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Chapter 1

Introduction

1.1 Motivation and Related Work

The magnetic actuation of medical robots has become a prevalent area of research that has
found its way to the clinical setting. The first use of computer guidance using magnetic fields
occurred in the late 1980s [8]. Magnetic fields provide a manner for applying forces and torques
across a physical barrier, which lends itself well to minimally invasive procedures. Intracorpo-
real magnetic devices can be both translated and rotated using fields generated by extracorporeal
sources. This also allows internal devices to maintain a small form factor as there is less of a need
for actuation mechanisms or energy storage. Company-developed magnetic medical robot systems
include the Niobe Stereotaxis system [9], the CGCI system from Magnetecs [10], and the Aeon
Phocus system [11], each of which targets electrophysiology and cardiac catheter steering, as well
as the NaviCam magnetic capsule system for gastric screening from Ankon Technologies [12].
Other applications from the research community include gastroenterology, opthamology, otolaryn-
gology, and cardiology [5, 13, 14, 15, 16]. The use of magnetic resonance imaging scanners has
also been investigated for actuating medical robots [17]. Recent advances in actuation systems and
control systems make further adoption promising.

The medical application of the work in this dissertation is the screening, diagnostics, and ther-
apeutics in the gastrointestinal (GI) tract, with emphasis on the large bowel. Diseases of the GI
tract account for 8 million deaths annually worldwide and include cancer, hemorrhages, divertic-
ulitis disease, GI infections, inflammatory bowel diseases (IBD), Crohns disease, ulcerative colitis,
among others [18, 19]. Being the second most common cancer in women, and third in men, colon
cancer makes up approximately a tenth of the annual global cancer incidence [20]. Studies have
shown that lower endoscopy and stool-based screenings reduce the risk of death, and that the ben-

efits of screening outweigh any risks associated with related procedures [20]. Lower endoscopies,



or colonoscopies, are carried out using a flexible endoscope (FE), Fig. 1.1, that consists of a semi-
rigid shaft that is pushed from the rear to advance through the curves of the sigmoid colon, up the
descending colon, around the splenic and hepatic flexures, down to the cecum. As the traversal
path of the FE is convoluted, a highly flexible actuation device is desired; however, the FE must
maintain rigidity to enable the translation of forces from the base to the tip. This typically results in
the stretching of colon tissue, which is the main cause for procedural discomfort. Furthermore, in-
stances arise when the tip of the FE does not translate while the endoscopist is advancing the shaft
of the FE. This internal motion of the FE often results in colon looping which further stretches
tissue and may cause tissue tears [21]. This internal motion is not intuitive to observe for the
endoscopist as visualization occurs only at the tip.

Technologies for tracking the shape of the endoscope’s body have been developed but are not
widely used in the United States. Colonoscopy is generally regarded as a safe procedure-a be-
nign intervention- in healthy patients with approximately 2% lifetime risk of complications from
the procedure; however, in cases where patient’s have been diagnosed with IBD, this risk rises to
12.7%, a significant increase [22, 23]. To reduce these numbers, a larger number of patients should
undergo screening but in many cases choose not to for reasons such as indignity of the procedure,
fear of related pain, bowel preparation discomfort, and a potential need for sedation [21]. The con-
cept behind actuating a FE has not changed significantly since it was first introduced in 1957 [24].
In recent years, there has been a push in both academia as well as the industry to make colonoscopy
more comfortable by preventing the application of excessive force to tissue, making the procedure
easier for patients, and eliminate the need for sedation. Some industry devices for diagnostics of
the lower bowel include the pressure-actuated GI-View Aer-O-Scope [25] and the inchworm-like
Endotics system [26]. Devices with the capability for intervention include Consis Medical’s inflat-
able semi-disposable endoscope [27] and the Invendoscope [28]. Several robotic approaches for
endoscopy have been investigated in the academic community including wheeled actuation, legged
crawling, propeller-based swimming, magnetic swimming, pneumatics, inchworm-crawling, and

others. [14, 29, 30]. This dissertation is centered around a robotic endoscopy system based on



Figure 1.1: A flexible endoscope

magnetic actuation that was previously developed by the STORM lab [31].

Motion of magnetic devices results from an applied magnetic torque and force. The applied
torque is proportional to the misalignment of a magnetic dipole’s magnetization vector from an
external magnetic field. The applied force is governed by the product of the flux density gradient
and the magnetization vector. Field sources can be generated using electromagnets or permanent
magnets where electromagnet-actuation relies on current control, potentially with motion control,
to achieve desired field properties and permanent magnet-actuation relies on the relative motion
of magnets to achieve a desired field and gradient. Electromagnets are typical in the actuation of
micro-scale devices [32, 33, 34], and occasionally in meso-scale applications [35, 36, 37]. Systems
that use electromagnets for actuation include MRI-scanners [36, 38, 39, 40] as well as custom-
built coil systems [41, 33, 42, 43]. Permanent magnets have been primarily used in meso-scale
applications (e.g. [44, 1, 45, 46, 3, 47]) and have an advantage of a more compact form factor as
compared to an electromagnet of similar strength characteristics. Systems that rely on translating
and rotating permanent actuating magnets are the focus of this dissertation. Magnetic actuation
of this kind will be referred to as “mobile-dipole” actuation throughout this dissertation; “mobile”

refers to the actuated motion of the actuating magnet, and “dipole” refers to the magnetic modelling
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Figure 1.2: Nomenclature of magnets and visual representation of the dipole fields of an IM and
EM, without superposition, as well as the force and torque that are imparted on the IM by the EM.

technique.

Systems that use extracorporeal permanent magnets for magnetic dragging and orientating in-
clude [48, 49, 50, 51, 44, 2, 3] while similar systems that rely on magnet rotation to achieve
rotating fields include [52, 45, 47]. A visualization of the magnetic interaction between an ex-
tracorporeal magnet (EM) and and intracorporeal magnet (IM) is shown in Fig. 1.2. The clinical
system Stereotaxis relies on external permanent magnets only for orienting devices [9]. While
permanent magnets are beneficial owing to their smaller footprint, lack of dependence on a power
supply for operation and their relatively low cost when compared to electromagnets, electromag-
netic systems offer more field control as their field magnitude can be varied. Magnetic fields have
been used for actuation of untethered [33, 44, 52] and tethered devices [53, 54], as well as catheters
and continuum robots [46, 9, 55].

The accuracy and precision of navigation using magnetic guidance relies on the estimation of a

mapping between applied fields and applied magnetic wrench (force and torque in Fig. 1.2), which



in turn results in a dynamic response. Attempts have been made to operate magnetic devices for
colonoscopy without such mapping, or rather an assumption of an ideal mapping (1-to-1) motion
where the internal device follows the external actuating magnet perfectly, but this has seldom been
successful, especially in environments where disturbances exist. Although diagnostic accuracy
using an “open-loop” magnetic colonoscopy system has been shown to be nearly on-par with
a traditional FE, the time of procedure drastically increased when using the magnetic system—
almost 3-fold [56]. A mapping between input fields and output motion has been studied using both
pose estimation of the actuated magnet [44, 47, 1, 2, 3, 53] as well as using Kalman estimation
techniques to directly map video feedback from the actuated device to actuating signals [57]. Both
of these methods facilitate a closed-loop (CL) control of the IM where losses of magnetic coupling
can be mitigated.

This work described in this dissertation is focused on advancing the state-of-the-art in mobile-
dipole magnetic actuation. The estimated pose feedback of the actuated device is used to imple-
ment and utilize CL magnetic control. This closed-loop effect allows for controlled maneuvers,
similar to the use of joint-sensors in rigid-link robots. This functionality open the possibility for
the use of autonomy in magnetic endoscopic procedures. Two chapters of this dissertation pertain
to the use of autonomy in two clinical applications; specifically, for an endoscopic maneuver and
for microultrasound imaging of GI tissue. The advent of robotic surgery and new technologies
such as flexible robots and machine learning has spurred considerations into the feasibility of the
use of autonomy for medical robotic procedures [58, 59, 60, 61]. The intent of the works in this
dissertation is to evaluate the feasibility of autonomous functionalities in the clinical workflow.
All methods presented here utilize Level 2, or task, autonomy where an operator makes all clinical
decisions and is always “in-the-loop” [59]. This dissertation contains demonstrations of the first

works in autonomy for magnetic robotic lower endoscopy.



1.2 Overview of Dissertation and Contributions

This dissertation is motivated by both a clinical shortcoming of existing technology and gaps
in literature pertaining to robotic actuation via mobile magnets. Overcoming knowledge gaps in
mobile-dipole actuation may enable clinical adoption of the technology to improve endoscopic
screening and therapeutics. Existing knowledge gaps include a lack of: (1) CL control of clinically
viable magnetic endoscopes, (2) compensation for mechanical effects of tethers in magnetic robots,
(3) possibility for endoscopic autonomy for magnetic robots, (4) consideration and analysis of the
effects of localization noise on magnetic CL control, (5) possibility for in situ diagnostics.

A clinical need exists for an endoscope that: (1) is actuated from the front as to eliminate the
need for a semi-rigid body and thus mitigates tissue stress that results from pushing such body
and may potentially eliminate the need for patient sedation, (2) has a tip with all functionality
of a standard FE, (3) can be steered and oriented precisely, and (4) can be retroflexed anywhere
in the lower bowel. To satisfy this need, the magnetic flexible endoscope (MFE) was developed
and is displayed in Fig. 1.3. The MFE system, a mobile-dipole system, is introduced here as it is
referenced in several chapters of this dissertation, specific technical details are provided later where
they are relevant. This system consists of a single extracorporeal permanent magnet (EPM) that
applies forces and torques on an intracorporeal permanent magnet (IPM) that is housed in the tip of
the MFE. The EM is mounted at a serial manipulator’s end-effector. Methods in this dissertation
include the kinematic control of both a 6 degree-of-freedom (DoF) (RV6SDL, Mitsubishi Inc.,
Japan) and 7 DoF (LBR Med, KUKA Deutschland GmbH) serial manipulator, shown in Fig. 1.4.
The MFE contains a tether to allow for the passing of standard endoscopic tools. Thhis tether is
composed of Pebax (Arkema) and the tip contains a cast urethane sleeve that serves as a mechanical
connection between the tether and rigid tip as well as a point of easier bending as the sleeve is
flexible enough to fold, which facilitates retroflexion. The device is highly flexible as shown in
Fig. 1.5. The majority of validation in this dissertation utilizes the MFE; however, the bulk of
the work applies to magnetically actuated endoscopes where the IPM is housed at the tip of the

endoscope.



Figure 1.3: Magnetic flexible endoscope system. The animated image is a courtesy of Dr. Addisu
Taddese.

This dissertation begins with a summary of magnetic actuation principles as well as magnetic
singularities that may arise when using a single-actuating-magnet that moves to translate a single-
actuated-magnet in Chapter 2. The use of magnetic CL control is discussed in Chapter 3 where
a case study for autonomous control using magnetic CL control is presented. Another clinical
application is presented next in Chapter 4 where magnetic control is integrated with microultra-
sound control to develop a controller for an endoscopic robot to enable robust imaging of the
submucosa. These works are the first demonstrations of task autonomy in robotic magnetic lower
endoscopy [59]. The final chapters of this dissertation are focused on analyzing magnetic control

methodology in terms of force uncertainty and tether mechanics estimation. Chapter 5 is dedicated



Figure 1.4: (a) Mitsubishi 6 DoF serial arm (RV-6SDL), (b) Kuka Medical 7 DoF serial arm

Figure 1.5: The MFE is significantly more flexible than a FE to facilitate safe and painless proce-
dures [5]. (a) The MFE next to a FE (b) the MFE holds a bend configuration (c) demonstration of
bending the MFE near its tip.



to discussions of the propagation of force uncertainty in the presence of localization noise. Chap-
ter 6 is dedicated to the investigation, and estimation, of the disturbance wrench that is applied by
a tether of a tip-actuated endoscope. The proposed method may enable computed-torque control
of an endoscope without the use of sensors for measuring the shape of a tether. The distribution of
chapters in this dissertation corresponds to contributions it presents to the field of medical robotics.
The contributions of each chapter are below. Please note that contributions of collaborators are

stated in the Acknowledgement section of this dissertation.

* Chapter 2: the characterization of magnetic wrench singularities in mobile-dipole actuation
in cases of misalignment between the actuating field and the actuated magnet’s dipole; pre-
vious singularity analysis has applied only to systems where field alignment was assumed,

but does not apply to cases where mechanical constraints may exist.

* Chapter 3: (1) co-development of a magnetic CL control system and (2) development and

evaluation of an autonomous retroflexion strategy for the MFE.

* Chapter 4: (1) the first demonstration of the servoing of a US probe using US feedback using
a robot with no rigid connection to extracorporeal hardware for actuation, i.e. magnetic
fields, (2) the first demonstration of robotic uUS-based servoing in the GI tract, and (3) the
development and in vivo evaluation of the first RCE capable of targeted pUS imaging of the

GI tract.

» Chapter 5: proposition of a methodology for analyzing force uncertainty in the presence
of localization noise as well as an algorithm that uses a redundancy resolution method for

minimizing magnetic force uncertainty.

* Chapter 6: proposition for a novel methodology for estimating the disturbance wrench that a
tether imparts on a tip-actuated endoscope to facilitate computed-torque control of a device
such as the MFE. This work includes a demonstration of sensorless shape estimation of the
distal shape of a tip-actuated endoscope as well as a preliminary demonstration of magnetic

control using an estimated parameter.
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Chapter 2

Mobile-Dipole Magnetic Actuation

This chapter provides an overview of magnetic modelling and a discussion on singularities in
magnetic actuation. Work related to this chapter resulted in the following publications: Refs [5,

13, 14, 6]. Material is reprinted with permission from Ref. [6] (OASME 2017).

2.1 Principles and Modeling

This dissertation concerns the use of EPMs that are moved through space to drag and orient an
actuated permanent magnet. The actuated magnet can be mounted inside a medical device that can
then be manipulated using fields generated on the outside of the body. A force and torque must
be applied on the actuated device to result in motion. To induce a desired translation and rotation
of the internal device, properties of field interactions must be known as to result in a desired
force and torque that cause the respective motion. As both the actuating and actuated magnets
are permanent, the material medium is assumed to be homogeneous, isotropic, and linear, and
magneto-static conditions are assumed [62]. This results in a curl-free and divergence-free field
as governed by V xh =0 and V -b = 0 of Maxwell’s Equations where 4 indicates magnetic field
intensity, b indicates the magnetic flux density, and V is the gradient operator [62]. Magnetic force
and torque can be computed from equations Eq. (2.1) and Eq. (2.2). The force is a function of field
gradient, while the torque is a function of misalignment of the actuated magnet’s magnetization
vector from the actuated field. Here, b, is used to indicate the magnetic flux density of the of the
EM at the center of mass of the actuated magnet. The magnetization vectors for the IM, m;, and
EM, m,, are constant as the material is hard-magnetic and defined by the residual magnetization b,

or remanence, the material’s volume V, and the permeability of a vacuum L, shown in Eq. (2.3).

f=(m;-V)b, 2.1)
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T=m; X b, (2.2)

1
m= —b,V (2.3)
Ho

To compute magnetic force and torque, an expression for the magnetic field of the EM is
needed. Many methods have been applied for modelling permanent magnets that include integra-
tion of the Biot-Savart law, use of the Current model, use of the Charge model, series multipole
expansions of fields based on scalar potentials, and finite element analysis [62, 63]. The simplest
expression is that of a point-dipole, the first term of the multipole expansion, that has a simple
analytic form as shown in Eq. (2.4) [64]. The point-dipole model can perfectly model a spheri-
cal magnet and its modelling accuracy for other magnet geometries increases with distance. The
magnets used in this dissertation are all axially magnetized cylindrical permanent magnets with an
equal diameter and length. Based on the size, typical operating distance, and length-to-diameter
ratio of the EM used in this dissertation, Petruska and Abbott showed that the dipole model error
is approximately 1% [63]. Another convenience of using the point-dipole expression is the ease
of analytic differentiation. The force and torque equations can be rewritten using the point-dipole
field definition, as shown in Eq. (2.5) and Eq. (2.6). In the case that several magnetic sources are
used for generating an actuating field, their field contribution can be linearly summed as magnetic

fields are vector fields. This is referred to as the superposition of fields.

0 A A
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Magnetic actuation can be applied by either magnetic pulling via field gradients while con-
trolling heading, or by applying rotating fields to helical designs to generate a threading effect.

Both methods have been investigated at the nano, micro, and meso scales. Magnetic pulling, or

12



dragging, results in direct force-to-motion mapping, while the use of rotating fields relies on the
mechanics of threading, thus requiring circumferential contact with the mucosa. As magnetic
torque magnitude decays in distance slower than force, rotational methods have a workspace ben-
efit as the spacing between the EM and IM can be greater [65, 66, 67]. Both methods have been
shown feasible for CL control in the meso-scale [47, 53]. Motion of the MFE relies on magnetic
dragging and orienting. To command a desired motion, a desired wrench must be decided that will
result in a dynamic response equal to the desired motion. The input to the dynamic system is a
magnetic wrench, while the output is motion of the IM. The precise relationship between wrench
and motion is not modelled, but rather, care is taken in choosing a wrench in the direction of de-
sired motion and feedback control is used to compensate for magnitude errors. This method is
chosen as the bowel is a tumultuous environment with many constraints. Previous work shows that
this assumption is valid [44, 53]. Once a desired change in motion is chosen, a change in magnetic
wrench can be applied that will result in that motion.

To compute the inverse problem of finding magnet motions that result in a desired wrench,
magnetic wrench equations can be differentiated with respect to magnet motion. The mathematics
for the following linearization is detailed in the dissertation of Dr. Addisu Z. Taddese [68]. Certain
relations are repeated here for clarity as they are referenced in following chapters. This method is
an extension of Mahoney and Abbott’s [44] work where they developed an analytic expression of

this linearization for force and headings, as shown in Eq. (2.7).

op
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This work extends Abbott’s to include a consideration for magnetic torque which is relevant in
cases where the IM’s heading is not aligned with the EM’s field. It should be noted that the Jacobian
expression can be separated such that one Jacobian, J., represents the partial derivative of wrench

with respect to EM motions, and another Jacobian, J;, similarly concerns motions of the IM, as
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shown in Eq. (2.8). A dependence between these Jacobians exists as the position vector between
the magnets is related by p = p; — p.. This relation will also cause one of the corresponding
Jacobians to have a negative value. It should be noted that such trivial of a relationship does not
exist between the magnetic moment vectors, or headings, as any rotation in a magnetization vector

about an axis orthogonal to its heading will result in both a rotation and translation of its field at a

distance.
d d
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of of of of
Sw— Jp. Jm, | 0 5pe " Ip;  ony I 0 5P1
o gue [0 s [ | |55 G [0 sowT] o]
. |Op . | op
=3 | | +E|

where S(a) € s0(3) denotes the skew-symmetric form of the cross-product operation.

The terms dw, and 6w; in Eq. (2.8) can be interpreted as the changes in wrench that result from
respective changes in EM and IM pose. As the IM moves relatively slow in magnetic endoscopy,
the Ow; term can typically be ignored. To compute the desired pose, the actuation Jacobian, J.,
must be inverted. It should be noted that J, is of rank 5 owing to the inherent system singularity

of inability to apply a torque by rotating the EM about its own axis. This is a result of the dipole
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Figure 2.1: The red plane represents the singularity plane, the blue cylinder represents the outer
shape of a cylindrical permanent magnet. The pink line represents the axis of singularity, while the
blue lines are the magnetic field.

field’s symmetry about its magnetization axis, as shown in Fig. 2.1. This degree of redundancy can
be utilized for secondary tasks such as reconfiguration of the serial manipulator to which the EM is
attached. This results in a wrench-wise internal motion, while the motion of the serial manipulator
is not truly internal as its end-effector moves. As J, is not full rank, an inversion technique that
minimizes the norm of pose changes can be used. A weighted right pseudo-inverse with damping,
o, is shown in Eq. (2.10). Without the numerical singularity compensation, i.e. damping, this
expression locally minimizes the least-squares constrained objective function shown in Eq. (2.11).
Here, 0x, is a stacked vector that includes op, and m,. The matrix W in these expressions is a
diagonal weight matrix whose terms can be used to adjust preference for component to minimize.

This is relevant in this magnetic actuation control as 0x, contains units of length and heading.
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The relation in Eq. (2.10) results in 5 DoFs of control. As Earnshaw’s theorem states that stability
cannot be achieved solely with magnetic fields, the IM’s position cannot be controlled in the attrac-
tive direction, thus the system at hand inherently has 4 DoF. The presence of a damping medium
and counter-force can be used to stabilize motion as was done in Mahoney and Abbot’s work to
achieve the third translation DoF [44].

The 4 DoF control of the IM is applicable instantaneously; however, full wrench control is
limited by a bound on EM velocity. As wrench control in mobile-dipole actuation relies on magnet
pose control, the application of an arbitrary force and torque requires the motion of the EM. If
the EM could be translated and rotating without velocity bounds, any desired magnetic wrench
could be applied instantaneously (assuming the IM does not change configuration in this time).
In practice, the velocity of the EM is bounded, and preferably slow owing to the proximity to the
patient. The result is a limitation on the instantaneous magnetic wrench that can be applied on
the IM. The magnetic forces and torques applied on the IM must be continuous, which prevents
the application of any wrench on the IM. This may result in instances of the EM being positioned
a large distance away from a configuration where a desired wrench may be applied on the IM,
resulting in a period of necessary EM translation and rotation. During this intermediate EM motion,
the IM continuously shifts in response to the changing wrench. This interplay of EM and IM
motion may pose control difficulties that may be addressed via path-planning methods. This effect
will be hereafter referred to as the EM velocity-wrench bound.

Analyzing the Jacobian J, can provide insight into the implications of instantaneous motion.
Although analysis of differential mapping is common for motion analysis of rigid-link robots via

manipulability or sensitivity ellipsoids [69, 70], it has been seldom investigated in magnetic robots.
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Although this will be the topic of Chapter 5, the concept is introduced here as most chapters involve
some interpretation of “better” ways to move the EM. Knowing that the field relationships can be
analyzed similar to those of twists and joint speeds of rigid-link robots, the reader may benefit
from a more intuitive interpretation. Sub-Jacobians, such as J.,, € R? which is a linear mapping
between change in EM position and change in magnetic force, are first analyzed. The singular
value decomposition, SVD, of this Jacobian is UXVT where U and V are two orthonormal spaces
where the columns of U are called left-singular vectors and the columns of V are called right-
singular vectors. The diagonal of ¥ contains the singular values, s;, of the Jacobian which are
arranged such that s > s, > s3. A singular value of zero indicates a loss of rank, and thus gain of
degree of nullity.

