actuation. Additionally, the current WCE 

systems are unable to control the motion of the WCE inside the GI tract and deliver drugs 

wirelessly. Therefore, the main aim of this thesis was to develop an electromagnetic system to 

wirelessly control capsule endoscopes and release drugs to a given location inside the GI tract.  

The system consists of 8 stationary electromagnetic coils that generate a magnetic field 

to control the capsule. After manufacturing the prototype, unit-current field maps were 

generated for each coil to be used in the control algorithm. The control method is enhanced by 

integrating locomotion feedback using image processing, which improves the controllability 

of the capsule and allows for maximizing the effective working space. The prototype system 

can maneuver the capsule effectively in two directions; however, the system can provide 5-

DOF control. Moreover, a novel capsule endoscope design has been introduced. We integrated 

a micro pump that can be actuated wirelessly by AC induction heating, to deliver drugs to an 

exact location inside the GI tract. The system is expected to have great capabilities in minimally 

invasive diagnosis and treatment for gastrointestinal (GI) tract cancer/diseases.  

6.1 Future Works: 

Although the proposed electromagnetic system provides promising results, further 

studies are necessary. One of the main areas to enhance is a closed-loop control algorithm to 

control the capsule’s position inside the GI tract. Additionally, image processing locomotion 

feedback must be replaced by another method that can effectively capture the position of the 
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capsule inside the patient, for example, magnetic sensor arrays, or deep learning algorithms 

that can calculate the position of the capsule from the images captured by the capsule itself.  
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Appendix A: Python Code for Control and Image Processing 

The code follows the control algorithm applied. It uses the previously measured unit-

current field maps and then calculates interpolation operators to be used in real-time. After that, 

calculate the magnetic gradient.  
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Below is the code that runs the image processing code that returns the position of the capsule: 
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