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CHAPTER 1

Introduction

It is well established that writing instruments such as the pen and paper are

extensions of the human memory and cognition system. These technologies allow

one’s ever evolving thoughts to be externalized so as to relieve the burden of memory.

Machines on the other hand can be thought of as extension of the human motor

system. They allow us, humans, to do things that require energy and accuracy above

our natural abilities. These two notions are combined with intelligent robots which

can be programmed with the logic and algorithms that represent human memory and

cognition and execute tasks with high precision tirelessly.

Robots have found widespread use in industrial settings since the 1960s. They

have been used to automate manufacturing leading to increased productivity and

precision. Moreover, jobs that require exposure to harmful conditions for humans

are increasingly being replaced by robots. In the world of medicine, robotic systems

such as the Da Vinci by Intuitive Surgical have enabled highly precise surgeries by

utilizing motion scaling and tremor filtering technologies. Truly remote widespread

surgeries are now in the realm of possibility, which are desperately needed in order

to improve patient outcomes and extend the reach of modern medicine to rural areas

around the world. In the same token, other areas of medicine stand to benefit from

robotic automation. One such area is gastrointestinal (GI) endoscopy, where physi-

cians visually explore the GI tract for diagnosis and treatment. Although still in its

early stages, researchers have demonstrated that robotic systems have the potential

to assist physicians in performing endoscopies. A variety of robots have been devel-

oped to augment the use of conventional endoscopes by providing better control for

manipulation and autonomous locomotion through the GI tract [178].

1



1.1 Clinical Motivation

The large intestine, or colon, is known for diseases such as colorectal cancer (CRC),

Ulcerative Colitis (UC) and Crohn’s disease (CD). In particular, cancers of the GI

are among the three leading causes of death in many parts of the world [134, 157, 66].

These diseases are commonly diagnosed using GI endoscopy where a combination of

visual inspection and biopsy analysis is performed by physicians. For diseases such

as CRC, early screening using colonoscopy can be critical to survival—the five year

survival rate of colon cancer detected in its early stage is 90% but drops to 5% if

detected at its late stage [134, 165]. Therefore, screening using colonoscopy is highly

recommended by physicians.

Figure 1.1: Example of a conventional flexible endoscope.

The conventional device in common use today for such screenings is called the

flexible endoscope (Figure 1.1). Even though the word “flexible” appears in the name,

it is only there to emphasize the difference in rigidity compared to prior endoscopes

that were completely rigid tubes [54]. The current standard flexible endoscope is a

semi-rigid tube of about 180 cm in length. Its rigidity is required in order to transmit

enough force and torque from the base of the instrument (from which it is operated)

to the tip, which is inserted into the patient. The rigidity has a negative side effect

2



of causing tissue stretching and a phenomenon called “looping” where inserting more

of the instrument from the base side does not advance the tip more proximally along

the colon. Instead, as shown in Figure 1.2, the tube of the endoscope starts forming a

loop that stretches and potentially perforates the colon wall. If the wall is perforated,

Figure 1.2: Drawbacks associated with the rigidity of endoscopes. (a) Ideal scenario where
endoscope is following the path of the lumen. (b) Tissue stretching as the
endoscope relies on the resistance force of the colon wall to negotiate turns.
(c) Occurrence of “Looping” where inserting more of the instrument does not
advance the tip more proximally along the colon. Reproduced with permission
from [88] © 2010 IEEE.

it could lead to the leakage of fecal material into other nearby organs (peritoneal

soilage), resulting in severe complications [110]. On the other hand, stretching of the

colon wall is one of the causes of pain for people that get colonoscopies. To avoid

this pain people either avoid getting colonoscopies altogether or opt for sedation.

An estimated 22 million people in the United States choose to avoid colonoscopies

partly due to the perceived pain with which it is associated [18]. For those who heed

the recommended screenings and get colonoscopies, sedation is common. Sedation,

however, can cause complications for certain patients. A 2016 study reported a 13 %

increase in the risk of complications within a 30 day period after colonoscopy for

patients undergoing colonoscopy with anesthesia services [174]. While this percentage
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is modest, for sufferers of diseases such as inflammatory bowel disease (IBD), where

frequent colonoscopies are necessary, the chance of getting a complication increases

dramatically over the course of their lifetime.

In order to increase participation in screening procedures and reduce the use of

sedation, the pain and discomfort associated with endoscopy needs to be mitigated.

This limitation of endoscopy is primarily caused by the actuation and navigation

mechanisms of the flexible endoscope, which have made little technological progress

since their introduction [164]. The state of the art before the invention of the flexible

endoscope was a device composed of a chain of lenses resulting in a rigid tube. Physi-

cians using this device could only examine organs that are accessible via a straight line

of sight. A new era in gastroenterology was marked when the first flexible endoscope

was introduced in 1954 by H. H. Hopkins [54, 10]. The flexibility was achieved by

using a bundle of very thin fiber glass rods arranged such that light could be transmit-

ted with marginal losses. Since then, the technological advances in the device have

mainly been in improving illumination and image quality. Great strides have been

made since the 1950s with current endoscopes comprising bright LEDs and miniature

cameras at the tip with HD and ultra HD (4k) resolutions. Additional sensors such

as narrow band imaging and Endoscopic Ultrasound (EUS) have also been developed

to improve diagnostics. The actuation and navigation mechanisms, however, have

remained by and large the same. The current mode of operation of the device in-

volves the physician performing a combination of twisting and pushing to advance

the endoscope while watching the video from the camera on a display monitor. An-

gulation of the tip is similarly performed by operating the knobs (angulation knob in

Figure 1.3) on the handle of the endoscope. In order to turn a corner, the physician

would angulate the tip to point in the direction of the lumen and push against the

colon wall to bank the endoscope. This, in turn, causes tissue stretching.
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Figure 1.3: Diagram showing the basic components of a conventional flexible endoscope.
Reproduced with permission from [47] © 2011 Elsevier.

It is natural to expect that highly experienced endoscopists can perform endo-

scopies with much less pain and discomfort for the patient when compared with

novices. However, several years of training is required to master endoscopy due to

the difficulty of navigating the colon that is exacerbated by the counter intuitive user

interface. This is another limitation that needs to be addressed in order to expand

the reach of colonoscopy screenings.

Several research and commercial entities are investigating new devices and sys-

tems that reduce discomfort and tissue damage while increasing ease of use for the

physician. The Aer-O-Scope system (GI View Ltd., Ramat Gan, Israel), for exam-

ple, uses CO2 pressure gradients to advance a custom endoscope constructed with an

inflated balloon at each end of the endoscope [169]. In a clinical study, the Aer-O-

Scope was shown to be skill independent and less likely to cause tissue damage due

its advancing mechanism and electronic pressure regulation. However, since it is a

diagnostic only device, it does not have an instrument channel. Another system, the
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Endotics, has a locomotion mechanism inspired by inch worms. The locomotion is

achieved by a cyclic sequence of steps where proximal and distal clampers are used

to anchor the device when its flexible body is shrunk or elongated. In a clinical trial,

the device was compared to a conventional endoscope where the metric was the rate

of cecal intubation (reaching the cecum) [161]. While the system showed promise

in terms of reduced patient discomfort and autonomous locomotion, cecal intubation

and procedure times were significantly better with the conventional endoscope.

Yet another approach that has been enabled by recent advances in miniaturization

technology is the development of capsule endoscopes (CEs). CEs are perhaps the

least invasive alternative to the conventional endoscope. While they still require GI

preparation, patients are not sedated and can carry on their regular tasks while the

CE traverses through their GI. The motion of CEs relies on peristalsis, the natural

contraction and relaxation of the GI necessary to transport food elements. CEs take

pictures as they move along the GI, which are later assembled to create a video

for the physician to examine. A few limitations prevent CEs from being the ideal

alternatives to conventional endoscopy. One major limitation is that they are passive.

The physician has no control over the position and orientation of the capsule as

it moves. Thus, there are no means for further investigation of a suspicious area.

Another limitation is that, without an instrument channel, it is impossible to take

biopsies or perform therapy. As this is a common occurrence for colonoscopy, the

physician has to fall back to the conventional endoscope to perform these activities.

1.2 Magnetic Capsule Endoscopy

In order to mitigate these limitations, researchers are investigating the use of

magnetic fields as means for wirelessly transmitting forces and torques that in turn

translate and manipulate capsule endoscopes. In this dissertation, one specific system

that uses this approach is studied. The system shown in Figure 1.4, which will be
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Figure 1.4: Schematic of Magnetic Capsule Endoscopy.

described in more detail in Chapter 2, consists of a soft-tethered capsule that contains

a small permanent magnet and an external actuating permanent magnet held by a

robotic manipulator. The external permanent magnet (EPM) is used to remotely and

wirelessly manipulate the position and orientation of the capsule endoscope thereby

overcoming the passive locomotion limitations of CEs while the soft-tether is used

to provide an instrument channel through which the physician can perform biopsies

and various therapies. The soft-tether also enables the use of high quality video

cameras as opposed to the still pictures available in current CEs. Other components

include electrical connection so as to not depend on batteries, a channel for water,

used for irrigation and cleaning the camera, and gas for insufflation. Since the tether

is soft, pushing from the base of the capsule endoscope is not a feasible means of

locomotion. Instead, magnetic attraction is used to advance the capsule forward in

7



a manner akin to front wheel drive. We hypothesize that this would eliminate the

looping phenomenon mentioned earlier.

Due to the counter intuitive nature of magnetic field interactions, it is difficult to

successfully manipulate the endoscope by manually positioning the actuating magnet,

although it has been tried previously [16, 22]. Instead, a robotic arm is used, which

has several added benefits:

• Precise motion: The robot can respond to sensory feedback on the pose (position

and orientation) of the capsule to correct for any deviations from desired motion.

• Remote operation: The use of the robot opens up the possibility of using the

system in a truly remote fashion where the physician and the patient can be in

separate locations.

• Physician assistance: The robot can assist the physician during a procedure.

Examples of these include automation of repetitive tasks such as retroflexion

and stabilization of the capsule endoscope while performing other tasks such a

taking biopsies via the tool channel

• Positive patient perception: For some patients, the involvement of robotics

technology might remove the stigma associated with conventional endoscopies.

1.3 Contributions

The contributions described in this dissertation focus on two fundamental prob-

lems in robotically guided magnetic capsule endoscopy. The first problem pertains

to obtaining accurate pose estimation of the capsule inside the patient relative to

the actuating magnet. This is required in order compute the appropriate pose of the

actuating magnet that would induce the desired forces and torques on the capsule.

Since the capsule is inside the patient, methods that do not rely on line of sight must
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be used. Imaging modalities such as X-rays and CT scans can be used, but they ex-

pose the patient to unnecessary radiation, in the case of X-rays, and the update rates

are too slow in CT scans for interactive or real-time control. Here, we examine the

possibility of using magnetic fields for pose estimation as it requires no line of sight

and can produce pose estimates at interactive rates. While many types of magnetic

pose estimation exist, schemes that utilize the same source of magnetic field already

present in the system are ideal.

The second problem has to do with using the computed pose estimates as sensory

feedback to compensate for deviation of the capsule’s pose from the desired or com-

manded pose, thus achieving closed-loop operation. The solutions to this problem

form the algorithmic building blocks for the development of a magnetic guidance sys-

tem with an intuitive tele-operation interface. Open-loop control with a robot was

attempted in [4], but the results showed that the procedure took significantly longer

to complete than using a conventional endoscope. Therefore, since tele-operation is

the overarching goal, closed-loop control in this context must be efficient so as to

operate at interactive or real-time rates.

1.4 Organization of Dissertation

The dissertation is organized as follows. A system description of the Magnetically

Actuated Capsule (MAC) is first given in Chapter 2 to provide the context in which

the contributions of the dissertation are implemented. Then a survey of related

systems is given Chapter 3 highlighting the various approaches pursued by other

research groups and commercial entities to improve the state of the art in traditional

endoscopy, capsule endoscopy, and magnetic guidance. Chapters 4 and 5 discuss

the contributions of this dissertation in pose estimation and closed-loop control for

magnetically actuated CE, respectively. Finally, conclusions and directions for future

work are given in Chapter 6.
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CHAPTER 2

The MAC: Magnetically Actuated Capsule

Since this dissertation is based on the implementation of various technologies for

the Magnetically Actuated Capsule (MAC), we provide a description of the system

here.

Figure 2.1: The Magnetically Actuated Capsule System.
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2.1 System Overview

The Magnetically Actuated Capsule (MAC) system consists of a soft-tethered cap-

sule, a robot manipulator, and a control system with a user interface. It is inspired

by the magnetic-air-capsule developed by Valdastri et al. [164] with a design that

preserves the capabilities of traditional endoscopes: vision, illumination, passage of

endoscopic tools, irrigation and insufflation. The system is mainly designed for appli-

cations in the colon as an alternative for colonoscopy. With an internal permanent

magnet (IPM) embedded in the capsule and an external permanent magnet (EPM)

carried by a robot manipulator, the MAC forms a direct propulsion magnetically ac-

tuated system. In its current state, the system is controlled by a gastroentrologist

who uses the user interface to control the end effector motion of the robot. The EPM,

being attached to the end effector of the robot, moves accordingly and its motion

induces forces and torques on the capsule. A schematic of system can be seen in

Figure 2.1.

2.2 Subsystem 1: Capsule

The capsule (20 mm diameter, 22 mm length) as shown in Figure 2.2a has a soft-

tether that enables functionalities that are commonly found in a traditional endoscope

such as vision, illumination, insufflation, irrigation and the passage of endoscopic tools

for biopsy and administration of therapy. The soft-tether is also used as a channel for

electrical wires connecting the internal sensors of the capsule to a signal acquisition

unit. The capsule itself contains a small axially magnetized cylindrical Neodymium-

Iron-Boron (NdFeB) permanent magnet (N52 grade, 11.11 mm diameter and length,

D77-N52, K&J Magnetics, USA) with a magnetic remanence of 1.48 T housed in a

3D printed enclosure as shown in Figure 2.2b. An analog to digital (ADC) converter

(AD7689, Analog Devices) is used to convert the analog output of the Hall sensors
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(a) Functionalities of the MAC. (b) The axially magnetized cylin-
drical magnet is housed in a
3D printed enclosure.

Figure 2.2: The MAC soft-tethered capsule.

(A1391, Allegro Microsytems) to 16-bit digital values. The inertial measurement unit

(IMU) (LSM330DLC, ST Microelectronics) is composed of an accelerometer and a

gyroscope, both of which are 3-axis. The sensors and the ADC are mounted on a

flexible circuit that is wrapped around the IPM as shown in shown in Figure 2.3. The

Hall sensors are placed around the magnet so as to approximate two triaxial Hall

sensors separated by a constant distance. Their location is also strategically chosen

to ensure that they are not saturated by the magnetic field from the internal magnet.

2.3 Subsystem 2: Robotic Manipulator

The external permanent magnet (N52 grade, 101.6 mm diameter and length, ND

N-10195, Magnetworld AG, Germany) that couples with the internal capsule magnet

is mounted on the end effector of an industrial 6 degrees of freedom (DOF) Mitsubishi

robot (RV-6SDL, Mitsubishi, Inc., Japan). The robot is controlled joint position mode

using the Robot Operating System [120].
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Figure 2.3: The magnetic field sensors and other electronic components are mounted on
a flexible circuit that is wrapped around as the magnet housing.

2.4 Subsystem 3: Controller

The controller consists of the PC, user interface, software, and data interfacing

components of the system. The PC runs the Linux operating system and various

ROS nodes that work in concert to collect sensor data, run localization and control

algorithms and visualize the state of the system. The input user interface is a 3D

mouse (SpaceMouse Pro), which connects to the PC via USB and provides transla-

tional and rotational control of the EPM that is attached to the end effector of the

robot manipulator. The data interface communicates with the capsule’s sensors via

Serial Peripheral Interface and relays the information to the PC via USB.

2.5 Subsystem 4: Pose Estimation System

The MAC uses a real-time magnetic pose estimation system developed by Di

Natali et al. [34]. The algorithm solves the inverse problem of finding the position
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given magnetic field readings by searching through a look-up table that maps positions

in cylindrical coordinates to magnetic field vectors. Due to magnetic symmetry of

cylindrical magnets, the azimuthal component of the magnetic field is identically zero

reducing the look-up table to a plane. Additionally, the quadrants of the look-up table

are reflections of each other further reducing the look-up table to a single quadrant.

The details of the algorithm can be found in Section 3.4.3.3.
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CHAPTER 3

Related Systems

3.1 Improving Conventional Endoscopes

Work on improving the current state of endoscopes is taking place in multiple

avenues. We organize these avenues in three overarching categories although some

systems have overlapping categories. The first set of systems aim to improve upon

the conventional endoscope with electromechanical structures designed to work with

existing endoscopes. The second category includes systems that are significant modi-

fications of the conventional endoscope, and thus, are considered endoscopic systems

of their own. Finally, the last category consists of systems that utilize capsule endo-

scopes (CEs).

In this chapter, we highlight notable systems from each category but delve deeper

in the third category where magnetically actuated capsules are included. More exten-

sive reviews can be found in [156, 165, 103, 139, 136, 137, 140, 24, 178].

3.1.1 Electromechanical Control of Conventional Endoscopes

These systems work in tandem with existing endoscopes and generally provide

a better user interface for the physician. As Figure 3.1 shows, with a conventional

endoscope, a physician controls the bending of the tip of the endoscope by rotating

the control wheels at the base of the endoscope. To advance the tip forward, the same

physician manually pushes the endoscope shaft. This control interface is cumbersome

and contributes to the difficulty of using endoscopes. It has also been associated with

musculoskeletal problems as evidenced by the increased complaints of physicians in

this field compared to other specialties [133]. However, while improving the user

interface is beneficial to the physician, these new systems do not directly mitigate
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Figure 3.1: The user interface of the conventional endoscope. A physician controls the
bending of the tip of the endoscope by rotating the control wheels at the base
of the endoscope.

the issues related with patient comfort. Some examples from this category include

the Robotic Steering and Lumen Centralization (RS-ALC) [119, 123], the Endoscopic

Operating Robot (EOR) [79] and the Invendoscope [122].

Robotic Steering and Lumen Centralization

In this system (Figure 3.2), the control wheels of a conventional endoscope are

attached to a remote drive unit that can be controlled with a joystick [119, 123]. The

motion of the tip of the endoscope, in response to the manipulation of the joystick, is

displayed on a screen for visual feedback. In addition, a computer vision algorithm was

used to determine the center of the lumen by detecting dark regions of the endoscopic

image and provide a means for automatically steering the tip to the identified center.

A randomized study with a bench-top colon model showed that the system greatly

helped novices in reaching the cecum, but had much lesser benefit for experts.
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Figure 3.2: (a) The Robotic Steering and Lumen Centralization being used in an exper-
iment. (b) Joystick user interface. Reproduced with permission from [119]
© 2015 Georg Thieme Verlag KG.

Endoscopic Operating Robot

Using a joystick and a rotating handle, instead, this system aims to provide a

way to operate a conventional endoscope using one hand [79]. This would allow the

physician to perform other tasks. The system (Figure 3.3) consists of a master unit

with a user interface that has been instrumented with force sensors and a slave unit

in which a conventional endoscope can be secured. The force sensors are used to

provide haptic feedback to the user. The joystick is used to angulate the endoscope

tip up-down or left-right. The rotating handle has the dual function of rotating the

endoscope and advancing or retracting it. Propulsion of the endoscope is achieved by

a linear actuator that is coupled to the handle.

Invendoscope

The design of this system (Figure 3.4) differs from the previous two in that it

uses a custom made single-use endoscope [122]. The endoscope has a 10 mm inner

sheath with an inverted sleeve. The endoscope is mounted inside a driving unit that

has 8 drive wheels. When propulsion is desired, the wheels rotate in a manner that
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Figure 3.3: Endoscopic Operating Robot v3. The system consists of a master unit with a
joystick user interface that and a slave unit in which a conventional endoscope
can be secured. The joystick is used to angulate the endoscope tip up-down or
left-right. The rotating handle has the dual function of rotating the endoscope
and advancing or retracting it.Reproduced with permission from [79] © 2015
Georg Thieme Verlag KG.

unfolds the sleeve causing the inner sheath to translate forward or backward. Due to

this propulsion mechanism, there is no relative movement between the endoscope and

the colon wall. As a result, the forces exerted on the colon wall are minimized. The

system is fully controlled by a hand held joystick interface that incorporates other

endoscopic software functions. In a human clinical study, the Invendoscope achieved a

promising cecal intubation rate of 82 % [122]. However, despite the unique propulsion

mechanism, two patients experienced severe pain. More recent results have shown

better intubation rates, but it remains to be seen if this system is successful in reducing

pain for patients [122]. The latest generation of the system will be commercially

available in the US and Europe in 2018 [62].

18



(a) The Invendoscope SC40. (b) The driving unit.

Figure 3.4: The Invendoscope, a single-use custom endoscope that is propelled by a driv-
ing unit that unfolds an inverted sleeve. Reproduced with permission from
[122] © 2008 Elsevier.

3.1.2 Advanced Endoscopes with Alternative Locomotion Mechanisms

Neoguide

This system (Figure 3.5) uses a type of continuum robot for its endoscopic shaft.

The robot is autonomously controlled to conform to the shape of the colon by having

each of its 16 successive segments assume the shape that the tip had when it was at a

given insertion depth [40]. In essence, the motion of the segments follows the “follow-

Figure 3.5: The continuum robot based endoscopic shaft of the Neoguide system. Repro-
duced with permission from [40] © 2006 Georg Thieme Verlag KG.

the-leader” principle. In doing so, the Neoguide reduces the lateral forces applied
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on the colon wall. Moreover, the system includes the ability to display a real-time

3D map of the colon traversed by the endoscope. In a clinical study with a total

of 10 patients, this system had a cecal intubation rate of 100 %. However, looping

was reported in 4 cases. In addition, further studies are needed to determine if the

procedure can be done without sedation.

Aer-O-Scope

The Aer-O-Scope (Figure 3.6), as the name suggests, uses air pressure gradients

for propulsion [169]. The system consists of a rectal introducer, a supply cable, and

a vehicle balloon that encompasses an endoscopic camera. Another balloon at the

rectal introducer is used to form a tight seal at the anus to prevent any gas from

leaking. Similarly, the vehicle balloon, which is at the distal end, is inflated to form a

seal against the colon wall. Propulsion is then achieved by inflating the air between

the two balloons with CO2 gas. The pressure difference created between the two

spaces separated by the vehicle balloon causes the endoscope tip to advance along

with the balloon. The vehicle balloon conforms to the shape of the colon as it moves

along the lumen while maintaining the seal with the colon wall. The pressure created

by the gas insufflation is monitored to prevent excessive pressures that could lead

to pain. The user interface is a set of buttons that allow the operator to move the

endoscope forward or backward as well as pause or stop the operation. Thus the

system is skill-independent, self-propelling, and self-navigating. However, since no

instrument channels are available, through which therapeutic instruments could be

passed, the system can only be used for diagnostic purposes. In a preliminary animal

study, the Aer-O-Scope demonstrated a cecal intubation rate of 83 %. Further study

is required to determine if the novel propulsion mechanism and pressure regulation

found in this system could potentially reduce pain in human colonoscopies.
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Figure 3.6: The Aer-O-Scope disposable unit. Propulsion achieved by inflating the air
between the scanning and the vehicle balloons with CO2 gas. Reproduced
with permission from [169] © 2006 Elsevier.

Endotics

The propulsion mechanism of the Endotics system (Figure 3.7) is inspired by inch-

worms. The system consists of a disposable probe which contains a steerable tip, a

flexible body and pneumatic extensors and two clampers that carry out inchworm like

movements [112]. The tip has LEDs for illumination and a miniature camera. The two

clampers are located at the two ends of the probe and they adhere to the colon wall by

creating localized vacuum regions. The extensor uses a system of bellows to elongate

the middle part of the probe using pneumatics. During propulsion, the system carries

out a semi-automatic cycle of clamping the distal end, elongation, clamping the prox-

imal end and releasing the distal end, and retraction of the distal end. Of these, the

elongation is performed with the control of the operator [26]. A human study [161]

was conducted with a total of 71 patients to compare the diagnostic accuracy of the

Endotics system to that of the conventional endoscope. The system had a cecal intu-

bation rate of 81.6 % which was significantly lower than the conventional endoscope.
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(a) The Endotics disposable probe.