In terms of magnetic actuation, the left-singular vectors indicate the directions of applied
wrench that correspond to singular values i.e. @i is the direction in which s; is relevant. Like-
wise, the right-singular vectors indicate the respective direction of applied twist. An example of
a differential mapping using J. is shown in Fig. 2.2. Here, the IM and EM are in a fixed config-
uration and the mapping visualized is J.,,. The magnetic moments, or headings, of the magnets
are represented with black lines. An assumption is now made that the EM is translated in a sphere
of all possible directions, each of the same magnitude. This set of motions will produce a set of
changes in torque imparted on the IM, which is shown in green in Fig. 2.2. The input motions are
shown in magenta. Although these input motions are made up of vectors in a uniformly distributed
set of directions as to make a sphere given a translation, the magnitudes here are scaled in propor-
tion to the resultant torque magnitude effect. In other words, the longer a magenta vector is, the
more impact a motion in that direction had on changing torque magnitude. The directions of EM
motion that are most meaningful can thus be visualized. In Chapter 3 this concept is used to an
advantage to impart a high-magnitude torque on the IM to retroflex the MFE; or in other words,

command the MFE’s tip to invert as to obtain a retrograde view of the lumen.
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Figure 2.2: Three views of the actuation space of an EM when actuating an IM. The poses of the
IM and EM are identical in all views, only perspective changes to convey 3D information. The
magenta shape represents translation of the EM, while the green shape represents torque imparted
on the IM. The black lines are respective magnetic moment vectors i.e. headings of the dipoles.

2.2 Mobile-Dipole Singularities

Typically, magnetic devices can be controlled in either 4 (as is the case for the MFE) or 5 DoFs:
2 or 3 positional DoFs and 2 orientation DoFs. Recently, Diller et al. developed a method for 6
DoF magnetic actuation although this involves complexity in non-uniform field distribution [71].
The following text includes a consideration that has been taken to address the inherent torque

singularity (Section 2.2.1) and a discussion of magnetic kinematic singularities (Section 2.2.2).

2.2.1 Compensation for Field-Symmetry Singularity

The position of the IM inside a device impacts the behavior of this device. In the case of
the MFE, the IM is offset from the central axis of the device for purposes of compactness. If
the magnet would be in the center of a cylindrical shape, there would be no preferential roll of
the device. However, as the dipole is offset from the center, an additional axial torque exists that
results from the relation 7, = R}'r,, x f where r, indicates the dipole offset from center of cylinder,

R is a rotation matrix that maps coordinates from the MFE’s local tip frame to the world frame, and
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f is the magnetic force. To determine if this axial torque could be modeled via the dipole model
and the geometric relation, set of experiments was conducted. The experimental setup is shown in
Fig. 2.3 where Fig. 2.3(a) shows the position displacement of the IM as well as a schematic the
resultant roll wrench and Fig. 2.3(b) shows the experimental setup that was used to characterize the
roll wrench. The EM was programmed to move through a 3 by 3 grid of points. The EM stopped
at each point while force data was recorded using a force and torque sensor (Nano 17 SI-25-0.25,
ATI Technologies). The experiments were repeated with the capsule rolled at 30° increments. The
theoretical and experimental results of this experiment are shown in Fig. 2.4 [6]. The theoretical
result was obtained using the point dipole model. The higher torque values shown in the top plot
in Fig. 2.4 occur when the EM is directly on the side of the IM i.e. indexes 4, 5, and 6. The torque
in other configurations is significantly lower.

The experimental results, shown in the bottom plot of Fig. 2.4, support the theoretical result
at indexes 4, 5, and 6; however, deviation occurs at other configurations. This is likely due to the
sensitivity of the result to ideal positioning of the IM i.e. an error in IM position may have a sig-
nificant impact on the result. Furthermore, during a set of 5 trials where the MFE was commanded
to follow a straight-line trajectory autonomously, the offset vector r, was always within 45° of the
vertical, suggesting that this axial torque is sufficient to bias the MFE’s roll orientation. This was
observed when the magnitude of r, was 1.85 mm, which is less than 10% of the devices diame-
ter. While a pure axial torque exists in the MFE as it is cylindrical, other non-symmetric shapes
would cause different behaviour. This topic is addressed again in Chapter 4 of this dissertation
where sensors are placed on one side of a robotic capsule endoscope and this axial torque is used
to encourage sensor-tissue contact.

As a torque can be applied only in 2 DoF, and thus on a plane, it may be of interest to change the
orientation of this plane respective to the geometry of the device’s tip. In the case that a magnet’s
moment vector is oriented at, for example, a 45° with respect to the device’s central axis, the torque
singularity is shifted off of the roll direction. Rotation about axes closer to the central axis of the

controlled device become feasible. To avoid the device rotating without control about the new axis
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of singularity, a mechanical constraint, e.g. tether pull, can be applied. This method has been
observed for controlling the roll of a device; however, it is only applicable in a small roll range.

Alternative solutions, such as the implementation of 6 DoF control [71], are more robust.

Magnetic force and
resulting moment

R

Force-torque
sensor

(b) Experimental setup

Figure 2.3: Experimental setup for characterizing roll torque that exists owing to misalignment of
the IM with the center-line of the cylindrical MFE tip (a). The actuating permanent magnet, or
EM, gathered data at each of the blue locations shown in (b). (©2017 ASME [6])

2.2.2  Mobile-Dipole Kinematic Singularities

The magnetic singularity that arises owing to field symmetry about the magnetization axis is
well known. The following section is an investigation into additional singularities that arise from
a drop in the rank, Eq. (2.12), of the magnetic Jacobian in systems where a single EPM actuates an
IPM.

rank(J.) < max(rank(J.)) (2.12)

Prior work has shown that no singularities exist apart from singularities of the manipulator on
which the EM is mounted; however, the authors made an assumption that the IM aligned with
the external field owing to the IM being suspended in liquid [44]. In the case that the IM is
not tetherless and suspended in an environment with little disturbance, this assumption may not
hold. Singularities in actuation via a single stationary electromagnet were discussed in Ref. [64]

where the authors defined a force singularity that exists when the tool’s, or IM’s, dipole moment

20



Theoretical Force-Induced Torque

—Index 1
~=Index 2
Index 3
Index 4
=—Index 5
Index 6
=Index 7
—[ndex §
|==Index 9|

x

Mean Torque [mN-m]|

] 50 100 150 200 250 300
Mean Roll Angle [deg]

Measured Axial Torque

g |=Index |
f, |—Index 2

Index 3
" |=—Index 4
—Index 5

Index 6
—Index 7
=Index 8
—Index 9

Mean Torque [mN-m|

0 S0 100 150 200 250 300
Mean Roll Angle |deg]

Figure 2.4: The force-induced torque was recorded at all indexes (EM configurations). The the-
oretical estimate was calculated using the point dipole model (top). The measured values most
closely support the theoretical estimate at indexes 4, 5, and 6 (bottom). (©2017 ASME [6])

is orthogonal to the position vector between the EM and IM, and force can only be applied on
the plane spanned by the tool’s dipole moment and the position vector. However, when using a
mobile EM, this singularity condition does not apply as the EM can be translated to apply force
in any direction, apart from specialized cases that will be further discussed and do not necessarily
satisfy the aforementioned position vector constraint. Similar analyses have been done on systems
with several electromagnets: Petruska and Nelson demonstrated that eight static electromagnets
are necessary for 5 DoF control of a magnetic device without orientation-dependent singularities
that have been encountered by groups in the past [72]. The aim of this section is to characterize
any singularities that may exist by studying the Jacobian mapping between EM motion and the
wrench imparted on the IM. This characterization is relevant to the design of magnetic actuation
systems, especially when the IM may be subject to mechanical constraints.

The characterization here will concern the Jacobian J, and its component Jacobians, i.e. J. o

as defined in Eqgs. (2.8) and (2.9). To study the impact of the Jacobian irrespective of the exist-
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ing magnetic force or torque or distance between magnets, each Jacobian is normalized as done
in [44]; this can be seen below in Eq. (2.13). A scalar singularity compensation value o is used
to compensate for cases of the force or torque magnitude being null. It should be noted that these
multiplication operations do not affect the rank of the matrix. Additionally, pre-multiplying a diag-
onal scales the row of the Jacobian by respective diagonal elements, while post-multiplying scales

the columns.

1
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To determine singular configurations, “particular’” configurations are selected that are reason-
ably expected to represent all possible configurations; these are shown in Fig. 2.5. An analysis
was conducted of all Jacobians of J, with results shown in Table. 2.1. The results of the analysis
is listed by pose number and correspond to the poses shown in Fig. 2.5. A typical result is listed
at the top of the table and is computed at a configuration of magnets where the magnetic moment
vectors are not aligned or orthogonal, and the position vector is not aligned with a singularity axis
or orthogonal to moment vectors. Results that are out-of-ordinary are in bold and shown in red.
It should be noted that not all poses shown in Fig. 2.5 are unique, and thus redundant information
may be present in Table. 2.1.

A force Jacobian singularity occurs in pose 9, which is identical to poses 12 and 15. A force
of zero is observed in pose 13. Null torques can be observed when the magnetic moment vectors
of the IM and EM are aligned. The ranks of the sub-Jacobian, e.g. jefp € R3, are shows as cases
may exist where an actuating EM may not have all DoFs owing to system design or a singularity
in the actuating manipulator. Although a singularity is defined by loss of DoF, or reduction in
Jacobian rank, poorly conditioned Jacobians are of just as much interest. Rigid-link manipulators

suffer concrete losses of DoF in the vicinity of singular configurations in the sense that, although
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Figure 2.5: Relative poses of interest of the IM and EM where “pose” is defined by relative position
and heading. Although not every configuration shown is singular, visualization of all poses is
helpful in understanding the cause of singularities. Here, m; shows in various configurations while
m, is shown only once, for clarity, at the origin.

manipulability may be low, motion in an ill-conditioned direction still occurs. Alternatively, in
magnetic actuation, owing to the ”link” being magnetic rather than rigid, an inability to apply
sufficient wrench, albeit some may be applied, may not result in device motion owing either to
static friction, inertial effects, an environmental constraint, or device mechanics e.g. stiffness of
magnetically steered needle. Thus, the region around singularities are just as important as strict

singularities in magnetic actuation.
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Table 2.1: Ranks of mobile-dipole Jacobians in various poses as shown in Fig. 2.5. Here, "rk”
denotes “rank” and "nz” denotes "non-zero”.

Poseno. rk(Jp) rk(J) rk(za) rk(SD) rk(3E) k(S5 [F] 7l
Typical | 3 2 3 2 2 2 nz nz
1 3 2 3 1 1 2 nz 0
2 3 2 3 2 2 2 nz nz
3 3 2 3 2 2 2 nz 0
4 3 2 3 2 1 2 nz nz
5 3 2 3 2 2 2 nz nz
6 3 2 3 2 2 2 nz nz
7 3 2 2 2 1 1 nz nz
8 3 2 3 2 2 2 nz nz
9 2 2 2 1 2 1 nz nz
10 3 2 2 2 2 1 nz nz
11 3 2 3 2 2 2 nz nz
12 2 2 2 1 2 1 nz nz
13 3 2 2 2 2 1 0 nz
14 3 2 2 2 2 1 nz nz
15 2 2 2 1 2 1 nz nz
16 3 2 3 2 2 2 nz nz
17 3 2 3 2 2 2 nz nz
18 3 2 3 2 2 2 nz nz
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Chapter 3

Control of Magnetic Devices

This chapter contains an overview of magnetic CL control that was co-developed under lead-
ership of Dr. Addisu Z. Taddese [68] and used in the following work in this dissertation. This
overview is followed by a case-study of magnetic CL control that is extended to procedural au-
tonomy. This section begins with a detailed outline of the platform originally introduced in Chap-

ter 1.2. Work related to this chapter resulted in the following publications: Refs [1, 2, 53, 3, 73].

3.1 Magnetic Flexible Endoscope

The MFE platform is used in experiments throughout this chapter. Although the earlier control
works used a previous version of the magnetic device, magnetic properties are identical and me-
chanics are not included in control, so all results apply equivalently. The system, shown during an
animal trial in Fig. 3.1, consists of an IM mounted inside the MFE, along with an EM mounted at
the end-effector of an industrial serial manipulator (RV6SDL, Mitsubishi, Inc., Japan). The IM is
a Neodymium Iron Boron (NdFeB) N52 grade permanent magnet with a diameter and length of
11.11 mm (D77-N52, K&J Magnetics, USA). Similarly, the EM is an NdFeB N52 grade permanent
magnet with a diameter and length of 101.6 mm (ND_N-10195, Magnetworld AG, Germany). Both
magnets have a residual magnetization of approximately 1.48 T. System control is implemented
using Robotic Operating System (ROS) middleware [74]. The majority of software is written in
Python owing primarily to the ease of use of the NumPy library for linear algebra. Simulations for
all experiments were conducted using Gazebo [75], an environment that is compatible with ROS
and contains a physics engine. Dr. Addisu Z. Taddese developed a magnetic interaction plugin for

Gazebo that was used throughout this work.
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Figure 3.1: The MFE system has all functionality of a traditional FE. Here, the system is shown
during an animal trial [5].

3.2 Trajectory-Based Control

Magnetic CL control serves the purposes of (1) reducing tracking error and (2) reducing cog-
nitive burden from an operator. The long-term goal of the project is to allow an operator to specify
motions via joystick and for the system to move the MFE towards the desired goal. On the con-
trary, when using open-loop (OL) control, an operator would watch the output screen of the MFE,
navigate the EM, and hope that the MFE followed owing to strong magnetic coupling. If coupling
is lost, the operator would have to return the EM to the original pose and try again. Closed loop
control was implemented in this work for tracking trajectories with both commanded positions and
velocities.

Closed loop magnetic control is implemented here using formulations similar to Egs. (2.8) and
(2.11) where the desired infinitesimal change in wrench is chosen as to result in some desired
motion. In a work that focused on position control, a proportional-integral-derivative (referred to

hereafter via function pid()) controller that acted on error in position and orientation was used,
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shown in Eq. (3.1) where e, = p;,,,;., — Pi indicates position error and e, = m; X ﬁdesi,ed where
Dyesireq is the desired IM heading. Here, a trajectory was defined by a set of points on both a line
and a sine curve while the heading of the IM was commanded to be tangent to the curve.

In a work that focused on velocity control, a similar method was applied with the controller
acting on errors in velocity and orientation, shown in Eq. (3.2). Here, a trajectory was generated
using a cubic spline that was defined by a set of points. While a velocity controller was used
for forward motion control, a position controller was implemented to keep the IM on its path.
Here, t indicates the tangent direction to the path, h indicates the normal direction to the path,

and e, — p; is error in velocity. This strategy was motivated by quad-copter trajectory

= pidesired
execution techniques. In the velocity controller, The applied magnetic force was removed from the
control terms in order to reduce the amount of inherent integration in the system as the controller

output is change-in-force, rather than force itself.

6fdesired o pid(el’) (3 1)

6Tdesired pid(eo)

S Josired _ pid(e,)t+pid(e,)h —f 32)
O Tdesired pid(e,)
Here, f indicates the current applied magnetic force. A similar controller to Eq. (3.2) was used in a
disturbance rejection trial where the MFE’s body was physically perturbed and the MFE returned
to its original trajectory in Ref. [53, 68]. These control works were successful during bench-top

trajectory following trials and, in general, served as a confirmation that the presented methods are

feasible for magnetic CL control.

3.3 Towards Autonomy in Robotic Endoscopy: Retroflexion

This section concerns the application of magnetic CL control to complete an autonomous ma-

neuver. One maneuver that is expected to be difficult for an operator to complete manually is the
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retroflexion of the MFE, or turning the tip of the device 180° such that it can visualize and perform
therapy on the back of colonic folds. Typically, retroflexion using an FE is practiced only in the
wider proximal and distal ends of the large intestine owing to the stiff nature of the colonoscope.
There, the FE uses wall to bank the body to obtain retrograde visualization. This inability to ex-
amine the proximal side of the majority of colon folds contributes to today’s suboptimal colorectal
cancer detection rates. The use of the more flexible MFE facilitates the ability to retroflex any-
where with relative ease; however, is technically challenging as magnetic torque must be applied
in a proper manner. The algorithm presented results in the EM undergoing motions that both apply
as large of a wrench as possible on the IM, while also reducing the heading error from the desired
(retroflexed). The following section details a real-time magnetic wrench optimization algorithm
for the retroflexion of the MFE. The methods and results in this section were published in Refs. [3]
(©2017 1IEEE. Reprinted, with permission, from Slawinski, Piotr R and Taddese, Addisu Z and
Musto, Kyle B and Obstein, Keith L and Valdastri, Pietro, Autonomous Retroflexion of a Magnetic

Flexible Endoscope, IEEE Robotics and Automation Letters, 07/2017) and [73].

3.3.1 Motivation for Autonomous Retroflexion

Adenoma, or benign tumor, detection rate (ADR) during colonoscopy has been shown to be a
predictor of the risk of cancer developed between routine screenings [76]. Although ADRs are over
25% for men and 15% for women, most experts agree that these can be improved. A 1% increase
in ADR has also been shown to coincide with a 3% decrease in the risk of cancer [77]. Although
the use of the flexible endoscope has been the standard diagnostic tool for over 50 years, adenoma
miss rates of 15 to 41% have been reported [78, 77]. These low performance rates are hypothesized
to result from polyp positioning on the proximal side of folds and flexures [78]. Retroflexion is a
maneuver where the endoscope is rotated backwards inside a lumen for an improved endoscopic
view behind folds and, owing to the stiff nature of the traditional endoscope, is typically only
practiced in the proximal and distal ends of the colon where the lumen diameter is largest. The

maneuver is recommended by the American Society of Gastrointestinal Endoscopy and labeled as
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an “essential” element of colonoscopy [79]. Additionally, past studies have shown that retroflexion
cannot be replaced by extensive endoscopy manipulation since it is inadequate for viewing behind
folds [80].

Retroflexion using a tethered magnetically actuated capsule was demonstrated in previous work
using OL teleoperation [81]; however, the lack of position and orientation feedback of the de-
vice resulted in a steep learning curve and long procedure duration. Developing an autonomous
retroflexion maneuver is crucial to the procedure to reduce adenoma miss rate. To facilitate the abil-
ity of the endoscope to respond to environmental disturbances, i.e. contact with tissue or motion
of the patient, decisions on the motion of the tip of the endoscope should be made algorithmically
in real-time, eliminating any teleoperative input from the user for the specific task of retroflex-
ion. Additionally, an autonomous system reduces the level of experience required to perform the
maneuver, thus maintaining the focus on diagnostics during retroflexion training rather than endo-
scope maneuverability. Crucial to this aim are real-time localization and CL control of the tip of
the endoscope, both demonstrated previously by STORM lab [82, 1, 83, 2] and others [84, 85, 44].

In the sections that follow, an algorithm is presented for autonomous retroflexion of the MFE
with validation conducted on experimental setups of increasing complexity. Using real-time mag-
netic localization [82], the tip of the endoscope, starting from a straight alignment with the lower-
bowel lumen, is retroflexed by a magnetic wrench applied from an EM that is attached to a 6 DoF
industrial manipulator as seen in Fig. 3.2. The algorithm, running at a rate of 65 Hz (real-time), op-
timizes the magnetic wrench that is applied on the device’s tip so as to drive the endoscope toward a
target pose, as a function of end-effector motion. The contribution of this work is the optimization
of the end-effector motion in task space making it more suitable for applications where task-space
constraints (e.g. avoiding collision with the patient’s body) exist. Further, in prior STORM lab
work [1, 2], the error term for the CL orientation controller was defined by the cross product of the
current and desired heading vectors. While this error term describes the shortest angular path be-
tween the heading vectors, it is not necessarily the most efficient for magnetic manipulation. This

work shows that a more efficient error term can be found, especially in the context of retroflexion.

29



External
Permanent

“3x#® Endoscope

v--*

Figure 3.2: Platform used to develop and evaluate the autonomous retroflexion algorithm. Here,
the MFE (magnetic endoscope) is in a retroflexed configuration inside a clear acrylic tube. External
to the tube is a serial manipulator with an EM mounted at its end-effector. (©2017 IEEE [3])

3.3.2 Algorithm Description

When implementing magnetic heading control, torque application is of interest. To apply the
strongest torque possible, a magnetic field should be applied on the IM that is orthogonal to the
heading of the IM. This is non-trivial in the case of permanent magnets as the field at the IM cannot
be instantaneously changed to any desired one, but rather, must be incrementally achieved. This
is an example of a limitation of the EM velocity-wrench bound that was outlined in Chapter 2.2.
To compensate for this, an algorithm is proposed that applies the largest possible instantaneous
torque that also reduces IM heading error. However, it must be noted, that the instantaneous axis
of rotation of the IM is typically not the one that results in the shortest angular path towards the

retroflexed heading. In other words, the IM is rotated along a longer, indirect, path so that more
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torque can be applied during the rotation.

The proposed algorithm consists of an optimization of the twist of the EM such as to impart
the largest magnetic wrench possible that results in the retroflexion of the MFE. A Jacobian J.,
defined in Eq. (2.9), is used to map twists of the EM to the infinitesimal wrench imparted on the
IM. While the aforementioned control strategies in Chapter 3.2 consisted of the inversion of J, to
compute the necessary EM motion, here, the system not only computes an EM twist from a desired
wrench, but also computes what this wrench should be. This is the main conceptual difference from
previous approaches and the method answers the question: “Which EM motion will result in the
best implementation of the MFE’s task?”.

This implementation relies on maximizing the change in wrench, at each time step, such that
the MFE is reteroflexed towards a desired heading m;,, . Here, the EM twist is optimized. The
benefits of optimizing over end-effector motion are the ability to act on and constrain EM motion
directly as well as to weigh optimization contributions to favor linear or angular EM motion. This
is because magnetic force and torque are functions of both relative positions and orientations of
both magnets, and thus, torque can be increased by either rotating the EM or translating it in the
proper direction. The height of the EM is kept constant throughout a retroflexion maneuver.

Given the discrete positions of the IM and EM, the linear and angular velocities of the EM, x, €
R®, are optimized such that an infinitesimal wrench step reduces heading error; this heading-error-

reducing direction is referenced using the subscript “dir” in the objective function of Eq. (3.3).

2
6fdir

OTyir (3.3)

maximize
X,

subject to  |[Wek.||> = a constant

Here, the diagonal weight constraint matrix W, € R%*% is used to specify how much the solution
should favor translation or rotation of the EM. The constraint is applied to facilitate the computa-

tion of the maximum magnitude wrench that results from a fixed amount of motion of the EM. The
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optimized vector has multiple units: m/s for linear EM velocity, and radians/s for angular EM ve-
locity. This unit mismatch has the same impact as the linear and angular components of a Jacobian
being in disproportion. The weight matrix W,. is used to eliminate the effect of unit inequality by
scaling up the linear weight. By choosing an optimized X, in the heading-error-reducing direction,
the maximum possible infinitesimal wrench is applied that moves the tip such that heading error is
reduced.

A set of projection matrices was utilized in the optimization problem to implement the direc-
tion preference in the objective function. To specify the favored directions in force and torque, a

projection matrix Py, € R®*% is utilized which results in the formulation shown in Eq. (3.4).

Sfdes ~
:Swdes = WftPftJeWEMSXe

O Tes (3.4)

:J() 5Xe

Here, J, denotes the weighted and projected Jacobian used for the optimization, and P, is com-

posed of three projection matrices: Pr, Pr, and Pg, all € R3 X3, shown in Eq. (3.5).

