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MECHANICAL ENGINEERING

MAGNETIC MEDICAL CAPSULE ROBOTS

CHRISTIAN DI NATALI

Thesis under the direction of Professor Pietro Valdastri

Over the last decade, researchers have started exploring the design space of Medical
Capsule Robots (MCRs): devices that can operate within the human body performing
functionalities such as diagnosing, monitoring, and treating diseases. Clinical applications
for MCRs span from abdominal surgery to endoscopy. MCRs are severely resource con-
strained devices in size and in available mechanical/electrical power.

Magnetic manipulation is becoming one of the main strategies for MCRs navigation and
remote actuation, as it allows the transmission of forces across a physical barrier without
requiring an internal source of power.

The current state of the art lacks proprioceptive systems able to control magnetic actua-
tion to enable MCRs to perform medical procedures. This dissertation presents controllable
strategies for remote and local magnetic manipulation of MCRs combined with real-time
proprioceptive sensing.

The study focuses on two main applications: magnetic pose detection for navigation
of Wireless Capsule Endoscope (WCE) along the gastrointestinal (GI) tract, and Local
Magnetic Actuation (LMA) for powering Degrees of Freedoms (DOF's) of abdominal surgical
robots.

The proposed magnetic pose detection algorithms were successfully applied to remote
navigation on several WCE prototypes during n-vivo trials. Two different approaches
for magnetic pose detection compatible with magnetic actuation based on sensor fusion
are presented and evaluated. The first approach takes advantage of the magnetic field
mathematical derivation based on cylindrical symmetry, performing absolute pose detection
for 50 Hz real-time systems. The second algorithm achieves a refresh rate of 1 kHz applying
a least square interpolation to the finite element solution of the magnetic field, to obtain
Jacobians closed-form expression function of capsule poses changes. A third algorithm
estimates the force generated by magnetic coupling along the magnetization direction to
study the force required to drag WCEs along the GI tract.

The second topic covers the design and control for the LMA. This concept allows

the transmission of rotary motion by applying the magnetic spur gear concept to actuate



robotic DOFs of MCRs. The proposed dynamic model is used to design closed-loop control
strategies. Two surgical tools based on the LMA are presented: a single-DOF retractor and

a 4-DOF manipulator.

Approved Dr. Pietro Valdastri Date 5/21/2015
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Chapter 1

MAGNETIC MEDICAL CAPSULE ROBOT: INTRODUCTION

The research objective of this dissertation is to study and develop strategies for con-
trolled remote and local magnetic manipulation of MCR with a particular focus on gas-
trointestinal endoscopy and abdominal surgery application. These devices have the po-
tential to enhance the diagnostic and interventional abilities for gastroenterologists and
surgeons. This can be achieved by building controlled robotic platforms based on propri-
oceptive strategies to understand the magnetic coupling behavior in real-time. In details,
the contributions of this dissertation focus on two main applications: magnetic pose detec-
tion for WCEs navigation along the GI tract, and LMA for powering DOFs of abdominal
surgical robots.

The first topic aims to enable closed-loop control for magnetic navigation for WCE or
soft tethered devices with magnetic tip. The proposed magnetic pose detection algorithms
were successfully applied for remote navigation, monitoring several WCEs during in-vivo
trials. Two different approaches for magnetic pose detection compatible with magnetic
actuation based on sensor fusion, are presented and evaluated. The first approach performs
absolute pose detection for 50 Hz real-time systems. The second algorithm achieves a refresh
rate of 1 kHz by applying iterative magnetic pose detection, which is based on Jacobians
closed-form expression of the magnetic field. The overall absolute error, considering both
strategies for pose detection, ranges from 10 to 4 mm and from 9° to 3°.

The second topic is about design specification and control strategies for the LMA. This
approach allows the transmission of rotary motion up to a distance of several centimeters.
The rotation of a diametrically magnetized cylindrical driving magnet induces the rotation
of another coupled alike magnet if constrained along its main axes. Therefore this magnetic
coupling could be used as magnetic spur gear to actuate robotic DOFs of a MCRs across
the abdominal patient’s wall without the need of physical connections. The dynamic model,
built upon mechanical and magnetic static models, describes the magnetic coupling physical
behavior of this magnetic spur gear. The models are presented and experimentally validated
and then used to design and compare the performances of two alternative closed-loop control
strategies. The first control strategy is load side sensor free, whereas the second approach

uses the load side angular speed and position to counter the characteristic oscillations of



the magnetic system. Finally two surgical tools for MIS based on the LMA are presented

and realized.