(b) The Endotics system.

(c) The clamping mechanism adhering to the
colon wall by creating localized vacuum
regions.

Figure 3.7: The Endotics system is a novel disposable endoscope. Two clampers and a
pneumatic extensor perform locomotion inspired by inchworms. Reproduced
with permission from [11] © 2013 Elsevier.

Furthermore, the average time to complete the procedure was significantly longer

for the Endotics (45.0 ± 18.5 min) than for conventional endoscopy (23.7 ± 7.2 min).

The findings showed that the diagnostic accuracy of the Endotics system was on par

with conventional endoscopy. However, in 13 cases (18 %), the device was not able

to reach the cecum. Notably, the study showed that sedation was not required for

patients during examination using the Endotics system. A more recent retrospective

study [160] on patients who had conventional endoscopy but had failed cecal intuba-

tion has shown that the Endotics system was successful in 93.1 % of the cases. This is

a very positive result, but further studies are needed to directly compare the system

with conventional endoscopes. Furthermore, the study used an earlier version of the

system which did not have an instrument channel for passing therapeutic tools, and

thus was diagnostics only, suggesting further study.
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3.2 Capsule Endoscopy

Advances in miniaturization technology over the past two decades have given rise

to a new class of endoscopic devices that enable visualization of the entire gastro-

intestinal (GI) tract, including the small bowel, in a manner not possible before. CEs

are small enough to be swallowed and can travel through the GI tract either passively

via peristalsis or actively through various modes of locomotion. With the exception

of bowel preparation, which is also necessary for conventional endoscopy, CEs offer

the least discomfort and pain while allowing direct visualization of the GI tract. Since

their introduction in 2000 [61], and commercialization in 2001 [136], they have found

widespread use in clinical settings, especially for the small intestine, a part of the GI

tract difficult to access using conventional endoscopes.

In order to capture and transmit high quality video for a long period of time as

it travelled through the GI tract without using fiber-optic bundles or external wires,

the first CE made use of three enabling technologies: complementary metal oxide

silicon (CMOS) image sensors, application-specific integrated circuit (ASIC) devices,

and white-light emitting diode (LED) illumination [61]. Images captured at 2 frames

per second were transmitted using UHF-band radio-telemetry to antennae attached

to the patient [148]. The first human studies using this device showed that it was

easy to swallow and caused no discomfort. The capsule moved through the GI tract

with the help of peristalsis and the average time between ingestion and evacuation

was 24 hours. During this period, the capsule transmitted up to 6 hours of video [61].

The success of the first CE led to a commercial device by Given Imaging Ltd.

(Yokneam, Israel) marketed as the M2A and later as PillCam SB. The latest version,

PillCam SB3, obtained clearance from the Food and Drug Administration (FDA) in

2013 [139] for sale in the USA. The SB3 brings many improvements over the original

CE. With improvements in CMOS technology and precision optics, the SB3 is capable

of detecting objects up to 0.1 mm in diameter [139]. In addition, it dynamically
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adjusts the video frame rates so as to conserve energy while providing higher frame

rates when passing through regions of interest. The images recorded by the capsule

are compiled and presented to the physician for analysis. Since it can be tasking

for the physician to look through all the images, Given Imaging provides an image

analysis software that automatically identify pathologies and reduce the number of

images to be presented to the physician.

In addition to the SB3, the Pillcam product line includes the ESO3 and the

COLON 2 for esophageal and colon examinations respectively. Other wireless cap-

sule endoscopes (WCEs) on the market include the MiroCam (Intromedic Co., Seoul,

Korea), the EndoCapsule series (Olympus Inc., Tokyo, Japan), OMOM (ChongQing

JinShan Science and Technology Co, Ltd., Chongqing, China) and CapsoCam (Capso-

Vision Inc., Saratoga, CA, USA). These WCEs offer similar functionalities with varies

improvements in field of view, image quality and transmission technology.

(a) Pillcam, (Given Imaging Ltd., Yok-
neam, Israel)

(b) MiroCam (Intromedic Co., Seoul,
Korea)

(c) EndoCapsule series (Olympus Inc.,
Tokyo, Japan)

(d) OMOM (ChongQing JinShan Sci-
ence and Technology Co, Ltd.,
Chongqing, China)

Figure 3.8: Various commercially available capsule endoscopes. Adapted with permission
from [24] © 2016 Springer-Verlag Berlin Heidelberg.

In terms of medical practice, CEs are far more successful for the small bowel

than for the stomach, esophagus or colon. The fact that the small bowel is very

difficult to access using conventional endoscopes has made CEs the gold standard for
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small bowel screening. A study has demonstrated that CEs have a higher sensitivity

(90.6 % vs. 65.6 %) and diagnostic yield1 (71 % vs 65 %) in the small bowel than

balloon enteroscopy [69]. For other parts of the GI tract, the advantage of CE has

not outweighed its limitations. For example, the Pillcam Colon 2 was specifically

designed for the colon with two cameras and a wide angle view. However, a study

with 100 patients showed that the capsule had a sensitivity of 84 % and specificity of

64 % for polyps larger than 6mm and a sensitivity of 88 % and specificity of 95 % for

polyps larger than 10mm whereas both sensitivity and specificity are well above 90 %

for conventional endoscopes in the colon.

While various factors exist as to why capsules do not perform as well as conven-

tional endoscopes in other parts of the GI, the main limitation stems from the lack

of active locomotion. All commercially available CEs currently move along the GI

tract passively being guided by the flow of nutrients due to peristalsis. Thus, there

is no means for a physician to see a particular area from different points of view or

manipulate the capsule to move in certain directions to get a better understanding of

the nature of a lesion.

To this end, many researchers are working towards active locomotion of CEs [164,

139, 136, 140]. The types of actuation used to induce forces and torques on the

capsule can be classified into those that use electromechanical systems and those that

use external magnetic fields.

3.2.1 Electromechanical Actuation

Researchers in the past two decades have proposed various electromechanical ac-

tuation schemes for CE including locomotion inspired by inchworms, crawling using

miniature legs or paddles, and swimming via propellers.
1The likelihood that a test will provide the information needed to establish a diagnosis
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(a) Inchworm capsule by Kim et al. [73].
Impact-based piezo actuators and
clamping devices create cycles of
elongation, clamping and retraction.

(b) Inchworm capsule by Wang and Meng
[170]. A plunger attached to the solenoid
moves the capsule forward while the cone
shaped polymer prevents motion in the
reverse direction.

Figure 3.9: CEs that use inchworm locomotion. Reproduced with permission from [73,
170] © 2005, 2006 IEEE.

Inchworm locomotion generally involves repeated executions of anchoring and for-

ward motion. In 2004, Kim et al. [72] developed an inchworm-like microrobot using

a pair of spring-type shape memory alloy (SMA) actuators. The same authors, in

2005 [73], developed a mechanism that made use of impact-based piezo actuators and

clamping devices that mimic claws of insects. A saw tooth shaped voltage input was

applied to the piezo actuators to create cycles of elongation, clamping and retraction

(Figure 3.9a). In 2006, Wang and Meng [170] developed a capsule that used a solenoid,

a permanent magnet and a cone shaped polymer for inchworm-like locomotion. In

this device, an alternating current is applied to the solenoid creating an alternating

attractive and repulsive force against the permanent magnet. A plunger attached

to the solenoid moves the capsule forward while the cone shaped polymer prevents

motion in the reverse direction (Figure 3.9b).

Legged capsule locomotion was first proposed in 2004 by Menciassi et al. [95].

While the authors did not develop a fully functional capsule, they provided analysis

on the requirements for a legged locomotion and provided a SMA based solution for

the design of a single leg. The same research group later developed legged capsules
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moving away from SMA actuators due to their low generated force and practical issues

with heat transfer and power consumption [121]. Variants of the legged capsule with 4,

8 and 12 legs were developed where increasing the number of legs helped to prevent

back slippage and allowed for more propulsive force [28, 121, 166]. The 4-legged

capsule in [28] moved all legs simultaneously while the 8 and 12-legged capsules each

had two sets of legs where each set was controlled independent of the other. The

capsule presented in [166] (Figure 3.10a) used a novel slot follower and lead screw

mechanism with two sets of six legs leading to a compact mechanism that resulted in

a capsule with similar dimensions as commercially available CE. Lin and Yan used the

inchworm scheme of locomotion on a capsule with three legs for anchoring creating a

hybrid locomotion CE.

(a) 12 legged capsule by Valdastri et al.
[166]. The capsule had two sets of six
legs that were controlled independently.

(b) Paddling capsule by Park et al. [106]. A
linear actuator moves the legs up and
down the length of the capsule much
like paddles of a canoe.

Figure 3.10: Legged and paddling type CEs. Reproduced with permission from [166, 106]
© 2009, 2007 IEEE.

Park et al. [106] introduced paddling as an alternative means of locomotion where

the legs of the capsule serve as the paddles of a canoe. A linear actuator (made using

micro motor and a lead screw) moves the legs up and down the length of the capsule

(Figure 3.10b). During propulsion, the legs protrude out making a clamping contact

with the lumen. After the propulsion phase is completed, the legs are retracted and
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moved to the front of the capsule without moving the capsule itself. This locomo-

tion scheme overcomes the problem of back slippage that exists with legged capsules.

However, animal trials have shown that it could cause mucosal injuries [74].

A propeller based swimming CE was developed by Tortora et al. [158] in 2009

for applications in a liquid filled stomach. The capsule was 15 mm in diameter and

30 mm in length and contained a wireless microcontroller and a small battery. The

capsule’s four propellers were operated by four separate motors, which allowed the

generation of forward propulsion without inducing a rolling torque on the capsule.

The capsule was controlled wirelessly via a joystick.

Electromechanical Actuation Summary

CEs with electromechanical actuation require that the actuation mechanism be

mounted on the capsule. Unlike electronic components, miniaturization of electrome-

chanical actuators is difficult and requires careful design in order to achieve the re-

quired forces and torques without increasing the size and weight of the CE. The com-

plexity of the resulting capsule leads to increased cost, which could prevent the clinical

success of electromechanically actuated CEs. Furthermore, the relatively high power

requirements of the actuation mechanisms limit the amount of time these capsules

can operate from the small batteries found in the capsules. Consequently, electro-

mechanically actuated CEs have only been limited to research settings thus far.

3.3 Actuation Using External Magnetic Fields

Systems for active magnetic actuation generally use either electromagnets or per-

manent magnets to generate and control magnetic fields external to the patient. Mag-

netically actuated CEs contain internal magnetic materials in the form of small mag-

nets or ferromagnetic materials. When magnets are used, permanent magnets are

preferred over electromagnets due to their high magnetic field strength to size ratio.
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The forces and torques created by the interaction of the external magnetic field with

the internal magnetic material provide a mechanism for wirelessly actuating CEs.

This wireless actuation mechanism is especially suited for endoscopy as it does not

require line of sight. Furthermore, the compliant nature of magnetic forces provides

a safe means of actuation unlike conventional endoscopes where force is transmitted

through rigid mechanical structures.

3.3.1 Sources of External Magnetic Fields

Electromagnets are currently the most flexible source of external magnetic field

for magnetically actuated CEs. They are made from coils which become magnetized

when electric current passes through them. In the majority of applications, the coils

are arranged so as to generate uniform magnetic fields or field gradients at a target

region. Since it is difficult to generate uniform magnetic fields or gradients with a

single coil, Helmholtz and Maxwell coils are used frequently. Helmholtz coils are

constructed by placing two coils of the same dimension and Ampere turns in parallel

at a distance equal to their radius [140]. When current flows in the same direction

inside the two coils, a nearly uniform magnetic field is generated in the region central

to the two coils. Magnetic field gradients can be generated using Maxwell coils, which

are constructed in a similar manner to Helmholtz coils, but the separation of the coils

is increased to
√
3 times the coil’s radius. Maxwell coils can also be used to generate

a more uniform magnetic field, instead of a gradient, with the addition of a third

coil. The region of uniform fields or gradients generated by these coil arrangements

is limited to a relatively small volume of space at the center of the pairs. Thus, large

dimensions are needed in order to create a workspace that encompasses the region of

the GI tract in which a particular CE operates.

For any given electromagnet, the strength of the magnetic field generated by its

coils varies linearly with the current being applied. This simplifies the design of
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controllers as they can rapidly control the wrench (force and torque) induced on the

CE in a relatively simple manner. This is in contrast to permanent magnet based

controllers which require translating or rotating the actuating magnet in space to

achieve the same task. Electromagnets also have an OFF state where no magnetic

field is generated. This makes them much safer as they can remain in the OFF state

until a specific procedure is about to be performed. As such, unintentional magnetic

interaction with the environment can be safely avoided.

However, electromagnets have certain limitations that have yet to be overcome.

These limitations mainly stem from the inherent nature of magnetic fields in that

the strength of the generated magnetic field drops off at a rate of 1/r3 where r is

the distance from the source. To make matters worse, the force induced on the CE,

which is a function of the gradient of the magnetic field, drops off at a rate of 1/r4.

This necessitates bulky coils and large currents. The bulky coils become unwieldy

for clinical settings and the large currents generate heat due to resistive losses in the

coils. Appropriate cooling systems become necessary to avoid overheating the coils.

The combination of these factors increases the cost of manufacturing electromagnets

suitable for magnetic actuation of CEs.

Consequently, permanent magnets are becoming the more common choice of ac-

tuation for these systems since they are able to maintain compact form factors while

being able to induce relevant forces and torques on the capsule efficiently [17, 164,

90]. While it is possible to have an arrangement of permanent magnets that are fixed

in space but are allowed to rotate for actuation, as demonstrated by Ryan and Diller

[124], their workspace is severely limited without using extremely large magnets. A

better trade-off between magnet size and workspace can be achieved by using a single

permanent magnet mounted on a robot manipulator [164, 90, 151, 152, 138].
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One downside with permanent magnets is that they do not have an OFF state.

Unintentional interaction with other magnets or ferromagnetic materials can be haz-

ardous in clinical settings. Although it is plausible that an OFF state could be

achieved using field cancellation techniques, it has not been demonstrated for the

types of magnets needed for magnetically actuated CEs. Thus, care must be taken

even when the system is not in active use.

Another limitation is the difficulty in controlling the magnetic wrench induced

on the capsule. As mentioned earlier, controlling the wrench is accomplished by

changing the position and orientation of the actuating permanent magnet relative

to the magnetic CE. There is a nonlinear relationship between the magnetic field

strength and the relative pose of the external permanent magnet and the magnetic

CE. Therefore, controllers for these systems generally have added complexity.

The use of electropermanent magnets for anchoring surgical devices across the

abdominal wall has been reported by Tugwell et al. [159]. These types of magnets

have the capability of being turned on and off by applying a short pulse of current.

This makes them ideal for clinical use as they combine the efficiency of permanent

magnets and the safety of electromagnets. It remains unknown whether these types

of magnets can be strong enough to induce the necessary forces and torques making

them suitable for magnetic capsule endoscopy.

3.3.2 Magnetic Control Strategies

Magnetic control strategies can be classified into open and closed-loop control. In

general, open-loop control is defined as the control of a system without some type of

feedback as to whether the system is performing as expected. In the case of magnetic

actuation, we refine the definition to include systems where there is feedback, but the

feedback is only available to the human operator. It is then the responsibility of the

human to command the system in a way that responds to the feedback appropriately.
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In the particular case of CEs, the feedback is in the form of video of the GI lumen

captured by cameras on the CEs.

The advantage of the open-loop strategy is in the simplicity of the overall system

as it relies on the brain power of the physician to close the loop. However, this

advantage is countered by the steep learning curve required for efficient control of

the CE as a result of the unintuitive nature of magnetic fields and the wrench they

exert on the capsule. Open-loop systems are considered less safe because they do not

have a means to ensure that the wrench exerted on the capsule is below a threshold

where tissue damage can occur. While it is possible to provide visual indication of the

wrench, it is difficult for the physician to constantly monitor the values while at the

same time performing the unintuitive and difficult task of maneuvering the capsule.

Even if human operators were able to detect wrenches that exceed a given threshold,

they may not respond in a timely manner to avoid damage.

Closed-loop control is a strategy in which the controller incorporates measure-

ments about the state of the system in determining the next control inputs. The

controller uses measurements in a feedback loop to reduce the error between a refer-

ence state and the current state of the system. This allows the system to constantly

monitor for unsafe levels of force and take appropriate and timely action to avoid

tissue damage. Closed-loop strategies also provide the opportunity to create intuitive

user interfaces for maneuvering the capsule. In essence, instead of manipulating the

capsule indirectly through the magnetic actuation system, the physician can assume a

more direct control of the capsule and the magnetic actuation system strives to make

itself transparent. While video feedback is still available to the human operator, the

feedback loop created by the physician constitutes a higher and more intelligent level

of control than that which is available in open-loop systems. In this higher level of

control, the physician is relieved of the burden of determining the control inputs to
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the magnetic actuation system. Instead, the focus of the physician can be dedicated

to guiding the capsule and inspecting the GI lumen.

A variety of sensory modalities can be used to generate feedback for the control

system. In general, the closed-loop control system does not use sensor measurements

directly. Instead, the measurements are first used to compute the position and rota-

tion (pose) of the capsule or the magnetic wrench being applied on it. These quantities

are then used to compute control inputs that reduce pose or wrench errors. Other

modalities, such as pH and temperature can also be available on the capsule, but they

are seldom used for feedback for the closed-loop system.

Open-loop and closed-loop control strategies for magnetic actuation have been

utilized with both electromagnets and permanent magnets. Although not a strategy,

another mode of control that is better suited for permanent magnet based systems

involves the physician holding and manipulating the external magnet manually. The

simplicity of the overall system is attractive, but it bears all the disadvantages of

the open-loop system. Additionally, since external permanent magnets that generate

wrenches strong enough for magnetic actuation are quite heavy, muscle fatigue is

unavoidable without special mechanisms that support the weight while allowing full

dexterity of manipulation.

3.3.3 Magnetic Propulsion

Notwithstanding how the external magnetic field is generated, existing magnetic

actuation systems can also be classified into two categories based on the method of

propulsion used. In the first category, which we call indirect propulsion, the applied

magnetic wrench causes some type of motion on all or part of the capsule. The

interaction of this motion with the surrounding environment, in turn, causes the

capsule to propel. The second category is called direct propulsion. In this category,
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magnetic force and torque are simultaneously used to directly pull or rotate the

capsule to control its position and orientation.

3.3.3.1 Indirect Magnetic Propulsion Systems

Examples of indirect magnetic propulsion include spiral [131, 82, 76, 92, 91, 177,

115], helical [43], rolling [179, 94], and vibrational [77, 65, 98, 78] CEs. The earliest

example of indirect propulsion CE was a spiral motion device developed by Sendoh et

al. [131] in 2003. Three pairs of coils, each pair in Helmholtz arrangement, were used

to generate a rotating magnetic field. The generated field induced a steady torque

on the diametrically magnetized permanent magnet embedded inside the capsule

(Figure 3.11a). The outer shell of the capsule had a thread-like spiral shape. Upon

rotation of the capsule, the outer shell interacts with the lumen to generate propulsion

in a corkscrew manner.

(a) Outer shell of a spiral motion capsule
by Sendoh et al. [131]. Three pairs
of Helmholtz coils induce steady torque
on the diametrically magnetized perma-
nent magnet embedded inside the cap-
sule. Reproduced with permission from
[131] © 2003 IEEE.

(b) Spiral CE system by Mahoney and Ab-
bott [91]. A rotating permanent mag-
net is mounted on 6 degrees of freedom
(DOF) robot manipulator to propel a
spiral capsule. Reproduced with permis-
sion from [139] © 2014 Taylor & Fran-
cis.

Figure 3.11: Examples of CEs with indirect magnetic propulsion systems.

The work of Sendoh et al. [131] inspired other researchers to investigate the use of

spiral motion for magnetic actuation of CEs [82, 76, 91, 177, 115]. Instead of the large
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Helmholtz coils used by Sendoh et al. [131], Lee et al. [82] used rotating permanent

magnets carried by a SCARA-type robot manipulator for their spiral-type capsule.

They also used flexible threads affixed to the capsule shell to create the necessary

spiral structure. The use of flexible threads mitigated issues related to slippage of

previously developed spiral CEs when the lumen in which they operate had a diameter

that was larger than the capsule (e.g. colon). The same group later developed another

thread mechanism that can be disabled so as to allow direct propulsion for cases where

the capsule is inside a much larger cavity like the stomach [76]. Although the system

employed a robot manipulator, the overall system was controlled in open-loop per our

earlier definition (see Section 3.3.2).

Mahoney and Abbott [91] provided a mathematical model for generating rotating

magnetic fields for any desired rotation axis using a single rotating permanent magnet

without constraining the magnet’s position in space. This created a richer control

space in which the actuating magnet can optimize a secondary task such as obstacle

avoidance while propelling the capsule. The same research group later utilized these

findings to actuate a spiral capsule. A motorized rotating permanent magnet was used

in their system and the magnet was attached to a 6 DOF manipulator (Figure 3.11b).

The group also integrated a magnetic field based localization system resulting in a

fully closed-loop actuation system [115].

It is worth mentioning that none of the spiral-type CEs developed by these groups

included a camera module. Thus, the operation of the spiral type propulsion in con-

junction with a physician watching the video of the lumen has not been demonstrated.

We hypothesize that image stabilization and derotation of the camera images will be

necessary for clinical acceptance.

Rolling is another type of locomotion that has been pursued by some researchers.

Notably, Yim and Sitti [179] developed a compliant and untethered magnetic CEs for

use in a liquid filled stomach. The capsule had the ability to be axially contracted in
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order to perform additional tasks such as drug delivery or biopsy. The contraction

would also deform the capsule making it compliant, which was hypothesized to ease

locomotion inside the stomach. The capsule consisted of two permanent magnets

at its two ends, a drug chamber and an outer structure based on Sarrus linkages.

The linkages fold when there is enough axial force from an external magnet thereby

compressing the capsule and releasing the contents of the drug chamber. Should the

force be removed, the elastic restoring force of the linkages would restore the capsule

to its original shape. A large permanent magnet was used to apply torque and an

attractive force on the capsule. The resulting static frictional torque at the contact

area between the capsule and the stomach wall caused the capsule to roll. The overall

system was controlled in an open-loop manner.

The previously described systems have mainly used rotational motion to indirectly

propel the CEs. A different approach to indirect propulsion is the use of vibrations

caused by alternating magnetic fields. A microactuator mechanism for self-propulsion

of a swimming capsule was developed by Morita et al. [98] in 2010. The mechanism

was designed to be used in conjunction with an existing CE. The microactuator

consisted of a fin with a permanent magnet and a small spring connecting the fin with

the main body of the capsule. An alternating current was passed through external

electromagnets creating vibratory motion of the internal permanent magnet. This

caused the fin to vibrate, which in turn propelled the capsule [98]. A similar idea

was investigated by Kósa et al. [77], although their device could not be considered

a CE because it was at an early stage of development. In their system, three tails,

each with three adjacent coils were vibrated to create propulsion in a viscous medium.

This is in contrast to most magnetically actuated CE where a permanent magnet is

used on the capsule side of the system. The external magnetic field was supplied by

a magnetic resonance imaging (MRI) machine. The amplitude and phase angles of
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the sinusoidal magnetic field generate by the MRI were computed so as to create a

sinusoidal travelling wave on the tails akin to flagellar movement of microorganisms.

Since the force and torque induced by the external magnetic field drop as 1/r4

and 1/r3 respectively, where r is the distance between the source and the capsule,

using the torque for propulsion is preferable. However, current rotational propulsion

systems designed for GI exploration rely on friction against lumens, and thus can

only be propelled in collapsed lumens resulting in reduced polyp detection efficiency

in parts of the GI tract such as the colon. Furthermore, this actuation strategy

has only been demonstrated on untethered devices which are currently limited to

diagnostic purposes and lack therapeutic capabilities such as polyp resection and

biopsy sampling of suspect tissue.