Pr
P = (3.5)

PrPr

The projection matrix Pr is used to specify a desired direction of force application. Applying
a small force in the direction of the desired heading assists in reducing the heading error. This
is likely attributed to the effect of the body of the endoscope anchoring against the wall of the
colon after its tip has retroflexed more than 90°. This projection is used only in the final 30° of the
maneuver and is otherwise maintained as an identity matrix, thus the desired infinitesimal force
is passively determined with proper torque application being favored. This matrix is defined as

A AT
PF - mldesmi

., The infinitesimal torque direction is optimized under a number of premises as
es

described below. A visualization of the concepts at hand is provided in Fig. 3.3.
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Figure 3.3: Schematic visualization of the DoFs of magnetic torque application by the EM onto the
IM. P, shows the plane on which the actual applied torque lies and Pr and Pg are a visualization
of the projection matrices used in the optimization. (a) and (b) show the effect of Pr and Pg,
respectively, along with the applicable torque plane P, during the initial stage of retorflexion,
while (c) and (d) show these concepts towards the end of retroflexion. Here, the subscript “c”
corresponds to “capsule”, which, in this work, was the terminology used for the device that houses
the IM. (©2017 IEEE [3])

1. Owing to the symmetry of the EM, no torque can be applied in the direction along my;; thus

the set of applicable torques must lie on plane P,,. as seen in Fig. 3.3.

2. A torque applied in the direction of m;,, does not assist in reducing heading error; thus the

plane orthogonal to h;, , P7 in Fig. 3.3 (a, ¢), is preferred for direction of torque application.

3. The ideal axis that reduces heading error is defined by ¢ = mmy; x 1 - An axis that is
chosen to be orthogonal to ¢ can reduce heading error; however, cannot eliminate heading
error completely if this axis is not continuously changed and is thus not preferred. This
not-preferred axis is defined as € = m;,, x ¢. Rotation about & causes rotation away from
the desired heading owing to it being orthogonal to m;, . The torque axis is desired to be

orthogonal to & and thus on plane Pg as shown in Fig. 3.3(b, d).
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Other projection matrices are defined as follows: Py =1 —m; desﬁlges, Py =1—k.éé" where k,
is a scalar that is used to weigh the effect of Pr. This optimization process to find a “strongest”
wrench can be thought of as searching the plane of applicable torques, P,,., and choosing X, that
imparts the largest projection of infinitesimal torque onto projection planes Pr and Pg. Fig. 3.3
(a, b) show these projection planes at the beginning of the retroflexion, while Fig. 3.3 (c, d) show
these planes at the end of the retroflexion.

During the beginning of retroflexion P, is closely aligned with Pz, therefore the use of Py
is prioritized by setting k, to 0, which is maintained until the midpoint (90°) of the retroflexion.
From the beginning to this midpoint, P7 increasingly favors the infinitesimal torque to align with
¢ owing to the projection plane P becoming orthogonal to P,,.. On the contrary, as the tip of
the endoscope is rotated from the midpoint to the desired heading, the opposite occurs and ¢ is
favored less and less. When this happens, the algorithm does not punish the the torque axis having a
large component along &, which has the adverse effect of increasing heading error. To compensate
for this effect, the effect of Pg is scaled up by increasing k. linearly from O at the midpoint of
retroflexion to 1 as the endoscope becomes aligned with the desired heading. The symmetry of the
EM inherently limits us to 2 DoF in torque, i.e. vectors on P,,. plane in Fig. 3.3, and P7 and Pg
do not eliminate a full DoFs but rather assist in specifying preferred directions of torque.

It should be noted that, in Eq. (3.3), the infinitesimal changes in wrench are used in the opti-
mization, rather than the absolute wrench. Thus, at each time step, the algorithm does not attempt
to achieve the maximum force and torque, but rather their respective change. The reader may
notice that the aforementioned projection matrices are used to project the Jacobian that relates
changes in wrench to changes in EM twist, while the projection matrices are computed by con-
sidering directions of force and torque application. A question may be raised about the disparity
between the absolute wrench and the infinitesimal changes in wrench; however, the optimization
of the differential wrench facilitates the development of the absolute force and torque directions to
be within the constraints defined by Py;. This can be thought of as the algorithm computing the

directions for the existing magnetic wrench to “grow”.
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The diagonal weight matrices Wgys € R%*% and Wy € R6X6, seen in Eq. (3.4), are used for
both designating preferred DoFs to act on, or completely constraining the solution. Wgj, can be
used to punish unwanted EM motion by setting corresponding weights between 0 and 1. Setting
a diagonal element of Wgjy, to O results in the respective EM velocity DoF not influencing the
resulting infinitesimal wrench, while setting a diagonal element of W ¢, to O results in the respective
infinitesimal wrench being 0. To demonstrate how such weights can be used, in this application
the third through sixth diagonal elements of Wgy, are functions of the angle between the world
vertical axis and the manipulator’s last link. This is a simple method to prevent contact of other
robot links with the patient. The diagonal matrix Wy, allows for discriminating force and torque
effects that dictate which components of the magnetic wrench to optimize. In other words, one can
specify whether a higher torque or force application is preferred in a certain direction over another,
an example of which is the desired avoidance of lateral force on the colon.

A solution for Eq. (3.4) must be computed. A simple inversion of J, is not satisfactory as
the desired wrench is unknown. In the interest of real-time computation, Lagrange multipliers are

used, with the Lagrange function shown in Eq. (3.6).

L(8%0, M) = || 6Waes||* — A | WeOxe ||*
= SWZeSSWdeS — /ISX;IWIWC»Sxe (3.6)

= 6x. J1J,6x, — AOx. WIW..5%,

Standard means of setting a scaled gradient equality are used as follows:

(5XEJEJ05X6) =1 (5X3WEWC($X6)

006X, 006X, 3.7)
J3Jo+ (T3 T0)T) 0% = A(WIW, + (Wi W) D)x,

Therefore:

IJTI,x, = AWIW,.5x, (3.8)
As W, is invertible, this expression can be formulated as an eigenvalue problem to solve for 0x,,
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as shown in Eq. (3.9).
(W'w,)~1JT),6x, = Adx, = A5x, (3.9)

Here, A is € R6X6, the solution vector 6x} is denoted as the eigenvector that imparts an EM
motion that applies the largest change in force and torque in the desired direction. Using gradi-
ent projection methods as introduced by [86], a redundant DoF resulting from the symmetry of
cylindrical magnets is utilized for favorable link orientation with respect to the patient’s general
location. These joint rates acting in the EM’s linearized nullspace are referred to as dqg. Finally,
the commands are converted into desired joint velocities by using the right pseudo-inverse of the
manipulator’s Jacobian, denoted by J3; = J%(JgJ})~!. This then produces a minimum joint norm
solution which is coupled with the nullspace solution that is integrated and communicated to the

low-level robot controller. The joint solution is shown in Eq. (3.10).

5q=Ji6x 4 qr (3.10)

3.3.3 Analysis of Optimal Solution

As mentioned above, ¢ is the ideal axis for reducing heading error and if there was a rigid link
between the EM and IM then this axis should always be used to reduce heading error. However,
owing to the nature of the dipole field, consideration must be made as to what is the best way to
apply a magnetic torque between dipoles. Past works, such as [44, 1, 2], set desired infinitesimal
torque directions about ¢; however, the following discussion demonstrates that this is typically not
the most effective axis about which a torque can be applied. The relative poses of the magnets
should be considered when determining how a heading error should be minimized. This is the first
consideration of torque effectiveness analysis in magnetic robot research.

An ideal torque application axis, é, is defined as the axis about which the greatest torque can
be applied on the actuated magnet and is a function of the relative magnet poses. A schematic

describing the concept is shown in Fig. 3.4. Consider a simple case where the IM heading is along
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Figure 3.4: The axis ¢ defines the shortest angular path between current and desired heading. The
axis & denotes the direction of maximum possible application of an infinitesimal change in torque.
This schematic demonstrates that the two axes are not necessarily aligned. Here, the subscript “c”
corresponds to “capsule”, which, in this work, was the terminology used for the device that houses
the IM. (©2017 IEEE [3])

the world x axis, i, = [1,0,0], the EM heading is along the world —x axis t, = [—1,0,0]T, and
the IM is located directly under the EM (p = [0,0, —1]7). This is a typical initial configuration
during mobile-dipole magnetic actuation where retroflexion would be initiated, and an axis of
rotation must be decided. Rotation about the x axis is fruitless owing to axial symmetry of the
magnets, the only possible rotations are about y or z, or a combination of the two. It is desired
to find the axis of rotation that will result in the largest magnitude of 07, which is defined as

follows [1]:

o tolmel il e ps

1

ar ||| (3.11)
— C(31; x PppTdm,) — C(1i; x Srie)

where C is a constant and the first term considers the projected component of d1h, onto the relative
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position axis that is normal to the heading of the endoscope, while the second is independent of
position.

If 6me = [0,0, 1] then 67 = [0,—2,0], while if dthe = [0,1,0], then 67 = [0,0,—1] and thus a
higher efficiency is observed in the vertical (z) increase in me. The two-factor magnitude increase
of 01 occurred owing to orthogonality of o and P, however, this magnitude will typically scale
with the cosine of the angle between them. Seeing that varying the axis of rotation can impact
torque magnitude as much as two-fold, it is reasonable to assume that the best axis of rotation
is not necessarily the one that defines the shortest path between the current and desired heading.
A trade-off will then exist between the magnitude and direction-accuracy of each possible torque
axis.

To demonstrate that the proposed wrench optimization algorithm chooses axes other than ¢, the
algorithm’s chosen infinitesimal axis of torque application, 7,,, was recorded. It should be noted
that in previous works this was chosen to be 7, = (]3 There exists a visible variance between
each trial, shown in Fig. 3.5. This is expected as each retroflexion trial is dependent on the current
behavior of the endoscope, thus trials should not be expected to have identical behavior. Data is
plotted as a function of the angle between M, and m,,, . As the maneuver starts, there is over an
80° difference between ¢ and Talg- This difference is attributed to ¢ being nearly vertical (because
of M, being nearly horizontal) while 7, is nearly horizontal. As the pitch of the tip increases
(1, approaches a vertical heading), the difference between ¢ and Talg reduces significantly. When
choosing the axis of infinitesimal torque, a compromise must be made between choosing the axis

of maximum torque application and an axis that reduces the heading error.

3.3.4 Bench-top Validation

To evaluate the algorithm, a series of bench-top trials were conducted on the platform shown in
Fig. 3.2. Of utmost importance in setting experimental parameters was clinical relevance. Plastic
tube sizes of 38 mm, 44 mm, 50 mm, and 60 mm were chosen as they fall in the range of adult

human colon diameters: 20-120 mm, where a 120 mm diameter can be reached at the apex of the
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Torque Axis Variation: Means and Standard Deviations for 10 trials
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Figure 3.5: A piece-wise linear representation of the means and standard deviations of 10 retroflex-
ion trials showing the difference between the shortest path axis and the chosen optimal rotation
axis, where of interest is the general shapes of the curves. The algorithm does not always “choose”
a rotation axis that is a certain compromise between being able to apply the most torque that it can
and choosing the shortest rotation solution. This suggests that the axis choices are algorithmic and
non-random, as the general curve is repeatable with a variance. The high variance between data
sets is acceptable and is attributed to the trials being independent of each other, which is expected
owing to the system responding to the motion of the endoscope rather than following a pre-planned
trajectory. (©2017 IEEE [3])

sigmoid colon [87, 88]. Setting the desired height of the EM necessitates the consideration of both
patient location and the decay of field strength with distance. A virtual barrier is defined, referred
to hereafter as the “no-cross height”, as the vertical distance above the colon wall that cannot be
crossed by the EM. Owing to the adult male’s mid-saggital abdominal wall thickness being 15-20
mm [89] and an approximate colon tissue thickness of 1 mm [90], the no-cross height was chosen
to be 40 mm, 50 mm, and 60 mm for experiments. This allowed for nearly 20 mm of leeway for
a layer of fat in a potential patient. An increase in magnet strength can allow for a larger spacing.
For each combination of tube diameter and no-cross height, 10 trials were conducted with results

shown in Table 3.1. For a trial to be labeled as successful, the endoscope’s heading had to reach
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within 10° of the desired retroflexed heading. The algorithm completion success rate was 98.8%
for EM spacings of 50 mm and below; however, this success rate drastically dropped when the
spacing was increased to 60 mm owing to an inability to impart a sufficient magnetic wrench.

To verify the clinical applicability of the method, a set of 10 trials was conducted on a freshly-
excised porcine colon, which is anatomically similar to that of a human [91]. The colon was
mounted inside a 47 mm inner diameter tube—the mean diameter of the human colon [88]—as
shown in Fig. 3.6. The tissue appeared to fully expand into the diameter of the tube, and thus the
inner diameter of the colon was approximated to be that of the tube, or 47 mm. As shown in the
last row of Table 3.1, a 100% success rate was achieved with a mean maneuver duration of 19.7
s. This is approximately 1.6% of the average duration of adult colonoscopy with no intervention
(21.1 £ 10.4 min [92]). During one of the trials inside the 60 mm ID tube at a no-cross height of
50 mm, the endoscope slipped and the external magnet was forced to make motions that were out
of the ordinary to eventually achieve a successful retroflexion. This caused a trial time of 47.5 s
and thus raised the mean trial time to 17.0 £ 10.8 s. Without this outlier, the mean retroflex time
for trials inside the 60 mm ID tube at a no-cross height of 50 mm was 13.6 s. The outlier was not
omitted as the algorithm did succeed in overcoming the unexpected difficulty.

It should be noted that trials were a lower no-cross height is used tend to have a shorter time
for retorlexion, which can be seen in Table 3.1, owing to a greater applied magnetic wrench. The
mean time of retroflexion during the ex vivo trial was approximately 5 s slower than that of trials
conducted in plastic tubes with similar inner diameters (44 mm and 50 mm) with the same EPM
spacing. This longer time of retroflexion inside real tissue is likely attributed to the added resistance
of tissue deformation as well as the tissue stretching that is not typically encountered in vivo owing
to the presence of the mesentery (i.e., tissue that connects organs to the body).

While applying proper forces and torques to achieve retroflexion may be achievable, it is nec-
essary that the resulting reaction on tissue does not induce damage. The applied magnetic force
and torque on the IM can be monitored and bounded [93]; however, an additional reaction on

tissue—resulting from the bending stiffness of the body of the endoscope applying a moment on
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Figure 3.6: Photo of ex vivo trial setup. A set of 10 trials was conducted using porcine colon tissue.
(©2017 IEEE [3])

Table 3.1: Experimental results (©2017 IEEE [3])

Tube No-Cross Mean Std. No. Successes Mean Mean

1.D. Height Time Dev. out of Force Torque
(mm) (mm) (s) (s) 10 Trials (N) (Nm)
60 40 105 0.6 10 0.741 0.0111
50 17.0 10.8 10 0.518 0.0113
60 159 2.8 6 0.403 0.0112
50 40 120 0.5 10 0.615 0.0116
50 144 09 10 0.465 0.0112
60 159 09 2 0.375 0.0107
44 40 11.6 14 10 0.663 0.0130
50 133 0.5 9 0.505 0.0129
60 N/A N/A 0 N/A N/A
38 40 146 05 10 0.591 0.0153
50 19.3 5.3 10 0.439 0.0151
60 273 52 4 0.326 0.0149
ex vivo (47) 50 19.7 29 10 0.538 0.0193
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the IM—occurs and is present after the tip of the endoscope passes the half-way point of the
retroflexion. To experimentally measure the force applied by the endoscope on the colon wall,
an experimental setup, seen in Fig. 3.7.a, was designed. A 60 mm ID tube was cut along its
length such that the endoscope made contact with one side that was rigidly coupled with a 6-axis
force/torque sensor (Nano 17 SI-25-0.25, ATI Technologies Inc., Canada) while the body of the
endoscope made contact with the other. As shown in the schematic in Fig. 3.7.b, the body of the
endoscope exerts a negligible distributed load on the (what is shown as) bottom tissue wall and is
thus ignored. On the other hand, the endoscope applies on the top wall a combination of magnetic
force, reaction force from the endoscope body’s bending stiffness, and forces from friction and
tissue deformation. Although effects of tissue deformation are not considered here, they have been
investigated in [94]. The aforementioned negligible distributed load and the reaction force on the
endoscope from the endoscope body’s bending are similar in magnitude; however, the loads are
distributed differently. The measured force is projected onto the normal direction to the tube at the
point of contact with the tip of the endoscope, which is known owing to real-time localization. Of
importance is resultant tissue stress, rather than force.

To make a worst-case stress approximation, the endoscope is assumed to be oriented such
that a minimum surface area is making contact with tissue as to maximize stress, as shown in
Fig. 3.7.b. It is assumed that the tip of the endoscope “digs” into the tissue by 1 mm, giving a 1
mm deformation depth. Given a known geometry of the tip of the endoscope, this “critical area”
can be computed and is used in any stress computation henceforth. This critical area is outlined in
blue in Fig. 3.7.b. Three sets of 10 retroflexion trials at various no-cross heights were conducted
inside this sensing tube with best fit curves shown for clarity in Fig. 3.7.c. For each of these
sets, the magnetic force that was computed via dipole-dipole model was subtracted to obtain the
non-magnetic force profile. This profile, largely dependant on the endoscope body’s stiffness as
suggested by the increase in non-magnetic force after a 90° angle from start of the maneuver, is
represented with best fit curves in Fig. 3.7.c. It is noteworthy that this body stress is significantly

lower than the magnetic force, thus monitoring and throttling magnetic force may be sufficient for
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Figure 3.7: a) Setup for force sensing during a retroflex. b) Schematic diagram of the distributed
load of the body of the endoscope as well as the stress concentration at the contact point between
the tip of the endsocope and colonic tissue. c) Best fit curves of stress computed from force
measured through 3 sets of 10 trials and the contact area as computed at the tip of the endoscope,
shown in (b). (©2017 IEEE [3])

safe manipulation of the device. As seen in Fig. 3.7.c., the maximum applied tissue stress is 0.249
bar, which is only 8.3% of the 3 bar irrigation pressure that has been shown to not adversely effect
tissue [95].

In summary, an algorithm was developed for the autonomous retroflexion of the MFE. Using a
real-time force and torque magnitude optimization, the system computes an instantaneous wrench
to impart on the IM that results in the most effective motion towards its desired (retroflexed) head-
ing. The algorithm was validated by demonstrating retroflexion of the tip of the endoscope with
a 98.8% success rate in plastic tubes of various sizes while the EPM’s no-cross height was within
50 mm of the colon. Additionally, retroflexion of the endoscope in an insufflated porcine colon

of inner diameter similar to that of the average human colon diameter (47 mm) was demonstrated.
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The set of 10 ex vivo trials resulted in a 100% success rate in a mean maneuver time of 19.7 + 2.9

s which suggests feasibility for clinical use.

3.3.5 In vivo Validation

To further validate the retroflexion algorithm’s performance, an in vivo experiment was con-
ducted in a porcine model. Experimental trials were conducted in the large bowel of a 40 Kg
female Yorkshire-Landrace cross swine. As the colon that can be feasibly reached is quite short
owing to the spiral colon in swine, the experiments were performed approximately 25 cm from
the proximal insertion. The swine underwent general anesthesia induction with Telazol (4.4 mg/kg
intravenously; Fort Dodge, Ames, lowa), Xylazine (2.2mg/kg intravenously), and ketamine (2.2
mg/kg intravenously). Following endotracheal intubation and throughout the procedure, the swine
was maintained on a semi-closed circuit inhalation of 1% to 3% isoflurane and ventilated. For
bowel preparation, the swine was on a clear liquid diet 24-hours prior to the trial and received tap
water enemas prior to trial initiation. Tap water enemas were discontinued when the bowel prepa-
ration was deemed to be excellent (clear of all stool and debris) by the animal care team and the
endoscopist. The animal was sacrificed at the end of the procedure. The colon was then explanted,
leak-tested, and examined by an expert gastrointestinal pathologist. The study was approved by
the local Institutional Animal Care and Use Committee (IACUC).

The serial robot was then manipulated via a joystick to position the EM, at the robots end-
effector, above the swines colon and displaced from the abdomens surface by approximately 5 cm.
Insufflation of the colon was implemented via a channel in the flexible endoscope. Each experiment
was conducted under full autonomy; the only human input was the pushing of a keyboard button
on a personal computer to initiate the algorithm (a functionality that can be easily integrated into
the operators handle for the system). The system then proceeded to compute the necessary torque
to retroflex the endoscopes tip, and adjusted its behavior in response to the pose of the endoscope.
A total of 30 independent autonomous retroflexion maneuvers were performed (15 were conducted

with the tether of the MFE fixed at the anus (“constrained trials”) and 15 were conducted with the
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tether not fixed at the anus (“unconstrained trials”). The purpose of introducing the constraint was
to determine if a negative impact would result from allowing an operator to hold the endoscope
tether during the autonomous maneuveras the operator holds the shaft of the endoscope in tradi-
tional endoscopy. To prepare for the next trial, the MFE was taken out of retroflexion and placed
into forward view at 25 cm from the anus. The serial robot was manipulated via a joystick to the
MEE tip and localization was confirmed.

Autonomous retroflexion was successful for all 30 trials in vivo (n=15 constrained (100%);
n=15 unconstrained (100%). The swine survived throughout all trials without any intraoperative
or immediate post-procedure/trial adverse events. Upon necropsy, leak testing was successful
without evidence of perforation. There was no evidence of gross trauma to the porcine colon and
no evidence of microscopic tissue trauma [73]. A timselapse view of a retroflexion is shown in
Fig. 3.8. These images were taken using a FE which impeded the MFE’s motion. The FE was
not present in the lumen during the experimental trials. The mean maneuver time for all trials
was 11.3 &= 2.4 seconds. The MFE body constraint did not have a statistically relevant effect on
maneuver completion time (10.6 £ 2.2 seconds v. 12.1 4 2.3 seconds, p=0.074); however, as seen
in Fig. 3.9, the trajectory of the MFE during the unconstrained trials appears to be more repeatable.

To demonstrate the autonomy of the system, position information of both the MFE and the EM
was collected throughout all trials. In real-time, the EM responds to the endoscopes motions that
are perturbed owing to environmental circumstances, such as tissue friction and relative motion of
the body. This results in unique trajectories of the EM between trials. The trajectories of the EM
and MFE are visibly variable between trials, as shown in the trajectory plot in Fig. 3.9. In Fig. 3.10,
the EMs trajectory is discretized during each trial to compare relative EM positions during way-
points from 0% to 100% of the trajectorys completion, in 10% increments. This shows that the
velocity of the IM varied throughout the maneuvers. During each time-index through a trajectory,
the mean distances between the IM and its start pose (at 0%) were higher for trials where the MFE
was not constrained. This effect was expected as the MFE has an additional DoF in the MFE bodys

translation.
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Figure 3.8: A timelapse view of in vivo retroflexion.

A plastic colon was used to demonstrate that retroflexion is feasible while a tool is inserted
in the MFE (Fig. 3.11). Finally, the ability to use interventional tools in vivo was evaluated. The
use of biopsy forceps, the placement of a hemostatic clip, and the use of a polypectomy loop are
demonstrated in Fig. 3.11. Subjectively, the amount of magnetic wrench was sufficient for an
operator to use clinical tools. The magnetic wrench enforced the pose of the MFE such that the
operator was able to conduct tissue intervention, suggesting that magnetic fields may be a feasible

means for maneuvering a clinical endoscope.