I.1 Overview and Objectives

Robotic systems have been applied to a wide range of surgical procedures including
abdominal surgery, neurosurgery, cardiac surgery, otolaryngology, and urology [13]. In the
future, one can expect to see many more customized robotic systems, purposely designed
for specific clinical needs. From a technical perspective, the future trend in robotics will
leverage extreme miniaturization to access and operate in environments that are out of reach
for larger robots. A way to achieve it, using endoscope-like tools, is to move toward natural
orifice surgery. An alternative approach is to cut the cord, making the robot completely
untethered and mobile within the body. This enables the robot to enter the body though
either a natural orifice (Natural Orifices Transluminal Endoscopic Surgery (NOTES)) or a
very small incision (MIS), and then maneuver itself to a surgical site that may not be in
close proximity to the point of entry [13].

Such mobile medical robotic systems may be created on a variety of scales, including
micro- and nanoscales. Unlike micro- and nanoscale robots, which are useful in areas such
as the eye [14] or the capillaries [15], where larger robots are precluded by anatomical
constraints, mesoscale robots are ideal for areas like the GI tract and abdomen, where their
larger payload capacity is advantageous.

The mesoscale (broadly defined as 1-100 mm) includes robots that are small, but easily
visible and operable. Some robots in this category are designed to be inserted through
incisions [1,6,16-19], and other are designed to be introduced by natural orifices [5,20-27]
(Fig. L.1).

As an emerging technology, many of these robots are still in the research and develop-
ment phase and have not yet been clinically implemented, although an increasing number
have been applied in animal studies [1,5,6,18,20-22,24, 25]. Combined with the commer-
cial and clinical success enjoyed by camera pills, the future of mesoscale mobile robots -
referred in this research field as MCR - as platforms for diagnosis, prevention, monitoring,
and surgical interventions, is bright.

In general, MCR are small in size (i.e., typically 1 cm in diameter), and they are able
to collect information and interact with the surrounding environment. Therefore, MCRs
are severely resource constrained in space available for power storage, mechanical power
generation and mechanical power transmission. Therefore, the design of an MCR is often
challenging and needs to consider the specific application constraints. In particular for

remote navigation, the MCR is required to generate forces and torques to interact with



. Water surface

Figure I.1: (a) Natural orifice surgery using a Medical Capsule Robot for in-vivo procedure
[1]. (b) Approximate dimensions of the natural orifice translumenal endoscopic surgery
(NOTES) robot [1]. (c) Magnetic guidance system for Olimpus’s WCE [2]. (d) Possible
maneuvers of the Olimpus’s WCE inside the stomach [2] and (e) an extract from the video
recorded by the Olimpus’s WCE [2].

the environment. One of the medical platforms based on remote magnetic manipulation is
the Stereotaxis Niobe system [20] available since 2005 for catheter steering. The primary
advantage of remote magnetic manipulation, in comparison with internal active locomotion,
is an accurate omnidirectional steering by continuously generating forces with no power
consumption and, consequently, reduction in components required on board the capsule.
Nowadays, remote magnetic navigation and magnetic manipulation seems to be the main
strategy pursued for mesoscale robotic actuation with increased safety and efficacy [2,26-33].
Magnetic coupling is one of the few physical phenomena capable of transmitting actuation
forces across a physical barrier. Magnetic techniques for actuation are very promising in
medicine, in particular, using permanent magnets, where the mechanical power can be trans-
mitted remotely. Small magnets can generate a very large amount of force, that reduces

with increase of distance. Therefore, particular magnetic coupling could be customized for



accomplishing specific medical tasks allowing, at the same time, for the device miniaturiza-
tion.

The goal of this dissertation is to focus on remote and local magnetic manipulation
of MCRs combined with real-time proprioceptive sensing. Onboard actuation is a crucial
limiting factor for capsule robots. The current state of the art lacks control strategies for
magnetic manipulation. By addressing this issue, more efficient and reliable techniques
could be employed for magnetic control of robotics instruments in the medical field. The
study focus on remote magnetic manipulation to enable closed-loop control for capsules
deep inside the human body, and local magnetic actuation to transfer controlled rotary
motion across the abdominal wall for powering multiple DOFs of surgical robots.