3.3.3.2 Direct Magnetic Propulsion Systems

One of the earliest examples of direct magnetic propulsion CEs was developed by

Carpi et al. [16] in 2006. Designed to work with existing passive CEs, their device

consisted of a magnetic shell made from a mixture of silicone and Neodymium-Iron-

Boron (NdFeB). The authors built a prototype using the commercially available CE

M2A, a product of Given Imaging Ltd, Israel. The external source of magnetic field

was a pair of permanent magnets and propulsion was achieved by manually (by hand)

translating and rotating these magnets. Preliminary tests using the prototype on a

porcine model showed that arbitrary translation and rotation of the capsule could be

achieved. This promising result led to subsequent works by the same group where

the hand held external magnets were replaced with the Niobe Stereotaxis system

(Figure 3.12a), a commercial magnetic navigation system originally developed for

steering magnetic catheters in the cardiovascular system [15, 17, 13]. In addition,

real-time fluoroscopic imaging was used for localization. However, the purpose of

the localization was to document and identify regions of interest indicated by the
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physician. Since the main control capability of this system had to do with orientation,

and the magnetic field created by the Stereotaxis system was sufficiently uniform, the

controller only needed to set the magnetic field vector inside the workspace. Under

simplified assumptions, due to the nature magnetic fields, the uniform field aligns the

capsule to point in the direction of the field without requiring knowledge of its previous

orientation. Thus, the overall system would be considered open-loop. Inspired by the

Stereotaxis system, Mingyuan Gao et al. [97] developed a new magnetic propulsion

system that was specifically designed for magnetic propulsion of CEs. The system

had a platform that served as a bed for the patient, but could also translate in

longitudinal and lateral directions. Two groups of permanent magnets straddled the

platform and were nominally located above and below the patient. The magnets could

rotate about a central longitudinal axis located at the base of the platform and move

linearly relative to each other as well as relative to the platform. A similar concept

was pursued by Sun et al. [147] who designed a novel magnetic actuation system

that was comprised of two 4 DOF (3 DOF in position and 1 DOF in orientation)

robot manipulators that were placed on the lateral sides of patient’s bed. Each robot

carried an external permanent magnet which was axially magnetized. The magnets

were controlled in open-loop by looking at the captured GI images. The authors also

demonstrated that the same magnetic actuation system could be used for indirect

magnetic propulsion as well as the propulsion of hybrid capsules (capsules that use

magnetic and electromechanical actuation).

An alternative approach that could reduce the size of the permanent magnets used

in [13] and could achieve better control of the translation of the capsule was proposed

by Ciuti et al. [25] in 2009. The reduction of the magnet size was achieved by mounting

the permanent magnet at the end effector of a 6 DOF robot manipulator. Better

translational control could also be achieved with the help of the robot manipulator

as the external permanent magnet can now be positioned and oriented in space so
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(a) The Niobe Stereotaxis system and a
commercially available CE with a mag-
netic shell developed by Carpi et al. [13].
Reproduced with permission from [24]
© 2016 Springer-Verlag Berlin Heidel-
berg.

(b) The Magnetic Air Capsule developed by
Valdastri et al. [164]. The fully func-
tional capsule was driven by an external
permanent magnet that was mounted
on a 6 DOF robot manipulator. Re-
produced with permission from [164]
© 2012 Springer Nature.

Figure 3.12: Examples of CEs with direct magnetic propulsion systems.

as to induce the desired force on the capsule. The authors conducted simulations

to determine the optimal number and dimensions of permanent magnets to embed

inside the capsule. The chosen configuration was four cylinders, each 140 mm3 in

volume arranged on the external surface of the capsule at 90° from each other [25].

In addition to the permanent magnets, the capsule also contained a CMOS camera,

inertial sensors, and a wireless communication module. The inertial sensor was used

to measure the acceleration of the capsule in order to determine when motion has

occurred. Utilizing this sensor modality, the authors were able to close the loop, albeit

in a simplistic manner.

A more advanced closed-loop control technique was introduced by Mahoney and

Abbott [90] who used a 6 DOF industrial robot arm for manipulating an untethered

magnetic device in a fluid filled cavity. The authors demonstrated for, the first time,

5 DOF control of a CE using a single external permanent magnet in a water tank

emulating a fluid filled stomach. For localization, the authors used a vision based
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algorithm which used a pair of cameras placed outside the water tank. While the

localization method was not viable for realistic applications, their control method

was instrumental for the work presented in this dissertation.

Further development of this approach was presented by Valdastri et al. [164] who

developed a fully functional CE with a compliant multilumen tether (Figure 3.12b).

Similar to Ciuti et al. [25], magnetic propulsion was accomplished by an industrial 6

DOF robotic manipulator; however, the addition of the multilumen tether provided

insufflation, passing of an flexible instruments, lens cleaning, and power for the vi-

sion and sensor modules inside the capsule. The CE used in this dissertation is a

progression of this work and will be discussed in detail in Chapter 2.

With few exceptions, the use of electromagnets for wireless manipulation of direct

propulsion devices has been limited to objects in the micro scale [153, 80, 37, 107].

Keller et al. [71], in a joint effort by Olympus Medical Systems Corp. and Siemens

Healthcare, developed an electromagnetic guidance system based on a modified MRI

machine. The system was designed for controlling a capsule in 5 + 1 DOF inside a

liquid filled stomach, where one DOF is achieved by turning the patient. The compu-

tation of the currents for the various coils of the MRI machine require knowledge of

the position of the capsule; however, the system described by Keller et al. [71] did not

have this functionality. Instead, a static point in the center of the working volume

was used for these calculations. This resulted in errors in the form of unwanted cap-

sule drifts, which were mitigated by keeping the capsule in contact with the mucosa

for stability [71]. Thus, the system operated in open-loop.

Another magnetically actuated CE that used electromagnets as the external source

of magnetic field was introduced by Lee et al. [81]. The system consisted of 3 pairs

of Helmholtz coils and a single axis Maxwell coil as well as a capsule prototype

with a unique arrangement of three permanent magnets such that the resultant di-

rection of magnetization was approximately 22° from the main axis of the capsule.
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The Helmholtz coils, which by design generate uniform magnetic fields, were used

to control the heading of the capsule while the Maxwell coils were constructed to

generate uniform gradients and thereby control the force on the capsule. The authors

demonstrated a novel helical motion by taking advantage of the angle between the

main axis and the resultant direction of magnetization of the internal magnets. This

was achieved by rotating the field direction generated by the Helmholtz coils and

controlling the capsule’s translation using the Maxwell coils.

While most systems that use electromagnets employ Helmholtz or Maxwell coil

configurations, Lucarini et al. [89] proposed a single coil electromagnet that was to

be carried by a robot manipulator. The magnet was designed to generate a magnetic

gradient of 0.175 T/m (82.5 mN) for attraction and 0.105 T/m for dragging (49.5 mN),

and a magnetic field of 50 mT at a distance of 70 mm. A toroidal shape magnet was

chosen to dissipate heat faster and reduce the distance between poles for a more

reliable control of the capsule. However, the authors reported that due to the high

power consumption of the coil, cooling might be needed in order to use the system in

real operating conditions.

With the aim of improving dexterity and continuity of locomotion, some re-

searchers have proposed a hybrid approach where direct magnetic propulsion is com-

bined with internal electromechanical actuation mechanisms [171, 135]. In this ap-

proach, the internal actuation mechanisms are either used as the primary sources of

locomotive force or as means to dislodge the CE when it is stuck in collapsed areas of

the GI and is unable to move forward with magnetic force alone. The CE developed

by Wang et al. [171] is an example of the former and it used a spiral type internal

propulsion mechanism and an external permanent magnet mounted on a 6 DOF robot

manipulator. The function of the external magnet in their approach was to provide

an attractive force for aiding the internal actuator. Simi et al. [135] introduced the
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latter concept with their 3-legged CE that was actuated by a single brushless DC mo-

tor. In their approach, an external permanent magnet was used as the main dragging

force to propel the capsule. In both examples, the control of both the internal and

external actuation mechanisms was done in open-loop.

3.3.4 Magnetic Actuation Summary

The complexity of magnetically actuated CEs is much less than that of CEs with

internal electromechanical actuation mechanisms. They can also be made more com-

pact because they do not require large batteries in addition to the internal actuation

mechanism. As a result, they are easier to construct, generally more reliable as they

do not have many moving parts, and thus, safer to use. Therefore, they present a

faster and easier path toward clinical realization of actively actuated CEs.

The limitations of the current state of the art in magnetically actuated CEs pri-

marily stem from the way physicians interact with the system. Various levels of

interaction are possible: (1) Hand held operation of the external magnet [85, 16, 149,

168] (2) Open-Loop robotic tele-operation (3) Closed-loop robotic tele-operation and

(4) Closed-loop and fully autonomous navigation.

A comparison of hand-held operation against open-loop robotic tele-operation

was conducted by Ciuti et al. [22] in 2009. A total of 10 trials were conducted ex-

vivo on a segment of porcine colon, where 5 were hand-held and the other 5 were

robotically tele-operated. Six to eight white spherical targets were placed inside

the colon and participants were asked to navigate the entirety of the colon while

identifying the targets. The results showed that open-loop robotic tele-operation was

superior in precision and accuracy of steering and more targets were identified (87 ± 13

% vs 37 ± 14 %). However, the mean completion time for robotic tele-operation was

significantly higher (201 ± 24 s vs 423 ± 48 s). The authors concluded that “fewer

targets were reached with manual control because after obtaining view of a target,
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the operator was unable to move toward it without the target going outside the

visual field. On the other hand, the robotic arm enabled small, precise movements

to approach the capsule steadily towards the target” [22]. In addition, the authors

found that hand-held operation was more effective for large-scale movements and

hypothesized that closed-loop control could improve the performance of robotic tele-

operation.

Other studies have further demonstrated the limitation of open-loop control. In

the study by Arezzo et al. [4], a robot manipulator with a permanent magnet was

used to drive a tethered capsule in a phantom ex-vivo model of the colon and proce-

dure times were three times longer when compared against standard endoscopy due

to repeated loss of magnetic coupling. In the study reported by Denzer et al. [30],

a magnetic resonance imaging (MRI) machine was modified by a joint team of re-

searchers from Olympus and Siemens for magnetic actuation of an untethered device

in the stomach. In their clinical trial, a low lesion detection sensitivity of 61.9 % was

reported suggesting difficulty in maneuvering.

These results demonstrate the acute need for closed-loop systems that utilize pose

estimation feedback. However, the majority of prior works in the literature assume

that the capsule is free to move inside the patient once the lumen is distended with

gas or liquid. Therefore, the externally generated magnetic field is controlled with

the expectation that the capsule would align to it. While this assumption may hold

true in most cases, there are often occasions when the capsule gets stuck into a tissue

fold and the magnetic coupling is lost. In addition, faster capsule locomotion can be

achieved with closed-loop systems without compromising safety.

Robotic closed-loop magnetic actuation systems can also enable fully autonomous

navigation. Although not in the scope of this dissertation, this type of system is

now in the realm of possibility as image processing techniques continue to advance.

Recent advances in deep learning for vision based polyp detection, lumen detection
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and environment mapping combined with closed-loop robotic control technologies can

enable the next era of capsule endoscopy.

3.4 Pose Estimation for Capsule Endoscopy

Despite the differences in how the driving magnetic fields are generated and what

method of propulsion is used, actively controlled magnetic actuation systems require

pose estimation in order to successfully translate to clinical settings. We make a

distinction here from current clinical methods that localize the capsule relative to

anatomical landmarks for subsequent treatment [155, 137]. In this work, we focus on

techniques that estimate the pose of the capsule with respect to a fixed global frame

so as to enable closed-loop control. However, we will use the terms localization and

pose estimation interchangeably as it is common in the literature for magnetically

actuated CEs.

3.4.1 Metrics for Pose Estimation Techniques

As a precursor to our discussion, it is beneficial to define the metrics with which we

analyze the pose estimation techniques. The criteria for success of a pose estimation

algorithm for robotic capsule endoscopy is three fold. First, a level of accuracy suitable

for closed-loop control is needed. However, there is no established benchmark in the

literature for accuracy in magnetic capsule endoscopy applications. To ground our

discussion, however, we will adopt the notion that the position error should be in the

same order of magnitude as the dimensions of the capsule [34, 33]. Second, the system

must have an update rate appropriate for real-time operation. Although difficult to

define precisely, a rate of 100 Hz or faster is generally considered acceptable. This

allows the robotic controller to compensate for any deviation of the capsule from

the commanded pose or trajectory promptly so as to ensure the safety and clinical

efficacy of the system. Finally, the workspace for the pose estimation system must be
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compatible with endoscopic magnetic actuation, which has a typical working distance

of 150 mm or larger [25].

3.4.2 Alternative Localization Techniques

Several localization techniques have been developed for CEs in the last two decades.

A significant portion of these techniques were motivated by the need to localize the

capsule near areas of observed ailments within the GI tract for subsequent targeted

treatment. As such, some of these techniques did not have real-time operation com-

patible with magnetic actuation as their main objective.

Radio frequency (RF) based methods, which were some of the earliest localization

techniques for CEs, fall in this category. These methods were attractive because most

CEs, and particularly the commercially available ones, transmitted images from the

GI tract at regular intervals to receivers outside the patient’s body. By placing sensors

in strategic locations, these transmissions could be used to estimate the location of the

capsule at the time it made the transmission [41]. Consequently, RF based methods

were inexpensive to implement as they did not require adding new sensors and other

electronics to the capsule. The first RF based localization system operated in this

manner and it was introduced by Fischer et al. [41] in 2001 for the Given Imaging

M2A wireless CE.

Generally, RF based localization techniques can be categorized by the way they

utilize the received RF signals to compute the position of the transmitter. The most

widely used categories are: time of arrival (TOA), angle of arrival (AOA) and received

signal strength indicator (RSSI). For CE applications, TOA based approaches have

not been used in practice because RF signals travel at speeds close to the speed of

light. Therefore, these approaches require highly accurate and synchronized sensors.

For example, in order to achieve an accuracy better than 1 ft (≈300 mm), these sensors

must be able to resolve differences of less than 1 ns [155]. Similarly, AOA techniques
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have not been pursued because of difficulties related to multipath [5]. However, several

authors have published works utilizing these methods in simulation [70, 172, 101,

64, 49, 118, 51]. RSSI based methods have been used successfully [41, 5, 8], but

they have slow update rates, mainly due to the interval of RF transmissions, and

reduced accuracy owing to multipath and signal attenuation caused as the RF signal

propagates through different tissues of the human body. Fischer et al. [41] computed

2-D position using RSSI and reported an accuracy of 3.77 cm. Arshak and Adepoju [5]

used an empirical signal propagation model to account for path loss and a nonlinear

iterative trilateration algorithm, but they did not report the absolute accuracy.

Other sensor modalities that are normally used for diagnostic purposes have

been investigated for localization. These include MRI [39], X-ray (fluoroscopy) [13],

positron emission tomography (PET) [154], and Ultrasound [42]. All of these ap-

proaches have drawbacks that make them less likely to be compatible for magnetically

actuated CEs. MRI based methods generate large magnetic fields and gradients that

could directly interfere with the magnetic actuation system. Although sub-millimeter

accuracy can be achieved, constant exposure to potentially harmful radiation is a sig-

nificant concern in X-ray (fluoroscopy) and PET based localization. Ultrasound based

localization is safe, but could suffer from acoustic impedance mismatch due to the

air-tissue interface [14].

Computer vision is another technique that has been pursued by researchers where

images of the GI tract captured by the CE are processed to determine its position and

orientation [60, 99, 1] as well as to classify the region of the GI tract from which the

images were taken [38]. The performance of computer vision based methods is highly

dependent on the quality and rate of the images being captured. Occlusion, blur, and

bad lighting as well as sudden motions of the capsule can cause these techniques to

fail. In light of this, some authors have proposed hybrid techniques that utilize vision

and RF or magnetic field based localization [87, 86, 8, 46]. A common limitation
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with computer vision based methods that compute the pose of the capsule is that

the pose is expressed relative to an arbitrary starting frame or to a chosen frame in

a map generated by the technique itself. The transformation between this frame and

a global fixed frame is not determined. Therefore, using these techniques for robotic

actuation is a challenge.

3.4.3 Magnetic Field Based Localization

Another approach for localization in capsule endoscopy that has been gaining

popularity in the last decade is the use of magnetic fields. Unlike RF and ultrasound

signals, the effect of the human body on quasi-static magnetic fields is negligible.

As a result, much better accuracy and precision can be achieved without the need

to model the propagation characteristics of the field through the patient. These

fields are also generally considered safe unless they are very strong or the patient has

magnetic implants. An additional advantage with the magnetic field based approach

is that it affords the possibility to use the magnets that are already present in the

system to perform localization. In this manner, the overall cost can remain low and

compatibility with magnetic actuation becomes a possibility.

Several magnetic field based localization techniques can be found in the literature

and their difference can be characterized in various ways including the sensors they

use, the topology of the sensors, the type of magnetic field source they use, and the

location of the sensors and the magnetic field sources. To facilitate our discussion,

we will use the latter categorization.

Regardless of their categorization, all magnetic localization methods exploit the

relationship between pose and magnetic field vectors, i.e., given a known source of

magnetic field, the magnetic field vector at a point is a function of the relative position
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of the point from the source of magnetic field:

B = B(p) (3.1)

where p is a position vector from the magnet to the point of interest (see Appendix A

for our nomenclature). The problem of magnetic localization can be summarized as

the solution to the inverse of Equation (3.1). In addition, if we had a sensor that

can measure the 3D magnetic field vector at that point, the measured vector will also

be a function of the orientation, R (represented by a rotation matrix) of the sensor

relative to the source of magnetic field.

Bs = RB(p) (3.2)

where Bs is the magnetic field in the sensor frame.

As we shall see, various techniques have been developed to solve the position, p,

and orientation R from these equations. These techniques directly or indirectly solve

an optimization problem that can be formulated as follows:

minimize
p,R

∥Bs −RB(p)∥ (3.3)

3.4.3.1 Magnetic Field Models

Underlying all of these techniques is the vector valued function B : R3 → R3,

which is a model of the magnetic field in space. The accuracy of this model determines

the overall accuracy of the localization system. However, higher accuracy has higher

computational cost.
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For the quasi-static magnetic fields that are used in magnetic manipulation, the

magnetic field is governed by Maxwell’s equations [109]:

∇ ·B = 0 (3.4)

∇×B = µ0J (3.5)

where J is the current density, which is nonzero only inside a magnet, and µ0 =

4π× 10−7 is the magnetic permeability of free space. Consistent with these laws, the

magnetic field generated by a magnet with current density, J, is given by:

B(p) =

∫
V

J(p′)× (p− p′)

|p− p′|3
dv′ (3.6)

where p′ is a point on the magnet and J is the current density at p′ [45].

For an electromagnet constructed using a coil with N loops carrying current I

and has a height of h, the current density J is given by:

J =
NI

h
(3.7)

For permanent magnets, an equivalent current density can be calculated based on

the magnetization, M, of the magnet, which is a measure of the net magnetic dipole

moment per unit volume [45].

Equation Equation (3.6) is known as the Biot–Savart law. From this law, we can

derive exact analytical models for permanent and electromagnets. These models often

involve complicated integrals calling for the use of elliptic integrals, Bessel functions,

etc. [31]. Under certain assumptions, however, approximation can be made resulting

in a simpler expression known as the point dipole model:

B(p) =
µ0

4π

(
3p(m · p)

∥p∥5
− m

∥p∥3

)
(3.8)
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where m is the dipole moment of the magnet. For permanent magnets, the dipole

moment can be easily computed from the magnet’s residual flux density, Br (an

intrinsic parameter of permanent magnets), given by m = BrV
µ0

, where V is the

volume. For electromagnets made from coils, the dipole moment is a linear function

of the current, m = NI(πr2), where r is the radius of the coil.

The point dipole model assumes the source of magnetic field is concentrated at a

single point and yet has a North and a South pole. The approximation is accurate

for a uniformly magnetized sphere [108]. For other geometries, the model gets more

accurate as the distance between the test point and the source gets larger. Because of

its simplicity, the point dipole model has been used by numerous localization systems.

However, the model introduces errors when the distance between the magnet and

the sensor becomes small. Some researchers have studied whether these errors can

be reduced by optimizing the dimensions of the magnet. They have found that the

critical factor is the aspect ratio of the magnets dimensions [108].

3.4.3.2 Localization with External Sensors

This group of localization techniques is characterized by having an array of mag-

netic field sensors outside the patient. Typically, the sensors are either worn by the

patient or placed around the patient in close proximity.

One of the earliest example of localizing magnets inside the human body was de-

veloped in 1997 by Weitschies et al. [173]. The localization system was developed to

monitor the GI transit of orally administered drug dosage forms with the objective

of understanding the transit times through the different parts of the GI as well as

the location of their dissolution and drug release. They used a 37 channel supercon-

ducting quantum interference device (SQUID), a very expensive yet highly sensitive

magnetometer, to measure the magnetic field generated by a sucrose pellet that was

coated with magnetite and swallowed by a patient.
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For applications in magnetic capsule endoscopy, researchers have instead used

arrays of inexpensive magnetic field sensors such as Hall effect and Anisotropic Mag-

netoresistive (AMR) sensors. The main distinguishing factors among the various

localization systems include number of sensors, topology of the sensors, and the algo-

rithms for nonlinear optimization.

As an example, consider a capsule with a cylindrical permanent magnet with a

dipole moment of m and an array of N magnetic field sensors arranged on a 2D plane.

Since the magnet inside the capsule is small and the distance of the sensors from the

capsule is much larger than the dimensions of the capsule, the point dipole model can

be used. The magnetic field measured by each sensor is given by:

Bi
calc(p,m) =

µ0 ∥m∥
4π

(
3p(m̂ · p)

∥p∥5
− m̂

∥p∥3

)
, i = (1, 2, . . . , N) (3.9)

An optimization problem is now defined as:

minimize
p,m

N∑
i=1

∥∥Bi
s −Bi

calc
∥∥2 (3.10)

where Bs is the measured magnetic field. This nonlinear optimization problem can

be minimized using a variety of methods. After testing several nonlinear optimization

algorithms that included Powell, Downhill Simplex, and Multilevel Coordinate Search,

Hu et al. [56] concluded that Levenberg Marquardt (LM) was the best algorithm in

terms of speed, accuracy and sensitivity to initial guesses. This is also ascertained by

its prevalent use for such localization algorithms in the literature.

A number of publications have reported using the outlined optimization problem

[129, 58, 59, 57, 175, 143, 83, 56, 74, 172, 111, 145, 53]. Notably, Schlageter et al.

[129] were first to use silicon Hall effect sensors and demonstrate that localization is

possible at distances up to 14 cm. In their system, a 4 × 4 array of single axis Hall

effect sensors was used as shown in Figure 3.13 and 5 DOF localization was achieved
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Figure 3.13: Sensor topology used in the localization system of Schlageter et al. [129].
Reproduced with permission from [129] © 2001 Elsevier.

using the LM algorithm. Since their sensors were single axis, their formulation was

a variant of Equation (3.10) where the projection of the magnetic field vector onto

the sensors sensing axis is used instead of the whole 3D vector. The accuracy of

the system was analyzed in simulation by modeling noise and sensitivity variations

of the Hall effect sensors. They showed that the position accuracy of the system

depended on the orientation of the magnet and that the accuracy degraded as the

magnet approached the edge of the sensor matrix.

Hu et al. [58] experimentally demonstrated a localization system with 16 3-axis

Hall effect sensors uniformly arranged on a 200 mm × 200 mm plane. After experi-

mentally testing 1, 2, and 3-axis Hall effect sensors, they observed that using 3-axis

instead of single axis Hall effect sensors improved the accuracy of the system. The

average localization errors were 7.8 mm (6.14°) in x, 7.3 mm (5.35°) in y, and 5.6 mm

(4.26°) in z with average computation time of 0.137 s. Calibration of the system

improved accuracy to an average error of 3.3 mm (3°) [57]; however, the authors ob-

served that the accuracy degraded when the capsule moved outside the area of the

sensor matrix. Further improvement in accuracy was made by the same research

group by using an array of 64 3-axis AMR sensors on 4 planes forming the sides of
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a cube as shown in Figure 3.14 [56]. After calibrating the field sensors’ sensitivity

Figure 3.14: Cubic arrangement of magnetic field sensors in Hu et al. [56]. (a) Schematic
of sensor topology, (b) Real implementation. Reproduced with permission
from [56] © 2010 IEEE.

and positioning, the average error with the cubic sensor array system was reduced

to 1.8 mm (1.54°). Additional testing conducted by these authors showed that the

system was unaffected by the presence of copper and aluminum plates, but severe

degradation occurred when ferromagnetic materials were introduced in the region of

localization.