3.4 Conclusions on Control

This chapter has concerned the development of trajectory following strategies using both posi-
tion and velocity control. CL magnetic control was applied to develop an autonomous retroflexion
algorithm. The concept of rotation axis efficiency in magnetic manipulation was introduced, which
can be summarized by the statement: “While a magnet can be rotated about an axis that defines the
shortest angular path between a current and desired heading, the effectiveness of the rotation about
this axis may be weak owing to the inability to apply sufficient torque”. This work demonstrated
that a controller that simply acts on error alone may not necessarily be the most effective; indirect
routes may be superior in terms of the ability to apply magnetic wrench on the IM. This problem is
specific to systems where the motion of an actuating magnet is used to change magnetic field and

gradient to induce wrench.
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Rflx: Constrained Trials
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Figure 3.9: The trajectories followed by the tip of the MFE during in vivo retroflexion.

An autonomous retroflexion algorithm was validated during benchtop as well as ex vivo and
in vivo experiments [3, 73]. A platform was developed to estimate the worst-case tissue stress
that the MFE may apply during retroflexion. The maximum applied tissue stress was determined
to be 91.7% below what is necessary to damage tissue. The algorithm retroflexed the MFE with
100% success in 30 trials. A histology technician examined the tissue and found no evidence of
gross trauma to the porcine colon and no evidence of microscopic tissue trauma. In summary, the

autonomous platform for retroflexing a magnetically actuated endoscope is a robust, fast, and safe

technique that may improve the quality of endoscopy.
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Figure 3.10: Time-based way-points shown on the trajectories of the MFE’s tip during in vivo
retroflexion trials. The MFE’s tip did not follow a constant velocity during trials as the way-points
are not equidistant, and their spacing varies between trials.
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Figure 3.11: The use of a tool while the MFE is retroflexed (top left), the use of biopsy forceps in
vivo (top right), the use of a hemostatic clip in vivo (bottom left), and the use of a polypectomy
loop in vivo (bottom right).
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Chapter 4

Endoscopic Ultrasound Imaging using Magnetically Actuated Transducers

This chapter pertains to the use of the aforementioned magnetic control for actuating a mag-
netic robotic capsule endoscope (RCE) that has ultrasound (US) imaging capability. This work
leverages the aforementioned magnetic control to actuated a micro-US(uUS) probe that is fixed
on the body of the RCE. Using real-time RCE pose feedback in conjunction with real-time US
feedback with signal processing, the first demonstration of robotic servoing for US imaging is pre-
sented. This is also the first demonstration of US servoing without a physical actuator coupling
between a controller and US probe. Although robotic US has been thoroughly investigated in the
literature, previous existing methods have been limited to robots that are external to the body, or are
inserted through a body cavity while remaining physically attached to external systems. The use of
higher frequency nUS for mucosal imaging in this work facilitates the viewing of the layers, and
thickness, of tissue. This imaging modality is relatively new and was first implemented clinically
in 2016 by Exact Imaging (29 MHz, EI, Markham, Ontario, Canada, www.exactimaging.com).
This high-resolution modality is necessary for in-situ diagnostics. This work contains sections
on background and motivation (Chapter 4.1), a description of the system (Chapter 4.2), methods
(Chapter 4.3), validation (Chapter 4.4), and a discussion of results (Chapter 4.5). Work related to

this chapter resulted in the following publication: Ref. [96]

4.1 Background and Motivation

Today’s flexible endoscopy, the gold standard for GI inspection and therapeutics, does not en-
able in-situ diagnostics; rather, a gastroenterologist collects biopsy samples in regions where tissue
appears abnormal. Taking multiple biopsy specimens is invasive, can increase procedural cost, can
increase procedural risk, and typically multiple days pass before the gastroenterologist obtains a

diagnostics report from a pathology laboratory [97, 98, 99, 100]. This chapter pertains to the en-
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abling of in-situ diagnostics using a robotic endoscopy system that relies on magnetic actuation.
The ability to conduct in-situ diagnostic pathology during an endoscopy could potentially reduce
procedure time, enhance diagnostic yield, and ultimately improve patient care.

Several imaging modalities have been investigated to enhance in-situ capabilities for diag-
nostics that may expedite, or eliminate, post-procedural pathology. Examples include: narrow-
band imaging [101], auto fluorescence imaging [102], Raman spectroscopy [103], x-ray imaging
[104], computed tomography (CT) [105], Positron emission tomography (PET) [106], magnetic
resonance imaging (MRI) [107], optical coherence tomography [108], and endoscopic ultrasound
(EUS) [109]. Of these modalities, EUS is safe, low cost, and has the ability for the generation
of images of higher resolution than CT, PET, or MRI; furthermore, it has been demonstrated to
provide accurate staging of GI malignancies, including rectal cancer [110].

Recent advancements in EUS technology have enabled high-frequency (> 20 MHz) US, US,
that has enabled the study of GI mucosal layers that have a thickness of approximately 1-2 mm
[111, 112, 113]. This ability to accurately measure tissue thickness is critical; e.g. the increase
of colon wall thickness to 2 mm in the proximal end or 3.5 mm in the distal end is considered
pathologic [110]. This US technology has been integrated into ingestible capsules. Capsules with
US transducers have been shown to generate mucosal echo images that closely resemble GI tissue
histology [114]. Endoscopic technology that facilitates controllable US imaging in the GI tract
could enable targeted in-situ diagnostics, reduce procedure time, improve pathology turn-around
time, and enhance image guided diagnostic yield. The use of robotics lends itself well to the control
of an in vivo US probe. The use of robotic US has been thoroughly explored.

The majority of prior works can be grouped into three categories: (C1) robot-assisted probe
manipulation where robot motion is OL with respect to US imaging [115, 116, 117, 118, 119, 120,
121, 122], (C2) visual servoing using US image feedback for the steering of a tool [123, 124, 125,
126, 127, 128, 129, 130, 131, 132, 133], and (C3) visual servoing using US image feedback for the
steering of the US transducer [134, 135, 136, 137, 138, 139]. The latter two categories involve US

image processing of 2D or 3D US images; in other words, a robotic control system operates in CL
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with respect to US information. All prior works in this field concern the actuation of extracorporeal
robots, or robots that have been partially inserted in a human, e.g. transrectal ultrasound (TRUS)
robots [140], thus making them not feasible for navigating an in vivo US transducer.

This work is an investigation of the feasibility of the magnetic actuation of a US probe. Mag-
netic actuation allows for the application of force and torque on a device in the body, has been
shown to be used for robot navigation, and does not require a rigid-link connection between an
extracorporeal actuation unit, i.e. permanent- or electro- magnet, and an in vivo robot. The system
developed in this work relies on the continuous acquisition and processing of 1D US signals and
the use of these signals for magnetic servoing; i.e. the use of US feedback in magnetic CL control.
This work thus falls in categories C2 and C3. This is the first application of: US-based servoing of
an in vivo device with embedded probes, US-based servoing using 1D US signals, and using mag-
netic manipulation (i.e. probes actuated with a non-rigid link) to facilitate probe access to remote
regions of the GI tract.

This chapter contains a description of a novel robotic capsule endoscope (RCE) that contains
uUS probes that was designed and built in the STORM Lab. Transducer outputs obtained from
this RCE are processed to obtain a rating of the strength of acoustic signal in each waveform;
this rating is referred to as the “echo-signal-rating” or ESR. This ESR is subsequently used for
autonomous servoing, via magnetic actuation, of the RCE to facilitate the acquisition of stronger
acoustic signals, and thus clearer US images. The main contributions of this work are: (1) the
first demonstration of the servoing of a US probe using US feedback using a robot with no rigid
connection to extracorporeal hardware for actuation, i.e. magnetic fields, (2) the first demonstration
of robotic nUS-based servoing in the GI tract, (3) the first demonstration of using CL. magnetic
servoing using US signals for measuring spatial distance between acoustic markers, and (4) the
development and in vivo evaluation of the first RCE capable of targeted uUS imaging of the GI
tract.

The autonomous control used in this study facilitates the searching of a transducer configuration

(i.e. RCE pose) that results in robust ¢ US image acquisition, without the need for a user to learn to
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Figure 4.1: (A) Concept image of the RCE in the GI lumen (Image credit: Dr. Joseph C. Norton),
the sub-figure shows a B-scan of in vivo data where mucosa layers are labeled. (B) A description
of system components, where the sub-figure shows the RCE’s embedded pUS transducers, LED,
irrigation channel, camera, an IPM and circuitry for localization, and the device’s tether.

manually navigate the robot. Real-time localization of the RCE allows for tracking the trajectory of
the devices as it traverses the lumen thus allowing for determining relative poses between lesions or
landmarks, e.g. an abnormality exists at approximately 10 cm from the cecum. The experimental
validation in this work includes a characterization of the interplay between RCE control parameters
and pUS signal strength, benchtop validation of an autonomous pUS signal strength-improving
algorithm when used only in tilting the RCE as well as when using in linear-traversal, and the

evaluation of this algorithm in vivo.

4.2 System Description

The system used in this chapter consists of the custom-made RCE with two embedded uUS
transducers, an IPM for actuation, an extracorporeal serial robot with an EPM mounted at its end-
effector, a computer and circuitry that facilitates magnetic actuation, and US driver and processing
electronics. This section will describe these components in detail. A conceptual image is shown in
Fig. 4.1(A) where the RCE is moving through the GI lumen and generating a 2D US visualization,
1.e. B-scan, where layers of the mucosa are visible; this is an actual in vivo image captured by the

RCE.
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4.2.1 Robotic System

The RCE, Fig. 4.1(B), consists of a 3D printed housing (Form 2, Form Labs, Standard Clear
resin), contains an IPM (11.11 mm diameter and length cylinder, Neodymium Iron Boron, N52
grade, D77-N52, K&J Magnetics, USA), circuitry for RCE localization [53], two pUS transducers
with custom circuitry, a camera (MO-T1003-65-N01, a CMOS transducer, Misumi), an irrigation
channel, and a light emitting diode for illumination. Two transducers, Tx1 and Tx2, are embedded
in the RCE in close proximity; however, only one is used at a time owing to hardware limitations
of the system. Electronics that are internal to the RCE, as well as an irrigation channel and camera
wire, are connected with extracorporeal circuitry via a Pebax tether. The IPM is actuated via the
same EPM that is used in other chapters of this dissertation. The EPM is kinematically controlled
via a medical grade 7 DoF serial robotic manipulator (LBR Med, KUKA AG) (Fig. 4.1(B)). The
localization strategy results in a 100 Hz 6 DoF pose of the RCE. The tilt and roll of the RCE are
computed from this pose, the convention of which is shown in Fig. 4.2. The roll of the RCE, or
7, is defined as a rotation about the RCE’s heading from a nominal. The tilt of the RCE, or « is

defined in Eq. (4.1) where Z indicates the inertial vertical axis.
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This localization feedback is assumed to be ground truth throughout this chapter. System software
is implemented using the Robotic Operating System (ROS) middleware running on an Ubuntu
operating system [74].

The expression for the magnetic control used in this work are similar to those outlined in 3.
Joint positions of the serial manipulator are integrated using the solution to Eq. (4.2). Here, OW

is a culmination of PID controls on RCE position, velocity, and heading, { is a small damping
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factor, and J# is a pseudo-inversion of the magnetic actuation Jacobian.

I
Jqu - JA6q - Jgswdes
0 S(m,)T (4.2)

8q =Ja(JaTa+Cl3) ™ T, OWaes
4.2.2 Ultrasound System

The RCE system consists of both IPM pose feedback as well as acoustic feedback from trans-
ducers, or pUS waveforms. The transducers are 5 mm in diameter, they are composed of polyvinyli-
dene fluoride, have a center frequency of 30 MHz, and a physical focus point at 6 mm from their
curved surface. The transducers are wired to a custom printer circuit board in the RCE which is
connected to extracorporeal circuitry via micro-coaxial cables (42 AWG core, 9442 WHO033, Alpha
Wire, Elizabeth, USA) that pass through the tether of the RCE. Transducers were controlled via a
commercial pulser/receiver which also amplified signals received from the transducers (DPR300,
JSR Ultrasonics, Imaginant Inc, Pittsford, USA). Feedback signals were captured and digitized via
an oscilloscope (DSOX2002A, Keysight Technologies). The received digitized signals were used
to form 1D logarithmic images, or A-scans via envelope-detection using a Hilbert transform, and
via logarithmic compression. The time-based stacking of these A-scans into a 2D image results in
a B-scan.

A custom Python program, that was integrated with ROS, was developed to capture waveform
information from the oscilloscope at approximately 3 Hz. This program was written using the
Universal Serial Bus Test and Measurement Class library and a Keysight Technologies API. The
received acoustic signal is subject to a ringdown effect that takes the form of oscillatory signals
that result from the “firing” of transducers. A ringdown-compensation filter was implemented
to remove its effects. Given a waveform portion in the form of p,,, the ringdown-compensated
waveform is computed as shown in Eq. (4.3). Typically, the waveform portion that was ringdown-

compensated was the acoustic signal that had a range of approximately 2 mm. A complete system
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Figure 4.2: (A) Convention for RCE tilt and roll (B) silicone phantom and (C) acoustic phantom
that is composed of agar (Image credit: Dr. Joseph C. Norton). The voids have width of 3 and 10
mm, respectively for void a. and b. The spacings between voids, beginning from the left-most, is
as follows: 10, 20, 20, 20, 40 mm.

schematic is shown in Fig. 4.3.

n
Dy, = Py — ==L (4.3)

4.2.3 Experimental Platform

benchtop experimentation was conducted using two custom-fabricated acoustic phantoms, shown
in Fig. 4.2(B) and Fig. 4.2(C), where the first is a silicone phantom and the latter is an agar-based
phantom. The silicone phantom (200 mm in length, 7 mm thick and made from Ecoflex 00-30
silicone, Smooth-on, with 10% Slacker by mass) was used for mechanically-oriented experiments.
An agar-based phantom was later manufactured using an existing recipe and protocol [141]. This
agar phantom was fabricated via casting embedded pockets of air. Air pocket sizes and positions
were known owing to the mold being laser-cut. These air pockets were later used to validate

distance-measurements using US signals.
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Figure 4.3: System schematic. A diagram that summarizes the data flow between the major com-
ponents of the RCE system. (Image credit: Dr. Joseph C. Norton)

4.3 Methods

4.3.1 Echo Signal Rating

A US image rating method is necessary in implementing a US servo system. As a universal 1D
US image quality metric does not exist, a custom method was used in this work. The echo-signal-
rating, or ESR, is an amplitude-based rating metric that is computed by filtering the incoming raw
uUS signal and computing a peak-to-peak amplitude. This method of rating an US signal is not
unique; however, an amplitude-based method is relevant here as the magnitude of acoustic echoes
is of interest.

This waveform processing algorithm, written in Python, does the following: (1) trims the raw
waveform an array of Voltages to a desired starting processing depth (2) applies a forward-
backward linear filter using SciPy (3) flattens the signal using a low pass filter to make relative
echo magnitudes appropriate (4) identifies the maximum peak-to-peak waveform amplitude range
in the waveform and (5) filters this peak-to-peak value over time. The ESR has a higher magnitude
when echoes are of higher magnitude respective to other values in the individual waveform. A

high ESR indicates that acoustic information is present and that this information should be of
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interest. This does not necessarily mean that the image is clinically-significant, e.g. tissue layers
are visible. The determination of image content is left to an operator. A ringdown-compensation
approach, similar to that described above, was employed in the first portion of the waveform to
eliminate ringdown effects. ESR feedback provides the RCE system with a real-time measure of
uUS image quality. The term “quality” is refers to the overall, amplitude-based, contrast of the
image. As mentioned above, this chapter contains references to A-scans (1D) and B-scans (2D).
An additional 2D visualization that will be referenced is the “waveform-scan”. This visualization

is a time-series of the 1D filtered signals that are used for ESR computation.

4.3.2 Autonomous Echo-Finder Servoing Algorithm

With no uUS feedback, an operator, e.g. clinician, would be left to manually perturb a magnetic
field in hopes of obtaining a pUS image from which diagnostic information could be obtained.
As ESR information is available in real-time, an echo-finder algorithm (EFA) was developed to
enable an autonomous search for a strong echo. This task is well-suited for autonomy as (1)
1US transducers are sensitive to the contact mechanics between their surface and tissue and thus
misalignment of the surfaces may produce poor images, (2) relative motion of organs in living
beings may affect transducer-tissue contact thus introducing further difficulty to obtaining a high-
quality image, and (3) the configuration of the environment, i.e. lumen, is unknown to the RCE
system making regular pose-servoing impractical.

An overview of the RCE control system is illustrated in Fig. 4.4. The tilt of the RCE is con-
tinuously incremented until a signal with high ESR is found. Once a high ESR signal is observed,
ESR;pesn, the RCE attempts to maintain its pose. The system re-enters the search-routine once the
ESR drops below a lower threshold. The RCE’s tilt is incremented between an upper and a lower

bound.
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Figure 4.4: Control system for the RCE system. This schematic shows the flow of information
between the US system (yellow), magnetic control system (blue), and auxiliary inputs and outputs
(green).

4.3.3 Echo-Finder Servoing During Linear Motion

The EFA algorithm was extended to enable autonomous linear translation during which high-
quality images are acquired. Such functionality may enable the measurement of lesion size, of
relative lesion positions, and potentially autonomous scanning of a lumen region. This translational
EFA, or TEFA, consists of the use of the EFA with CL magnetic translations occurring when the
ESR is of sufficient magnitude. The system begins by searching for a high ESR image via EFA and
enters a translation routine once found. The amount of RCE tilt at which a high ESR was found is
recorded and this becomes the desired heading of the RCE during translation. A lower and upper
bound for tilt is then updated in case the EFA must be used again. The RCE translates until the

ESR drops below a lower threshold.

4.4 Validation

Benchtop and in vivo validations for the proposed method were conducted with an intent of
demonstrating the feasibility of the use of robotics and autonomy for robust (US imaging of bowel
tissue. Benchtop work was performed with the primary goal of characterizing and refining the
system in a known, robust environment and included the characterization of the interplay between

RCE motions and ptUS signal quality, as well as the preliminary validation of the EFA algorithm.
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4.4.1 Benchtop Evaluation

4.4.1.1 Characterization of the Interplay between RCE Control Parameters and ptUS imag-
ing

The purpose of this characterization was to evaluate relationships between RCE control param-
eters and the resultant pUS image quality. Given that the uUS transducers have a single direction,
1.e. linear, an improper tilt, roll, or insufficient contact force may result in a loss of acoustic cou-
pling between the transducers and tissue. The tilt and roll of the RCE are known from localization
feedback. The magnetic coupling force is estimated using the dipole model. Owing to the orien-
tation of the IPM, the roll of the RCE cannot be controlled; however, it is of interest for future
experiments as it may explain the lack of acoustic coupling. As a compensation for an inability to
control roll, the RCE was designed with the IPM embedded off-center. This positioning results in
a restorative torque applied on the RCE as described in [6]. The RCE thus has a preference of the
transducers facing the EPM, and thus vertical as the EPM hovers over a patient. The experimental
setup used for these characterizations is shown in Fig. 4.2(B).

The effects of the following parameters were evaluated: (A) US coupling medium, (B) transducer-
tissue contact force, (C) probe tilt, and (D) probe roll. Procedures and observations are addressed
in sequence: (A) the acoustic signal was observed to degrade when no coupling medium was
present. The signal was similar when a medium of water or US gel was used. The RCE contains
a water-channel with an output near the transducers to facilitate acoustic coupling. The presence
of acoustic coupling medium is not expected to be an issue in vivo owing to the natural secretion
of mucus in the bowel [142]. (B) Five trials were conducted where contact force vertical mag-
netic force) was incremented, via operator teleoperation of the EPM, from 0.25 to 2.5 N. A-scans
were acquired during all trials. The relationship between contact force and image quality does not
appear to be linear or repeatable; however, higher forces tend to indicate stronger signals.

It is likely that a minimum contact force is needed for acoustic coupling to occur, i.e. transducer

face is in contact with tissue, and other experimental factors may dictate signal acquisition after this

60



Depth (mm)

2
3
4
5
6
7
8
9

15 T -60

k
-80 | Roll range

Tilt range

—100
—-110

40 60 80 100 120 _1200 20 40 60 80

Waveform No. Waveform No.

Tilt (deg)
Roll (deg)

Figure 4.5: (A) Sample tilt-characterization trial (B) sample roll-characterization trial.

threshold. It should be noted that magnetic force should be minimized to avoid mucosa damage.
A prior study has shown that no damage was inflicted on a pig mucosa when irrigation pressures
of up to 3 bar were applied [95]. The maximum (worst-case) pressure expected from this RCE
is 0.75 bar. This was calculated assuming a RCE tilt angle of 45°, tissue indentation of 1 mm
and a maximum contact force of 2.5 N. (C) Five trials were conducted by an operator manually
teleoperating the EPM to tilt the RCE between -10° and 10°. The strongest acoustic coupling
existed in a range of 3°. (D) Five roll trials were conducted where an operator rolled the RCE by
hand, as this actuation DoF is not controllable. The range of roll that resulted in acoustic coupling
was 10.5°. Same waveform-scans, i.e. time-series scans of filtered waveforms, of tilt and roll trials
are shown in Fig. 4.5. The conclusion of these characterization trials are the following: acoustic
coupling medium should be used when possible, magnetic coupling force should be kept high
enough to obtain physical contact between transducer and tissue, image quality is sensitive to RCE
tilt and thus this DoF should be controlled with caution, and the RCE is sensitive to roll (although

less than tilt) which motivates a future work of enabling active roll-actuation.
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4.4.1.2 RCE Magnetic Servoing (No ytUS Feedback)

The characterization results were used to determine which specific parameters should be con-
trolled to acquire US signals and their ranges. This was done to determine whether, in the case
that the environment configuration is known, it is feasible to simply command a relative pose of the
RCE with respect to the environment and obtain uUS echoes robustly. Two target configurations
were specified based on characterization data. The two configurations were: (i) -2° tilt and 1 N
of contact force, and (ii) 3° tilt trials using these configurations. A 0.6 N contact force was com-
manded in all trials. In the first, 2 of 5 repetitions acquired nUS signals, while in the second 5 of
5 repetitions did. The 70% success rate of these trials suggests that servoing that is only magnetic
(no US feedback) may be feasible if the environment is exactly known; however, this is not the
case in practice.

In a similar manner, the ability of the system to translate while acquiring acoustic images was
evaluated. Five OL, teleoperated, trials as well as five CL, autonomous, trials were conducted.
All teleoperation trials in this work work conducted to develop an intuition for the process of
carrying out imaging manually; such trials were not usability studies. A straight-line trajectory
was commanded. During teleoperation, the user was asked to manually keep the tilt between
0° and 1°, while during autonomous trials, the tilt was controlled autonomously (set point 0°).
During all trials, a contact force of 0.6 N was commanded. The commanded tilt was chosen based
on the aforementioned tilt characterization. A-scans were acquired during all trials and at least
some acoustic coupling was observed in every repetition. Acoustic coupling was sporadic. As, in
practice, the configuration of the environment is unknown, this method of pUS image acquisition

is not practical.

4.4.1.3 Probe Servoing: Closed-loop in Magnetics and uUS

The feasibility of closing a control loop using both magnetic fields and uUS feedback, i.e.
ESR, was evaluated using a series of experiments. The experiments included teleoperated trials

where an operator that was familiar with the system commanded EPM motion to, in turn, tilt the
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RCE. The operator observed ESR feedback in these trials and was thus aware of acoustic coupling
quality. During all experiments, the orientation of the phantom, i.e. silicone (Fig. 4.2(B)) or agar
(Fig. 4.2(C)) tissue phantom, was unknown. As several experiments were conducted, they are

labeled and described below.