The outline of this dissertation is organized as follows: background and significance are
presented in Section 1.2; a description of the dissertation overview about local and remote
magnetic manipulation is presented in Section I1.4; Chapter II presents the scientific contri-
bution for the remote magnetic manipulation of WCE; Chapter III presents the scientific
contribution for what concerns the local magnetic actuation for application in MIS. Con-
clusions and future works are presented in Chapter IV. Finally the research outcomes are

presented Section IV.3.

1.2 Background and Significance: Magnetic Medical Capsule Robots

As schematically represented in Fig. 1.2, the architecture of a capsule robot can be de-
scribed by the following modular modules: (1) a central processing unit where intelligence
is implemented; (2) a communication submodule that links the device with the user intent;
(3) a source of energy that powers electrically the system; (4) sensors; (5) actuators; (6)
mechanical transmission and (7) end-effector, which interact with the surrounding environ-
ment to accomplish one or more specific tasks and interact with the target site, according

to the specific functions the device is required to fulfill.

Medical Capsule Robot K
i t | *Human
[[ Energy Source ] i machine
P H :
‘S Wireless i Ak
i€ Sensors CPU com i | *Other
§ —/<p=| miniature
i2 i devices
""' i | *Teleoperation
L= Effector ] i | °Tele-
- |_ manipulation

Figure 1.2: Schemagtic rappresentation of a MCR



1.2.1 Magnetic MCR applied to MIS

In MIS, a promising approach in the direction of further reducing invasiveness is repre-
sented by continuum robotic platforms specifically developed for (or adapted to) Laparo-
Endoscopic Single Site (LESS) surgery [34-39]. Actuation for the several DOF may be
external, by means of cables or rigid connection [34, 35, 37]; internal, using on-board mo-
tors [36,38]; or hybrid [39]. In any case, the mechanical continuity of the kinematic chain
constrains the workspace proximally at the insertion point.

Magnetic coupling is a strategy to transmit actuation forces across a physical barrier.
This approach can be applied in MIS to remotely control and manipulate robotic instru-
ments as first proposed in [40]. Interrupting the mechanical continuity of such system
by having surgical instruments and laparoscopic camera magnetically coupled across the
abdominal wall greatly enhances both the workspace of operation [36,38] and triangula-
tion (i.e., the triangular positioning of the camera and surgical instruments in laparoscopy
which mimics the positioning of the human head and arms [3]) without the need for multiple
abdominal incisions (shown in Fig. 1.3).

These instruments are able to enter the abdominal cavity through the same single inci-
sion, without taking up port space during the operation. Each single surgical instrument
is coupled with an independent external handheld magnet. The main drawback of this
approach is in the low dexterity and poor motion accuracy due to manual operation of the
external magnets [41]. To overcome this limitation, magnetic coupling can be used mainly
for gross positioning, while on-board Electromagnetic (EM) motors can be adopted for pro-
viding fine motion of the surgical end effector [6,17,19,36,38]. As previously mentioned,
however, the on-board actuators that can fit through a single tiny incision are very limited
in power and do not allow the performance of surgical tasks, such as lifting an organ or fol-
lowing in real-time the surgeons movements at the master interface. Larger, more powerful
motors can be used at the expense of enlarging the access port [36], hence increasing the
trauma for the patient.

Another approach for magnetic manipulation in MIS that recalls the principle of op-
eration of EM motors — with an external source generating a rotating magnetic field and
an internal rotor following it — is discussed in [42], where a magnetic resonance scanner
(Magnetic Resonance Imaging (MRI)) generates the driving magnetic field, imposing the
rotation of a small ferromagnetic body around an axis. The mechanical power transferred

with this approach is used to drive one DOF of a needle injection robot.



Figure 1.3: (a) Minimally Invasive Surgery scenario representation where magnetic coupled
robots are operating [3]. (b) Magnetic coupled surgical tissue retractor [3]. (c) Magnetic
coupled endoscope camera [4]. (d) Magnetic coupled endoscope camera during in-vivo
procedure [3].