Wu et al. [175] developed a wearable system with an array of 60 single axis Hall

effect sensors. Two sensors were placed back to back in order to provide opposite

outputs for an instrumentation amplifier thereby improving the signal to noise ratio.

Furthermore, 3 pairs of sensors were arranged so as to measure the full 3D magnetic

field vector. The localization technique worked on the same basis as outlined above

using the point dipole model and the LM optimization algorithm.

The use of a cylindrical magnet and the point dipole model in the localization

systems described so far limits the localization of the capsule to 5 DOF owing to the

symmetry of the magnetic field of a cylindrical magnet about its direction of mag-

netization. In order to achieve 6 DOF localization, other researchers have proposed
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using rectangular [176] or annular [144] magnets with more accurate analytical mod-

els rather than the point dipole model. They have shown feasibility in simulation,

but did not present experimental data.

Until recently, localization systems that use external sensors were not compatible

with magnetic actuation because the external magnet used for actuating the capsule

interfered with the sensors’ ability to measure only the magnetic field from the cap-

sule. In 2015, Son et al. [142] proposed a 5 DOF localization system compatible

with magnetic actuation composed of an array of 8 × 8 single axis Hall effect sensors

arranged on a 70 mm × 70 mm plane. A stationary external electromagnet was used

for actuating a magnetic CE. Owing to the principle of superposition of magnetic

fields, the field sensors measured the sum of the magnetic fields from the internal

permanent magnet as well as the external actuating electromagnet. Using the point

dipole model, the magnetic field of the external magnet at each of the sensors was

calculated and subtracted from the sensors’ measurements. However, since it was

difficult to measure the dipole moment of the electromagnet and the relative position

of the external magnet from each of the sensors, the subtracted values were not accu-

rate. To reduce these errors, they performed second order directional differentiation

of the magnetic field at the sensors using the five point stencil finite difference method.

Upon differentiation, the error terms, which were originally inversely proportional to

the cube of the distance, become inversely proportional to the distance to the fifth

power. To compute the 5 DOF position and orientation, a cost function composed of

the sum of the second derivatives of the magnetic field measurements at each sensor is

minimized using the LM algorithm. The average errors were 2.1 ± 0.8 mm (distance)

and 6.7 ± 4.3° and the update rate was 200 Hz. However, the workspace was limited

to 70 mm × 70 mm × 50 mm due to sensor noise. The authors proposed that using

either a larger internal magnet or sensors with lower noise levels could expand the

effective workspace.
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Similarly, Song et al. [145] implemented a simultaneous tracking and navigation

method towards achieving closed-loop control of untethered magnetic CE using an

external permanent magnet for actuation. Unlike the stationary electromagnet in Son

et al. [142], forces and torques were induced on the capsule by moving the external

permanent magnet itself. The sensor array was composed of 8 AMR sensors on a

0.2 m × 0.2 m plane. Since the actuating and capsule magnets were both permanent

magnets only differentiated by their dipole moments, the system can be thought of

performing multiple object tracking. Thus, the formulations in Equation (3.9) and

Equation (3.10) are modified to include the second magnet.

Bi
calc = Bi

calc,ipm(pipm,mipm) +Bi
calc,epm(pepm,mepm), i = (1, 2, . . . , N) (3.11)

where pipm and mipm are the position vector and the dipole moment of the internal

permanent magnet (IPM) inside the capsule and pepm and mepm are the position

vector and the dipole moment of the external permanent magnet (EPM). A cost

function incorporating this equation is minimized to compute the 5 DOF pose of

the two magnets. The authors demonstrated the feasibility of the system with an

experimental setup where a human operator manually moved the actuating magnet to

manipulate the capsule while using the localization system as feedback. The operator

was tasked to guide the capsule to predetermined locations, after which, errors were

computed. The average position error was 1.2 mm but the update rate of the system

was 7 Hz. Furthermore, the feasibility of the system with larger actuating magnets,

as would be used in realistic scenarios, was not assessed.

3.4.3.3 Localization with Internal Sensors

While adding internal sensors increases the complexity of a CE, it extends the

capability of the overall system and offers significant benefits. Unlike most localization
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systems with external sensors, which could only achieve 5 DOF localization, 6 DOF

has been demonstrated by many researchers using CE with internal sensors. We

note that closed-loop control can be achieved with only 5 DOF; however, in most

CE applications, it is expected that the operator commands the motion of the CE

based on camera feedback. Consequently, we can think of the camera view as the

frame of reference for the operators’ command. Hence, in order to create an intuitive

user interface that maps the operator’s input to the correct capsule motion, the full

6 DOF pose needs to be known. In addition, the use of internal sensors allows for

creating localization systems more amenable to magnetic actuation. The fact that

closed-loop control using permanent magnets has only been demonstrated using this

scheme affirms this point.

Furthermore, internal sensor based localization systems typically require much

fewer sensors, which can simplify the construction and calibration processes. With

fewer constraints on the size and power of the external sources of magnetic fields,

these sensors can achieve higher signal to noise ratios than the sensors in localization

systems with external sensors.

Researchers have explored different ways of generating magnetic fields externally

as well as sensing them inside the capsule. The sensors can be miniature induction

coils, which measure AC magnetic fields, or DC sensors such as Hall effect or AMR

sensors. Additional sensors such as accelerometers and gyroscopes have also been

used by some researchers [127, 34, 33]. In systems where the capsule contains an

internal permanent magnet, DC sensors must be placed strategically so as to not be

saturated. The placement of the sensors for cylindrical internal permanent magnets

(IPMs) was suggested by Miller et al. [96], who showed that there are a number of

points in the vicinity of the magnet where the sensing axis of their Hall effect sensors

can be placed orthogonal to magnetic field vector at the point. This assured that

the Hall effect sensor was primarily sensitive to external magnetic fields and that
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the small fields from the internal magnet, unavoidable due to alignment errors, can

be subtracted off as biases. It is worth mentioning, however, that AMR sensors are

incompatible with such capsules due to their low saturation point.

External magnetic fields can be generated with permanent magnets or electromag-

nets. Though their rotation can generate AC magnetic fields, permanent magnets are

typically used in conjunction with DC sensors, which are usually capable of sensing

low frequency fields. Electromagnets can be used to generate higher frequency mag-

netic fields that do not interfere with low frequency magnetic fields that are used for

actuation. In such cases, miniature induction coils are used for sensing. An example

of this was introduced in 2003 by Plotkin and Paperno [113], who developed a local-

ization system with an 8 × 8 array of transmitter coils with a miniature coil (0.9 mm

diameter, 3 mm length) inside the capsule as a magnetic field sensor (Figure 3.15).

The transmitters were sequentially activated by an AC current at an excitation fre-

Figure 3.15: A miniature induction coil is used as a sensor by Plotkin and Paperno [113]
to receive the magnetic field generated by an 8 × 8 array of transmitters at
an excitation frequency of 50 kHz. Reproduced with permission from [113]
© 2003 IEEE.

quency of 50 kHz. The magnetic field generated by the transmitters induced voltages

on the receiving coil, which were measured by a precise electronic circuit inside the

57



capsule. The algorithm to determine the pose of the capsule followed the nonlinear

minimization method outlined earlier. The cost function was defined as the sum of

the errors between the measured and calculated magnetic fields at the capsule. The

point dipole model was used to calculate the magnetic fields and the LM algorithm

was used for minimization. Since the coil can only measure the magnetic field at a

single direction, the projection of the magnetic field onto the dipole moment of the

coil was used. This also implied that the system could only achieve 5 DOF localiza-

tion. Nevertheless, the system achieved remarkable accuracy with maximum error

of 1.1 mm in position and 0.8° in orientation at an update rate of 50 Hz. However,

compatibility with magnetic actuation was not addressed.

Islam and Fleming [63] improved on the idea of using coils as sensors to create a

6 DOF localization system. Since this could not be accomplished using a single axis

coil, as used by Plotkin and Paperno [113], they designed a novel rectangular shaped

3 axis sensing coil. And, instead of an array of transmitter coils, they used a single

assembly of 3 orthogonal coils. The authors omitted which algorithm they used or

the update rate achieved, but their experiments showed average errors of 6 mm in

position and 1.11° in orientation with a sensing range higher than 250 mm. Though

they hypothesized that the system was compatible with magnetic actuation, it was

not experimentally validated in conjunction with localization.

Commercially available magnetic trackers such as NDI’s Aurora tracker operate in

a similar manner [102]. Their highly calibrated products can achieve sub-millimeter

and sub-degree accuracies with update rates exceeding 40 Hz, but they do not work

well when there are other ferromagnetic objects in the environment. Even worse

accuracies are expected if the sensor is brought near a permanent magnet, as would be

the case for magnetically actuated CE. Thus, they are not compatible with magnetic

actuation.
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Figure 3.16: Elliptical rotation of magnetic fields generated by orthogonal coils excited
with phase quadrature currents. Reproduced with permission from [105]
© 2001 IEEE.

The use of rotational magnetic fields as an alternative technique was proposed

by several researchers [105, 75, 116, 117]. In particular, Paperno et al. [105], showed

that if two mutually orthogonal coils were excited with phase quadrature currents, the

resulting magnetic field at any point in the localization region rotates elliptically as

shown in Figure 3.16. This ellipse was uniquely parameterized by its aspect ratio, size,

phase, and orientation. From these parameters, the 6 DOF pose of a 3D magnetic

field sensor can be recovered. Inspired by these findings, Popek et al. [116] developed

a localization system using a single external rotating permanent magnet and a capsule

with an IPM and 6 Hall effect sensors placed strategically so as to not be saturated

by the magnetic field of the IPM. As noted by Paperno et al. [105], the rotation of

the external permanent magnet was equivalent to the two mutually orthogonal coils

being excited with phase quadrature currents; thus, the same elliptical rotation of

the magnetic field was induced. With the use of analytical expressions relating the

minimum and maximum field magnitudes of a point dipole magnetic field with the

induced ellipse, the authors were able to calculate the 6 DOF pose of the capsule.
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Experimental results showed that the system had a total error of 11 mm in position

and 11° in orientation with an update rate of 20 Hz when the capsule was allowed

to rotate freely with the rotating external magnet. The same authors improved

the accuracy of the system to 4.9 ± 2.7 mm and 3.3 ± 1.7° by using magnetic field

measurements of the entire ellipse instead of the minimum and maximum magnitudes

in a nonlinear cost function minimized using the LM algorithm [117]. To demonstrate

that the accuracy was sufficient for magnetic propulsion, the authors designed a

proof-of-concept spiral propulsion system. A robot manipulator carrying a spherical

permanent magnet that could rotate in all 3 directions propelled the capsule through

straight and curved lumens. However, propulsion had to be paused in order to perform

localization as the localization algorithm assumed no net motion of the capsule during

a sampling period.

Relevant to direct propulsion, and this dissertation, Salerno et al. [127] demon-

strated that an EPM mounted on a robotic manipulator, together with magnetic field

and inertial sensors inside the capsule, can be used for estimating the position of the

capsule. Their approach however was not real-time and required the separation of

actuation and pose estimation steps. Di Natali et al. [34] improved upon this system

by creating an efficient algorithm that exploited the axial symmetry of cylindrical

magnets to create a real-time 6 DOF pose estimation system. In their approach, the

capsule had 6 Hall effect sensors in an arrangement that approximated a pair of 3-axis

Hall Effect sensors separated by a known distance (Figure 3.17). Inertial sensors were

also available and were used to rotate sensor readings into the reference frame of the

EPM. A look-up table mapping a uniform grid of positions in cylindrical coordinates

to magnetic field vectors was generated offline using a finite element method (FEM)

software according to the magnetic current model shown in Equation (3.6). The au-

thors took advantage of the azimuthal symmetry of the EPM to reduce the dimension

of the look-up table to a plane (Figure 3.18). During operation, the yaw angle of the
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Figure 3.17: Placement of Hall effect sensors on the capsule to approximate pairs of 3-axis
sensors.

capsule is first initialized to a known value. For each magnetic field measurement, a

sequential search of the look-up table is performed to find the two points that closely

matched the measured magnetic fields from each pair of Hall effect sensors. The

average of these two points is taken as the center of the capsule. A new yaw angle

is then calculated based on the line segment between the two points. Experimental

results showed that the system had an update rate of 71 Hz and within a spherical

workspace of 150 mm in radius, average errors were below 5 mm and 19° for position

and orientation respectively.

With the aim of improving the update rate, the same authors [33] proposed an

iterative method where small changes in magnetic field were linearly mapped to small

changes in position by the Jacobian of Equation (3.6):

∂B(p)

∂p
= J =


∂Bx

∂px
∂Bx

∂py
∂Bx

∂pz

∂By

∂px

∂By

∂py

∂By

∂pz

∂Bz

∂px
∂Bz

∂py
∂Bz

∂pz

 (3.12)

In order to efficiently compute this Jacobian, a map that relates positions in cylindri-

cal coordinates to Jacobians was generated by taking the gradients of an interpolated
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Figure 3.18: Localization based on a 2D look-up table of magnetic field vectors.

magnetic field model. Modal representation was used to express the parameters of

the interpolation and a matrix of coefficients was computed offline using least-squares

fitting. During operation, the position and yaw angle were first initialized to known

values. Designating a measured magnetic field vector as Bs, for each iteration, changes

in magnetic field were computed as ∆Bs = Bs,new − Bs,old. The new position was

then determined as:

pnew = pold + J−1∆Bs (3.13)

The orientation was determined by applying inertial navigation algorithms on ac-

celerometer and gyroscope measurements. The iterative approach rendered an up-

date rate faster than 100 Hz. The average localization errors, expressed in cylindrical

coordinates, were below 7 mm in both the radial and axial components, and 5° in the

azimuthal component.
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3.4.4 Magnetic Field Based Localization Summary

Despite the abundance of localization techniques, only few have been implemented

and demonstrated on real magnetically actuated CE [145, 33, 115]. In particular, the

methods presented by Di Natali et al. [34, 33] are compatible with direct propulsion,

which is the type of propulsion used in the Magnetically Actuated Capsule (MAC)

system described in Chapter 2. In contrast to Popek et al. [117], where propulsion

and localization had to be decoupled, these methods provide continuous localization

while maintaining compatibility with magnetic actuation. Since the same magnet

used for actuation is also used for localization, the complexity of the overall system

is limited to the construction of the capsule.

It is important to note that the workspace volumes specified in these systems

have a different interpretation than the localization systems based on a stationary

arrangement of magnetic field sources or sensors. In these systems, the workspace is

defined as a static region in which localization of the capsule can be achieved. In con-

trast, in the localization systems proposed by Di Natali et al. [34, 33] and Popek et al.

[117, 115], a robot manipulator is employed to carry the external permanent magnet

used for actuation and localization. This implies that, even though the workspace

is defined as a static region centered on the magnet, since the pose of the magnet

is known from the forward kinematics of the robot, the overall system has a mobile

workspace. This can be used to create an adaptive localization system that avoids

the performance degradation observed in some localization systems when the capsule

reached the boundary of the localization region.

However, after repeated use of the techniques described by Di Natali et al. [34,

33] in practical settings, we have discovered two drawbacks that limit their viability

for future clinical use: (1) singularities in certain regions of the workspace leading

to the loss of estimation capability and (2) the dependence on accurate yaw angle

initialization and sensitivity to yaw drift leading to reduced accuracy in the estimated
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pose when yaw angle errors are present. These issues will be discussed in detail in

Chapter 4.
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CHAPTER 4

Enhanced Real-Time Pose Estimation for Magnetically Actuated Capsule

Endoscopes

4.1 Introduction

In order to apply the necessary forces and torques, magnetic actuation systems

need accurate estimates of the capsule’s pose. Despite their high levels of accuracy,

commercially available electromagnetic tracking systems such as the NDI Aurora

(Northern Digital Inc., Waterloo, ON, Canada) and the Ascension trakSTAR (Ascen-

sion Technology, Burlington, VT, USA) are incompatible with magnetic actuation

due to magnetic distortions caused by the magnets found in the capsule and the

actuator [44].

As such, several groups have proposed pose estimation methods with varying de-

grees of accuracy, workspace size, estimation time, and achievable degrees of freedom

as discussed in Section 3.4. A subset [127, 34, 33, 114, 3] of these methods have

contributed to the recent advances in robotically guided magnetic capsule endoscopy

where trajectory following [152, 117] and automation of repetitive endoscopic maneu-

vers [138] were demonstrated.

In particular, Salerno et al. [127] demonstrated that an external permanent magnet

(EPM) mounted on a robot manipulator, together with magnetic field and inertial

sensors inside the capsule, can be used for estimating the position of the capsule.

Their approach however was not real-time and required the separation of actuation

and pose estimation steps. Di Natali et al. [34] improved upon this system by creating

an efficient algorithm that exploited the axial symmetry of cylindrical magnets to

create a real-time 6 degrees of freedom (DOF) pose estimation system. They also
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provided a more computationally efficient iterative algorithm with an update rate

faster than 100 Hz [33].

A thorough analysis of the workspace of the aforementioned real-time pose es-

timation methods [34, 33] identifies singularities in certain regions of the workspace

leading to the loss of estimation capability. The assumption made in these algorithms

is that for a given pose of the EPM, there is a bijective mapping from all positions

in the workspace to magnetic field vectors and that changes in magnetic field always

occur for changes in position. We show in the next section that this assumption fails

to hold on the singularity plane of the EPM defined as the plane normal to the dipole

moment that passes through the center of the magnet (see Figure 4.2). Certain ap-

plications of robotically guided magnetic capsule endoscopy require the capsule to

be naturally located in this region during clinical procedures, thus, this limitation

hinders future clinical use of these devices [151, 152, 138, 90]. This problem requires

additional sources of information to constrain the number of solutions found by the

algorithms. Further drawbacks of these pose estimation methods come from the need

zw

ywxw

(w)
Global 
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(Yaw)

(Pitch)
(Roll)

Capsule's Magnetization 
Vector

Figure 4.1: Definition of roll (ϕ), pitch (θ), and yaw (ψ) angles.

for accurate initialization of the capsule’s yaw angle (see Figure 4.1) with respect to

a global frame and the susceptibility of the estimated yaw angle to drift. Yaw angle

errors arising from these issues lead to reduced accuracy in the overall estimated pose.
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Figure 4.2: Application scenario of active magnetic manipulation of a capsule endoscope
using a permanent magnet mounted at the end effector of a robot manipulator.

Unlike pitch and roll angles, which are determined from the acceleration due to grav-

ity, this issue exists for the yaw angle owing to the strong magnetic field from the

EPM rendering the earth’s magnetic field unusable as an absolute reference. Aside

from the inconvenience of performing accurate initializations every time the software

is started, it is important to consider the implications in clinical settings. That is,

if the algorithm is restarted for any reason during a procedure, it will be extremely

difficult to reinitialize the yaw angle while the capsule is inside a patient.

Our solution employs a hybrid system that combines static and time-varying mag-

netic field sources to create a robust and clinically viable magnetic pose estimation

method for robotically guided magnetic capsule endoscopy. While our method is de-

scribed in the context of solving the singularity and yaw initialization problems in

the specific magnetically actuated soft-tethered capsule endoscopy system shown in

Figure 4.2, the approach presented here can be applied to other tethered and unteth-

ered devices. Furthermore, we note that any source of magnetic field that, for the
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purpose of actuation, can be sufficiently approximated by the point-dipole magnetic

field model exhibits the singularity described in the next section. This affects any

pose estimation method that uses a single source of magnetic field with the exception

of methods that make multiple measurements while rotating or translating the mag-

net, such as the one used by [117]. Therefore, the methods described herein can be

adopted in other systems with different schemes of magnetic actuation. The assump-

tion we make is that, similar to the capsules in [127, 34, 33], our capsule contains one

inertial measurement unit (IMU) and at least three single axis magnetic field (Hall

effect) sensors arranged orthogonally so as to measure the magnetic field in all three

axes. While it is further assumed that the capsule contains a permanent magnet in or-

der to enable magnetic actuation, our method can be used in applications where this

internal magnet is not necessary [9]. An additional contribution of our work stems

from our use of a state estimation technique based on a parallel implementation of a

particle filter to combine all available sensor information in a stochastic framework.

4.2 Background

A summary of the pose estimation methods described in [34] and [33] was given

in Section 3.4.4. Here, the problems of singularity regions and yaw initialization

are explained in further detail. Hereafter, bold letters indicate vectors (v) or vector

valued functions (B), a hat over a bold letter indicates a unit vector (v̂), and except

otherwise stated, an uppercase italicized letter indicates a matrix (M). I denotes the

identity matrix.

In both methods of pose estimation, the capsule has six Hall Effect sensors in

an arrangement that approximates a pair of 3-axis Hall Effect sensors separated by

a known distance. Inertial sensors are also available and are used to rotate sensor

readings into the frame of the EPM.
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4.2.1 Limitations of Existing Pose Estimation Methods

For theoretical analysis, without any loss of generality, we will assume the EPM is

an axially magnetized cylindrical magnet, but the principles of singularity described

herein apply to all magnets that can sufficiently be approximated by a dipole model.

The magnetic field of the EPM, BE : R3 → R3, is then given by:

BE(p) =
µ0 ∥mE∥
4π ∥p∥3 (3p̂p̂⊤m̂E − m̂E) (4.1)

where p is the vector from the EPM to the capsule, p̂ = [p̂x p̂y p̂z]
⊤ is the unit

vector along p, and mE is the dipole moment of the EPM. Since the accuracy of this

model increases as ||p|| gets larger [108], it is adequate for characterizing singularity

regions.

4.2.1.1 Regions of Magnetic Field Singularity:

Assuming the orientation of the capsule is accurately determined, position esti-

mation can be expressed by the nonlinear inverse problem B−1
E (p). A region of sin-

gularity is where infinite solutions exist to this problem. Let Ps designate the plane

that is normal to the dipole moment and passes through the center of the EPM, i.e.,

Ps = {ps ∈ R3 | p⊤
s m̂E = 0}. On this plane, we have:

BE(p) = −µ0 ∥mE∥
4π ∥p∥3

m̂E (4.2)

B̂E(p) = −m̂E (4.3)

||BE(p)|| =
µ0 ∥mE∥
4π ∥p∥3

(4.4)
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Since B̂E(p) is constant in the EPM frame and ||BE(p)|| changes only when ∥p∥3

changes, the set of solutions to B−1
E (p) is a circle of radius r on Ps defined as

Cs = {cs ∈ Ps | ||cs|| = r}.

That is, when the capsule is located on Ps, there exist an infinite number of vectors

of equal magnitude and direction forming a circle Cs on Ps and centered on the EPM,

as shown in Figure 4.3, rendering infinite solutions to B−1
E (p). Therefore, additional

information is required to constrain the solution to a single pose.

N
S

r

r

Cs

Figure 4.3: Circle formed by magnetic field vectors of equal magnitude and direction on
the singularity plane Ps.

Additional insight as to where the regions of singularity occur can be gained by

analyzing the Jacobian, J , of Equation (4.1) with respect to p. Figure 4.4 shows the

condition number of J , defined as the ratio of the maximum and minimum singular

values of J , i.e., κ(J) = σmax(J)
σmin(J)

on three different planes including Ps. As indicated

by the colors in the figure, J becomes ill-conditioned near Ps and becomes singular

on Ps while the planes parallel to Ps but farther from the center of the magnet are

non-singular.
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plane Ps because the condition number on Ps is infinite. Two other planes
parallel to Ps are displayed to show that the singularity region only exists
near the center of the magnet.

4.2.1.2 Yaw Angle Initialization:

Both algorithms in [34] and [33] require the accurate initialization of the yaw angle.

Since both algorithms depend on converting the measured magnetic fields from the

capsule’s reference frame to the EPM’s reference frame, the solutions found by the

algorithms are sensitive to yaw angle errors. As discussed earlier, both algorithms

use an incremental approach to estimate the yaw angle and are prone to sensor noise

with errors increasing with longer periods of use.

To determine the sensitivity of these algorithms to yaw angle error, Monte Carlo

simulations were performed at random positions in a 300 mm × 300 mm × 150 mm

workspace centered on the EPM. Position errors were obtained by computing the

distance between the true position of the test point from the simulated point. At each

point, the yaw angle error ranged from 0° to 5°. As shown in Figure 4.5, distance

errors can be as high as 15 mm in some regions of the workspace for a yaw angle error
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Figure 4.5: Position error as a function of yaw error. The errors can be as high as 15 mm
in some regions of the workspace for a yaw angle error of 5°.

of 5°. While an error of 15 mm might be acceptable for closed-loop control, with the

addition of errors from sensor bias and noise, the total error might be much higher.