* Trial-EFA-1: The EFA was evaluated on a silicone phantom that was mounted in an acrylic
half-pipe. Trials were conducted via teleoperation and autonomy. The phantom was mounted
in a horizontal configuration. The success criteria for these experiments was the observation

of robust acoustic coupling.
* Trial-EFA-2: Identical protocol to Trial-EFA-1. Phantom mounted with an arbitrary tilt.

* Trial-EFA-3: The EFA was evaluated on an agar phantom. The phantom was tilted by
approximately 2°. The success criteria for these experiments was the observation of robust

acoustic coupling.

* Trial-EFA-4: Identical protocol to Trial-EFA-1; however, once acoustic coupling was au-
tonomously achieved by the RCE, a user interfered in the experiment by manually perturbing
the RCE by either teleoperating the EPM to override the autonomous routine, or by pulling

the tether of the RCE.

* Trial-TEFA-1: The translation distance for the RCE was 15 cm on the agar phantom. The
success criteria for these experiments was the observation of robust acoustic coupling as
well as the observation of markers, i.e. air gaps, in the agar phantom. Although both small
and large air gaps were designed in the phantom, this experiment targeted the observation of

large gaps. The phantom contains three large (10 mm wide) air gaps.

* Trial-TEFA-2: Identical protocol to Trial-TEFA-1; however, this experiment targeted the

observation of small gaps. The phantom contains three small (3 mm wide) air gaps.

Benchtop servoing results are displayed in Table. 4.1. The EFA algorithm was nearly 100%

successful. During Trial-EFA-4, the algorithm failed to acquire images owing to a lack of US
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Table 4.1: Benchtop Evaluation of Magnetic-uUS Servoing

Trial Phantom n | Mode Result

Teleoperated | Robust acoustic coupling in 100% of reps
Autonomous | Robust acoustic coupling in 100% of reps
Teleoperated | Robust acoustic coupling in 100% of reps
Autonomous | Robust acoustic coupling in 100% of reps
Teleoperated | Robust acoustic coupling in 70% of reps

Autonomous | Robust acoustic coupling in 100% of reps

EFA-1 Silicone 5

EFA-2 | Silicone (tilted) | 5

EFA-3 | Agar (tilted) 10

EFA-4 | Silicone 5 | Autonomous | Robust acoustic coupling in 80% of reps
TEFA-1 | Agar 10 | Autonomous | 100% of markers located, accuracy: 1.2+1.0 mm
TEFA-2 | Agar 10 | Autonomous | 66.7% of markers located, accuracy: 0.8+0.5 mm

coupling medium, i.e. gel. Sample results of Trial-EFA-3 and Trial-EFA-4 trials are displayed in
Fig. 4.6 and Fig. 4.7, respectively. It should be noted that all trials done using the silicone phantom
were conducted before any trials with an agar phantom. The silicone phantom was developed
first and used owing to favorable mechanical properties. The agar phantom was used in later
experiments owing to its favorable acoustic properties.

Linear trajectory trials, TEFA-1 and TEFA-2, were all conducted autonomously and robust
wUS images were acquired during all trials. All large markers were detected (TEFA-1) and 66.7%
of small markers were detected (TEFA-2). As the widths of markers and spacings between markers
are known, the measured values were computed where relevant, i.e. a width or gap spacing could
not be computed if one of the markers was not visualized. Spatial measurements can be taken by
generating a “spatially-relevant” B-scan. Rather than stacking A-scans together sequentially, as is
done in the generation of a B-scan, waveforms can be distance-stamped (rather than time-stamped)
and an image with a laterally-accurate distance axis can be generated. The ability to distance-
stamp waveform stems from the system’s capability for localization. A B-scan, a spatially-relevant
B-scan, and their associated waveform-scans are displayed in Fig. 4.8.

The gap measurement error in TEFA-1 trials was 1.24+1.0 mm (n=20) and the marker width
measurement error was 1.3+1.0 mm (n=30). The gap measurement error in TEFA-2 trials was
0.8+0.5 mm (n=8) and the marker width measurement error was 0.740.4 mm (n=20). The total

accuracy of measurement of all gaps was 1.0£0.9 mm (n=28) and for measurement of all widths
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Figure 4.6: Sample results from an EFA-3 trial. A B-scan is shown in (A). A waveform-scan is
shown in (B). The waveform-scan consists of sequentially stacked filtered signals that are used for
the computation of US signal quality, or ESR.

was 1.1£0.9 mm (n=50). During TEFA-1 trials, a loss of acoustic coupling, i.e. ESR droped below
ESR;presn, occurred an average of 0.2+0.4 times per trial. This value was 1.3+1.5 for TEFA-2
trials. Acoustic coupling was recovered after each loss of coupling in all but a single instance.
These experiments demonstrated both the feasibility of US servoing, as well as the feasibility of

conducting autonomous scanning during translation.

4.4.2 in vivo Evaluation

in vivo evaluation was conducted to demonstrate the feasibility of performing ¢ US imaging on
live tissue in the turbulent and convoluted environment of a body. All in vivo work was performed
at an animal research facility located at the Roslin Institute, University of Edinburgh. The study
was conducted under Home Office (UK) License (Procedure Project Licence (PPL): PE5151DAF)
in accordance with the Animal (Scientific Procedures) Act 1986. The choice of pig as testing model
is based on their human comparable GI anatomy [91]. This includes bowel dimensions, particularly
lumen caliber and bowel wall structure. The experiments were conducted in an endoscopy suite

where a mobile x-ray machine (“C-arm” - Ziehm Vision FD) was used for visualizing the RCE.
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Figure 4.7: Sample results from an EFA-4 trial. Once the RCE autonomously obtained acoustic
coupling, an operator perturbed the system until this coupling was lost. The RCE then re-entered
an echo-search routine, i.e. the EFA, until an echo was obtained again. The approximate points of
disturbance are indicated via arrows. A B-scan is shown in (A). A waveform-scan is shown in (B).

This imaging was in no way used by operators or the algorithms during trials where data was
recorded. The lumen was cleaned prior to experiments. Trials were conducted at approximately a
20 cm distance into the lumen.

The value of ESR,j,.s;, Was set via calibration procedure: a sequence of A-scans was collected
before trials began and an ESR value was based subjectively based on a B-scan evaluation. An
operator chose the ESR threshold value and hard-coded it in the EFA’s code. Teleoperation trials
consisted of an operator controlling the pose of the EPM that resulted in pose changes of the IPM.
The operator was able to visualize the ESR. The autonomous trials consisted of an operator starting
the EFA via push-of-button. Tissue was visually inspected for signs of trauma after experiments;
none was observed.

In teleoperation experiments, the operator could not find robust echoes. Faint echoes were
seen in 2 of 5 repetitions and it was noted that the task had a high cognitive burden owing to the
requirement of rapidly controlling multiple variables in a complex and dynamic environment. In

autonomous, EFA, experiments, the system acquired echoes in each repetition of which three (of
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Figure 4.8: Sample result visualizations of TEFA-1 trials. A B-scan is shown in (A) where the
horizontal axis refers to the waveforms acquired. A spatially-relevant B-scan is shown in (B) where
the horizontal axis has a unit of mm and sample distance markers are displayed. Such markers were
used for obtaining distance measurements. The waveform-scan, i.e. stacking of filtered signals
used to compute ESR, is shown in (C). A spatially-relevant waveform-scan is shown in (D).

five) were strong. Sample B-scans from EFA trials are shown in Fig. 4.9. The robot was able
to react to a change in the ESR and briefly maintain the configuration at which the strong echo

was acquired, thus improving imaging robustness. A sample output from the C-arm is shown in

Fig. 4.10.

4.5 Discussion and Conclusion

This study demonstrated the feasibility of the servoing of a uUS probe in the large bowel

using magnetic fields. The autonomous servoing algorithm, EFA, developed in this work uses
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Figure 4.9: B-scans from four of the five in vivo autonomous servoing trials. Echoes are visible in
each of these images. The ESR is clearly above ESR;j,.s, in (A)-(C). Although the ESR in (D) is
below ESR; s (for most of the trial), echoes are still visible. This suggests that the ESR is not a
perfect metric and image quality still needs to be interpreted by an operator; however, the proposed
method gives the system an incentive to improve image quality, which facilitates the efficacy of
this autonomous servoing.

magnetic forces and torques to search for an acceptable uUS signal strength. This enables an
operator to approach a desired location in the lumen via magnetic device guidance and obtain
an image by simply activating the EFA via, e.g., pushing a button. This work also involved the
validation of the EFA when used in translation (TEFA). The system was capable of detecting all

large (10 mm wide) landmarks and 66.7% of smaller (3 mm wide) landmarks. The overall distance
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Figure 4.10: Images of the RCE in vivo captured using a C-Arm. Here, the RCE is tilted between
frames, with tilt angle emphasized with broken lines.

measurement accuracy was 1.0£0.9 mm. These results suggest promise for future autonomous
characterization and scanning of tissue using US. This work has been the first demonstration of (1)
US servoing using magnetic link, (2) in vivo US servoing of a device that is not controlled from
the outside of a patient via rigid-link, and (3) obtaining distance measurements of the environment
using US imaging with magnetic actuation. This technology could one day be used for targeted,
early diagnosis of diseases anywhere in the GI tract.

The custom acoustic coupling metric, the ESR, is effective at indicating a visible presence
of echoes as observed in B-scans. The CL operation of the system with respect to US provides
an additional sensing metric that informs the RCE of the environment. Without the use of the
ESR, or another US-rating metric, US servoing would not be possible. The servoing methods
used in this work are well suited for the unknown, unstructured, and dynamic environment of the
bowel. This work was subject to a number of limitations, namely: (1) the RCE does not have roll-
control capability, (2) a single 1D pUS transducer was used, (3) the data acquisition rate from an
oscilloscope was a maximum of 3 Hz. It has been shown that magnetic control can be extended to
all axes when manipulating the distribution of dipole elements in an actuated device [71], however,
this comes with an increase in system complexity and a potential cost of implementation. In future
work, radial arrays will likely be used that surround the RCE such that roll-control may not be
critical, and image robustness may improve owing to the acquisition of a 2D scan. The ESR method

used in this work can be extended to rate a 2D image. Finally, the data acquisition limitation in this
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work was that of hardware. A dedicated field programmable gate array can be used to implement
a analog-to-digital converter that operates at a higher frequency. A higher acquisition rate may
enable image optimization; i.e. use the gradient of ESR to maximize image quality.

A potential future method for enhancing this work is the use of an ESR metric that incorporates
tissue information. The current ESR method is amplitude-based and thus does not discriminate
between a clear image of tissue or droplet of ultrasonic gel on the transducer. With the acquisition
of more uUS tissue images, machine learning techniques may be used to determine the presence

of clinically-relevant information.
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Chapter 5

Force Control in the Presence of Magnetic-Robot Pose Uncertainties

The navigation of magnetic medical robots typically relies on localizing an actuated, intracor-
poreal, ferromagnetic body and back-computing a necessary field and gradient that would result
in a desired wrench on the device. Uncertainty in this localization degrades the precision of force
transmission. Reducing applied force uncertainty may enhance tasks such as in-vivo navigation of
miniature robots, actuation of magnetically guided catheters, tissue palpation, as well as simply
ensuring a bound on forces applied on sensitive tissue. This work contains an analysis of the ef-
fects of localization noise on force uncertainty, which is conducted by using sensitivity ellipsoids
of the magnetic force Jacobian. Sensitivity ellipsoids were used to develop an uncertainty-reducing
control algorithm. This algorithm was validated in both a simulation study and in a physical exper-
iment. In simulation, the algorithm reduced force uncertainty by factors of up to 2.8 and 3.1 when
using one and two actuating magnets, respectively. On a physical platform, the force uncertainty
was reduced by a factor of up to 2.5 as measured using an external sensor. Being the first con-
sideration of force uncertainty resulting from noisy localization, this work provides a strategy for
investigators to minimize uncertainty in magnetic force transmission. Work related to this chapter
resulted in the following publication: Ref. [4] (©2019 IEEE. Reprinted, with permission, from
Slawinski P.R., Simaan N.S., Taddese A.Z., Obstein K.L., Valdastri P, Sensitivity Ellipsoids for
Force Control of Magnetic Robots with Localization Uncertainty, IEEE Transactions on Robotics,

06/2019).

5.1 Motivation and Background

The control of magnetic devices is implemented by imparting a field misalignment and a gradi-
ent on the driven magnet, which induces a wrench. To apply a known wrench and thus to control a

device, a knowledge or estimate of the actuated magnet’s position and heading is essential. Meth-
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ods that have been used and-or studied for obtaining feedback of the position, and-or orientation,
of devices include: (1) visual feedback [33] (2) microwave imaging [143] (3) radio-frequency lo-
calization [144] (4) ultrasound [145] (5) positron emission tomography [146] and (6) magnetic
localization [83, 147, 148, 53].

The work in this chapter is motivated by the lack of prior investigation into the effects of lo-
calization uncertainty on magnetic force transmission. Regardless of the localization method used,
location uncertainty, or noise, introduces a disturbance in the applied magnetic wrench and thus
negatively effects position and force control accuracy and robustness. Similar uncertainty effects
have been extensively investigated in mechanical linkage architectures, but little consideration ex-
ists in the realm of magnetic actuation [149, 150, 151]. Localization uncertainty, as it pertains to
the task of magnetic force transmission, has not been investigated. Furthermore, a framework for
considering such uncertainty has not been developed.

A prior study concerning uncertainty in a magnetic actuation was conducted on a system con-
sisting of a single permanent magnet that rotated to generate a rotating magnetic field. To avoid
unexpected behavior and loss of control of a rotating robot, the authors characterized the effects
of error in the chosen applied field rotation axis, field magnitude, and instantaneous rotational ve-
locity while attributing worst-case bounds [52]. The distinction between rotating and non-rotating
is significant as the mechanics of actuation are different: a rotating robot is typically propelled
via the mechanics of threading through a medium, while a non-rotating robot is simply subject to
applied forces and torques and dynamically reacts to them.

The primary contributions of this work are (1) a method for characterizing the effects of lo-
calization noise on uncertainty in the applied magnetic force on an actuated intracorporeal magnet
and (2) the application of this characterization to a force control task where one desires to reduce
force uncertainty in a chosen direction. Sensitivity ellipsoids [69] are utilized to characterize the
mapping between localization noise and the uncertainty in applied force on an actuated magnet.
Force sensitivity ellipsoids have been utilized for analysis of rigid-link robots; however, magnetic

ellipsoids are unique in that a duality between joint and force manipulability does not exist. In
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the case of magnetic robots, the force and “joint” value are inherently coupled as force results in
the actuation of magnetic robots. This work demonstrates that actuation redundancy in a magnetic
system can be utilized to adjust the shape of force sensitivity ellipsoids that, in turn, results in
a force control that has a lower force uncertainty in a direction of choice. This methodology is
valid for magnetic actuation systems with one or more external actuation magnets. The approach
presented in this chapter can be easily expanded for systems of electromagnets by replacing EM
twist relations with current inputs, or combining the two in the case of mobile electromagnet sys-

tems [43].

5.2 Modelling of Magnetic Force Uncertainty

5.2.1 Assumptions

Five assumptions are made in this work that relate to the magnetic field, the motion of the ac-
tuated IM, and the localization of the actuating EM: (1) magnets can be modelled as ideal dipoles;
this is an appropriate approximation as a permanent magnet with identical length and diameter, as
used in this system, has been shown to resemble a dipole field with approximately 1% error at one
normalized distance from the EM’s center (10 cm in this case) [63]. (2) IM moves slowly, which
simplifies the mathematical formulations. This assumption has been used in prior chapters. (3) the
configuration of the EM is assumed to be known and ideal, i.e. without uncertainty. In this work,
the EM is fixed at the end-effector of a serial industrial manipulator and the configuration of the
EM is computing using direct kinematics. The assumption of ideal EM configuration knowledge
is valid as the kinematics of the rigid-link manipulator are likely to have a significantly higher
accuracy than magnetic localization systems. (4) the magnetic Jacobian is a sufficient local repre-
sentation of nonlinear behaviors. This assumption is discussed in a latter portion of this section;
however, it is a safe assumption as the applied controller runs at over 50 Hz. (5) the Jacobian used

for magnetic actuation is not affected by localization noise.
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Table 5.1: Nomenclature (©2019 IEEE [4])

Symbol

Description

Vector (lowercase, bold)

Matrix (uppercase)

Identity matrix

Jacobian matrix

Jacobian matrix written in terms of
differential rotation

Infinitesimal change

Unit vector

Position of k' EM in inertial frame
€ R3

Position of IM in inertial frame &
R3

Relative position vector from k'
EM to IM € R?

Magnetic moment vector of k' EM
€ R?

Magnetic moment vector of IM €
R3

Xe = [pe; ﬁle]

Pose of EM € R°

X; = [pi;mhy]

Pose of IM € R®

Xg = [Pa;ny]

IM pose disturbance from localiza-
tion uncertainty € R®

5.2.2 Error Propagation in Magnetic Coupling

The dipole model describes the field of a particle and can be used to approximate the fields of
permanent magnets of various shape [63]. The model is summarized in this section for the purpose
of understanding control relations, and present linearizations that are used in sensitivity analysis

and control. The expressions in this chapter are extended to allow for the use of multiple EMs

hence some relations are nearly repeated from previous chapters.

The discussion, methodology, and experiments in this chapter serve as a case study for the
proposed approach to sensitivity analysis and optimization. The methodology is presented for a
system of one or more EMs that actuate, via imparted wrenches, a single IM. The gradient and

direction of the magnetic field at the IM is controlled by imparting twists on the EM(s). Magnet
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references are distinguished by using an “e” or “E” subscript to reference EMs and an“i” or “I”
subscript to refer to the IM. In the event that multiple EMs are used, an additional enumeration
subscript “k” is applied. The nomenclature used in this document is shown in Table 5.1, with some
parameters visualized in Fig. 1.2 where a planar dipole field shape is shown for reference.

The magnetic field of a single EM applied at an IM can be expressed via Eq. (5.1) whereas, ow-

ing to magnetic fields being vector fields, the total field at an IM can be expressed via Eq. (5.2) [62].

be, (Px) = L3(3f)kf)zmek —m,,) (5.1)
A7 [ pr|
n
b. = b, (p)) (5.2)
j=1

The magnetic wrench induced on the IM by external fields can be expressed via Eq. (5.3) and

Eq. (5.4) [44].

(1,1

)
=~ 4| (5.3)
aiym] <+ (] (1 5p,B] )b, )T) ) p

V= 3 (Lol mi

f=(m,~- e =

T=m; X b,
(5.4)

_§ (tolmslim,

T, x (3p;p] — Diin,, )
=i A

The linearization that relates infinitesimal EM motion and the change in wrench, dw, applied on
the IM can be evaluated either numerically or analytically. An analytical formulation of Jacobians
that relates the motion of a single EM to changes in magnetic force on the IM and heading of the
IM have been developed by Mahoney and Abbott [44] and later expanded by Taddese et al. [1] to
include consideration for magnetic torque in cases where alignment of the IM to the external field
should not be assumed. This expression is shown in Eq. (5.5). The EM and IM terms are separated

in Eq. (5.6), and expand the expression for cases of actuation via multiple EMs in Eq. (5.7). Explicit

75



definitions of differential terms can be found in [1].
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op;

;

Here, S(a) € so(3) denotes the skew-symmetric form of the cross-product operation. In J; of

Eq. (5.6), partial derivatives with respect to differential rotation (®;) are used, rather than dipole

heading, as angular velocity is the mode of localization feedback. In Eq. (5.7), Eq. (5.6) is ex-
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panded to account for multiple EMs used for actuation.

Oow = 8w, + Ow;
6f 6pg ~ 6pl
:Je +Jl
ot o, ;
J e j i 5 i
ow = F O0x, + ~F P
Jre Jri| | o (5.7)
Jre JFe
_ |TFe Fex (0%, .;5xek]T+
JT@] JTek
(i jFik ) op;
i=1 jTik ;

The full expression for applied wrench, dw, is shown in Eq. (5.7). This expression can be
interpreted as: the infinitesimal change in wrench applied on the IM by the EM(s) results from
the change in pose of the EM(s) and IM. It should be noted that the influences of Jacobians Jr,,
and J; are nearly identical if a single EM is used. The relative impact of J; decreases as more
EMs are used and has approximately 60% of the influence of Jr,, when two EMs are used. As
Ow; is null owing to an assumption of slow IM motion, it is replaced with an algorithmic wrench
disturbance term to account for the effects of localization uncertainty in a force application task.
This new term can be interpreted as a numerical uncertainty in wrench that does not exist in the
physical world, but is perceived by the controller. With this disturbance wrench, the expression
for the change in applied wrench becomes 6w = 8w, + 0w,. The term 6w, is modelled the same
way as Ow; i.e. the Jacobian J; is used to compute it via multiplication by the disturbance twist
5x,. Hereafter, J, € RO*% is used for actuation and J; € R®*® is used for analyzing the mapping
of localization noise to a disturbance wrench. Whereas ideal knowledge of EM positioning is
assumed here, Eq. (5.7) should be augmented in the event that a larger uncertainty exists in the

configuration of the EM.
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The expression in Eq. (5.7) remains valid as long as the linearity assumption holds; i.e. linear
and angular perturbations of IM pose are small enough. To evaluate an approximate linearity range,
a numerical simulation was conducted using 90,000 configurations of an IM and EM, where the
IM was spanned to be between 14 and 16 cm from the EM, and found the linearity range to be 14.3
mm and 6.1°. The conditions for linearity in magnetic force were as follows: the error magnitude
of the linearized force less than or equal to 10%, and the direction error between the linearized
force and nonlinear truth is less than or equal to 10°. It should be noted that the aforementioned
angular range of 6.1° refers to rotation of the IM, while the angular error of linearized force refers
to an angle between resultant force vectors. Furthermore, an assumption is made that Jg,, is not
affected by localization noise. The implication of this noise is a deviation of commanded magnet
motion from the optimal, i.e. the direction that reduces force error. This assumption degrades as

the rate of control decreases and the resultant effect is a non-smooth motion of the EM(s).

5.2.3 Analysis of Force Uncertainty Using Sensitivity Ellipsoids

To characterize the effect of localization uncertainty, the Jacobian J,—a linear mapping be-
tween infinitesimal changes in IM pose and uncertainty in applied wrench—is analyzed. An in-
stantaneous visualization of the Jacobian mapping, a sensitivity ellipsoid, has been frequently used
in rigid-link robotics for considering losses in degrees-of-freedom (DoFs), kinematic and dynamic
manipulability, and sensitivity, but has not before been utilized in magnetic control. Derivations
of ellipsoids and their usage is analyzed in texts by Yoshikawa and Nakamura [69, 70] as they
will be omitted here for brevity apart from relations that are necessary for understanding the topic
at hand. The force uncertainty that results from localization noise is dictated by Jr; which maps
infinitesimal IM twist to a change in force applied on the IM.