1.2.2 Magnetic MCR applied to Endoscopy

The GI tract is home to many deadly human diseases. Colorectal cancer alone is the
third most common cancer in men and the second in women worldwide [43]. However, most
GI diseases can be prevented — or timely treated — if the diagnosis occurs at an early stage
of development. For this reason, GI screening is playing an increasingly important role in
healthcare systems worldwide [44,45].

One method for GI screening that has quickly risen to become the preferred option is
flexible endoscopy due to its ability to serve as both a diagnostic and therapeutic modality.
Unfortunately, its application is sometimes limited due to its invasiveness, patient intoler-
ance, and the need for sedation. These disadvantages are severe enough for some patients,

that millions forgo or avoid recommended screening [44].



Over the past decade, WCE established itself as a patient-friendly procedure for diag-
nosis of diseases in the small intestine [46]. Specific wireless capsule endoscopes have been
proposed for colon inspection, but have not reached the diagnostic accuracy of standard
colonoscopy [47,48]. One of the main limitations of commercially available capsule endo-
scopes is passive locomotion [49]. It is desirable for the endoscopist to be able to maneuver
the camera arbitrarily rather than relying on peristalsis to drive the capsule for adequate
visualization of GI mucosa. For this reason, a relevant number of technical solutions have
been recently proposed to provide active locomotion to WCE, including walking [50] or
crawling [51]. The most promising being remote magnetic manipulation [2,26-33], where
the MCR is equipped with a permanent magnet and an external magnetic field that can
control MCR position and orientation.

The primary advantage of remote magnetic manipulation, in comparison with internal
active locomotion, is an accurate omnidirectional steering by continuously generating forces
with no power consumption and consequently reduction in components on board the capsule.

One of the requirements is a large and complex system outside the patient to generate
the magnetic field, such as electromagnetic coils [14,52], MRI system [15,21,25], or robotic
platforms for catheter steering [20] (shown in Fig. 1.5). The use of a permanent magnet
to generate the external magnetic field was proposed by [22] and the device called Medical
Air Capsule (MAC) is shown in Fig. I.4.a,b,c. Also other research groups implemented the
same locomotion strategy [26,27] and [6] which implements a hybrid locomotion, shown in
Fig. 1.4.d. In this case the external system consists of a cartesian robot manipulating the
external permanent magnet. Methods to determine the necessary field characteristics for a

desired capsule motion or force application are also open research areas [53,54].

1.2.3 Magnetic Localization to Guide Robotic Endoscopes

In case of magnetic manipulation of a capsule endoscope in the gastrointestinal tract,
the knowledge of capsule’s position and orientation (i.e., the pose) is crucial to achieve a
reliable control and an intuitive driving experience for the operator.

Most of the localization techniques developed to date —mainly designed to track the
capsule endoscope as it passively travels in the GI tract- are not compatible with mag-
netic manipulation due to electromagnetic interference [55]. The same applies to magnetic
tracking of a permanent magnet embedded in the capsule and detected by a skin-mounted
magnetoresistive sensor array [7,8,56] (showed in Fig. 1.5). A 3D magnetic system called
3d-MaGMa (Innovent Technology, Germany) uses 27 magnetic field sensors to determine
the location of a magnetic pill and can achieve accuracies of bmm in position and 2° in

orientation [57].
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Figure 1.4: (a) MAC, WCE equipped with sensors, magnets, camera, illumination tool
channel and air insufflation channel [5]. (b) Experimental platform overview [5]. (c) Image
stream from the MAC while insufflating the colon [5]. (d) Hybrid capsule principle of
operation (WCE equipped with magnets and motor actuated legs for locomotion inside the
colon) [6]. (e) Schematic view of the hybrid capsule internal mechanism and cross section
view of the locomotion unit [6].

For the sake of completeness, we also need to cite a localization technique that is based
on ionizing radiations (X-Ray) [58]. This approach shows encouraging results in terms of
localization, but it is not applicable to humans due to the high dose required. A similar
approach was taken by [20] (shown in Fig. 1.5). This research group used fluoroscopic
imaging in conjunction with a robotic navigation system (Niobe, Stereotaxis, inc.) for 3D
localization and steering of a magnetic capsule [9]. They achieved 3D localization of the
capsule with an error of 1 mm. A different research group used gamma scintigraphy to
localize a drug delivery capsule. This method requires a radioactive agent to be placed
inside the capsule, which can be tracked using gamma cameras [59].