Furthermore, although it can be argued that one can initialize the yaw angle to within

5° of the true yaw, accurate initialization of the yaw angle can be very difficult in

clinical settings after a procedure has been started. The pose estimation methods

in [34] and [33] would require the capsule be removed from the patient, reinitialized,

and reinserted leading to prolonged procedure times.

4.3 Our Approach

4.3.1 Hybrid Magnetic Field

As shown in Figure 4.6, if we augment the system with an electromagnetic coil

that generates a weak time-varying magnetic field and attach it to the EPM such that

their dipole moments are orthogonal, the static field of the EPM and the time-varying

field of the coil can be used simultaneously to obtain an additional set of equations

that allow for solving for the position and yaw angle of the capsule.
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Orthogonal collocation of the EPM and the electromagnetic coil ensures that in

the singularity region of the EPM, the magnetic field of the coil is always orthogonal

to the magnetic field of the EPM. If instead the coil was placed at a fixed location, e.g.

embedded in the surgical table, it would be possible for the dipole moments of the

EPM and the coil to become aligned during magnetic manipulation. If this alignment

were to happen in the singularity region of the EPM, the number of available equations

for solving the inverse problem would be reduced. As a result, the singularity problem

remains unmitigated. Another benefit of collocation is that it allows for a dynamic

workspace that moves with the actuating magnet. This ensures that an adequate

signal to noise ratio is maintained at the location of the capsule without requiring a

large coil.

z

x

y

External 
Permanent 
Magnet (EPM)

Electromagnetic 
Coil

S N

N
S

NS

N
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Figure 4.6: EPM augmented with an electromagnetic coil.

For a given workspace, the time-varying field is made strong enough to be detected

by the magnetic field sensors in the capsule without inducing enough force and torque

to physically affect the capsule’s pose. A time-varying signal is used in order to mea-

sure the magnetic fields of the EPM and the coil separately. In contrast, if two static

magnetic fields were used, it would not be possible to make separate measurements
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owing to the principle of superposition where the vector sum of the magnetic fields

is measured. This is not desirable as it reduces the number of available equations.

Goertzel’s tone-detection algorithm [48, 163] is used to extract the magnitude and

phase of the time-varying signal for each sensor. The measured values are assembled

to create a vector that allows us to treat the coil as if it were another permanent

magnet with the same origin as the EPM.

For the following analysis, measured magnetic fields from the EPM (bs
E) and

electromagnetic coil (bs
C) are rotated to the EPM frame by the following expression:

bE = RE
wR

w
s b

s
E (4.5)

bC = RE
wR

w
s b

s
C (4.6)

For notational convenience, we omit the frame designator, (·)E, for vectors expressed

in the EPM frame (see Figure 4.7). The rotation matrix RE
w represents the rotation of
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Figure 4.7: Coordinate frames of the magnetic pose estimation system showing the global
frame (w), the capsule’s sensor frame (s) and the EPM frame (E).

the world frame (w) with respect to the EPM frame (E) and is assumed to be known

from the robot manipulator. Rw
s is the rotation of the capsule’s sensor (s) frame with

respect to the world frame. Due to yaw angle initialization errors, Rw
s is unknown
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and has to be solved for in our algorithm. It is useful to view this matrix as:

Rw
s = Rz(γ)R̃

w
s (4.7)

where

Rz(γ) =


cos(γ) − sin(γ) 0

sin(γ) cos(γ) 0

0 0 1

 , (4.8)

R̃w
s is the rotation of the capsule’s sensor frame (s) with respect to the world frame

(w) computed using inertial measurements, and γ is the yaw angle error. The tilde

symbol (̃·) is used to indicate that there is yaw angle error in the rotation matrix.

Incorporating the capsule orientation and the new additional magnetic field, the

new system of equations is given by:

RE
wRz(γ)R̃

w
s b

s
E = BE(p) (4.9)

RE
wRz(γ)R̃

w
s b

s
C = BC(p) (4.10)

where

BE(p) =
µ0 ∥mE∥
4π ∥p∥3

(3p̂p̂⊤m̂E − m̂E) (4.11)

BC(p) =
µ0 ∥mC∥
4π ∥p∥3

(3p̂p̂⊤m̂C − m̂C) (4.12)

and mE and mC are the dipole moments of the EPM and coil respectively. Without

any loss of generality, we will assign the dipole moment direction vectors to m̂E =

ẑ = [0 0 1]
⊤ and m̂C = x̂ = [1 0 0]

⊤. Substituting into Equation (4.9) and

Equation (4.10) and simplifying, we have:

RE
wRz(γ)R̃

w
s b

s
E =

µ0 ∥mE∥
4π ∥p∥3

(3p̂zp̂− ẑ) (4.13)
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RE
wRz(γ)R̃

w
s b

s
C =

µ0 ∥mC∥
4π ∥p∥3

(3p̂xp̂− x̂) (4.14)

which expands to

RE
wRz(γ)R̃

w
s b

s
E =

µ0 ∥mE∥
4π ∥p∥3




3p̂zp̂x

3p̂zp̂y

3p̂2z − 1


 (4.15)

RE
wRz(γ)R̃

w
s b

s
C =

µ0 ∥mC∥
4π ∥p∥3




3p̂2x − 1

3p̂xp̂y

3p̂xp̂z


 (4.16)

We analyze these algebraic equations to determine if there are singularities in the

hybrid system that would result in infinite solutions to the inverse problem of finding

the pose given magnetic field measurements. We do not imply that the equations

can be used directly to solve for the unknowns. Nevertheless, the analysis, without

the need for extensive simulations, shows that an additional magnet placed orthogo-

nally gives enough information so that a nonlinear solver can find a unique solution.

However, the analysis does not take into account the stochastic nature of the signals;

therefore, for practical implementation, we use the particle filter based state estimator

described later in Section 4.3.2.

In most cases, the system is over-determined and the unknown values can be

solved. However, due to the symmetry of magnetic fields, it is possible to find more

than one solution to the system of equations, yet the number of solutions is always

finite. Further, multiple solutions due to symmetry exist in disjoint regions of the

workspace making it possible to choose proper solution based on previous poses of

the capsule.

From Equation (4.13) and Equation (4.14), we note that if γ is known as a result

of accurate initialization as assumed in [34, 33], the singularity problem is eliminated.
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That is, if either p̂x = 0 or p̂z = 0, Equation (4.13) or Equation (4.14) can be

used to estimate the capsule’s position respectively. If both p̂x and p̂z are zero, we

immediately know p̂y = ±1 and ∥p∥ can be determined from either Equation (4.13)

or Equation (4.14).

If γ is not known, we have three conditions, namely, no singularity, singular region

of one magnet (EPM or coil), and singular region of both magnets (EPM and coil):

1. p̂x ̸= 0 and p̂z ̸= 0: Not in singularity. The system is overdetermined and all

unknowns, p̂x, p̂y, p̂z, ∥p∥ and γ, can be solved.

2. Either p̂x = 0 or p̂z = 0 : The two cases represent singular regions for each magnet.

However, p is only in the singularity region of one of the magnets. We show in

either case that all unknowns can be solved.

(a) p̂x = 0: Applying this constraint, we have:

RE
wRz(γ)R̃

w
s b

s
E =

µ0 ∥mE∥
4π ∥p∥3


0

3p̂zp̂y

3p̂2z − 1

 (4.17)

RE
wRz(γ)R̃

w
s b

s
C =

µ0 ∥mC∥
4π ∥p∥3


−1

0

0

 (4.18)

∥∥∥RE
wRz(γ)R̃

w
s b

s
E

∥∥∥ =
µ0 ∥mE∥
4π ∥p∥3

√
3p̂2z + 1 (4.19)∥∥∥RE

wRz(γ)R̃
w
s b

s
C

∥∥∥ =
µ0 ∥mC∥
4π ∥p∥3

(4.20)

We note that ∥p∥ can be solved from Equation (4.20) since

∥∥∥RE
wRz(γ)R̃

w
s b

s
C

∥∥∥ = ∥bs
C∥ .
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p̂z can then be solved from Equation (4.19), and p̂y can be solved from the

unity constraint ∥p̂∥ = 1. Although multiple solutions are possible for p̂y

and p̂z due to the square root terms, as mentioned earlier, workspace and

continuity constraints can be used to eliminate wrong solutions. Since only

γ is left unknown, it can be solved as the angle between the measured and

calculated magnetic field vectors projected on the xy-plane. A more robust

solution can be found by casting it as a least squares optimization problem,

γ = arg min
Rz(γ)∈SO(3)

∥∥∥Rz(γ)PR̃
w
s b

s
E − PRE

w

⊤BE(p)
∥∥∥2+∥∥∥Rz(γ)PR̃

w
s b

s
C − PRE

w

⊤BC(p)
∥∥∥2 (4.21)

where P is a projection matrix onto the xy-plane and BE(p) and BC(p) are

the calculated magnetic field vectors at p, which has already been determined.

A well known closed form solution for Equation (4.21) can be found in the

literature [7].

(b) p̂z = 0: Similarly, we have:

RE
wRz(γ)R̃

w
s b

s
E =

µ0 ∥mE∥
4π ∥p∥3


0

0

−1

 (4.22)

RE
wRz(γ)R̃

w
s b

s
C =

µ0 ∥mC∥
4π ∥p∥3


3p̂2x − 1

3p̂xp̂y

0

 (4.23)

∥∥∥RE
wRz(γ)R̃

w
s b

s
E

∥∥∥ =
µ0 ∥mE∥
4π ∥p∥3

(4.24)∥∥∥RE
wRz(γ)R̃

w
s b

s
C

∥∥∥ =
µ0 ∥mC∥
4π ∥p∥3

√
3p̂2x + 1 (4.25)
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Here, ∥p∥ can be solved from Equation (4.24). p̂x can then be solved from

Equation (4.25) and p̂y from the unity constraint ∥p̂∥ = 1. Finally γ can be

found using Equation (4.21).

3. p̂x = 0 and p̂z = 0: This condition occurs when p is in the singularity region of

both magnets. From the unity constraint, p̂y = ±1. After substitution, we have:

RE
wRz(γ)R̃

w
s b

s
E =

µ0 ∥mE∥
4π ∥p∥3


0

0

−1

 (4.26)

RE
wRz(γ)R̃

w
s b

s
C =

µ0 ∥mC∥
4π ∥p∥3


−1

0

0

 (4.27)
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∥p∥ can readily be solved from Equation (4.28) or Equation (4.29) and γ can be

found using Equation (4.21).

4.3.2 Magnetic Pose Estimation with Particle Filters

Particle filters or Sequential Monte Carlo (SMC) methods are a class of recur-

sive Bayesian state estimation techniques often used for object tracking and local-

ization [21]. In these methods, the posterior distribution, p(xk|z1:k), of the state xk

at time k conditioned on a time series of measurements z1:k = {zi, i = 1, 2, . . . , k}

is represented by a set of point masses or particles with corresponding importance

weights, wi
k. The nonparametric representation of the probability density function

(pdf) and the use of Monte Carlo techniques allow particle filters to overcome limiting
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assumptions made in other state estimation techniques such as Kalman filters [21],

where process and measurement models are linear and noise distributions are Gaus-

sian. Constraints on the state of the system, such as workspace bounds, can also be

applied in a more straight forward manner using particle filters.

In this work, we use the sampling importance resampling (SIR) variant of the

particle filter [50]. At each time step, the SIR algorithm performs a prediction, which

consists of drawing samples from the prior density, p(xk|xi
k−1), creating a new set of

particles. The process model of the system xk = fk(x
i
k−1,v

i
k−1), where vi

k−1 is the

process noise, can be used to generate a sample where the pdf p(vi
k−1) is assumed

to be known. The importance weights of the newly sampled particles are then up-

dated based on the likelihood function p(zk|xi
k), which makes use of the measurement

model zk = h(xk,nk) where nk is the measurement noise. After normalization of

the importance weights, a resampling step is performed. This step samples from the

set of particles with replacement so as to eliminate particles with small weights and

reinforce particles with large weights. Resampling is necessary in order to avoid a

condition known as “weight degeneracy” or “sample impoverishment” where only a

few particles are left with nonzero weights after a few iterations of the algorithm. The

resampled set of particles is the discrete approximation of the posterior p(xk|z1:k). A

more detailed account of particle filters and the SIR algorithm can be found in [6] or

[21].

For the present problem of magnetic pose estimation and tracking, we first make

use of the complementary filter of Mahony et al. [93] for fusing accelerometer and

gyroscope measurements. The output of the filter is an estimate of the capsule’s

rotation with an unknown yaw offset, γ. The position of the capsule and the yaw

angle offset comprise the state, xk = [x y z γ]⊤, to be estimated with respect to

a world frame.
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4.3.2.1 Process Model:

It is known that using a process model that incorporates actuation control inputs

would lead to better state estimation. However, in applications such as magnetically

actuated capsule endoscopy, the motion of the object being tracked can be, at times,

significantly different from commanded motion due to environmental factors (e.g.,

capsule trapped in a tissue fold, peristalsis), making it difficult to construct an ac-

curate motion model. In this work, we demonstrate that it is sufficient to use the

random walk process model given by:

fk(x
i
k−1,v

i
k−1) = xi

k−1 + vi
k−1 (4.30)

where

vi
k−1 ∼ N (0, Q) (4.31)

is a sample from a normal distribution and Q is a covariance matrix empirically

chosen as a trade-off between convergence speed and jitter of the pose estimate. For

our experiments, Q = diag(0.0015, 0.0015, 0.0015, 0.01)

4.3.2.2 Measurement Model:

As shown in Figure 4.9, our system uses six single axis Hall effect sensors po-

sitioned in the capsule so as to approximate two triaxial sensors. We use a signal

processing technique to separately measure the magnetic fields from the EPM and

the electromagnetic coil (see Section 4.4). Given the relative position vector, as
i , of

each Hall effect sensor from the center of the capsule, the sensor output is computed

as the projection of the magnetic field at the sensor in the direction of the sensor’s
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normal vector, rsi .

bsEi
= rsi

⊤Rs
EBE

(
TE
s (xw

k )a
s
i

)
(4.32)

bsCi
= rsi

⊤Rs
EBC

(
TE
s (xw

k )a
s
i

)
(4.33)

where i = 1, 2, . . . , 6 and TE
s : R3 × S1 → SE(3) is the homogeneous transformation

of the capsule’s frame with respect to the EPM frame given by:

TE
s (xw) = TE

w T
w
s (x

w) (4.34)

= TE
w
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(4.35)

and TE
w is the transformation of the world frame with respect to the EPM frame (see

Figure 4.7), which is assumed to be known from the forward kinematics of the robot

manipulator. We will denote magnetic field values calculated using Equation (4.32)

and Equation (4.33) as z∗k ∈ R12. We assume that our the sensors’ noise is normally

distributed. Thus, given a set of sensor measurements, zk ∈ R12, our likelihood

function is:

p(zk|xi
k) =

1

(2π)6|R|1/2
exp

(
−1

2
(zk − z∗k)

⊤WzR
−1Wz(zk − z∗k)

)
(4.36)

where R ∈ R12×12 is a covariance matrix that characterizes the noise in the magnetic

field sensors and | · | is the determinant operator. Wz ∈ R12×12 is a diagonal weight

matrix used to normalize the three orders of magnitude difference in the sensor out-

puts for the EPM and the coil. We found that the presence of Wz in the likelihood

function to be of extreme importance. If left out, the likelihood function would be
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dominated by the error residuals from the EPM readings because the magnetic fields

from the coil are very weak. This amounts to the algorithm completely ignoring the

readings from the coil thereby facing the same challenges of singularity of a single

EPM described in Section 4.2.1.1.

The choice of a magnetic field model for BE and BC directly impacts the accu-

racy of the pose estimate. Choosing the point-dipole model shown in Equation (4.1)

would result in reduced accuracy when the capsule is in close proximity to the source

of external magnetic field. This is at odds with magnetic actuation because close

proximity is necessary to induce enough force and torque; therefore, a better model is

needed. Only spherical magnets would not exhibit this problem as Equation (4.1) is

known to perfectly model their magnetic fields [108]. For cylindrical magnets, while it

is possible to employ finite element methods as used in [126, 34, 33], a more efficient

closed form solution is available from Derby and Olbert [31] using the generalized

complete elliptic integral:

C(kc, p, c, s) =

∫ π/2

0

c cos2 φ+ s sin2 φ

(cos2 φ+ p sin2 φ)
√

cos2 φ+ k2c sin2 φ
dφ (4.37)

which can be numerically solved in an efficient manner by using Bulirsch’s algo-

rithm [31]. For an electromagnetic coil with length 2b, radius a, turns per unit length

n and current I, the magnetic field components in cylindrical coordinates (ρ, φ, z)

are:

bρ = Bo [α+C(k+, 1, 1,−1)− α−C(k−, 1, 1,−1)] (4.38)

bφ = 0 (4.39)

bz =
Boa

a+ ρ

[
β+C(k+, η

2, 1, η)− β−C(k−, η
2, 1, η)

]
(4.40)
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where

Bo =
µ0

π
nI, (4.41)

z± = z ± b, (4.42)

α± =
a√

z2± + (ρ+ a)2
, (4.43)

β± =
z±√

z2± + (ρ+ a)2
, (4.44)

η =
a− ρ

a+ ρ
, (4.45)

k± =

√
z2± + (a− ρ)2

z2± + (a+ ρ)2
(4.46)

For a permanent magnet with the same dimensions, the magnetic remanence Br is

equivalent to µ0nI, thus Equation (4.41) becomes

Bo =
Br

π
(4.47)

It is worth mentioning that in order to use this model at our desired update rate of

100 Hz, it was necessary to generate a look-up table that maps positions to magnetic

field vectors. Without a look-up table, the update rate was reduced to 65 Hz using

an Intel i7@3.60 GHz CPU.

4.3.2.3 Final Pose Estimate:

The final pose estimate can be inferred from the posterior distribution, p(xk|z1:k),

represented by the particles. The maximum a posteriori (MAP) estimate, defined as:

xMAP
k = arg max

xk

p(xk|z1:k) (4.48)
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is known to be a good estimate of the true state, especially in pose estimation appli-

cations where the posterior can be multimodal [125]. One way to obtain the MAP

estimate is to take the particle with the largest weight. The resultant estimate using

this approach, however, can be very jittery. Therefore, we use the robust mean, x̄MAP
k ,

which is the weighted sum of particles inside a ball centered on the particle with the

largest weight, xk,max_weight:

x̄MAP
k ≈

∑N
i d(x

i
k)w

i
kx

i
k∑N

i d(x
i
k)w

i
k

(4.49)

where N is the number of particles. The function d : R3 × S1 → R is given by

d(xi
k) =


1 if ∥Wx(xk,max_weight − xi

k)∥ < η

0 otherwise
(4.50)

where Wx is a diagonal weight matrix and η is the desired radius of the ball. In our

experiments, we set Wx = diag(1, 1, 1, 0) and η = 0.1.

When computing summations on γ ∈ S1, we use the mean of circular quantities

as the simple arithmetic mean is not suitable. This operation is given by:

γ̄ = atan2
(∑N

i d(x
i
k)w

i
k sin(γi)∑N

i d(x
i
k)w

i
k

,

∑N
i d(x

i
k)w

i
k cos(γi)∑N

i d(x
i
k)w

i
k

)
(4.51)

The reconstructed pose estimate is finally given by:

Tw
s (x̄

MAP
k ) =


Rz(γ)R̃

w
s

xx

xy

xz

0 1


(4.52)
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4.3.2.4 Initialization:

Since our objective is to avoid accurate initialization, the particles are initialized

by drawing from a uniform distribution within the bounds of a predefined workspace.

Correspondingly, no initialization of the pose is required. The particle filter quickly

converges solving for the position and the yaw offset. However, at least for initial-

ization, the workspace should be set such that only one solution is available. This is

accomplished by constraining the workspace to be contained in a single hemisphere

of either the EPM or the electromagnetic coil. This constraint is necessary for all

pose estimation techniques that use magnets with symmetrical magnetic fields.

4.4 System and Software Environment

4.4.1 Overview of the System

A general overview of the experimental setup is shown in Figure 4.8. At the

end-effector of the 6 DOF robot manipulator, a Neodymium-Iron-Boron (NdFeB)

cylindrical permanent magnet (N52 grade, 101.6 mm diameter and length, ND_N-

10195, Magnetworld AG, Germany) with axial magnetization and 1.48 T remanence

is held by means of a 3D printed box. An additional 3D printed structure holds the

electromagnetic coil, which is built using 24 AWG wire with 160 turns arranged in

two overlapping layers. Its diameter and height are, respectively, 180 mm and 40 mm.

A second robot manipulator (RV6SDL, Mitsubishi, Inc., Japan) holds the capsule for

precise ground truth measurements. The two robots are registered by least squares

fitting a set of jointly measured 3D points [7].

The capsule remains as described in Chapter 2 and contains two sets of three Hall

effect magnetic field sensors and a single IMU. Once assembled, a bias measurement of

the magnetic fields is performed away from an external source of magnetic field. The

biases are saved and are removed from sensor measurements during the operation of
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Figure 4.8: Experimental setup of the Magnetically Actuated Capsule (MAC).

the pose estimation algorithm. The generation of the input signal for the coil and the

processing of data are achieved through a custom built circuit system that consists

of the STM Nucleo development board (STM32F411RET, ARM Cortex M4) and a

driver circuit, which are described more in detail in the following section.

4.4.2 Time-varying Magnetic Field

The electromagnetic coil, used to generate a time-varying magnetic field, is de-

signed to satisfy two main constraints. First, it has to be small enough so as to not

collide with the environment or the patient during a clinical procedure. Second, it

needs to be able to generate a magnetic field strong enough to be detected by our
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i is relative position vector of each Hall effect sensor from the center of the
capsule and rsi is each Hall effect sensor’s normal vector, which corresponds
its the sensing direction.

sensors within the desired workspace. The design parameters were current, coil ra-

dius, number of wire turns, and number of wire layers. In order to determine the

optimal values for the parameters, nonlinear optimization was performed using MAT-

LAB (Mathworks, USA) where the volume of the coil was the minimization objective.

In order to ensure adequate signal-to-noise ratio in the desired workspace, a larger

workspace of 300 mm was used in the optimization. The minimum magnetic field

strength that can be measured by the Hall effect sensors at the boundary of this

workspace was constrained to be above the noise floor of the sensors (10 µT).

The mechanical enclosure for the coil was designed to slide along the outer edges

of the EPM in order to achieve the smallest volume for the whole assembly while

minimizing the risk for collision with the other links of the robot. This implies that

the coil and the EPM may not be centered at the same location; thus, the position

of the coil with respect to the EPM was a parameter in our algorithm. For our

experiments, the center of the coil was 45 mm away from the center of the EPM along

the x-axis of the EPM. It is worth mentioning, however, that varying this distance

did not have a noticeable impact on the performance of the pose estimation system.
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The time-varying signal was generated by the electromagnetic coil using an off-

the-shelf H-bridge in combination with pulse width modulation (PWM) signals from

the Nucleo development board. The resistance of the coil was measured to be 7 Ω and

its theoretical inductance was calculated to be 6.2 mH. A bench-top power supply

was connected to the H-bridge with a set voltage of 17.3 V resulting in an average

current of 0.71 A for a total power of 12.3 W. The particular time-varying signal

used was a square wave at a frequency of 300 Hz. This frequency was chosen because

it allows for a sufficient number of wavelengths to be sampled within the sampling

window of 10 ms. It is also low enough that no absorption of the magnetic field

occurs as it passes through the human body [132]. Furthermore, due to the high

coercivity of NdFeB, from which the EPM is made, the effect of the relatively weak

magnetic field generated by the coil on the EPM is negligible. Conversely, since the

permeability of the EPM is very close to that of vacuum, the EPM does not act as

a flux concentration device, such as soft iron. Thus, the magnetic field generated by

the coil is not significantly affected by the presence of the EPM.