The mapping of Jr; can be visualized by considering a set of unit inputs of 8x; uniformly
distributed such as to resemble a unit sphere. The set of mapped force vectors is defined by the
hyper-ellipsoid:

St (JpJF) 1ot =1 (5.8)
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Figure 5.1: Graphical representation of a single EM that actuates an IM, possible uncertain poses
of the IM when zoomed in, and the sensitivity ellipsoid that relates position uncertainty with un-
certainty in applied force. Both force and motion are considered only in the XY plane for visual-
ization. (©2019 IEEE [4])
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Figure 5.2: A planar representation of shape variation of the df/dp; Jacobian sensitivity ellipsoid.
The IM orientation is kept constant while it is translated throughout this planar workspace in a
set of discrete points where the ellipsoids are shown. All ellipsoids are normalized in scale for
visualization. (©2019 IEEE [4])

The major and minor axes of this hyper-ellipsoid constitute the directions of maximum and mini-
mum wrench uncertainty, respectively. The mapping can be explicitly characterized using singular

value decomposition. The Jacobian J i can be decomposed into UXVT where U and V are two
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orthonormal spaces where the columns of U are called left-singular vectors and the columns of V
are called right-singular vectors. The diagonal of ¥ contains the singular values, s;, of Jr; which
are arranged such that s; > s, > s3. Conceptually, the left-singular vectors indicate the principal
directions of infinitesimal wrench application whereas the right-singular vectors indicate the cor-
responding directions of infinitesimal twists that cause the respective wrenches. Thus, the longer
that a sensitivity ellipsoid is in a particular direction, the more uncertain the applied wrench is.

In a force control task, this ellipsoid is desired to be as small as possible in the direction that
force is to be controlled with the most certainty. A 2D conceptual representation of a sensitivity
ellipsoid, developed via the dipole model, is shown in Fig. 5.1. The shape of the ellipsoids may
vary significantly throughout an EM’s workspace as demonstrated in Fig. 5.2; here, a constant
orientation of an IM is chosen and the dipole ellipsoids are plotted at a discrete set of IM positions
on a plane. As the accuracy of the dipole model of the EM increases with distance, so does the
accuracy of the sensitivity ellipsoids.

The control task is to reduce uncertainty in a force application task, such as applying a contact
force, in a direction of interest that will hereafter be refer to as ¢, where “c” denotes “contact”.
This inherently results in a desired task of reducing the spatial derivative of force in the direction
of contact. The size of the mapping of Jacobian J; in the direction of ¢ may be used to interpret
force uncertainty. To obtain this size, the volume of the sensitivity ellipsoid of Jf; is projected in
the direction of & via projection matrix P. = &&T, and the volume is computed. The ellipsoid length
of Jr; in the direction of ¢ is hereafter referred to via the scalar g. The definition of g is shown in
Eq. (5.9) whereas the expression for computing the volume of a hyper-ellipsoid, as defined in [70],
is shown in Eq. (5.10) where I'(%) is the gamma function and m is the length of the hyper-ellipsoid.
The vol() function of Eq. (5.10) computes the product of non-zero singular values, this facilitates
not only the computation of volume, but also area, or length, in the case of the Jacobian being rank
deficient. The magnetic force for which the unceratinty is desired to be minimized is referred to as

fo =f-¢& where the subscript “c” indicates “contact force”. The force f, is one that is exerted on
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the environment by the IM. The parameters of a sensitivity ellipsoid are visualized in Fig. 5.3.

g= Vol(chpi) (5.9)

m/2 J
vol(J) = I mf2) H (5.10)

a) TZ b) TJ’
Apphéd Force
/ \ X A Ny X
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Actuated
Device

Sensitivity Ellipsoid

Side-view Top-view

Figure 5.3: Conceptual schematic of a force sensitivity ellipsoid. The ellipsoid view represents
a plane-cut through the ellipsoid, which would be achieved by projecting a Jacobian. Sub-figure
a) shows a side view of ellipsoid, whereas sub-figure b) shows the top view of ellipsoid. The top
view contains the ellipsoidal projection where g takes on a value between the magnitudes of the
ellipsoid length in the 6,,;, and @,,,, direction. (©2019 IEEE [4])

Localization feedback with noise will result in an uncertain estimated force as mapped by the
nonlinear equation Eq. (5.3). This mapped wrench is hereafter referred to as f,,, where the subscript
“a” 1s used to denote that this is the contact force as interpreted by an algorithm. It should be noted
that the difference between f. and f., is that f. is a true force that is exerted on the environment,
whereas f,, is the force as perceived by a control algorithm. The value of f, can be more precisely
controlled when the uncertainty of f., is minimized. The force uncertainty is quantified using

coefficients of variation CV, and CV; which represent the algorithmic contact force uncertainty,

Eq. (5.11), and the true contact force uncertainty, Eq. (5.12), respectively. Here, STD indicates the
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standard deviation.

B STD(f.,)
CV, =100 x |M—EAN(fca)\ (5.11)
B STD(f,)

To visualize the relationship between these values in the presence of localization noise, a set
of 5000 numerical simulationsw as conducted where a uniform localization noise of 15 mm and
15° was applied with a single stationary EM and a stationary IM. This linear noise translates to
approximately 135% of the size (11.11 mm diameter and length) of the IM used in the experimental
work discussed in prior STORM lab publications [3, 53] as well as earlier in this dissertation. In
each of the 5000 simulations, the EM’s pose was randomly chosen within a distance between
magnets of 15 cm with a STD of 1 cm, or in a bound of approximately 7% of the separating
distance. The position of the EM around the IM was chosen by a uniform random distribution of
relative position vectors p. Similarly, the heading of the EM was chosen randomly as well. For
each pose of the EM, 1000 mappings from uncertain localization to f,, were computed. Noise was
assumed to have a Gaussian distribution. A nonlinear force mapping was applied here.

The relationships between g and the STD of |f, | were computed, Fig. 5.4, as well as between
mean(g)/mean(| f.,|) and CV,, Fig. 5.5. It should be noted that mean(g)/mean(|f,,|) is not equal
to mean(g/|fc,|). The relationship between g and CV,, is not directly plotted as the latter is nor-
malized with the contact force magnitude. The value g and the STD of |f., | are related linearly
with a coefficient of determination of 0.94, whereas the relation between g/|f;,| and CV, has a co-
efficient of determination of 0.87. As the results in Fig. 5.5 are normalized with force magnitude, a
nonlinearity is introduced that results from the relation shown in Eq. (5.3). This analysis suggests
that reducing g will result in a reduction in uncertainty.

The uncertainty of f,, the contact force as estimated by the system, is directly affected by the
value of g and thus, since g can be controlled by the actuating field, the uncertainty of f., can also
be controlled. The uncertainty in the true force on the environment, f., however, is dependent not

only on the estimate f. , but also on environmental factors, and thus cannot directly be controlled.
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Figure 5.4: Numerical simulation result that shows the relationship between the STD of f.,, which
is the contact force as estimated by the system, and the mean value of g. Here, the mean refers to
the mean value of the 1000 data points of each of the 5000 simulation. (©2019 IEEE [4])
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Figure 5.5: Numerical simulation result that shows the relationship between the mean normalized

value of g and CV,,. Here, the mean refers to the mean value of the 1000 data points of each of the
5000 simulation. (©2019 IEEE [4])

It is assumed that if the estimated contact force has a lower uncertainty, then the true contact force

will likely have a lower uncertainty as well.
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5.3 Force Control

To implement magnetic control, the EM motions that will result in desired wrenches on the
IM must be computed that, in turn, will act on the IM and result in desired force and-or motion.
The motion of an IM is dictated by device mechanics and dynamics, as well as environmental
interactions. Rather than precisely modeling environmental effects which may be cumbersome,
prior works have successfully implemented CL control without environmental modelling [44, 3,
53] which has been done in this chapter as well. To choose a desired EM motion, a desired
infinitesimal change in force must be determined, which is referred to as 6f;,,. Given that this is
a 3 DoF actuation task, and the actuation system has 5 DoFs, Jr, contains 2 DoFs of redundancy,
which is used here for sensitivity minimization.

The action of the controller is dependent on the method of inversion of the Jg, Jacobian. One
acceptable inversion method is to use a weighted right pseudo-inverse as shown in Eq. (5.13) [152].
This inversion is a constrained linear optimization that minimizes the objective function 5x} Wdx,
where W is a diagonal weight matrix whose diagonal weights can be chosen such that certain
values of 6x, are minimized with preference. The weight matrix W can be used for performance
tuning as the vector 8x, contains terms of various units; an example result of weight tuning could
be a preference for EM rotation rather than translation. In implementations in this paper, W was

set to an identity matrix.

8% = W I (Jre W J5,) ™! 6F o5 = T 88 es (5.13)

To reduce uncertainty in f,, the value of g must be reduced. A control method is proposed
in this section that reduces the value of g using a gradient projection method [153] in magnetic
control. The shape of the sensitivity ellipsoid is algorithmically altered using EM DoFs that are
redundant, i.e. are not used for completing the desired task of 3 DoF force control. The control
strategy of Eq. (5.13) is thus augmented to Eq. (5.14) where the scalar value f3 is a user defined

constant that, when set to a negative value, projects the gradient onto the null space of Jr, as
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to minimize an objective function. The value of 6f;, is task dependent and will be specified in
reference to experiments later in this manuscript. The gradient of g is computed via Eq. (5.15)
where a gradient with respect to a single EM motion is computed. This same method is utilized
by stacking gradients if more than one EM is used. The gradient is computed numerically using
Python; the computation time for which is between 2 and 4 ms when using a single EM. In this

implementation, the gradient is normalized and the impact of the homogeneous solution is capped.

6X€ = 6X€particular + 6X€h0m0geneaus = 6X€p + 5Xeh

(5.14)
= J#’eSfdes + ﬁ (I - J#lteJFE)Vng(Xm Xi)
dvol(P.Jr;)
_ 3Pe
Veg— |
x& Ivol(P.J ) (5.15)
o,

5.4 Simulation and Platform Experimentation: Validation of Force Uncertainty Reducing

Algorithm

5.4.1 Experimental Setup

Experiments were conducted in both a simulation environment and a physical platform, shown
in Fig. 5.6 and Fig. 5.7, respectively. The physical platform is that of the MFE system. All
system software was written using Python and Robotic Operating System middleware [74]. The
simulation was developed in Gazebo, an open-source software that is equipped with a physics
engine, and component-wise emulates the physical platform. A custom magnetic dipole plugin
that was previously developed by Dr. Taddese was used [1] for integrating magnetic wrenches
with Gazebo’s dynamics. The IM in the simulation is housed in a spherical shell. The shape is
chosen to minimize effects of geometry on algorithm function. The IM’s shell contains a tether
whose primary purpose is to stabilize dynamics of the IM; however, an additional advantage of the
tether is that it acts as a disturbance to IM motion that is likely to be more realistic than a simple

untethered sphere.
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A force and torque sensor (Nano 17 SI-25-0.25, ATT Technologies) was used in force-control
validation experiments. Data from this sensor was acquired using a 12 bit Analog-to-Digital con-
verter that provided accuracy of 0.1 N and 0.5 m - Nm. This sensor was mounted on, and manip-
ulated by, a second serial manipulator (RV6SDL, Mitsubishi, Inc., Japan). The two manipulators
were registered using a least-squares fitting [154].

The magnetic control solution to Eq. (5.14) is an EM motion, thus joint values of the serial ma-
nipulator must be computed to achieve the desired end-effector motion. To compute the necessary
robot joint step, 8q to achieve 0X,, an actuation Jacobian, J4, is used, as defined in Eq. (5.16),
where Jr is the manipulator’s geometric Jacobian. The Jacobian J4 contains a well known redun-
dancy in that a dipole can rotate about about its magnetization axis without change in applied field

owing to its field symmetry about its magnetization axis.

I 0
0x, = Jréq=J40q (5.16)
0 S(i,)T

The robot joint solution is shown in Eq. (5.17) where JX denotes the Moore-Penrose Pseudo In-
verse of the actuator Jacobian. Similar to 8 in Eq. (5.14), B is a user defined value that scales the
projection of the gradient of an objective function, h(q), onto the null space of Jg. The value of
h(q) was chosen as such that represents the value of the manipulator’s wrist, thus, after a threshold
is reached, the manipulator uses available redundancy to prevent a collision between the casing
of the EM and the manipulator’s link. The strategy is particular to this application and can be

customized per future operator’s needs.

8q=J}6x.+ Br(I—J;Jr)Vqh(q) (5.17)

The remainder of this section includes an experimental demonstration of the functionality of
the proposed method. A simulation study is presented first, followed by experimental validation

on the physical system.

86



Tethered Device EM 2

M _ z
<~—C
<—C

Constraint Structure

Figure 5.6: The Gazebo simulation environment with a) a single-EM environment and b) a double-
EM environment. In all trials, a desired force was set in the -x direction while motion was con-
trolled in the y direction where a desired position was set. (©2019 IEEE [4])
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Figure 5.7: The experimental platform. A manipulator maneuvers an EM while another identical
manipulator maneuvers an IM. The wrench applied on the IM is measured with a force and torque
sensor. (©2019 IEEE [4])

5.4.2 Simulation Study

To evaluate the ability to algorithmically lower the value of g, and thus f., and in turn f., when
manipulating an IM, a series of simulation trials ws conducted. The control was applied as stated
in Eq. (5.14). The 6f,,, term was used for both position and force control as shown in Eq. (5.18)

where e, and e indicate position and force errors, respectively. Position is controlled in a motion
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direction that is orthogonal to ¢ and indicated by p,,. Both the contact force control and motion
control directions are orthogonal to the vertical axis along which gravity is applied. The projection
matrix that projects into this direction of motion is defined as P, = f)mf);. Implementation of
proportional-integral-derivative (PID) control is indicated via pid(). Simulations were conducted

with ¢ directed in the inertial —x and y directions, referred to as —X and ¥, respectively.

0fes = (I—Py,)pid(es) +P,,pid(e,) (5.18)

One set of experiments was conducted using a Gaussian localization uncertainty of 10 mm and
10° and another with 15 mm and 15°; the localization uncertainty was varied to observe whether
algorithm performance was affected by noise magnitude. The localization uncertainty is applied
in each pose component, i.e. position and orientation along all axes. These localization noise
magnitudes were selected as they are near the upper boundary of uncertainty observed in physical
systems [155, 82, 143, 156, 83, 53]. Each set of experiments consisted of both “static” and “dy-
namic” trials. During the static trials, the IM is kept fully constrained while during dynamic trials,
the IM and its tether are able to move freely and thus be subject to motion control in addition to
force control. During static trials when € was in the —X direction, the IM’s heading was aligned
with €, while during static trials when ¢ was in the § direction, the IM’s heading was orthogonal to
¢, though still on the horizontal. This was done to evaluate the influence of various orientations.

The static and dynamic trials were conducted using both a single EM and two EMs, and two
sets of experiments for each combination of experimental parameters were conducted. These com-
binations can be visualized in the results Table 5.2. Trials of “Set No.” 1 were subject to a desired
force of 0.27 N in the direction of ¢ and 0.75 N in the vertical; this resulted in a desired force with
a magnitude of 0.8 N and an orientation of 70° from €. Trials of “Set No.” 2 were subject to a
desired force of 0.61 N in the direction of ¢ and 0.51 N in the vertical; this resulted in a desired
force with a magnitude of 0.8 N and an orientation of 40° from ¢.

The dynamic trials of “Set No.” 1 resulted in the IM pressed against the contact-wall, as well
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as the upper-barrier, or ceiling, as shown in Fig 5.6. The dynamic trials of “Set No.” 2 resulted in
the IM pressed against the contact wall, but floating in the vertical direction. Each “trial” consisted
of five simulations run without the use of algorithm and five simulations with the algorithm. Each
simulation ran for 80.0 s. Only the final 30.0 s of each simulation, the steady-state period, was
post-processed as to avoid capturing data from the early, transient, period where magnets move to
reduce force error and to reduce g. The homogeneous force solution that minimizes g was limited
to a threshold magnitude after 35.0 s. A larger influence of the homogeneous component in the
transient period allowed for the EM(s) to maneuver closer to a g minimum before the start of
the steady-state period. The magnitude of the particular solution was not varied between trials as
modifying it would have an influence on force uncertainty and thus would not allow for a direct
evaluation of the algorithm’s efficacy.

Results are shown in Table 5.2 (10 mm, 10° noise) and Table 5.3 (15 mm, 15° noise). The

’,

results reported in this table are the following: “f, err”: force error in ¢ from the desired, “g/|f;,

the value of g normalized against force magnitude, CV,, CV;, and the ratios of CV, and CV; with
and without the use of the algorithm. The values of CV, were computed via dipole model using
the noisy force estimate, i.e. what the algorithm “sees”, while the values of CV; were computed
via dipole model using the true IM pose. The final ratios explicitly show the factor of improvement
in uncertainty when using the algorithm.

The values reported here result from computation of the mean of the means of each simulation,
i.e. the value reported as CV, is the mean value of the CV,’s of each simulation and five simu-
lations are conducted for each data point. A filter was used to smooth both EM commands and
the computed gradient of g. The interactions between the two actuating EMs were not considered
in this work. In a platform implementation, a component of actuation redundancy should be used
to minimize the interaction force between the EMs. The EMs did tend to collide at times and a
further work on actuation control would be necessary to physically implement this experiment.
Localization feedback was acquired at 100 Hz and was not filtered. The motion control in dynamic

experiments was used to simply keep the IM in its initial position.
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When the algorithm was used, the EMs changed orientation until a local minimum in g was
reached. Results suggest that the use of the algorithm robustly reduces uncertainty. The factor of
improvement of CV, was always above 1.0, and the factor of improvement of CV; was typically
at, or near, 1.0. The maximum factor of improvement of CV; when using a single EM was 2.81
in static experiments and 1.69 in dynamic experiments. The maximum factor of improvement of
CV; during double-EM experiments was 1.65 in static experiments and 3.10 in dynamic experi-
ments. The uncertainty-improvement results for single-EM static trials were better when the IM’s
heading was orthogonal to €, as compared to when the heading was aligned with ¢€; this suggests a
varied ability for the EM to find various local minima in g. There was not a discernible effect in
uncertainty reduction with varying levels of localization noise.

These results demonstrate that the algorithm robustly improves both the expected uncertainty,
CV,, and the true force uncertainty CV;. It is noteworthy that the use of this algorithm also tended
to reduce the error in f.. Furthermore, the value of g/f,, was always reduced, demonstrating the
controllability of ellipsoid size. The improvement factor of CV; was drastically smaller during
double-magnet experiments of Set No. 2, and the error in f. increased. This is a result of the
IM’s weight being nearly balanced by the applied force. As the magnitude of the homogeneous
twist on magnets is limited in software, the IM was subject to variability to forces in the vertical
direction owing to the oscillation of the EMs. The IM experienced more oscillation when subject
to the algorithm, as without it, one magnet would move farther from the IM and the magnets. This
adverse effect would likely be improved by slowing the homogeneous solution and also would
likely not be as evident in a physical system owing to the presence of environmental damping. The
factor of improvement of C'V, in these cases was greater than 1.0.

One reason for limited controllability over the value of g is that the major axis of J; tends to
align with the magnetic force vector. The conclusion is based on a numerical simulation that was
conducted where 10,000 random EM poses were generated with a constant IM pose and the angle
between the major ellipsoid axis of Jr; and the magnetic force vector was recorded. The angle

difference was found to be 22.9+16.6°. This simulation was repeated with a constraint that the m;
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Table 5.2: Simulation experiment results. Localization noise: 10 mm, 10° (©2019 IEEE [4])

No Algorithm Algorithm Varoate | Vinoate
Mode | EMs | € [ SetNo. | f.err (%) | g/|fe,] | CVa | CV, | feerr [ g/|fe,] | CVa | CV, | CVau, CViag
g 1 6.2 120.7 | 814 | 6.4 6.5 1052 | 749 | 5.8 1.09 1.10
| 2 1.7 577 | 327 2.0 2.2 547 | 323 | 25 1.01 0.81
N 1 8.8 107.9 | 783 | 6.0 3.2 69.4 36.0 | 3.2 2.18 1.89
-2 y 2 4.1 593 | 363 | 25 2.4 553 | 332 2.8 1.10 0.88
% < 1 8.9 122.8 | 80.8 | 104 | 5.3 52.2 577 | 6.3 1.40 1.65
) 2 3.4 56.7 332 | 3.8 2.3 28.6 22.1 | 2.6 1.50 1.47
o 1 7.6 119.6 | 72.5 | 8.8 6.4 189 | 59.7 | 6.9 1.21 1.28
y 2 4.4 614 | 366 | 4.3 2.5 9.5 240 | 2.9 1.52 1.48
s 1 18.1 95.7 | 56.1 | 3.0 7.0 819 | 493 | 1.8 1.14 1.62
1 2 6.9 55.8 297 | 1.2 73 53.4 280 | 1.4 1.06 0.89
é ¢ 1 20.8 943 | 55.0 | 2.7 7.4 82.1 499 | 1.6 1.10 1.69
S 2 7.8 554 | 298| 1.3 7.7 52.8 283 | 1.2 1.05 1.07
E P 1 16.1 97.0 | 569 | 3.63| 6.6 25.1 246 | 1.2 2.31 3.10
2 2 7.6 553 302 1.8 | 942 344 | 249 | 10.6 1.21 0.17
N 1 17.0 954 | 57.8 | 3.2 6.3 27.6 264 | 2.1 2.19 1.52
y 2 73 549 299 | 1.8 | 2180 | 442 |27.6 | 13.0 1.09 0.14

aligns with the field of the EM where the result was 3.9 + 1.4°. These results suggest that a bias
exists in the shape of the ellipsoid of Jr;, which is expected owing to the force being a direct result
of field gradient. As a result of this, the algorithm typically had greater impact in experiments of
Set. No. 1.

Finally, to demonstrate the algorithm’s functionality in the transient during static experiments,
Fig. 5.8. Here, a similar experiment protocol was followed (Table 5.2); however, the algorithm was
activated after 20 s rather than immediately, to ensure that force error had reached a noisy steady
state. The reduction in the value of g can be seen after 20 s, when the algorithm was activated. The

force uncertainty drops during steady-state operation of the algorithm.