4.4.3 Signal Processing

The Nucleo development board was used to acquire data from the capsule’s inter-

nal sensors. The IMU was sampled at a rate of 100 Hz, while the Hall effect sensors

were sampled at a rate of 18 kHz via a 16-bit analog-to-digital converter (AD7689,

Analog Devices, USA) inside the capsule. By default, a Hall effect sensor measures

the superposition of all static and time-varying signals at a point in space. In order

to separately measure the strengths of the magnetic fields generated by the EPM and

the coil, signal processing techniques were used. First, by using a sampling time win-

dow that was an integer multiple of the period of the time-varying signal, we ensured

that the signal’s mean was zero. The EPM measurement was then obtained by sim-

ply averaging the raw sensor readings. To recover the amplitude of the time-varying
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signal, we used Goertzel’s algorithm [48, 163], an efficient filter commonly used for

tone detection. Two instances of the algorithm were run with 10 ms and 30 ms time

windows respectively. The output from 10 ms instance was less reliable due to its

relatively large bandwidth, but it provided the desired update rate for real-time pose

estimation. The 30 ms instance contained enough samples to apply data windowing

functions (e.g. Blackman) making its bandwidth much narrower [52]. The particle

filter described in Section 4.3 used the outputs of both instances, but assigned a lower

weight to the 10 ms instance and only used it while the output from the 30 ms instance

was pending.

It is worth mentioning that our scheme of sampling the sensors inside the cap-

sule utilizes the serial peripheral interface (SPI) between the sensors and the micro-

controller on the Nucleo board. To adapt our signal acquisition to wireless devices, it

would be necessary to embed the microcontroller inside the capsule and only send the

processed data wirelessly. This is because a wireless transceiver would be the most

power intensive component in a wireless device that contains the same set of magnetic

and inertial sensors as our capsule. Reducing the sampling rate of the magnetic field

sensors would further conserve energy, however, doing so would negatively affect the

tone detection algorithm by increasing its bandwidth. As a result, the overall system

would be more susceptible to noise.

Examples of wireless devices that use a similar set of sensors can be found in the

literature. The capsule in [32] contained the Allegro A1391 Hall effect sensors as well

as the STMicroelectronics LIS331DLH accelerometer and used the Texas Instrument

C2530 System-On-Chip microcontroller for data processing and wireless communica-

tion. The resulting capsule had a length of 60 mm and diameter of 18 mm which is

approximately 2.3 times times the size of commercially available capsule endoscopes.

Similarly, [117] used the Allegro A1392 Hall effect sensors and the CC2530 in their
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capsule. The resulting capsule had a length of 42 mm and diameter of 13.5 mm which

is approximately 1.4 times the size of commercially available capsule endoscopes [117].

4.4.4 Parallel Particle Filter Implementation

Our implementation of the particle filter makes use of the SMCTC C++ li-

brary [67]. Modifications to the library were made to enable parallel computation

where possible using the OpenMP API [104]. In particular, the update phase of the

algorithm, where the likelihoods p(zk|xi
k) are computed, benefited from parallelization

as the calculations for each particle are independent and computationally intensive.

With these modifications, we were able to use 10000 particles on 4 cores of an Intel

i7@3.60 GHz CPU with an average update rate of 100 Hz.

4.4.5 Calibration

Several parameters of the system need to be calibrated to get good accuracy. We

start by calibrating the IMU where the capsule is inserted in a 3D printed fixture

so that accelerometer data can be collected in all principal directions. The primary

purpose of this calibration is to account for the misalignment between the capsule

frame and the IMU frame caused during assembly. We followed the formulations

described in [146]:

ãi = Am


1
sx

0 0

0 1
sy

0

0 0 1
sz

 (a− aoff) (4.53)

where ãi are normalized accelerometer outputs for known orientations i; a are raw

measurements; Am is the misalignment rotation matrix between the capsule and the

IMU; sx, sy, and sz are scaling factors; and aoff is the zero-g offset. Equation (4.53)
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can be rewritten in a manner suitable for least-squares computation:

ã⊤
i = āiAc

= [axi
ayi azi 1]Ac

(4.54)

where Ac ∈ R4×3 forms the parameters to be calibrated and āi = [a⊤
i 1] is the

augmented row vector formed from ai, the ith raw measurements.

Six known orientations corresponding to the faces of the calibration fixture are

used to collect samples ãi, i = 1, 2, ..., 6. Let Y = [ã1 ã2 ã3 ã4 ã5 ã6]
⊤ be the ma-

trix of these known outputs, and similarly define W = [ā⊤
1 ā⊤

2 ā⊤
3 ā⊤

4 ā⊤
5 ā⊤

6 ]
⊤

be to the matrix of augmented raw measurements āi, then we can write:

Y = WAc (4.55)

the solution of which is given by

Ac =
(
W⊤W

)−1
W⊤Y (4.56)

During the operation of the pose estimation algorithm, raw accelerometer measure-

ments are multiplied by Ac before they are used in the complementary filter [93] to

estimate the capsule’s orientation with an unknown yaw offset.

Calibration of the magnetic field sensors is accomplished in two steps. In the

initial step, the zero-offset magnetic field readings are obtained. These measurements

are done with the capsule located far away from any external magnetic field sources

so that only the magnetic field of the internal permanent magnet (IPM) are recorded.

The second step is a comprehensive procedure that is used to calibrate for the scaling

of magnetic field sensors, misalignment of the magnetic field sensors, the dimensions

of the coil, the strength of the coil, and the position of the coil relative to the EPM.
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To collect the necessary data for this step, the robot is used to move the EPM and

coil in a grid pattern (e.g. 3 × 3 × 3 grid spanning 0.15 m × 0.15 m × 0.15 m) near

the capsule while the capsule is held stationary. The pose of the EPM and readings

from the magnetic field sensors are collected for a period of time at each grid point

resulting in N samples.

To solve for the unknown parameters, we solve a nonlinear minimization problem.

Our optimization variable x is given by

x =



θ

ϕ

ξ

Γ

pς

oς


(4.57)

where θ ∈ S6 and ϕ ∈ S6 are alignment rotations in the x and y axis respectively;1

ξ ∈ R6 is the scaling factor for the magnetic field sensors; Γ ∈ R3 is comprised of

the height and radius of the coil and its translation with respect to the EPM; and pς

and oς are the position and orientation (in Euler angles) of the capsule respectively.

Reusing some of our earlier notation, we denote zi ∈ R12 as the ith measured sample

comprised of magnetic field readings from the EPM and the coil, and z∗i (x) as the

calculated magnetic field. z∗i (x) is based on Equations (4.32) and (4.33) and is a

function of our optimization variable. The minimization problem can then be written

as

minimize
x

N∑
i=1

(zi − z∗i (x))
⊤Wz(zi − z∗i (x))

subject to g(x) ≤ 0

(4.58)

1We assume the normal of the magnetic field sensor is along z axis, and thus, rotations about
this axis do not affect the sensor’s readings.

93



Once again, Wz ∈ R12×12 is a diagonal weight matrix used to normalize the three

orders of magnitude difference in the sensor outputs for the EPM and the coil. The

constraint function g(x) is used to enforce bounds on x. As the optimization problem

can have many local minima, having bounds that limit x to reasonable values is

advisable. For example, by starting the motion of the robot such that the EPM and

coil assembly is directly above the capsule, we can set narrow bounds for pς .

We have used Scipy’s minimize function with the SLSQP option to solve the

optimization problem. A plot from the resulting calibration is shown in Figure 4.10.

In this plot, the nominal selection of values for x is compared with the results from

our calibration. Significant improvements are observed in matching the measured

data with calibrated parameters.
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Figure 4.10: Comparison between nominal and calibrated parameters. Significant im-
provements are observed in matching the measured data with calibrated
parameters.
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4.5 Experimental Validation and Results

In light of the criteria of success mentioned in Section 3.4.1, the pose estimation

algorithm was experimentally validated in static and dynamic conditions. In the

static condition tests, both the capsule and the EPM were fixed in known poses

making it possible to compute average errors at each position including positions in

the singular regions of the EPM and the coil. The dynamic test involved moving the

capsule and/or the EPM at fixed speeds to characterize trajectory errors.

4.5.1 Validation in Static Conditions

As shown in Figure 4.8, the capsule was inserted into a 3D printed enclosure and

secured to the secondary robot manipulator that was positioned in a known pose

relative to the first robot. In the first set of static tests, the EPM was moved in a

spiral trajectory along the surface of a hemisphere maintaining a constant distance

from the capsule (see Figure 4.11). Six tests were performed with varying radii of

the hemisphere ranging from 150 mm to 200 mm. The maximum radius was limited

to 200 mm in order to constrain the test to regions of clinically relevant forces and

torques induced on the capsule.

4.5.1.1 Spiral Trajectory

A spiral trajectory was chosen to assess whether the accuracy of the system de-

graded with increasing distance. For each test, the EPM was stopped at 25 points

along the trajectory and pose estimates were recorded for 30 seconds each. The pose

estimation algorithm was restarted at each point to assess its ability to determine the

yaw offset error. Pose errors were computed by taking the mean of the collected pose

estimates and comparing them against the ground truth. Orientation errors are given
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Figure 4.11: Spiral trajectory used in static validation experiments. The red dots indicate
the positions where the EPM was stopped and 25 points were collected.

Table 4.1: Average accuracy (mean ± std) of position estimates for static tests along a
spiral trajectory

Radius of
hemisphere

∆x ∆y ∆z ∆ϕ ∆θ ∆ψ

(mm) (mm) (mm) (mm) (°) (°) (°)

150 1.04 ± 1.42 3.67 ± 1.63 2.87 ± 1.05 0.93 ± 0.67 −0.95 ± 1.03 −4.73 ± 0.31
160 1.39 ± 1.42 3.81 ± 1.62 2.65 ± 1.00 1.00 ± 0.62 −1.05 ± 0.88 −5.06 ± 0.25
170 1.42 ± 1.39 3.97 ± 1.66 2.41 ± 0.92 1.00 ± 0.61 −1.09 ± 0.67 −5.62 ± 0.16
180 1.71 ± 1.42 4.19 ± 1.69 2.15 ± 0.94 1.02 ± 0.59 −0.86 ± 0.57 −5.62 ± 0.14
190 1.87 ± 1.40 4.32 ± 1.72 1.80 ± 0.91 1.05 ± 0.54 −0.84 ± 0.43 −5.65 ± 0.11
200 1.97 ± 1.38 4.35 ± 1.71 1.55 ± 0.88 1.11 ± 0.50 −0.84 ± 0.33 −5.66 ± 0.09

in ZYX Euler angles, roll(ϕ), pitch(θ), and yaw(ψ), where the resultant rotation is:

Rw
s = Rz(ψ)Ry(θ)Rx(ϕ) (4.59)

and the yaw(ψ) angle corresponds to the unknown yaw angle error γ, from Section 4.3.

Table 4.1 shows the overall accuracy of the system using the mean and standard

deviations of the errors. In general, accuracy is expected to degrade with increasing

distance as the magnetic field strengths weaken and become more susceptible to

noise. The negligible differences in the standard deviations of the errors in Table 4.1,

96



however, show that due to our high sampling rate, signal processing of the magnetic

field measurements, and fusing of multiple sources of magnetic fields, this degradation

was not observed. Yet, a larger position error was incurred in the y axis, which may

be due to the fact that the capsule was in the singularity region of the EPM for

a subset of the 25 points on the hemisphere reducing the number of constraining

equations mapping poses to magnetic field vectors. Since the singularity plane of

the EPM for these set of trials was the yz-plane, larger errors on the y axis can be

expected. Additionally, the orientation error in ψ was larger than the other orientation

angles since it was the only angle affected by the bias and noise characteristics of the

magnetic field sources, while the other two angles were obtained from accelerometer

measurements.
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Figure 4.12: Configuration for testing the singular regions of the EPM. With the capsule
fixed in space, the EPM was placed on a grid of coplanar points. The EPM
was oriented such that the capsule was always in its singularity plane.

4.5.1.2 Evaluation in the Region of Singularity

The second set of static tests evaluated the performance of the system in the

singularity region of the EPM. As shown in Figure 4.12, the capsule was fixed in
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a single pose inside the EPM’s singularity region. The EPM was then placed on a

grid of points defined by the plane of singularity. A total of 25 grid points spanning

200 mm × 50 mm were used where pose estimates were recorded for 30 seconds each.

The average position and orientation errors were:

∆x = 2.85 ± 0.80 mm

∆y = 3.74 ± 1.53 mm

∆z = 1.67 ± 0.88 mm

∆ϕ = 0.73 ± 0.60°

∆θ =−1.69 ± 0.15°

∆ψ = 3.76 ± 0.12°

To ensure the absence of singularity regions, the capsule was also placed on the line

defined by the intersection of the singularity planes of the EPM and the coil. A total

of 10 equally spaced points were used to record pose estimates for 30 seconds each.

The average position and orientation errors were:

∆x = 1.21 ± 0.18 mm

∆y = 4.85 ± 1.34 mm

∆z = 5.10 ± 0.68 mm

∆ϕ = 0.75 ± 0.10°

∆θ =−2.05 ± 0.13°

∆ψ = 1.08 ± 0.06°

The results show that the system performs well even in the singular regions of either

magnet.

The overall accuracy of the system for these set of tests was equivalent or better

than the systems described in [34] and [33] without requiring an initialization step.

For comparison, the errors reported by the authors are given in Table 4.2. Given

the results, we can conclude that our pose estimation algorithm readily satisfies the

accuracy criteria.

4.5.1.3 Comparison with Prior Pose Estimation Methods

To provide a concrete example of the effect of magnetic singularity regions and

demonstrate the scale of the singularity problem on previous 6 DOF pose estimation

methods, we applied the algorithm described in [34] to the data collected in the
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Table 4.2: Average accuracy (mean ± std) of previous methods

Method ∆x(mm) ∆y(mm) ∆z(mm) ∆ϕ(°) ∆θ(°) ∆ψ(°)

[127] −3.2 ± 18.0 5.4 ± 15.0 −13 ± 19
[34] −3.40 ± 3.20 −3.80 ± 6.20 3.40 ± 7.30 −6 ± 18 3 ± 20 −19 ± 50

∆r(mm) ∆θ′(°) ∆z(mm) ∆ϕ(°) ∆θ(°) ∆ψ(°)

[33] 6.2 ± 4.4 5.4 ± 7.9 6.9 ± 3.9 3.4 ± 3.2 3.7 ± 3.5 3.6 ± 2.6

150 mm static spiral trajectory experiment. As the authors conclude in [33], the long

term performance of their iterative algorithm is susceptible to drift without periodic

updates from their absolute pose estimation algorithm [34]. The ill-conditioning of
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the Jacobian in regions of singularity (Section 4.2.1) combined with the drift problem

leads us to expect the performance of the iterative algorithm to be worse than their

noniterative algorithm in [34]. Consequently, only a comparison between [34] and

our novel approach is given here. Figure 4.13a shows the distance error of the two

methods during the spiral trajectory experiment. Severe performance degradation

occurs in [34] when the capsule is in or near the singularity region of the EPM. Large
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spikes can also be observed as the EPM moves along the spiral to one of the 25 test

points (see Figure 4.13b) and, in so doing, its singularity region crosses the position of

the capsule. In contrast, our approach is robust to the presence of singularity regions.

4.5.1.4 Effect of EPM Orientation

In order to explore the effect of the EPM’s orientation on the pose estimation

algorithm, an additional static experiment was conducted. The EPM was moved

to 10 points on a planar grid of 100 mm × 100 mm and at each point 10 different

orientations were tested (see Figure 4.14). The grid was chosen to be in the xy

plane so as to include singular and non-singular regions. The average position and

orientation errors were:

∆x =−2.55 ± 2.89 mm

∆y = 2.60 ± 4.91 mm

∆z =−7.21 ± 1.84 mm

∆ϕ = 1.17 ± 0.30°

∆θ =−1.03 ± 4.18°

∆ψ = 3.06 ± 0.65°

Front View

Top View

87654321 9 10

Figure 4.14: The ten orientations of the EPM and coil assembly that were tested in our
experiment.

As can be seen from these values, the orientation of the EPM does not have a marked

effect on the accuracy of the pose estimation algorithm.

4.5.2 Validation in dynamic conditions

Two types of experiments were conducted for validation under dynamic condi-

tions. The static-dynamic experiment consisted of moving only the capsule along a

trajectory while the EPM was static. In the dynamic-dynamic experiment, both the
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capsule and the EPM moved along a trajectory keeping a constant relative speed.

In both cases, the trajectory was designed to mimic the general shape of a human

colon [2]. Moreover, in order to have ground truth measurements, a secondary robot

manipulator was used to hold and move the capsule along the given trajectory. Errors

were obtained by taking the average of the errors computed at each instance of time

between the pose estimate and the ground truth.

4.5.2.1 Static-dynamic Case

The motivation for the first case was to assess whether the particle filter, without

an accurate motion model, could track the movement of the capsule. Table 4.3 shows

the performance of the system at speeds of 10 mm/s, 25 mm/s and 50 mm/s. The

increase in the standard deviation of the position errors is correlated with increase

in capsule speed indicating that the system is sensitive to the relative motion of the

capsule. However, in most robotic capsule endoscopy applications, the relative motion

of the capsule with respect to the EPM is expected to be minimal.

Table 4.3: Average accuracy (mean ± std) of pose estimates for static-dynamic tests

Speed ∆x ∆y ∆z ∆ϕ ∆θ ∆ψ
(mm/s) (mm) (mm) (mm) (°) (°) (°)

10 −3.39 ± 6.76 −4.84 ± 5.23 4.06 ± 1.91 −0.96 ± 2.30 0.29 ± 1.73 −0.37 ± 2.84
25 −1.98 ± 7.70 −5.07 ± 5.67 4.49 ± 1.92 −1.75 ± 1.88 0.08 ± 1.55 −0.20 ± 2.79
50 0.70 ± 12.05 −3.33 ± 10.01 4.79 ± 2.74 −3.10 ± 2.14 −1.65 ± 3.44 −0.13 ± 2.69

4.5.2.2 Dynamic-dynamic Case

The latter dynamic condition reflects how the capsule would be used in a real

scenario where the capsule is driven by a moving EPM. As such, the trajectory of

the EPM was created by offsetting the capsule’s trajectory by a distance of 200 mm.

Again, speeds of 10 mm/s, 25 mm/s and 50 mm/s were tested, the results of which,

are shown in Table 4.4. Unlike the static-dynamic case, the standard deviations in
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Figure 4.15: Plot of the trajectories of the EPM and the capsule for the 10 m/s dynamic-
dynamic test. In order to establish ground truth, a secondary robot ma-
nipulator was used to hold and move the capsule at a constant speed along
the trajectory. The trajectory was designed to mimic the shape of a human
colon.

the position errors are not affected by the speed of the capsule because there was

very little relative motion between the EPM and the capsule. Yet, a larger standard

deviation is observed than the static test (Table 4.1), which can be attributed to the

use of the random walk motion model in the particle filter algorithm. As mentioned in

Section 4.3, better performance can be expected in applications with accurate motion

models.

Table 4.4: Average accuracy (mean ± std) of pose estimates for dynamic-dynamic tests

Speed ∆x ∆y ∆z ∆ϕ ∆θ ∆ψ
(mm/s) (mm) (mm) (mm) (°) (°) (°)

10 −2.05 ± 5.00 −1.60 ± 3.76 1.60 ± 0.57 −1.76 ± 1.15 0.07 ± 1.80 −0.27 ± 2.65
25 −1.39 ± 5.56 −1.50 ± 3.95 1.35 ± 0.65 −2.14 ± 1.45 −0.09 ± 1.96 −0.17 ± 2.60
50 −2.59 ± 5.44 −1.77 ± 5.63 1.16 ± 0.75 −3.01 ± 2.00 −1.44 ± 3.76 −0.08 ± 2.68

It is also evident from a qualitative assessment of Figure 4.15 that the system

tracks the capsule’s trajectory with a steady bias. Further work is needed to determine
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whether this bias exists due to errors in the magnetic field model used or faulty sensor

calibrations. Despite this, the errors reported in Table 4.4 are equivalent or better

than the errors reported in [127, 34, 33] (see Table 4.2).

4.6 Conclusion

A fundamental problem in magnetic pose estimation is that any source of mag-

netic field that can be sufficiently modeled by the point-dipole model is susceptible

to ambiguities arising from regions of singularity when used as a source of informa-

tion for pose estimation. This problem is mitigated by using a secondary source of

magnetic field with an orthogonal dipole moment as shown in this chapter. The extra

information gained from the secondary source of magnetic field has the added benefit

of enabling the computation of the initial yaw angle.

In order to use the two sources of information effectively, a particle filtering ap-

proach was used. By randomly initializing particles in the workspace, the filter was

able to converge to the pose of the capsule, thereby eliminating the need for accurate

initialization. Our experimental results show that the random walk motion model is

sufficient to accurately track the capsule as long as the relative motion of the capsule

with respect to the EPM remains low, as would be the prevalent case for robotic

capsule endoscopy applications. However, in clinical application scenarios certain

conditions, such as the sudden movement of the patient, could violate the assump-

tion of low relative motion. This necessitates a higher-level system that monitors

the sensor readings and the internal state of the pose estimation system and warns

the user if the pose estimates cannot be relied upon. We hypothesize that the value

of the likelihood function during the measurement update step of our particle filter

algorithm can help to make this determination as we have observed the value to be

extremely small when the capsule is out of range or it is intentionally moved to a new

position rapidly.
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In virtually all of our static tests, the average errors were below 5 mm in any single

position axis and 6° in any orientation angle. How pose estimation errors affect the

forces and torques induced on the capsule and closed-loop control in general needs

further study, the result of which would be to establish a more meaningful benchmark.

With our parallel implementation of the particle filter, our system was able to achieve

an average update rate of 100 Hz. In comparison, the update rates reported in [34]

and [33] were 71 Hz and 143 Hz respectively. In terms of workspace, our system

exceeded the required radius of 150 mm owing to size of our EPM, the use of multiple

sources of magnetic fields, and the higher sampling rate used in our signal acquisition.
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CHAPTER 5

Closed-Loop Control for Direct Propulsion Capsules

5.1 Introduction

In the context of magnetically actuated capsule endoscopy, we define closed-loop

control as a control strategy in which the magnetic actuator incorporates measure-

ments about the pose of the capsule endoscope (CE) and the wrenches currently

applied to it in order to determine the magnetic fields and gradients that move the

capsule toward a desired pose. This implies that there is a controller that can alter

the magnetic fields and gradients felt by the capsule at any given instance of time.

For electromagnet based actuation systems, this is accomplished by varying the cur-

rents on multiple coils. Whereas for permanent magnet based systems, this involves

changing the pose of the external permanent magnet with the help of an automated

mechanism, usually in the form of a robotic manipulator.

The function of closed-loop control is to ensure that the capsule moves according

to a given command. In a clinical scenario, this commanded motion is provided by a

gastroenterologist who, using some form of user interface, directs the capsule to areas

of interest based on a video stream coming from the capsule. This type of control is

known as tele-operation as the physician does not directly impart forces or torques on

the capsule. The semantics of the term is different from its use in the study by Ciuti

et al. [23] where a user interface is used to control an external permanent magnet

(EPM) mounted on a robot’s end effector. The motion of the EPM in turn was used

to manipulate a capsule. In contrast, we define tele-operation as a means of control

where the operator does not have to think about how to control the EPM. Instead,

the operator’s commanded motions are directly applied on the capsule and the motion

of the robotic manipulator remains transparent to the operator.
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The goal of our contribution is to bring the Magnetically Actuated Capsule (MAC)

system closer to clinical realization where the closed-loop algorithms developed will

be used to create an effective tele-operation system. Various actuation techniques

and control strategies have been explored for CE applications in different parts of

the gastrointestinal (GI) tract. The MAC system described in Chapter 2 has been

designed specifically for the colon as a direct propulsion system. A survey of the

literature has shown that the most relevant related system was presented by Mahoney

and Abbott [90]. Their system, however, had a few limitations that prevent it from

being used directly in the MAC system. First, their capsule was designed to operate

in a liquid filled stomach where no disturbance impeded the capsule’s motion and

the capsule’s magnetic moment (heading) was assumed to always align itself to the

direction of the EPM’s magnetic field. Such assumptions do not hold in the MAC

system because (1) its intended use is in the colon where it is subjected to constant

contact with the colon wall, and (2) the soft-tether introduces additional disturbances

in the form of friction and stored bending energy. In order to implement closed-

loop control for the MAC without these assumptions, their formulations have to be

extended to include feedback of the orientation of the capsule.

Another limitation in Mahoney and Abbott’s study was the lack of a clinically

relevant real-time pose estimation system. In their experiments, a mockup capsule

was submerged in a water tank in view of two external cameras pointing in orthogonal

directions. Image processing techniques were used to determine the position of the

capsule, but its orientation was not computed.

In this chapter, we build on the work of Mahoney and Abbott [90] and demonstrate

closed-loop control for the MAC integrated with a clinically viable magnetic pose

estimation system.
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5.2 Theoretical Approach

Since it is not feasible to levitate the capsule using a single permanent magnet

in a cavity that is not filled with liquid, the capsule’s position is controlled in 2

degrees of freedom (DOF). This implies that the capsule will always be in contact

with a barrier such as the colon wall. Nevertheless, the force applied by the capsule

against the barrier can be regulated and this capability can be used to keep this

force below a safety threshold. In our formulations and experiments, this barrier is

assumed to constrain motion in the vertical direction. In addition, due to the nature

of magnetically induced torque, it is not possible to control the rotation of the capsule

along its axis of magnetization. Thus, our closed-loop control scheme admits 2 DOF

control in position and 2 DOF control in orientation.

As is done in most magnetically actuated closed-loop control systems, we assume

that the magnetic field of both the actuator and the magnet inside the capsule can be

modelled by the point dipole model. Although this model can be inaccurate for small

distances from the actuating magnet, we rely on our pose estimation system, which

uses a more accurate magnetic field model, for pose feedback to close the loop on any

error introduced by the point dipole model. This assumption allows us to efficiently

compute the needed motion of the EPM to control the capsule, which would other-

wise be computationally burdensome if we had employed more complicated models.

Although the capsule is tethered, our formulations do not explicitly model the effect

of tether and its interactions with the environment as our device is not equipped with

the necessary shape and force sensors. Instead, we treat it as a disturbance and rely

on the closed-loop system to compensate for it.

The dipole moments of the actuating permanent magnet and the capsule’s magnet

are denoted by m
E
∈ R3 and mς ∈ R3 respectively. The actuating magnet is attached

to the end effector of a robotic manipulator that can position it in at least 5 DOF.

Due to the axial symmetry of a dipole field, rotation of the actuating magnet about
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its dipole moment does not change the magnetic field at the capsule. Thus, only

5 DOF is needed, although more DOF could enable the robot to accomplish other

tasks while performing the primary task of magnetic manipulation. The position of

the actuating magnet and the capsule’s magnet are denoted by p
E
∈ R3 and pς ∈ R3

respectively.

With the dipole assumption, given a magnetic field B
E

generated by the EPM,

the force f and torque τ on the magnet inside the capsule is given by:

f = (mς · ∇)B
E

(5.1)

τ = mς ×B
E

(5.2)

As such, the magnetic force fm and torque τm on the capsule are:

fm(p, m̂
E
, m̂ς) =

3µ0 ∥mE
∥ ∥mς∥

4π ∥p∥4
(m̂

E
m̂ς

⊤ + m̂ςm̂E

⊤ + (m̂ς
⊤Zm̂

E
)I)p̂ (5.3)

τm(p, m̂
E
, m̂ς) =

µ0 ∥mE
∥ ∥mς∥

4π ∥p∥3
m̂ς ×D(p̂)m̂

E
(5.4)

where p = pς−p
E
, I ∈ R3×3 is the identity matrix, D = 3p̂p̂⊤−I, and Z = I−5p̂p̂⊤.

The robot manipulator is controlled in joint position mode and its generalized co-

ordinates are given by q ∈ Rn, where n is the number of joints. The robot’s geometric

Jacobian JR(q) ∈ R6×n is used to linearize the relationship between generalized joint

velocities and the end effector twist as follows:ṗE

ω
E

 = JR(q)q̇ (5.5)

We note that any component of ω
E

that rotates the actuating magnet along the axis of

the dipole moment m̂
E

does not change m̂
E
. That is, ˙̂m

E
= ω

E
×m̂

E
. To incorporate
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this into the mathematical formulation we define the EPM’s Jacobian JE(q) as

 ṗE

˙̂m
E

 =

I 0

0 S(m̂
E
)⊤

 JRq̇ = JEq̇ (5.6)

where S(a) ∈ so(3) denotes the skew-symmetric form of the cross product operation.

Furthermore, we assume that the system is in a quasi-static equilibrium mean-

ing that at a given instance of time, the magnetic forces on the capsule are counter

balanced by gravity and other forces from the environment (e.g. tether resistance,

reaction force from colon wall). With this assumption, we can solve for the neces-

sary pose of the EPM that imparts a desired force and torque on the capsule using

the nonlinear equations Equation (5.3) and Equation (5.4) by linearizing them with

respect to their parameters as follows

 ḟ
τ̇

 =

 ∂fm
∂p

∂fm
∂m̂E

∂fm
∂m̂ς

∂τm
∂p

∂τm
∂m̂E

∂τm
∂m̂ς




ṗ

˙̂m
E

˙̂mς



= JF(p, m̂E
, m̂ς)


ṗ

˙̂m
E

˙̂mς


(5.7)

The components of the matrix JF(p, m̂E
, m̂ς) are given in Appendix B. Since p =

pς−p
E
, we separate the contribution of the capsule’s velocity on the change in wrench

from that of the EPM’s velocity. Using JF to designate JF(p, m̂E
, m̂ς):

 ḟ
τ̇

 = JF



ṗς

0

˙̂mς

+


−ṗE

˙̂m
E

0


 (5.8)
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 ḟ
τ̇

 = JF



ṗς

0

˙̂mς

+


−I 0 0

0 I 0

0 0 0


JE

0

 q̇

 (5.9)

Due to the fast dynamics of the system compared to our robot manipulator and the

friction in our environment, the motion of the capsule is characterized by stick-slip

motion. Thus, for practical purposes, we can neglect the contributions of ṗς and ˙̂mς

to the changes in force and torque. Therefore Equation (5.9) becomes:

 ḟ
τ̇

 = JF


−I 0 0

0 I 0

0 0 0


JE

0

 q̇ (5.10)

Defining JFE as

JFE = JF


−I 0 0

0 I 0

0 0 0


JE

0

 (5.11)

and noting that, when discretized, Equation (5.10) relates small changes in joint

angles δq to changes in force δf and torque δτ on the capsule, Equation (5.9) can

then be rearranged and succinctly written as

δf
δτ

 = JFEδq (5.12)

The solution to δq are determined by inverting the Jacobian matrix JFE , which

will have a null space since we assume the robot has at least 5 DOF and the magnetic

task space is 4 DOF as described earlier. This redundancy in the Jacobian matrix

can be utilized to choose solutions that perform the given tasks while avoiding joint
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limits or preferring certain robot configurations. This technique will be described in

Section 5.2.3

Once δq is determined, it can be sent directly to the robot, if the robot has a joint

velocity interface. However, if the robot has a joint position interface, as in the case

of our platform, δq is integrated in time to calculate the next joint position vector q,

which is then sent to the robot.

The values of δf and δτ can be chosen according to the desired task. Two possible

schemes are described in Sections 5.2.1 and 5.2.2. These schemes were developed

during the course of the dissertation with the overarching goal of achieving tele-

operation for the MAC platform. Thus additional improvements were made in the

latter scheme besides the choice of position vs. velocity as the source of error.

5.2.1 Closed-Loop Position Control

In position control, δf and δτ are chosen to minimize the position and orientation

errors between the current pose of the capsule and a desired pose:

δf
δτ

 =

Kpeep + f grav

Kpoeo

 (5.13)

The position error is given by ep = pςd
− pς with z-component set to zero and

where pςd
is the desired position of the capsule. The z-component of δf is set to a

value so as to keep the capsule from falling. As such, f grav = [0 0 Kpg(fzd − fzc)]
T

where fzd is the desired vertical magnetic force (determined empirically based on

the weight of the capsule), and fzc is the current vertical force. The orientation

error is obtained by computing the angle between the heading axis of the capsule

and the desired heading: eo = ĥς × ĥςd where ĥς and ĥςd are the capsule’s current

and desired headings, respectively. Note that any component of ĥςd in the direction

of ĥς will be nulled by the cross product making it explicit that this DOF cannot
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be controlled. The proportional gains Kpe , Kpo and Kpg are tuned experimentally

balancing the trade-offs between manipulation speed and linearization accuracy. That

is, the linear relationship formed by the Jacobian JFE in Equation (5.12) is only valid

if the commanded δf and δτ remain small.

The limitation of this scheme is that the position error ep decreases exponentially

as pς approaches pςd
. As a result, given a path of way points, the capsule unnecessarily

slows down to a stop at each way point. As this is not conducive for tele-operation,

an alternative scheme for choosing δf and δτ was pursued.

5.2.2 Closed-Loop Hybrid Position and Velocity Control

Despite the unavoidable stick–slip characteristics of magnetic manipulation in air,

smoother motion can be achieved by decoupling forward velocity error from lateral

position errors and providing two separate proportional-integral (PI) controllers that

close the loop on the corresponding errors. Given a desired path, the forward velocity

controller attempts to propel the capsule forward (tangent to the path) at a constant

velocity while the position controller ensures that the lateral (normal to the path)

position error of the capsule from the desired path remains small.

In the following expressions, we denote the directions of the tangent and normal

vectors at the point on the path that is closest to the center of the capsule by t̂ and

n̂ respectively. These vectors are shown in Figure 5.1.

Desired Trajectory

TetherCapsule

Figure 5.1: Illustration of the tangent (̂t) and normal (n̂) vectors.

The velocity error, ev, is defined as the error between the current average velocity,

ṗς , and the desired velocity, ṗςd . Using the position estimates output by our pose

112



estimation algorithm, the average velocity of the capsule is computed by applying a

low pass filter to differences in position in consecutive time steps. Thus, ev = ṗςd−ṗς .

We remove any component of the velocity error in the lateral direction by projecting

it onto the tangent direction, t̂, of the path. The tangent velocity error, (ev · t̂)̂t, is

used as the error term in a proportional controller. The tangent projection of the

velocity error, ev · t̂, is also used to form a feed forward term fr, that estimates and

compensates for the resistance force applied by the tether.

fr = −Kivel

∫
ev · t̂ (5.14)

fr is assumed to always be in the negative direction of the path as it represents the

resistance forces from the tether behind the capsule.

The position error is given by ep = pςd −pς . The projection of this error into the

normal direction, (ep · n̂)n̂, is used as the error term in a PI controller. Finally, the

orientation error is computed as eo = ĥς × ĥςd as is done for the closed-loop position

control scheme.

Using the matrices Pt̂ = t̂t̂
⊤ and Pn̂ = I − t̂t̂

⊤ to project error vectors onto t̂ and

n̂ respectively, the overall expression for our control input, which is the vector of

desired wrench on the capsule, is given by:

uf

uτ

 =

KpvelPt̂ev +KpposPn̂ep +Kipos

∫
Pn̂ep

Kpoeo +Kio

∫
eo

 (5.15)

The final changes in wrench on the capsule are computed by subtracting estimates of

the wrench currently applied on the capsule:

δf
δτ

 =

uf − (fm + f r)

uτ − τm

 (5.16)
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Subtracting the estimated current wrenches allows us to control the gain of the in-

tegral terms explicitly whereas in the position control scheme in Section 5.2.1 the

integration occured implicitly as the controller integrated the resulting δqs.

5.2.3 Redundancy Resolution

We use two types of redundancy resolution techniques to choose a single δq from

an infinity of possible solutions to Equation (5.12). Infinite solutions exist because (1)

there are more DOF in the robot manipulator than needed by the task of manipulating

the EPM, and (2) certain motions of the EPM, such as rotation about its dipole

moment, do not change the wrench induced on the capsule.

5.2.3.1 Weighted Damped Least-Squares Optimization

Equation (5.12) can be cast as a weighted damped least-squares (WDLS) opti-

mization problem [128, 19]:

min
δq

(
∥Wx (δx− JFEδq)∥

2 + α2
∥∥W−1

q δq
∥∥2) (5.17)

where

δx =

δf
δτ

 , (5.18)

Wx ∈ R6×6 and Wq ∈ Rn×n are symmetric and positive definite weighting matrices

and α is a user-defined damping parameter. Wx can be used to set the weight of the

errors between the commanded and resulting δx [128]. This is useful, for example,

for permitting more error in the vertical direction as it is not critical for horizontal

motion as long as it is within safety limits. Furthermore, owing to the capsule being

tangentially aligned with its tether at the point of where the capsule is attached to

the tether, motion along this direction results in the least interference from the tether.
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If the capsule were to travel in a direction that is not aligned with its heading, the

tether would induce a higher disturbance as a result of the additional bending torque.

To avoid this, we wish to prioritize capsule heading over position/velocity control

resulting in heading being generally aligned with the capsule’s direction of motion.

This prioritization is implemented by increasing weights (favoring motion) in Wx that

correspond to the torque components of the δx.

The WDLS approach can also be used to avoid joint limits by setting Wq to inhibit

the motion of joints near their limits. To accomplish this, we first define a function

h(q) : Rn → R that maps joint values to a value that approaches infinity as the joints

approach their limits [19].

h (q) =
n∑

i=1

1

4

(qi,max − qi,min)
2

(qi,max − qi) (qi − qi,min)
(5.19)

we then define the diagonal elements wi of Wq as

wi = 1 +

∣∣∣∣∂h(q)∂qi

∣∣∣∣ (5.20)

where the gradient is defined as

∂h(q)

∂qi
=

1

4

(qi,max − qi,min)
2 (2qi − qi,max − qi,min)

(qi,max − qi)
2 (qi − qi,min)

2 (5.21)

The gradient ∂h(q)
∂qi

is equal to zero when the ith joint is at the midpoint of its range and

infinity when the joint approaches either of its bounds. Correspondingly, wi is equal

to 1 when the ith joint is at the midpoint and infinity when the joint approaches

its bounds. When this weighting matrix is used in Equation (5.17) and a joint is

near its limit, the objective function approaches infinity preventing any more motion

of the joint thus ensuring that joint limits are never violated. However, since this

formulation in its current form only stops motion of the joint without favoring joint
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motions that move away from the joint limit, a better formulation is given by [19]

wi =

 1 +
∣∣∣∂h(q)∂qi

∣∣∣ if ∆
∣∣∣∂h(q)∂qi

∣∣∣ ≥ 0

1 if ∆
∣∣∣∂h(q)∂qi

∣∣∣ < 0

 (5.22)

This formulation allows motion in a joint if the direction of motion takes the joint

away from its joint limit.

The last component of the WDLS optimization problem given in Equation (5.17)

is the damping term controlled by α, a small positive number. This damping is used to

avoid kinematic singularities of the robot which occur when the manipulator Jacobian

JR loses rank. Without a scheme to avoid kinematic singularities, such as the damping

used in our formulation, the robot’s joint velocities can approach infinity when the

robot is in certain configurations—an undesirable and dangerous phenomenon. Since

manipulator singularities can indeed occur during magnetic guidance, this component

is essential for successful practical use.

A closed form solution to Equation (5.17) is given by δq = J+δx where J+ is the

WDLS inverse of the Jacobian defined as

J+ = J⊤
W (JWJ

⊤
W + αI)−1

JW = WxJFEWq

(5.23)

As can be seen from Equation (5.23), the parameter α adds a small perturbation

to the matrix JWJ
⊤
W so that its inverse can be computed even when it is singular.

The downside of this approach is that this perturbation is always present introducing

errors in the system even in non-singular robot configuration. While it is possible to

set α to zero when the robot in these situations, practical use has shown that the

small errors introduced do not affect the magnetic guidance system significantly.
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5.2.3.2 Gradient Projection

Gradient projection is a redundancy resolution technique that exploits the homo-

geneous solutions of a system of equations to accomplish a secondary task [84]. In our

case, the homogeneous solutions of Equation (5.17) are those solutions that move the

joints of the robot while making no impact on the resulting δx. Such solutions can be

found by utilizing the null space projection matrix of the Jacobian in Equation (5.23)

defined as (I − J+J). The overall solution can be written as

δq = J+δx+ (I − J+J)βη (5.24)

where η is an arbitrary vector and β is a user-defined scaling parameter [19].

Liegeois [84] showed that an objective function g(q) can be locally minimized

using the following solution:

δq = J+δx+ (I − J+J)β∇g(q) (5.25)

where β < 0. Note that, unlike WDLS, gradient projection can cause the robot to

move even when no motion is commanded in task space.

The choice of the vector g(q) depends on the desired secondary task. In our

application, the secondary tasks can be used to add certain heuristics into the closed-

loop controller. These heuristics help move the robot toward configurations more

suitable for magnetic manipulation. Here we give two such heuristic functions.

The first heuristic expresses a preference for an elbow-up configuration of the 5th

and 6th links of the robot, which is a desirable configuration during colonoscopy, as

shown in Figure 5.2. The objective function g(q) is chosen to be the joint norm

squared function of the error between a desired nominal joint configuration, qdes and
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Link 1

Link 2

Link 3

Link 4 Link 5

Link 6

Figure 5.2: Intended robot-patient positioning for tethered capsule colonoscopy. Links 5
and 6 are desired to maintain elbow-up configuration.

the current joint values q:

g (q) =
1

2
(qdes − q)⊤Wg (qdes − q) (5.26)

whose gradient, ∇g ∈ Rn×1, is defined as

∇g = −Wg (qdes − q) (5.27)

where Wg ∈ Rn×n is a weight matrix used to prioritize which joints must satisfy the

objective function (e.g. the weight associated with joint 0 should be zero as it has

no bearing on the robot having a elbow-up configuration). The limitation of this

approach is that the qdes and Wg have to be determined experimentally and may

change depending on the orientation of the patient.

The second heuristic expresses a preference for having the bottom surface of the

magnet holder be parallel to the patient. We call this the flatness heuristic. As this

heuristic involves the motion of the EPM as opposed to the joints of the robot, there
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NS

External 

Magnet

NS

Robot 

Manipulator

Figure 5.3: Illustration of the normal vector n̂p of the patient surface and the normal
vector n̂m(q) of the magnet holder.

is only 1 DOF redundancy—rotation about the EPM’s axis of magnetization. The

objective function g(q) is determined by the cosine of the angle between the normal

vector n̂p of the patient surface and the normal vector n̂m(q) of the magnet holder

(see Figure 5.3):

g(q) = n̂⊤
p n̂m(q) (5.28)

but the normal vector n̂m(q) can be written in terms of the forward kinematics of

the robot

n̂m(q) = R0
E(q)n̂

E
m (5.29)

g(q) = n̂⊤
p R

0
E(q)n̂

E
m (5.30)

where R0
E(q) ∈ SO(3) is the rotation of the EPM frame with respect to the base

frame, (0), of the robot and n̂E
m is normal vector expressed in the EPM frame. Note

that n̂E
m is constant vector set by the user in a similar manner as n̂p. Taking the
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gradient of g(q) involves taking the partial derivative ∂R0
E

∂q
(q), which is problematic

since R0
E is a matrix. To resolve this, we take an approach similar to the one used by

Murray et al. [100] in writing the Jacobian in terms of twists.

We start by noting that the time derivative of our objective can be written as

ġ =
∂g

∂q
q̇ = n̂⊤

p Ṙ
0
En̂

E
m

= n̂⊤
p

(
n∑

i=1

∂R0
E

∂qi
q̇i

)
n̂E
m

=
n∑

i=1

(
n̂⊤
p

∂R0
E

∂qi
n̂E
m

)
q̇i (5.31)

The term in the parenthesis in Equation (5.31) can be further simplified by recognizing

that ∂R0
E

∂qi
R0

E
⊤ ∈ so(3) is skew-symmetric. Let S(ωi) =

∂R0
E

∂qi
R0

E
⊤. We know that the

vector ωi forms the bottom three rows of the ith column of the manipulator Jacobian

JR. Thus:

n∑
i=1

(
n̂⊤
p

∂R0
E

∂qi
R0

E

⊤
R0

En̂
E
m

)
q̇i =

n∑
i=1

(
n̂⊤
p S(ωi)R

0
En̂

E
m

)
q̇i

=
n∑

i=1

[
n̂⊤
p

(
ωi ×R0

En̂
E
m

)]
q̇i

=
n∑

i=1

[(
R0

En̂
E
m × n̂p

)⊤
ωi

]
q̇i

=
(
R0

En̂
E
m × n̂p

)⊤ n∑
i=1

ωiq̇i

=
(
R0

En̂
E
m × n̂p

)⊤
J̃Rq̇

where J̃R ∈ R3×n is the matrix formed by taking the bottom three rows of JR. The

gradient ∇g is then given by

∇g =
(
∂g

∂q

)⊤

= J̃⊤
R

(
R0

En̂
E
m × n̂p

)
(5.32)
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5.3 Simulation

For proof-of-concept algorithm validation, we have utilized a dynamic simulation

environment. This simulation is made in Gazebo; an open-source simulation envi-

ronment with a physics engine. The simulation environment functions in conjunction

with the Robot Operating System (ROS) [120] which allowed for seamlessly switching

between running our software in simulation and on the real system. This enabled us

to iterate and develop our algorithms faster in simulation before running them on

the real system. As seen in Figure 5.4, the simulation includes the robot, capsule

Figure 5.4: Gazebo simulation environment with built-in physics engine. A custom plug-
in allows for simulation of magnetic interaction between the EPM and capsule.

with tether, a floor, and a vertical barrier. Simulation of physical phenomena such

as gravity, inertia and friction (e.g. friction between capsule and vertical barrier) are

natively supported by Gazebo. However, there is no native support for the soft body

properties of the tether. As such, the tether’s continuum configuration is modeled

with the use of a finite number of rigid cylindrical links connected by universal joints.

As shown in Figure 5.5, the two joint axes of the universal joint are orthogonal to the

tangent of the tether.
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x

y

z

Universal Joint 

Figure 5.5: The soft tether is simulated in Gazebo by a chain of links connected by uni-
versal joints.

Both the tether’s bending and torsional stiffness characteristics were simulated

by tuning the error reduction parameter (ERP) and constraint force mixing (CFM)

parameters of Gazebo. Internally, Open Dynamics Engine (ODE) [141], the physics

engine used by Gazebo, solves linear complementarity problems (LCPs) to determine

contact forces and enforce position and velocity constraints. As an added benefit, the

specific formulation used by ODE enables users to create an equivalent spring-damper

system by mapping the ERP and CFM parameters to stiffness kp and damping kd

properties of the spring-damper system [55]:

ERP =
kp∆t

kp∆t+ kd

CFM =
1

kp∆t+ kd

(5.33)

The tether’s bending stiffness is simulated by setting the joint limits to a small

value and using the ERP and CFM parameters for the joint limit constraint of each

axis of the universal joint. Likewise, the torsional stiffness is simulated by setting the

appropriate values for the ERP and CFM parameters of the universal joint in the

constrained direction. In other words, the constraints used for the bending stiffness

pertain to the joint limits while the constraints for the torsional stiffness stem from
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the “no rotation” constrain on third (z-axis in our case) of the universal joint. It

is worth mentioning that joint stiffness has been experimentally chosen such that

simulation behavior resembles that of the physical system when bending is induced

magnetically, however, further work to characterize the stiffness is anticipated.

In addition, a custom Gazebo plug-in was developed to simulate the magnetic

interaction between permanent magnets (open source [150]). The plugin computes

the magnetic fields as well the forces and torques induced on magnetic objects using

the dipole-dipole model. The magnetic field computation is published as sensor output

on the ROS network allowing for development pose estimation algorithms while the

computed forces and torques are applied on the magnetic object the motion of which

is then computer by ODE(or any other underlying physics engine). Although the

accuracy of the dipole-dipole model degrades as the two magnets come near each

other, it is very simple and can be computed efficiently. As our control algorithms

rely on pose estimation as feedback, the dipole-dipole model is sufficient for our

application.

(a) Simulated environment with robot, tethered-
capsule, colon mesh.

(b) Endoscopic view of the colon
from simulated camera and light
source.

Figure 5.6: Complete simulation system.

A complete simulation system can be achieved by further utilizing the function-

alities provided by the Gazebo simulator. As shown in Figure 5.6, the simulation

environment contains a light source and a camera simulating endoscopic view inside
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a colon. The properties of the light source and the camera can be tuned to match

the image characteristics found on the real MAC while the colon can be designed by

a 3D CAD tool and imported into Gazebo as a mesh object.