5.4.3 Evaluation on Physical System

Physical platform experiments were conducted to demonstrate the methodology on a real mag-
netic system. As an ideal dipole, i.e. sphere, is not used for the EM and IM for design purposes,
experimentation began with a characterization of the sensitivity ellipsoids of the system in Sec-
tion 5.4.3.1. As the ability to draw conclusions and make algorithmic decisions based on sensitivity

ellipsoid hinges on the validity of the dipole approximation, such characterization is recommended.
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Figure 5.8: The results of 5 static trials with and without the uncertainty-reducing algorithm where
a 10 mm and 10° is applied. When using the algorithm, it was activated after 20 s. After 60 s,
the homogeneous solution was scaled down, which is referred to as the start of the “steady-state
period”. The particular solution is not scaled between trials. In the top plot, the algorithm reduces
the value of g). In the bottom plot, the uncertainty is visibly lowered when the algorithm is in effect
and its homogeneous twist that reduces g is scaled down. All data in these plots were filtered to
improve visualization. (©2019 IEEE [4])

A series of experiments was therefore conducted that show that the general behavior of ellipsoids
in the physical system aligns with that which is expect from the linearized dipole model. The
force-uncertainty-reducing algorithm was then validated and is discussed in Section 5.4.3.2. The

experimental setup used for all platform experiments is shown in Fig. 5.7.
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Table 5.3: Simulation experiment results. Localization noise: 15 mm, 15° (©2019 IEEE [4])

No Algorithm Algorithm Vo, e | Vinoatg
Mode | EMs | & [SetNo. | frerr (%) | g/lfel | CVa | CV, | feerr | g/Ife] | CVy | CVy | CVau, [
s 1 18.2 138.3 | 1434 | 10.2 | 14.7 1145 | 1248 | 9.5 1.15 1.07
| 2 3.4 59.2 51.7 | 3.2 33 57.1 51.0 | 3.2 1.01 1.01
. 1 18.6 108.3 | 126.7 | 11.0 | 5.1 73.0 62.1 3.9 2.04 2.81
2 y 2 9.9 59.9 60.7 | 4.3 8.0 58.0 57.1 | 43 1.06 1.01
% P 1 15.3 139.5 | 147.3 | 13.0 | 13.5 86.6 107.5 | 11.0 1.37 1.18
2 2 4.6 59.9 53.1 | 49 4.0 390.1 384 | 4.7 1.38 1.05
. 1 8.8 126.0 | 119.3 | 9.8 10.5 394 91.7 | 83 1.30 1.18
y 2 5.9 65.4 58.1 6.2 6.5 14.2 37.9 | 3.7 1.53 1.65
P 1 30.9 98.9 88.1 20 | 153 87.0 81.4 1.5 1.08 1.33
| 2 18.8 59.1 47.7 1.7 15.0 55.3 46.6 1.8 1.02 0.95
é . 1 334 98.1 82.0 | 2.2 | 185 87.3 79.6 1.7 1.03 1.32
s y 2 21.2 58.3 48.8 1.9 | 184 55.3 46.0 1.8 1.06 1.03
E P 1 27.3 103.6 | 909 | 39 8.2 2475 | 41775 | 24 2.18 1.63
) 2 17.8 58.4 48.0 | 2.1 | 355 30.7 346 | 8.3 1.39 0.25
. 1 28.8 99.8 89.2 | 39 | 125 26.4 44 .4 1.7 2.01 2.28
y 2 17.1 58.4 483 | 2.2 | 28.8 29.4 30.0 | 10.3 1.61 0.21

5.4.3.1 Validation of Sensitivity Ellipsoids

To validate the correspondence of ellipsoid shapes on the non-dipole platform with a dipole
prediction, an EM that is moved by a serial manipulator is used as well as a second serial manipu-
lator to perturb the position and orientation of the IM. In general, force and torque can be applied
in 3 DoF each, resulting in a 6 DoF task space. Only two torque DoFs are controllable owing to
a dipole’s symmetry. Four primary Jacobians that were defined in Eq. (5.6) are of concern: Jr,,
J Fay» J7p;» and J Tw;» €ach of which are € R33. As the purpose of this analysis is to convey the
similarity in ellipsoid shape, it is most intuitive to visualize the ellipsoids in 2D. For each Jacobian,
nine 2 DoF combinations exist.

Discrete points that form the sensitivity ellipsoids are experimentally recorded by perturbing
the pose of the IM in planes e.g. moving the IM in a circle on the XY plane, then XZ plane,
then YZ plane, and repeating for angular DoFs. As the IM is mounted on a force and torque
sensor, force and torque are recorded at each of these poses. Each circle was discretized to 12 data
points. At each of these 12 points, 2000 force and torque readings were collected. As many of
the perturbations were within the sensitivity of the force and torque sensor, the large number of

data points allowed for a more accurate mean reading. Finally, the resultant ellipsoids of force and
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torque perturbations were plotted along with the predicted dipole-dipole Jacobian value as well as
the discrete theoretical expected result obtained from dipole force and torque equations.

This theoretical discrete expected result was computed by gathering data at each discrete point
as traveled by the IM; however, instead of a measurement, it is the force and torque as estimated
via dipole-dipole model. This computed result is shown to visualize potential losses of Jacobian
linearity. Given that the dipole force and torque estimates may have slight inaccuracies, of greater
interest is the general behavior of a Jacobian; thus, improper scaling of an ellipsoid is accepted
as are minor deviations from the expected shape. Multiple sets of experiments were conducted.
The results of two experiments, experiment numbers 3 and 4, are shown in Fig. 5.9 and Fig. 5.10,
respectively.

The ellipsoids’ correctness was evaluated by computing the measured and dipole-predicted
major to minor axis length ratio, as well as the angle tilt of the ellipsoid. For the data shown in
Fig. 5.9, the ellipsoid major-to-minor axis ratio error was 27.0 4= 25.7% and the ellipse tilt error
was 10.0 £ 17.8° (36 ellipsoids). The results of the 6 tests were: an ellipse ratio error of 47.7
+ 79.9% and an ellipse tilt error of 13.5 4+ 20.5°. When processing the result for all 8 trials,
including the outliers, the results were 86.1 + 204.4% and 13.5 4 19.6° for ellipse ratio error and
ellipse tilt error, respectively. The high errors are likely attributed to the greater impact of sensor
noise and robot registration errors in instances where the magnetic Jacobian is ill-conditioned
1.e. the Jacobian’s ellipsoids are thinner in certain DoFs. The correctness of sensitivity ellipsoid
direction compared to magnitude is more important in this application as this direction is used by
this algorithm to dictate EM motions. As the measured behavior of the ellipsoids is, in general,
consistent with the linearized dipole model, only one set of results is shown. These results suggest
that on this physical system, the dipole model can be used to make inferences regarding sensitivity.

Any errors that may exist in the ellipsoid assumption will adversely affect performance.
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Figure 5.9: Results of a pose perturbation experiment showing the consistency between theo-
retical and observed behavior of the J; Jacobian. The configuration of the magnets is arbitrary:
p = [0.125,-0.069, —0.065]T, ; = [0.422, —0.887, —0.187]T, and th, = [-0.909,0.415,0.044]T
The magnets were separated by 16 cm, with respective nominal dipole force and torque magni-
tudes of 1.0 N and 37 N-mm. Here, the red line represents the experimental result, the solid blue
line represents the discrete theoretical result, and the dashed blue line represents the theoretical
Jacobian prediction. The gray circle indicates the sensors sensitivity. (©2019 IEEE [4])

5.4.3.2 Force Control Algorithm Evaluation

The force control algorithm’s function was validated on the physical platform by using an

external sensor measurement to confirm that force uncertainty was reduced. These experiments
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Figure 5.10: Results of a pose perturbation experiment showing the consistency between theo-
retical and observed behavior of the J; Jacobian. The configuration of the magnets is arbitrary:
p = [0.132,—-0.069, —0.057]T, ; = [0.311,—-0.920, —0.237]T, and th, = [-0.958,0.286,0.023]T
The magnets were separated by 16 cm, with respective nominal dipole force and torque magni-
tudes of 0.9 N and 33 N-mm. Here, the red line represents the experimental result, the solid blue
line represents the discrete theoretical result, and the dashed blue line represents the theoretical
Jacobian prediction. The gray circle indicates the sensors sensitivity.

were conducted while keeping the IM in a fixed pose as shown in Fig. 5.7. Owing to the presence
of two serial robots in close proximity, the experimental workspace was small. Given an initial

condition of magnet positions, the use of this uncertainty-reducing algorithm results in a new EM
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pose that is unknown at the start of the experiment; this presents a path-planning problem for
collision avoidance. In this work, the development of a path-planning algorithm was avoided,
and instead, a brute-force numerical simulation was conducted to evaluate initial experimental
parameters and determine if the EM is likely to approach an undesirable configuration. Given a set
of acceptable conditions, i.e. that would not result in robot collision, conditions were chosen that
were expected to reduce the size of g more significantly, end thus be more likely to reduce CV; by
a larger amount.

It should be noted that such search was not done in any simulation trials. Whereas the aim of
this experiment was to demonstrate how much CV; can be affected by applying this methodology,
the system can use the force uncertainty reducing algorithm constantly; the system will take ad-
vantage of the null-space reduction of g when possible. In these experiments, a desired force was
commanded. Increments in wrench, used to compute desired EM motion, were computed using

PID control as shown in Eq. (5.14) and Eq. (5.19).

Sfdes :pid(ef) (5.19)

Similar to the protocol for simulations, eight experiments were conducted; each of which consisted
of five trials without the algorithm, and five trials with the algorithm in use. Data was recorded
for 80 s and only the final 30 s was analyzed as to capture steady-state behavior. A trial period of
80 s allowed the system to reach a steady-state point in any attempted experiment configuration.
The joint values sent to the manipulator were filtered to avoid shaking of the robot. As in some
simulations, during all experiments, a Gaussian localization uncertainty was set to 15 mm and 15°.
Localization feedback was acquired at approximately 100 Hz and was not filtered. The true value
of f. was measured using a force and torque sensor mounted on the end-effector of a second serial
manipulator (Fig. 5.7).

The experimental results are reported in Table 5.4. The reported values were computed in the

same manner as they were in simulation trials; however, the value of CV; here was computed using
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Table 5.4: Platform experiment results (©2019 IEEE [4])

No Algorithm Algorithm Voo ate | Vino—alg
Trial No. Des. Force (N) g/lfel | CVa | CV: | g/fe, | CVa | CV, | CVay, CViaig
1 [—0.05, —0.16,0.47] 306.6 | 346.3 | 41.0 | 62.0 | 123.1 | 18.6 2.81 2.20
2 [—0.04,—0.31,0.39] | 395.4 | 384.5 | 35.4 | 288.1 | 295.5 | 32.7 1.30 1.08
3 [—0.08,—0.27,0.41] | 212.9 | 224.1 | 284 | 63.6 | 959 | 123 2.34 2.31
4 [—0.07,—0.07,0.49] | 238.3 | 287.0 | 45.5 | 549 | 86.0 | 18.2 3.34 2.50
5 [—0.12,—0.39,0.29] | 168.6 | 171.6 | 17.9 | 61.7 16,6 | 9.3 2.24 1.93
6 [—0.10,—0.11,0.48] | 154.6 | 1742 | 20.5 | 63.3 | 89.2 | 11.5 1.95 1.79
7 [—0.11,—0.34,0.34] | 158.3 | 153.0 | 17.7 | 72.0 | 67.7 | 10.1 2.26 1.66
8 [—0.09,—0.30,0.39] | 211.1 | 246.4 | 279 | 53.7 | 53.5 | 114 4.61 2.45

the external sensor, rather than a dipole-model estimate. The outcome of this result analysis is the
mean value of g that is normalized by dividing by the mean |f., |, as well as CV, that was defined
in Eq. (5.11), and CV; that was defined in Eq. (5.12). The true value of contact force, f., was
obtained from sensor measurements. When the algorithm was in use, CV, was reduced by a factor

of up to 4.6, and CV; was reduced by a factor of up to 2.5 (trial 4).

5.5 Discussion

In this work, the functionality of the novel force uncertainty reducing algorithm was demon-
strated in both simulations and platform experiments. The algorithm reduced force uncertainty in
the majority of simulations and all platform experiments. The algorithm was evaluated in the case
of using a single EM as well as using two EMs. Functionality was demonstrated in two directions
in space, as well as with two levels of applied localization noise. Simulations were conducted in
both a static manner, where the IM was fixed in space, as well as in a dynamic manner, where
the IM was free to move in response to environmental forces. The algorithm reduced force un-
certainty in both static and dynamic experiments. The methodology applied in this work may
be improved by differentiating magnet heading in an S* manifold, as the magnetic strength of a
permanent magnet is constant. Furthermore, we note that a further improvement to the proposed
method may include a consideration for the sensitivity of actuation Jacobians, e.g. Jr,, (Eq. (5.7)),

to localization noise and, in turn, the implications of their ellipsoid shapes.
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The focus of this work was on optimizing force control precision, rather than accuracy, i.e. en-
suring that the obtained force was precisely what was desired. This was done for two reasons: (1)
on this platform, the magnets are not ideal dipoles and thus any measured force error is attributed to
both robot registration error as well as imperfect field modeling and (2) the same control method-
ology cannot be applied for all experiments i.e. control gains must be adjusted based on amount of
force and amount of localization noise. To address (1), a future researcher can use spherical mag-
nets or implement more accurate field models such as the current model [62]. Works in robotic
capsule endoscopy have implemented such models previously [157]. To address (2), an adaptive
controller is likely a proper solution assuming that the field modelling is accurate. Control pa-
rameters were intentionally kept constant between trials to minimize the number of variables in
the analysis. To compensate for any inaccuracies in force accuracy, the results in this work are
normalized with respect to force magnitude.

This work is relevant for groups working with magnetic manipulation of in-vivo devices whether
they be untethered or partially constrained by a catheter or continuum robot. The methods were de-
veloped for permanent magnet systems where the IM is a single dipole, but can be extended to cases
where multiple IMs are used or if the controlled device is composed of a sphere of soft-magnetic
material such that effects of shape on magnetization are negligible [158, 159]. In such case, the
actuation system would gain torque redundancy as the soft-magnetic material would be less likely
to align with the external field. These methods can also be extended to electromagnetic actuation
systems by adding derivative relations between coil currents. As four coils are needed for a force
control task and eight coils are needed for a force-and-torque control task, torque redundancy can
be used for implementing this proposed algorithm [72]. This methodology was evaluated on a cm-
scale system but can be applied for control of robots in smaller scales where precision of motion
is especially necessary. Finally, this work gives insight into the use of manipulability ellipsoids for

magnetic actuation, as is commonly done for rigid-link manipulators.
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5.6 Conclusion

In this work, a sensitivity ellipsoid analysis of a magnetic actuation Jacobian was applied to
improve the uncertainty in applied force in the presence of localization noise. This method relies
on defining a direction during a force control task in which the precision of force application
is favored. By manipulating the configuration of the EM in the differential force nullspace, the
proposed algorithm minimizes the shape of a sensitivity ellipsoid in the direction of desired force
precision improvement. This method decreases the uncertainty in applied force both in simulation
and physical experiments. In simulation experiments, an IM that was embedded in a tethered
shell was commanded to a force control task in cases where the IM was fixed in space, as well as
free to rotate. The latter experiments demonstrated that although the IM was rotated owing to the
algorithm acting in the force nullspace and thus applying varying torques, the force uncertainty was
still decreased. Physical experiments were conducted on the MFE platform. Whereas force control
is useful in and of itself, it is the intrinsic method for actuating magnetically controlled robots as
no rigid coupling exists between an actuator and an end-effector. This method may be applied in
systems with mechanical constraints, such as magnetically guided catheters or continuum robots,
where the orientation of a guiding IM is partially constrained. Increasing accuracy of the force
applied will affect the motion of magnetic robots to a degree that will vary based on the magnitude

of localization uncertainty.
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Chapter 6

Towards Inverse-Dynamic Control of Tip-Actuated

Endoscopes without Configuration Sensing

The prior chapters in this dissertation concerned the use of magnetic fields for the control of a
tip-actuated endoscope (the MFE). These methods relied on an assumption that the endoscope’s tip
is a quasistatic, tetherless, dipole. In this chapter, this assumption is abandoned and the mechanics
of the tether are considered. Owing to the complex nature of the mechanics of the tether and its
uncertain interaction with the environment, probabilistic methods are applied to attain a dynamic
tether state estimator. The methods in this chapter do not require the use of auxiliary sensors and
rely solely on the localization of the tip itself. The following publication is an output of this work:
Ref. [7] (©2019 IEEE. Reprinted, with permission, from Slawinski PR., Simaan N.S., Obstein
K.L., Valdastri P., Sensorless Estimation of the Planar Distal Shape of a Tip-Actuated Endoscope,

IEEE Robotics and Automation Letters, 06/2019).

6.1 Introduction

Magnetic actuation has been used to control devices with [54] and without [47] a tether, as well
as continuum devices that include flexible endoscopes, needles, catheters, and robots [160, 55, 53,
161]. Earlier chapters in this dissertation presented discussion and results of controlling a tethered
device, the MFE, with an assumption that the controlled dipole is tetherless and is quasistatic.
This assumption implies that the disturbance from the mechanics of the tether of the device were
negligible. Although control is feasible with this assumption, it is evident that mechanics play a
significant role in the motion of the tip-actuated endoscope. If this disturbance could be known, a
computed-torque controller could be applied which may lead to more accurate trajectory control
and improved tracking. The objective of this chapter to the use of a sensorless estimation method

for recovering information on tether disturbance so that it may be used for the computed-torque
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control of a tip-actuated endoscopic robot. This inherently provides a method for estimating the
approximate local distal shape of a tip-actuated endoscope. Although magnetics are the means of
actuation in this chapter, these methods are valid for other sources of actuation wrench applied at
the tip. The term “computed-torque control” in this chapter encompasses control laws that rely on
mechanics information, configuration error terms, and trajectory-specific feedforward terms.

The implementation of computed-torque control typically involves the modelling of the robot
structure using sensory feedback from joints to obtain the kinematic configuration, and using direct
actuation of the configuration parameters, i.e. joints, via a control law that incorporates linearized
mechanics information. An example of a computed-torque control law is shown in Eq. (6.1) where
q indicates a vector of joint values, q indicates joint rates, {45 indicates desired joint accelerations,
D indicates the mass inertia matrix, and h(q, q) is a vector that contains Coriolis and centrifugal

terms [162].

T =D(q)(Gges + Pid(gerr)) +h(q,q) (6.1)

In the case that the robot’s configuration is known, modelling of the continuum device could be
approached via existing methods [163, 164, 165, 166, 167, 168, 169, 170, 171]. Similar methods
have been applied for continuum devices that rely on magnetic fields for actuation [160, 55, 46].
Such approaches not trivial in the case of tip-actuated tethered devices as: (1) there is no known
robot “base” as the entire tether translates via the pulling of its tip, and (2) the shape of the tether
is passive and dictated by both the actuation signals as well as the environment.

Common sensing modalities that are used for configuration and pose sensing include fiber
Bragg gratings (FBG) [172, 173], electromagnetic tracking [174], and intraoperative imaging (flu-
oroscopy, ultrasound) [175]; however, these modalities cannot be trivially used in all devices.
Shape estimation using FBG is expensive owing to the need of an optical spectrum interrogator
with multiple channels [175], and the estimate may degrade owing to propagation losses when
bending occurs past a threshold curvature [176] and the estimate may vary with changes in tem-
perature [174]. This is especially true for devices such as the MFE that could otherwise be made

single-use, or disposable. Electromagnetic sensing cannot be used with magnetic actuation sys-
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tems unless the tracking and actuation systems are compatible. The use of intraoperative imaging
contributes to system complexity and cost and can expose patients to radiation. A potential simple
approach for recovering shape may be the tracing of the path of the tip of the endoscope; however,
this method may be limited by: the uncertainty in the tether’s configuration in the lumen (i.e. tether
may shift side-to-side), the need for the tether to be in tension (an operator may insert too large of
the tether’s length such that it loops in the lumen), and the dynamic nature of the colon (i.e. the
configuration of the bowel may shift, especially if patient’s configuration is changed).

Sensor-based approaches for estimating the shape of continuum devices have been investigated.
A common approach for shape sensing for continuum robots is the use of strain sensing along the
manipulator’s axis [176]. Trivedi and Rahn proposed three sensor-based planar shape estimation
techniques intended for their pneumatically actuated 12 DoF manipulator: (1) load cell feedback at
robot’s base to facilitate internal reaction integration that changes the Cosserat rod problem from a
boundary-value-problem to an initial-value-problem [177], (2) feedback from encoder cables that
are mounted in each of the three pneumatic robot sections that provide feedback on manipulator
bending and extension, and (3) sensing using inclinometers mounted along the body of the robot
that provide additional boundary conditions that are used for computing the configuration of the
manipulator [176]. Tully et al. implemented a shape sensing technique for a fixed-base cable-
driven continuum robot that relies on a single 6 DoF EM sensor at the tip of the robot [174]. Other
groups have used external cameras for recovering shape; however, this is not applicable for medical
approaches [178].

A knowledge gap exists in the ability to estimate, without auxiliary sensors, the mechanical
disturbance and shape of a tether with an unknown configuration. The use of additional sensors
is avoided in this work to maintain simple manufacturability of the MFE and minimize potential
calibration procedures necessary for clinical use. This chapter contains a description and validation
of a proposed probabilistic method, that relies on a simple dynamic model, for the estimation of the
2D shape of the distal portion of a tip-actuated endoscope. The method is then further validated by

using information from the estimated model configuration in the magnetic control of the MFE and
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evaluating the influence of this information on the orientation errors in trajectory following. This
work relies on an extended Kalman filter and a single pose sensor at the tip, similar to what is done
in Tully’s work [174], however, the methods applied in this dissertation pertain to a continuum
device that does not have the stability of a rigid device, does not inherently behave as a follow-
the-leader device (the tether shifts passively), and does not have a fixed robot base. This chapter
begins with a description of the system, then continues with a description of the methods (i.e.
approach to the magnetic control, dynamic model, and estimator). The methods of validation are
then described and results are presented. The chapter ends with a conclusion of observations and

statements on potential future directions of this work.

6.2 System Overview

The methods applied in this work are validated using the MFE system, described in Chapter 1.
The experimental setup used in this work is shown in Fig. 6.1. In addition to the previously
described MFE, serial robot, and EPM, this system includes a custom tether shape measurement
platform that is based on the video feedback of a single camera (“Creative Live!”, Creative Labs,
Singapore). The camera is used to detect three color markers on the tether of the MFE. Processing
of images was done using OpenCV [179]. The conversion from pixels to positions in the robot’s
frame was achieved by registering the camera’s output using a least-squares fitting [154]. All color
markers are assumed to be planar; this is an acceptable assumption as the trajectory followed by the
MFE was on the horizontal, while the camera faced the vertical direction. The estimator operates

at approximately 28 Hz.

6.3 Methods

6.3.1 Magnetic Control of MFE Tip

The magnetic actuation of the tip of the MFE that is applied here is similar to that described

in Chapter 2. The expression for the commanded change in magnetic wrench, dw,, is shown in
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Figure 6.1: The MFE system with a camera used for color-marker detection. (©2019 IEEE [7])

Eq. (6.2).
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The serial robot’s geometric Jacobian is indicated via Jg, I, indicates an identity matrix € R"*",

S() denotes the skew-symmetric form of the cross-product operation, and dq is the vector of in-
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finitesimal changes in joint positions. To actuate a magnetic device, the joint rates of the serial
robot must be computed such that the result is a motion of the EM that induces the desired wrench.
The commanded wrench is determined by applying a velocity and position controller as defined in
Eq. (6.3).

(vae,ev)f%—l(posepﬁ

oW, = (6.3)
Korient €o

Here, t and fi indicate the tangent and normal directions, on the horizontal, to the desired trajectory,

respectively. The velocity error is depicted via e, = p;,, . , — Pi, orientation error via e, = f; X t
where t is the tangential direction to the desired path, and position error via e, =p;, —pi- The
commanded trajectory is made via a Bezier curve. This commanded wrench step is not a function
of tether mechanics in any way; rather, it is the same relation one would use when commanding
an untethered device. Given a desired step in wrench, an optimization relation is defined that
favors achieving the commanded wrench, managing joint rates and joint-limit proximity [180],
and maintaining a desired height of the EM; this relation is shown in Eq. (6.4). This is not a

constrained minimization and relies on the subjective tuning of constants to give preference to the

optimization of certain parameters over others.

min ([ Wa, (9w — Jrx30)|” + & [Wy 5.
q (6.4)

+B1l(za — Jrzb)| )

Here, W,, is a diagonal weight matrix that allows for tuning the preference of achieving desired
magnetic forces or torques, Wy is a weight matrix that punishes joint motion as joints approach
their limits, z; = [0,0, p,_ 100,0,0,0]T where Pe, 4, 1s the desired EM height, and W is a matrix
of zeros € R%*6 apart from its (3,3) index which is set to 1.0. Finally, Jz € R%*® is the geometric
Jacobian of the serial manipulator. The resultant joint rate is computed analytically and the com-

mand is sent to the robot controller. The resultant solution for commanded joint rates is shown
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in Eq. (6.5).