Current limitations of the simulation environment stem from the increased com-

putational cost of using a large number of joints. To speed up the simulation, it is

necessary to limit the number of iterations which in turn introduces errors in the

computation of contacts between objects. This results in unexpected oscillations the

impact of which is primarily observed in the endoscopic view.

Furthermore, interaction of the MAC with the colon tissue is not simulated well

owing to the difficulty of simulating soft body contact—a feature not supported by

ODE. Further work is needed to add this capability, which will require using a different

physics engine.

5.4 Experimental Validation

To assess the viability of our approach, the controllers were tasked with maneuver-

ing the capsule along desired trajectories. The desired trajectories were first simulated

using the simulation environment described in Section 5.3. The experimental setup

was designed with transparent barriers to visualize the capsule and the tether while

being manipulated by the robot. Although this is not how the MAC would be used

in medical settings—the capsule would not be visible from outside the patient—the

resulting motion from magnetic manipulation would still be valid for our experiments.

During each trial, errors in position and velocity were computed using our pose estima-

tion system. However, the enhanced pose estimation system described in Chapter 4

was only developed recently; therefore, some of our the earlier experiments were con-

ducted with an implementation of the pose estimation system developed by Di Natali

et al. [34]. Various workarounds for the limitations of the method in [34] have been

used. For the singularity limitations, additional techniques such as low pass filters on

124



previous locations and constraints on the elevation of the capsule have been used. For

the yaw initialization problem, we have exploited certain configurations of the EPM

and placement of the capsule in known locations to speed up initialization. However,

these workarounds are prone to errors and limit the viability of the system for clin-

ical applications. Thus, an additional set of experimental results that utilized the

enhanced pose estimation system of Chapter 4 with closed-loop control are provided.

Figure 5.7: Experimental setup for trajectory following of the tethered capsule. The tether
is constrained near the beginning of the trajectory. The sinusoidal trajectory
is shown for visualization purposes only.

5.4.1 Closed-loop Position Control

For the closed-loop position experiments [151], the tethered capsule was inserted

between two transparent horizontal planes acting as vertical barriers for the capsule

as shown in Figure 5.7. In addition, the tether was passed through a constraint

device with a circular hole that served to prevent lateral motion near the beginning

of the planned trajectories. Two sets of trials were conducted on respective trajectory
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paths. During each trial, the tethered capsule was commanded to approach a desired

position and maintain a commanded heading. A linear proof-of-concept trajectory

was used as an initial indicator of desired capsule motion, as was seen in simulation.

A sinusoidal trajectory (amplitude = 5.5 cm, wavelength = 20 cm) was implemented

to demonstrate the capability of both position and heading control in the presence

of tether-induced disturbance. During both sets of trials, the capsule’s heading was

commanded to align tangentially with the trajectory path and maintain a horizontal

orientation so that the capsule is in contact with the barrier along its length. This

was implemented with a clinical consideration that necessitates clear visualization of

the lumen.

As seen in Figures 5.8 and 5.9, the tethered capsule followed along the generated

paths with acceptable accuracy. Four trials were conducted for each trajectory both

in simulation and experiment with closed-loop control and localization running at

100 Hz. In the simulation environment, Gaussian noise with a standard deviation of

6 mm was added to simulate the localization errors reported in [34]. The same low pass

filter was used in both the simulation and physical environment. For all trajectories,

deviations were measured in the lateral (y) direction. Lower deviations were observed

in the simulation environment owing to idealized mechanical and frictional properties

that could not accurately model the tether’s interaction with the environment.

In the straight line trajectory trials, the mean deviation in simulation was 1.1 ± 0.9

mm with a maximum error of 5.2 mm, while the mean deviation in the experiment

was 1.2 ± 1.4 mm with a maximum error of 9.6 mm. For the sine wave trajectories,

the mean deviation in simulation was 5.0 ± 4.3 mm with a maximum error of 21.9 mm.

The mean error in the heading angle was 0.11 ± 0.11 rad with a maximum error of

0.48 rad. For the experimental data, the mean deviation was 10.3 ± 6.7 mm with a

maximum error of 35.7 mm. The mean error in the heading angle was 0.26 ± 0.18 rad

with a maximum error of 0.71 rad.
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(a) Straight line path simulation.
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(b) Sinusoidal path simulation.
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(c) Straight line path experiment.
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(d) Sinusoidal path experiment.

Figure 5.8: Results of four trials of the capsule being maneuvered through the two types
of desired trajectories while maintaining an orientation that is parallel to the
vertical barrier surface. The shaded region shows one (only for b, d) and three
standard deviations from the mean. Simulation results are shown in (a) and
(b) while experimental results are shown in (c) and (d).

The closed-loop control system was able achieve accurate motions within a ±10

mm average boundary. This meets our requirement considering that (a) this error

spans the thickness of our capsule (20 mm diameter), and (b) the approximate colon

diameter ranges from 34.5 to 75 mm. Although orientation errors of 0.26 rad (15°)

were recorded in our experiments, these errors were computed along the trajectory

and, therefore, do not fully characterize the static orientation accuracy that could be

achieved with the system. Accurate angular motion is required for tissue sampling
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(a) Simulation
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(b) Experiment

Figure 5.9: The tethered capsule was commanded to follow this sinusoidal trajectory start-
ing near x = 0.2 m and maintain a heading that was tangential to the sine
curve. This heading is parallel to the vertical barrier.

(biopsy or polyp removal) commonly performed with the endoscope held in one sta-

ble position, making important to consider static orientation accuracy as a goal to

characterize in future work. Larger errors at the start of each path (near +x) are due

to the start points of each trajectory being set manually and letting the controller

command the capsule to the desired path. Additionally, these errors in the sinusoidal

trajectory trials can be attributed to the capsule being near the tether constraint

where bending is difficult.

5.4.2 Closed-loop Hybrid Position and Velocity Control

The experimental setup for validating the hybrid position and velocity closed-

loop controller [152] is shown in Figure 5.10. The setup consists of the 6 DOF serial

manipulator, the soft-tethered capsule and an acrylic tube that provided physical

constraints akin to the colon. In order to create an environment with realistic friction

and resistance forces as would be found in a real colon, the tube was lubricated before

the trials.
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Figure 5.10: (a) Gazebo simulation environment with physics engine and a custom built
magnetic interaction plugin. (b) Experimental setup with tethered capsule,
robot manipulator and, physical tube providing phyisical constraints. Re-
produced with permission from [152] © 2016 IEEE.

5.4.2.1 Trajectory Generation

The colon has a diameter of approximately 7 cm that contains multiple bends and

is deformable owing to mesentery fixation in only certain segments of the lumen [165].

Although the capsule is intended to be tele-operated when in clinical use, we now

focus our attention on control and thus set a fixed trajectory that is commanded and

followed autonomously. The input to the controller algorithm is a set of pre-defined

trajectory points that roughly describe the trajectory. A spline is then generated

once the control algorithm begins that fits a curve that is smooth up to second degree

between the path points. A continuum in curvature allows calculating the necessary

velocity and heading direction at each time step. A sample fitting between a few

points is shown in Figure 5.11.
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Figure 5.11: Spline fitted to a small number of desired trajectory points.

The use of cubic spline interpolation allows us to create a smooth curve that

passes through any number of desired points, allowing us to specify trajectories by a

variable number of waypoints. This curve is a stitching of cubic polynomials that join

at knots (the waypoints) and, unlike Bezier curves, the order of polynomial functions

does not increase with an increased number of waypoints and thus does not become

computationally expensive [20]. An additional benefit is that the path, by definition,

passes through all waypoints giving more controllability in path generation. This is

especially important in ensuring that curve is not generated in an area outside of

our desired path (i.e. experimental pseudo-colon acrylic tube). As infinite solutions

are possible, one solution can be computed by imposing conditions such as the curve

passing through the waypoint i and waypoint i+ 1 with defined second and third order

polynomial coefficients and minimizing bending throughout the path. We utilize the

Python SciPy Interpolation package [68] based on algorithms developed by De Boor

[29], Cox [27], and Dierckx [36].
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5.4.2.2 Experimental Results

Two types of trajectories, each with five trials, were tested [152]. A straight line

trajectory was used to asses the step response of the controller while a trajectory with

a single bend was used to assess how well the controller followed a given trajectory.

The step response (conducted on the straight segment of the of the acrylic tube)

of the velocity controller to a step input of 0.01 m/s is shown in Figure 5.12a. The

velocity shown is computed by low pass filtering the discrete time derivative of the

position output of the magnetic localization algorithm. The average rise time (time

to 90 % of reference input) was 2.51 s, however, because this value is dependent on

the cutoff frequency of the low pass filter, it is not a true representation of the rise

time. The average maximum velocity error during the ten seconds after the rise

time is 0.005 m/s while the average root mean square error during the same period

is 0.002 m/s. The fluctuations seen in velocity result from random environmental

variables such as friction that varies with the height of the external magnet and

alignment of the tether. Although this fluctuation is acceptable considering that it

is in velocity, the colon is highly lubricated and we hypothesize that this fluctuation

will be reduced.

The results from five trials of the velocity controller following a curved trajectory

are shown in Figure 5.12b. This trajectory was chosen as it exemplifies the challenges

faced when attempting to maneuver the capsule around a corner in the lumen while

maintaining a specified heading and pitch/tilt angle. The speed of the capsule during

each trial remained reasonably close to the commanded speed except when making

the turn. The deviation can be attributed to the sharp corner in the tube, which

causes the capsule to get stuck until its heading is tangent to the lumen of the ver-

tical segment of the tube. The corner also becomes a pivot about which a moment

is developed by the tether. The capsule’s drift to the left side of the spline in Fig-

ure 5.12b can be attributed to this disturbance in moment. A feed-forward torque
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Figure 5.12: (a) Step response of velocity controller to a reference velocity of 0.01 m/s in
a straight line trajectory. (b) Trajectory with a single bend demonstrating
trajectory following. The shaded region indicates the physical tube (5 cm
internal diameter). Reproduced with permission from [152] © 2016 IEEE.

compensation term is necessary to eliminate this error but requires further study of

tether mechanics. The trajectory shown in red is an outlier with a loop in the corner

of the trajectory. This odd shape resulted from the tether becoming stuck at the

entrance of the tube, resulting in the EPM exerting a large force on the capsule, and

once the tether’s static friction was overcome, the capsule shot forward.

Considering the average length of the colon being 185 cm (187.7 ± 19.0 cm in men,

182.2 ± 18.1 cm in women) [2], our mock-trajectory (32 cm long) is about 17 % of

the length of a colon. An average path traversal time of 33.38 s thus results in a
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predicted total colon traversal time of 193 s, which is significantly less than open-loop

driving of a tethered capsule in a phantom colon (556 ± 188 s) and matched the time

to completion in the same phantom using a standard endoscope (194 ± 158 s) [4].

The experimental setup is significantly different and these figures are presented for

conceptual comparison only. An additional study is necessary for true comparison.

5.4.3 Experimental Results with Enhanced Pose Estimation

The experimental setup for demonstrating hybrid position and velocity control

utilizing the enhanced pose estimation system developed in Chapter 4 is shown in

Figure 5.13. Once again, the tethered capsule was inserted between two horizontal

planes made of clear acrylic serving as vertical barriers for the capsule. The two

acrylic planes were lubricated with vegetable oil in order to reduce friction. A camera

tracker was mounted below the bottom acrylic plane to provide ground truth on the

2D position of the capsule; however, its output was not used in the control algorithm.

Since we do not have ground truth measurements for the heading of the capsule, we

only report errors by comparing the commanded heading with the estimated heading

provided by the enhanced pose estimation algorithm. The controller was implemented

as a ROS node in Python and ran at a 100 Hz synchronized with the pose estimation

algorithm. The two algorithms ran simultaneously on a single PC.

Two sets of 10 trials were conducted where the system was commanded to propel

the capsule along a straight line trajectory at a speed of 5 mm/s. In both trials,

the capsule’s heading was commanded to align with the forward direction of the

trajectory.

In the first set of trials (initial offset experiments), the initial capsule position

was offset in the lateral direction by 55 mm. This experiment was used to assess

the response of the controller to an initial offset and its ability to achieve a small

steady state error. As seen in Figure 5.14a the capsule’s lateral error, on average, was
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Figure 5.13: Experimental setup for demonstrating closed-loop control utilizing the en-
hanced pose estimation system. The capsule was painted so that it can be
detected by the camera tracker with relative ease. The coil was covered with
black tape to prevent erroneous color detection. The two acrylic planes were
lubricated with vegetable oil in order to reduce friction.

reduced within the first 10 s of the trajectory. The steady state lateral error computed

after the capsule has travelled 30 s was −5.30 ± 2.60 mm. The average heading error

over the entire trajectory was 4.96 ± 2.20°. As shown in Figure 5.15a, the heading is

consistently kept in the direction of forward motion.

In the second set of trials (disturbance experiments), the capsule starts without

any intentional position error. Once the capsule has travelled 100 mm, a portion of

the tether is manually pushed laterally thereby changing the position of the capsule by

approximately 40 mm. This disturbance is maintained for approximately 10 s. This

experiment was used to assess whether the controller was capable of compensating for
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Figure 5.14: Traces of the capsule’s trajectory as it was propelled by the EPM with a
closed-loop controller. Each colored solid line represents one of the 10 trials.
(a, b) Traces obtained using a camera tracker based on color detection. (a) At
time 0 s, the capsule’s position is offset from the trajectory in the x direction
by approximately 55 mm. (b) The tether is pushed in the +x direction as
soon as capsule has travelled 100 mm. This is indicated by the spike at time
20 s. The disturbance is maintained for approximately 10 s. (c, d) Traces
obtained from the pose estimation algorithm.
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Figure 5.15: Arrows representing the heading direction of the capsule at selected points
along the two types of trajectories. For the purposes of good visualization,
only a single trial from each set is shown. The heading angles were obtained
from the pose estimation algorithm. The color gradation shows the progres-
sion of time. (a) Initial offset experiments. (b) Disturbance experiments.

sustained disturbances with its integral component all the while maintaining a desired

orientation of the capsule. Figure 5.14b shows traces of the capsule trajectory as the

controller responds to the disturbance. The average position error after the controller

has recovered from the disturbance at T = 50 s was −7.90 ± 3.39 mm. The average

heading error over the entire trajectory was 7.34 ± 1.77°. As shown in Figure 5.15b,

the heading error increased during the disturbance, but quickly returned to its desired

direction.

The controller was commanded to maintain a vertical force of 0.45 N on the cap-

sule, a value empirically determined to balance the weight of the capsule without

exerting excessive force on the vertical barrier. The system computed the magnetic

force using the point-dipole model and pose estimates from the enhanced pose estima-

tion algorithm. Accordingly, the average vertical force on the two sets of trials was

0.494 ± 0.093 N and 0.502 ± 0.097 N respectively. These forces are clinically relevant

as they would not cause tissue damage [138]. In maintaining this force, the vertical
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distance between the centers of the EPM and the capsule was kept at an average of

158 ± 4 mm and 157 ± 6 mm for the two sets of trials respectively. Considering the

size of our EPM, this leaves close to 100 mm of gap between the bottom of the EPM

and the vertical barrier in the experiment.

In both sets of trials, it was observed that there was a constant offset between

the position output of our pose estimation algorithm and the camera based ground

truth. As Figures 5.14c and 5.14d show, the controller would have placed the capsule

more accurately on the trajectory had this offset been absent. As mentioned in

Section 4.5.2.2, further work is needed to determine the source of this error.

5.5 Conclusion

We have demonstrated closed-loop control of the MAC using two approaches. The

position controller can be used for trajectory following, but due to its stop-and-go

nature, is more suited for tasks that have a single destination. An example of such

a task is holding the capsule in place and compensating for disturbances while the

physician is inserting a tool through the instrument channel of the MAC. The hybrid

velocity and position controller is better suited for trajectory following. This makes it

a key component in implementing tele-operation where forward motion is controlled

by the physician.

The successful implementation of magnetic pose estimation on the MAC system

enabled the use of these control schemes to follow commanded position and orien-

tation trajectories. The observed position errors were within the geometry of the

capsule itself and well within the bounds of an average colon diameter and thus ac-

ceptable for the screening procedure. Previous studies have demonstrated trajectory

following of untethered capsules with limitations such as mechanically constraining

a capsule’s motion [126] or submerging the capsule and controlling its orientation in

open-loop [90].
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Along with the development of these control algorithms, we have created a simula-

tion environment by modeling our soft tether as a chain of rigid links and developing

a custom magnetic interaction plug-in for Gazebo, an open source dynamic simulator.

Once the controllers and the trajectory following experiments were successfully tested

in simulation, they were implemented on our physical platform with minimal effort

with the exception of requiring additional tuning of controller gains.
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CHAPTER 6

Conclusion

Magnetic actuation is currently the most promising approach for actively and

wirelessly manipulating capsule endoscopes. Once capsule endoscopes (CEs) can be

actively actuated, they have the potential to transform current medical practice and

significantly improve patient outcomes. With the ability to reach parts of the gastro-

intestinal (GI) that were previously difficult to reach, actively manipulated CEs can

be used to diagnose pathologies that currently go undiagnosed. While biopsy and

administration of therapy is currently difficult with wireless CEs, compromises can

be made with soft tethers, as in the Magnetically Actuated Capsule (MAC) system

described in Chapter 2, to gain these capabilities. In this dissertation, two fundamen-

tal problems in magnetic guidance have been addressed to achieve active actuation

of the MAC and advance the system toward adoption in clinical practice.

A novel pose estimation algorithm that utilizes a hybrid assembly of a permanent

magnet and an electromagnet was presented. This approach overcomes two important

limitations that hinder the use of prior pose estimation systems for magnetically

driven robotic capsule endoscopy in clinical settings: (1) magnetic singularity and (2)

the need for accurate yaw angle initialization. Magnetic field singularities are inherent

in all magnetic pose estimation methods that utilize a single source of magnetic

field. An exception can be made if the method relies on motion of the magnet to

obtain multiple measurements from different vantage points while the capsule remains

stationary; however, this method would not be well suited for magnetic guidance.

The magnetic field singularity problem was studied in this dissertation by analyzing

the workspace of current pose estimation methods with the use of the point-dipole

magnetic field model. We showed that singular regions exist in areas where the
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capsule is nominally located during magnetic actuation. Since the dipole model can

approximate most magnetic field sources, the problem, and therefore the solution,

discussed in this dissertation pertains to a wider set of pose estimation techniques.

Another contribution of this dissertation is the development of closed-loop control

algorithms that make use of magnetic pose estimation for real-time feedback. Two

schemes of closed-loop control were explored for creating the necessary algorithmic

building blocks for effective autonomous or human controlled tele-operation. Our

pose estimation method was experimentally shown to fulfill the criteria needed for

closed-loop control in terms of accuracy, update rate and size of workspace making

it suitable for use in tele-operated or autonomous operation of magnetically actuated

robotic capsule endoscopes in clinical settings. In particular, tele-operated robotic

manipulation can now be approached by combining our pose estimation algorithm

and the closed-loop control schemes described in this dissertation with intuitive user

interfaces and user feedback mechanisms.

The simulation environment developed during the course of this dissertation can

be used in developing these user interfaces. Preliminary work has shown promising

results in integrating the simulation environment with custom designed user interfaces

although more work is needed in enhancing the fidelity of the simulation (e.g. soft

tissue interaction). However, even in its current state, the simulation environment

can be valuable in creating training systems for users of the MAC system.

6.1 Future Directions

Although outcomes from our pose estimation and closed-loop manipulation ex-

periments were promising, further work is necessary. In particular, more work is

needed in modeling and characterization of the mechanical properties of the tether.

Currently, all effects of the tether and capsule friction are treated implicitly as distur-

bances in capsule motion. We hypothesize that estimation and explicit incorporation
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of these disturbing forces and torques in the control scheme will assist in maneuvering

inside the space-constrained colon. However, it is not presently clear if there are cost

effective and practical sensors for detecting the shape and position of the tether thus

making modeling of the tether a challenging endeavor.

The nonlinear relationship between the pose of the external permanent magnet

(EPM) and the resulting forces and torques on the capsule have been dealt with by

linearizing the relationship at each time step. As a result, solutions as to where to

move the EPM are, at best, only locally optimal. We anticipate that the complexity

of the manipulation task will be increased when introducing humans into the equation

(tele-operation). More complexity is also expected as additional constraints on the

motion of the EPM, such as those needed to ensure collision avoidance, are added to

the system. In these circumstances, our current methods may fail to find solutions

due to local minima. Approaches such as model predictive control (MPC) might

provide better solutions as they take multiple future time steps into account and are

capable of handling state and input constraints [35, 130].

The long term goal of the MAC project is to create a viable alternative to the

traditional endoscope that encourages patient participation in screening procedures

by eliminating pain, discomfort, and the need for sedation. To this end, clinical trials

involving unsedated human subjects is the necessary next step. These trials would not

only inform the extent to which patients can undergo the procedure without sedation,

but would also be invaluable in collecting feedback for the improvement of the design

of the soft-tethered device, the control algorithms, and the user interfaces. We antici-

pate that these trials can be conducted in the next five to ten years. During that time,

progress could also be made in preparing the system for commercialization, a major

component of which is obtaining approval from the Food and Drug Administration

(FDA). On the more technical perspective, progress could also be made in implement-

ing fully autonomous navigation of the colon. Recent advances in deep learning and
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computer vision have been demonstrated for polyp [12] and lumen detection [167] as

well environment mapping [162]. Combined with closed-loop robotic control, these

technologies can enable the next era of capsule endoscopy.

142



APPENDIX A

Nomenclature

Notation Description

fm Force induced by EPM on capsule.

I Identity matrix ∈ R3.

M Matrix (uppercase).

m
E

Magnetic moment of EPM.

mς Magnetic moment of capsule’s magnet.

p
E

Position of the EPM attached to robot end-effector.

pς Capsule position.

p = pς − p
E

Relative capsule position vector.

τm Torque induced by EPM on capsule.

v̇ Rate of change of parameter with respect to time.

v Vector (lowercase, bold).

v̂ Unit vector.
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APPENDIX B

Derivation of Jacobian

The following is a derivation of the terms of the Jacobian JF(p, m̂a, m̂c). Each

term of JF represents a partial derivation of the force and torque equations of the

dipole-dipole model.

JF(p, m̂a, m̂c) =

Fp Fma Fmc

Tp Tma Tmc

 (B.1)

where G = I − p̂p̂⊤, Z = I − 5p̂p̂⊤, and D = 3p̂p̂⊤ − I. The terms of the Jacobian

are defined as follows

Fp =
∂fm(p, m̂a, m̂c)

∂p

=
3µ0 ∥ma∥ ∥mc∥

4π ∥p∥5

(
m̂am̂c

⊤Z + m̂cm̂a
⊤Z + m̂c

⊤m̂aZ

− 5p̂p̂⊤m̂am̂c
⊤G− 5p̂p̂⊤m̂cm̂a

⊤G− 5m̂c
⊤p̂p̂⊤m̂aZ

)
(B.2)

Fma =
∂fm(p, m̂a, m̂c)

∂m̂a

=
3µ0 ∥ma∥ ∥mc∥

4π ∥p∥4
(
m̂c

⊤p̂I + m̂cp̂
⊤ + p̂m̂c

⊤Z
)

(B.3)

Fmc =
∂fm(p, m̂a, m̂c)

∂m̂c

=
3µ0 ∥ma∥ ∥mc∥

4π ∥p∥4
(
m̂ap̂

⊤ + m̂a
⊤p̂I + p̂m̂a

⊤Z
)

(B.4)

Tp =
∂τm(p, m̂a, m̂c)

∂p

=
3µ0 ∥ma∥ ∥mc∥

4π

(
S

(
m̂c

∥p∥3

)(
p̂m̂a

⊤
(
G

∥p∥

)

+

(
G

∥p∥

)
p̂⊤m̂a

)
+ S(Dm̂a)

(
m̂cp̂

⊤

∥p∥4

))
(B.5)
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Tma =
∂τm(p, m̂a, m̂c)

∂m̂a

=
µ0 ∥ma∥ ∥mc∥

4π ∥p∥3
S(m̂c)D (B.6)

Tmc =
∂τm(p, m̂a, m̂c)

∂m̂c

= − µ0 ∥ma∥ ∥mc∥
4π ∥p∥3

S(Dm̂a) (B.7)
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