-1
dq :<J;AWWJFA+ZOCW(;I +/3J1TezJRZ> ©5)

(JIFEAstwc + BJ}Q;ZZd>
6.3.2 Estimation

The method proposed for the 2D local shape estimation of the MFE relies on fusing the fol-
lowing elements: (1) the sensed position and orientation of the MFE’s tip, (2) the magnetic wrench
that is applied on the MFE’s tip, which is estimated using the dipole model, and (3) a dynamic
model of the MFE’s tip and body in a near vicinity of the tip (approximately 15 cm). A variant of
the Kalman filter was chosen as the method of estimation as it is a recursive Bayesian estimator
that requires a single integration of dynamics per time step. This particular model appears to be
a sufficient representation for this application; however, it is not the only model that can be used,
and is not necessarily the ideal one. In the following sections, the dynamic model and estimation

method are described.

6.3.2.1 Dynamic Modelling

The proposed dynamic model consists of two disks, each rigidly connected to a link, with
the links connected via a torsion spring; shown in Fig. 6.2. The following are descriptions of
parameters used for dynamic modelling: m; indicates the respective mass of disks where the pose
of mass 1 corresponds to the pose of the MFE’s tip, /; indicates the moment of inertia of a respective
disk, k; is the torsion spring constant, L; is the respective length of a link connected to mass m;, b;
is a linear damping coefficient, and D; is an angular damping coefficient. The states of the system
consist of the MFE tip (m) position, linear velocity, orientation, and angular velocity, as well as
the orientation and angular velocity of mass 2 (m;). Feedback is available on the tip’s pose and

twist, but not on the state of m,. These states are defined explicitly in Eq. (6.6) and Eq. (6.7).
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Figure 6.2: Schematic of a dynamic two-link and two-mass model with a best-fit curve with con-
stant curvature. (©2019 IEEE [7])

x = [p1,p1,61,61,6,,6]" € R® (6.6)

y=[p1,p1,61,6:1] € R® (6.7)

The dynamic model was written by deriving the system’s Lagrangian that is shown in Eq. (6.8).

o _l . T 2T
L=K V—2 mip|Pp1 +map, P2

(6.8)
+h%+b%—ﬁ%—&f>
where
cos(6y) cos(6,)
p2=p1— L —L, (6.9)
sin(0r) sin(6,)

The Lagrangian expression in Eq. (6.8) was derived symbolically using Matlab (Mathworks Inc.,

USA) via Eq. (6.10) and compiled into a Python library, which was then interfaced-with using a
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ROS node.

S0 22 he =0 (6.10)

Here, g, denotes the iy, of the four generalized coordinates (piy, p1y, 61, 62, where p; = [P1x, P y]T),
and “n.c.” denotes the non-conservative forces applied on the system that include linear and an-
gular viscous friction (each applied on both masses), and externally applied magnetic forces and
torques. Eq. (6.10) was then solved for each g., to write a nonlinear state-transition expression as
shown in Eq. (6.11). Here, w,, indicates the applied magnetic wrench that is estimated via dipole
model; this is possible owing to localization feedback of IM pose and kinematic feedback of the
serial manipulator that is used to obtain EM pose. The complete expression for g, is omitted here

for brevity.

Xp = Xg—1 + X106t = g(Xp—1,Wn) (6.11)

Here, g(x;_1, W) indicates the nonlinear state-transition matrix. The expression for the measure-
ment model, h(x;_;), is shown in Eq. (6.7). The measurement, z, is identical to the measurement
model and is obtained using a magnetic localization method described in Ref. [53] that provides
six DoF pose feedback; velocities are obtained via discrete low-pass-filtered differentiation. As the
estimate is 2D, 2 DoFs of position feedback and 1 DoF of orientation feedback are utilized. The
objective of this estimator is to recover the value of 6, and to use it to make a continuum-shape esti-
mate. The functionality of the estimator can be conceptualized with the following question: “what
is the state of the model that would result in the unexpected deflection that was observed?”. The
possibility of this estimation is contingent on the observability of the state vector. As this system is
nonlinear, the local observability is determined and is done by linearizing the state-transition and
measurement models and verifying the rank of the observability matrix O to be that of the number
of system states, as defined in Eq. (6.12) [181], where “n” denotes the number of system states.

This model is locally observable and remains observable when the only feedback information is
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the location of p;.

O(x,u) = - (6.12)

6.3.2.2 Estimator Implementation

The prediction step of the EKF relies on using the dynamic model to obtain an a priori state
and state error covariance; these are marked via X; and l_’k, respectively. These relations are shown

in Eq. (6.13) and Eq. (6.14), where Qy is the process noise covariance and P;_; is the state error

covariance.
X = 8(Xx—1,Wm) (6.13)
_ Je(x dg(x4_1)T
B, — g(;; Up,_ g(;‘i D Lo (6.14)

The correction step of the EKF relies on using a priori state as predicted via dynamic model and
fusing the prediction with sensory information to obtain an a posteriori state update. These rela-
tions are shown in Eq. (6.15), Eq. (6.16), and Eq. (6.17), where Ry, is the measurement covariance.

The Kalman gain, K, acts as a weight of confidence between the dynamic model and state mea-

surement.
2 Oh(x) T IR 5 IR T\
Ke=Pe—5 ( ox T ox +Rk) (6.15)
X, = X + Ky (zk — h(y‘(k)) (6.16)
Oh(Z)\ =
P=(1-K, a(:k))Pk (6.17)

Finally, a curve with a constant radius is fitted to the masses such that it is tangent to the heading of
mass 1, and passes through the position of mass 2. A constant curvature arc was chosen owing to
the low number of DoFs that can dictate shape. This results in an assumption of a constant bending

along the arc. Although the assumption does not result in optimal shape accuracy; however, it
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provides an estimate that may be more valuable than no estimate at all.

6.3.2.3 Model Parameters

The selection of parameter values for the proposed dynamic model presents a unique problem
owing to the disconnect in the mechanics of the model and the physical system. Typically contin-
uum robots are modelled with a known base, while the system consists of a known tip onto which
an actuating wrench is applied. The model does not accurately depict the phenomenon of a long
tether being dragged, but rather can usefully depicts local mechanics. Firstly, a torsional spring
constant was chosen. An experimental setup was devised to estimate the torsional spring constant
that exists at the tip of the MFE (Fig. 6.3). A set of 10 experiments was conducted where a serial
arm with a force sensor at its end-effector was used to deflect the tip of the MFE; this resulted in
a torsional spring constant of 0.033 £ 0.005 Nm/rad. This value over-estimates the true constant
as the tether would translate when a force would be applied at the tip. This constant was scaled by
0.5 in simulations and by 0.3 in platform experiments; values that were chosen based on observed
performance. The rest of dynamic parameters were subjectively chosen based on observing the
estimated state: disk-radii r; = 0.02 and r, = 0.02, link lengths L; = 0.02 and L, = 0.08, masses
m) = 0.05kg and my = 0.4kg, linear damping coefficients b; = 0.005 and b, = 0.001 N -5/m,
angular damping coefficients D; = 0.005 and D, =0.05 N -m-s.

The measurement covariance matrix R; was defined based on localization error variance as
computed in Ref. [53]; the linear position noise was up to 5 mm while the angular position noise
was up to 6.0°. The process noise covariance was set to an diagonal matrix with identical com-
ponents of a value of 0.2. The estimator may lag when the values are too small (a thousandth of
that which was chosen). The performance of the estimator does not appear to be sensitive to this
covariance value once a threshold in magnitude is reached. The state covariance was initialized to

be a diagonal matrix with small values.
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Force Sensor with
Attachment Pin

Figure 6.3: Experimental setup for evaluating torsion spring constant of the tip of the MFE. Shown
is the approximate trajectory that the end-effector of the serial robot followed.

6.4 Validation
6.4.1 Validating the Estimated Shape

To validate the proposed estimation technique, experiments were conducted in simulation as
well as on a physical platform. The position-sensor points in simulation and on the physical plat-
form were placed in approximately the same position on the MFE: at 6 cm, 10 cm, and 14.5 cm
along the tether length. As the number of position sensors available to us on the physical platform
was limited, an error metric was developed that relies on measuring the distance between each
sensor point and the nearest point on the estimated curve. This error metric, ey, is defined in
Eq. (6.18).

1 3 ||ps~ _pm'”
=-)y — -1 6.18
Cest yi—zz di ( )

where py, is the sensor position, p,, is the nearest model point to py;, y is the number of position
sensor points (1 localization sensor at tip, 3 position sensors along tether shape, 4 total); the sensor
points start at 2 as the tip of the model is a known sensory feedback, while the rest of the model
shape is unknown. The error term contains a normalization that is implemented via a quotient of

d;; as a point closer to the tip has a smaller error (model tip is given via pose sensor), a small error
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near the tip may carry the same amount of information as a much larger error farther away from the
tip. The value of d; is the nominal distance of the sensed point along the body of the endoscope.
The estimates in this work were discretized to 40 points and thus the point closest to the respective
nominal was chosen.

To evaluate performance, the estimate is compared with a “baseline estimate” assumption
where the tether is assumed to be straight behind the tip. This baseline comparison is used as the
critical parameter to be estimated is the direction on which the tether lies behind the tip. Knowl-
edge of the side of the IM the tether is on gives insight into the direction of wrench disturbance it
will induce on motion. The precise knowledge of the exact shape is not critical, nor is the ability
to fully recover the exact shape expected. For this baseline estimate the error metric, Eq. (6.18),
was also computed and is referred to via ep ze7ine. Although e, itself captures the estimation error,
a comparison with ep,s.1ine demonstrates the validity of the estimation method when the tether is

curved.

6.4.1.1 Simulation Study

Two experiments were conducted, 10 trials each, in simulation. In each experiment, the MFE
was commanded to autonomously follow a trajectory using velocity control in the tangential di-
rection to the path, and position control in the normal direction to the path. A 6 mm Gaussian
noise was applied to localization information via a plugin. The total length of the tether used in
simulation was 45 cm and the length of the sensed portion of the tether was 14.6 cm. The trajec-
tory in the first experiment was a double-bend curve (segment lengths: 13, 18, 20 cm) and in the
second, it was a sinusoidal (0.4 m length, 0.05 amplitude, single period). These trajectories and
the measured, estimated, and baseline shapes are shown in Fig. 6.4. The double-bend-trajectory
experiment resulted in epgserine = 0.95 £0.03 and e,; = 0.26 +0.02. The sinusoidal-trajectory ex-
periment resulted in epqge7ine = 0.54£0.01 and e, = 0.21 £0.01. The results are shown in Fig. 6.5
and Fig. 6.6 using box plots. The regions of higher error correspond to regions of tether deflection

caused by the MFE passing through a bend. To validate the evaluate the effect of environmental
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Figure 6.4: Trajectories that the MFE was commanded to follow during simulation experiments.

Trajectory 1 (a,b) consists of two-bend path, and trajectory 2 (a,b) consists of a sinusoidal path.
(©2019 IEEE [7])

friction on the method, the friction of the simulation model was increased by a factor of 5 (from 0.1
to 0.5) while all other model parameters were unchanged which resulted in the following errors:
paseline = 1.00+0.04 and e,y = 0.37 +0.03. For reference, Terry et al. reported a coefficient of

friction of 0.016 +0.002 in vivo between tissue and polycarbonate [182].

6.4.1.2 Experiments on a Physical Platform

The physical platform trials were conducted with the MFE being teleoperated along a single-
bend trajectory (segments: 11 cm, 10 cm). Teleoperation here refers to a the EM being directly
commanded via joystick and it was used rather than autonomous control owing to the high-friction
environment of the acrylic tube that resulted in the autonomous controller applying too much
vertical force. The use of sufficient lubricant resulted in difficulties with visual detection of color-
markers. The operator pushed the proximal portion of the tether to facilitate advancement of the

MFE, as the proximal portion of the tether was outside of the experimental tube. The operator made
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Figure 6.5: Experimental results for the double-bend simulation trajectory. The green indicates
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Figure 6.6: Experimental results for the sinusoidal simulation trajectory. The green indicates
epaseline Tesults and the blue indicates e,y results. (©2019 IEEE [7])
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contact with the tether at an approximate distance of 70 to 100 cm from the tip of the tether, thus,
this contact had no effect on the steering of the endoscope. Furthermore, during clinical use, an
operator is expected to manually insert tether (not to push the MFE, but rather minimize resistance
in magnetic pull). The use of teleoperation is not clinically relevant but it allowed for the evaluation
of the estimation algorithm. In the case of a color marker being occluded, the measurement node
did not send a data update. Model errors were not computed if a measurement was older than 0.2 s.

As the estimation algorithm is a stand-alone program independent of magnetic CL control,
shape estimation was carried out in the same manner as during simulation trials. As a human was
in-the-loop, the estimated shape of the MFE was not displayed during the recording of data to
prevent a bias in attempting to steer the estimate. An example camera-view and trajectory path
is shown in Fig. 6.7. The experiment resulted in epggesine = 1.06 £ 0.05 and e.; = 0.87 +0.07.
The results are displayed via a box plot in Fig. 6.8. The error reduction is significantly smaller
in platform trials when compared to the simulation trials; however, it is evident that the estimate
outperforms the baseline in the bend region. It should be noted that the error reported here is for the
entire trajectory and thus a high error outside of the bend region, for both the estimate and baseline,
result in a bias on the reported values. The higher overall errors, as compared to simulation, may
be caused by the high friction between the material of the tip of the MFE (35D Pebax/Propell) and
acrylic which could not be sufficiently lubricated owing to the difficulty of image processing to
track tether colors. Although the operator pushed the tether from a significant distance from the

tip of the MFE, the effect of pushing may have added additional variability.

6.4.2 Validating the use of Estimated States in Control

The following simulation experiments demonstrate the use of the estimated state in the mag-
netic control loop. The spring angle was used to pass an additional torque term to the magnetic
controller and the influence of this term on heading error was evaluated. The key benefit of this
controller is that it applies a torque to compensate for tether disturbance even when the IM heading

error is null. The MFE is tasked with traversing the double-bend curve (Section 6.4.1.1, shown in
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Figure 6.8: Experimental results for the single-bend platform trajectory. The green indicates
epaseline Tesults and the blue indicates e, results. (©2019 IEEE [7])

Fig. 6.4(1a,1b)). The magnetic wrench command is augmented from that described in Eq. (6.3)

to that shown in Eq. (6.19). Here, the spring angle is given by 6, — 6, and K, is a user-defined
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constant.

6West = 6Wc + 5Wspring

K, e)t+ K, e h ©19
_ | (Kp&)t+ Kposep +10,0,0,0,0, K, k(6> — 6;)]"

Korient €o

The torque compensation term, SW)ing, Was only applied when the spring torque would reduce
heading error. This expression is then used in Eq. (6.5) to compute robot joint commands. In-
stances occurred where the estimator predicted the tether to be on the wrong side of the true mea-
surement. Adding a torque in such a case may result in error divergence. It should be noted
that simply increasing heading-control gains may demonstrate similar improvements; however, in-
creasing heading control gains influences the ability to control position as, in terms of control, the
position and orientation of the IM are coupled. In other words, constantly applying high orien-
tation control gains will induce a system preference for reducing heading error, at the expense of
position control.

Ten simulation experiments were conducted with d wy pring> and ten without this torque-compensation
term. The mean heading errors without and with compensation, respectively, were 11.8+1.7° and
7.6£1.0°; a 35% improvement. The respective position errors, normal to the path, were 3.84+0.5°
and 4.6£0.5°. The position errors were small in both cases considering the total trajectory length
was approximately 0.5 m. The slight increase in position error when using torque-compensation
is likely due to the magnetic controller giving preference to applying magnetic torque over force
which has a slight adverse effect on translation control. A box plot with trajectory errors displayed

may be seen in Fig 6.9. Further work is needed to investigate the possibility of force-compensation.
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Figure 6.9: Simulation experiment results that demonstrate the effect of spring-torque compen-
sation. The MFE heading error, as projected on the horizontal, is shown in green when normal
orientation control is used and in blue when spring-torque compensation is used.

6.5 Conclusions and Future Work

This chapter contains a discussion on the sensorless estimation of the distal shape of a tip-
actuated tethered endoscope with the aim of using estimate information for computed torque con-
trol. This work enables the observation of the mechanical disturbance wrench that the tether applies
on a device. A method for the 2D dynamic modelling of the MFE was presented. As the method
does not rely on the use of auxiliary sensors on the endoscope to recover shape information, an
extended Kalman estimator is applied to obtain unknown model configuration values. The estima-
tor is validated by comparing its ability to estimate the distal shape of the MFE. In simulation and
platform trials, it was shown that the estimator successfully estimates the direction of the tether
with respect to the heading of the tip. A further validation demonstrated that the estimated state of
the dynamic model can be used in magnetic control; in a simulated experiment, the heading error

of the MFE was decreased when using information from the estimator.
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This work contains limitations that may be addressed in future work: (1) The estimation method
is limited in that its performance is subject to random disturbances. It is possible for the estimator
to be wrong if the environment applies a larger disturbance; however, the estimate is expected to
correct over time. The implications of potential estimation errors in magnetic control are yet to
be evaluated. (2) Owing to the mechanical disparity between the 2D dynamic model and the true
tether mechanics, this work lacks a robust methodology for choosing dynamic model parameters.
A system-specific subjective choice of parameters may be acceptable as this parameter choice
must occur only once per estimated device. A more precise approach may involve the recording
of a large data set of measured shape changes as induced via known applied wrenches. Given
these same wrenches, a regression approach may be used to fit the dynamic model’s parameters.
This may be useful for reducing estimation error, but is not necessary for the use of the proposed
method.

In summary, the proposed dynamic modelling and estimation are a valid method for estimating
the disturbance wrench that is applied by the compliant tether body on the tip of an endoscope.
The method can be used to both estimate the local distal shape of a tip-actuated endoscope, and
estimation parameters can be used in the device’s controller for improving performance. Further
work is needed to evaluate the feasibility of full computed-torque control; however, the preliminary

results presented here suggest feasibility.
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Chapter 7

Conclusions

This dissertation presented actuation concepts and applications related to mobile-dipole mag-
netic actuation of endoscopic devices. The mobile-dipole actuation strategy is feasible for endo-
scopic screening and intervention. A permanent magnet that is moved in space using a serial robot
has the benefits of small magnetic form factor for high strength, a large magnetic workspace, multi-
ple DoF control, a relatively low cost-to-workspace ratio, and portability. The magnetic endoscopy
system proposed in this dissertation, the MFE, may potentially be made to be disposable as the use
of magnetic fields does not necessitate a complex mechanism for actuation; a limiting factor may
be the cost of the imaging module. The work presented in this dissertations includes an investiga-
tion of: CL control and singularities of a mobile-dipole actuation system, the use of autonomy for
clinical tasks, the influence of localization uncertainty on magnetic force uncertainty, and the use
of computed-torque control of a tip-actuated tethered robot.

The contributions of this dissertation to the field are the following: (1) an analysis of magnetic
wrench singularities in mobile-dipole actuation where no assumptions are made on the alignment
of the IM’s heading, (2) the co-development of the first magnetic CL control system where all meth-
ods used are clinically relevant, (3) the development and in vivo validation of the first instances of
task autonomy in robotic magnetic endoscopy, i.e. retroflexion and EUS servoing, (4) the devel-
opment of the first EUS servoing system that does not rely on mechanical connection for probe
actuation, (5) the proposal of an algorithm for reducing magnetic force uncertainty in magnetic
CL control systems where the localization of the IM is subject to uncertainty, (6) the proposal of a
probabilistic approach for estimating the wrench disturbance applied by a tether on a tip-actuated
endoscopic robot to enable computed-torque control. These contributions have addressed knowl-
edge gaps in the field; however, further work is necessary to achieve clinical translation of the

technology.
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Investigations in this dissertations included a consideration of inefficiencies in mobile-dipole
control approaches. First, an EM velocity-wrench bound was described. A limitation on EM ve-
locity, which is desired in proximity to a patient, prevents the application of any magnetic wrench
on the IM. This constraint on the output exists as the wrench results from a unique configuration of
the EM and IM. This effect may result in control delays that may require further consideration of
path-planning. Second, effective rotation axes were investigated when implementing a retroflexion
algorithm for the MFE. Given an EM configuration and a desired heading of the IM, it may be
beneficial to rotate an IM in a direction that does not define the shortest angular path to its desired
heading in order to apply a higher magnitude of torque. This is due to the inability to instanta-
neously change the directions of applied field in permanent magnet systems. This path-efficiency
concept results in a potential of planning indirect motion paths that may be more effective for over-
coming environmental disturbances. In future work, considerations such as energy minimization
and path-efficiency may be integrated into control algorithms to improve IM motion efficacy and
minimize the amount of translation and rotation that an EM must undergo to apply an IM control
task.

Task autonomy (Level 2 autonomy [59]) was investigated for endoscope retroflexion and GI
US servoing. This dissertations contains the first works in task autonomy for robotic endoscopy.
Both applications were demonstrated in benchtop and in vivo trials. The algorithms were imple-
mented to reduce the reliance on an operator to complete manual control tasks. In the case of
both applications, the manual control tasks were not intuitive for an operator. Supplanting manual
control with task autonomy may reduce the cognitive burden of an operator and enable them to
focus attention on diagnostics. The studies presented in this dissertation suggest that autonomy
has a future in robotic endoscopy. Other tasks that may be investigated in the future include trans-
lation through an entire lumen as well as identification and image-centering of a lesion to facilitate
targeted biopsy. Higher levels of autonomy may be investigated in the future by expanding the GI
US servoing work of this dissertation. Machine learning techniques may be employed for lesion

characterization. A first step in this direction may be the autonomous measuring of tissue thickness
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which, it itself, may indicate disease [110].

The use of model-based control of tip-actuated tethered endoscopes was investigated as the
tether of the MFE provided significant motion disturbance. In order to maintain a low cost and
simple design of the MFE, a sensorless, probabilistic, approach was employed with a goal of
capturing the disturbance wrench that the tether imparts. Solving for the disturbance wrench is non-
trivial as the environment imparts significant disturbances on motion as well. An extended Kalman
filter with a dynamic model was used to estimate the configuration of the model that, in turn, gives
insight on wrench disturbance. The disturbance torque was used to impart a compensation torque
in a trajectory controller. The proposed method was also demonstrated for the sensorless shape
estimation of the distal portion of the MFE. In future work, the proposed method may be extended
to a full inverse-dynamic control. This is likely to assist with the aforementioned issues of control
inefficiency.

In conclusion, the mobile-dipole actuation approach is feasible and, with further investigation,
may provide for a robust method of diagnostic endoscopy. Further investigations of task autonomy,
path planning, and dynamics-based control may improve the efficacy system mobility. Auxiliary
imaging methods, e.g. US, may be used to enhance diagnostic functionality. This technology
may enhance operator experience as the robotic system offers a mechanically decoupled actuation
system, e.g. electrical inputs result in endoscope motion, and task autonomy. User experience may
be improved as the device induces small amounts of tissue stress which are likely to apply little

discomfort for a patient, potentially removing the use of sedation from the standard procedure.
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