A high-frequency alternating magnetic field, generated by pairs of Cartesian coils, can

be used in conjunction with a resonating coil [60]. This approach can provide sub-millimeter
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26 mm

Figure I.5: (a) Scheme of the cube magnetic sensor array and (b) its set up [7]. (c¢) Schematic
representation of the motion sensing system by [8], (d) The four pictures show the Given
Imaging M2A capsule, the drawing of the two semicylindrical parts of the considered shell,
the picture of the internal arrangement of the capsule and the schematic sectional drawing
of the device components: 1: optical dome, 2: focal lens, 3: white LEDs, 4: CMOS imager,
5: batteries, 6: application-specified integrated circuit (ASIC) transmitter, 7: RF antenna,
and 8: magnetic shell [9]. (e) Niobe magnetic navigation system developed by Stereotaxis.
It includes the following. (a) and (b) Couple of permanent magnets. (c) Fluoroscopic
scanner. (d) Visualization displays. (e) Patients table [9].

resolution, but is limited to three DOF. Inertial sensors or Hall Effect sensors are embedded
in the capsule for localization during magnetic manipulation [61]. Electromagnetic local-
ization using eight small magnetized coils was used to localize an inch-worm robot and was
able to achieve positional errors below 10 mm and orientation errors below 2° [62].

Since permanent magnets are exploited for remote manipulation of WCE as in [54,
63, 64], the localization approaches presented so far could present incompatibility due to
electromagnetic interference. Therefore a different solution for the localization strategy
should be pursued. Compared to coils, permanent magnets can generate higher fields in a
smaller form factor.

A simpler localization approach achieved 6° accuracy in estimating capsule orientation

2 DOF by using inertial sensing [65]. If the capsule is equipped with onboard sensors, the
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WCE can be localized off-line by measuring the magnetic field generated by the external
permanent magnet EPM [66]. This approach is adopted also in [63] to achieve capsule
localization in 5 DOF with an accuracy of 15 mm. Inertial sensing is used in conjunction
with Hall effect sensors to localize an endoscopic capsule driven by a robotic EPM in [67].
This method achieves a 10 mm accuracy on 3 DOF.

An example of open-loop control for a magnetically manipulated WCEis presented in
[33], where optical tracking with external cameras is adopted to localize the capsule with
a refresh rate of 25 Hz. To apply these results in a clinically relevant setting and move
forward to the closed-loop manipulation of a magnetic WCE, online pose tracking of the

capsule without line-of-sight is crucial [32,68].

1.2.4 Magnetic Gears

Magnetic coupling can be used to transfer torque from one shaft to another without a
physical connection. Magnetic shaft couplings (or magnetic gears) are most often used for
liquid pumps and propeller systems, since a static, physical barrier can be placed between
the two shafts to separate the fluid from the motor operating in air. Magnetic shaft couplings
preclude the use of shaft seals, which eventually wear out and fail from the sliding of two
surfaces against each other. Magnetic couplings are also used for ease of maintenance on
systems that typically require precision alignment, when physical shaft couplings are used,
since they allow a greater off axis error between the motor and the driven shaft.

In particular for what concern magnetic gears, these systems are designed as the mechan-
ical gears with permanent magnets substituting the teeth. All cogs of each gear component
of magnetic gears act as a constant magnet with periodic alternation of opposite magnetic
poles on mating surfaces. Gear components are mounted with a backlash capability similar
to other mechanical gearings. Although they cannot exert as much force as a traditional
gear, such gears work without touching and so they are immune to wear, have very low
noise and can slip without damage. Magnetic gears can be used in configurations that are
not possible for traditional gears that must be physically touching and also they can oper-
ate with a non-metallic barrier completely separating the driving force from the load. The
magnetic coupling can transmit force into a hermetically sealed enclosure without using a
radial shaft seal, which may leak.

Torque densities comparable with mechanical gears can be achieved with an efficiency
> 99% at full load and with much higher part load efficiencies than a mechanical gear.

In the last decades, magnetic gears were applied to fulfill several different functions, such
as diver propulsion vehicles and remotely operated underwater vehicles, where the magnetic

coupling is used to transfer torque from the electric motor to the propellers. Magnetic
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gearing is also being explored for use in utility scale wind turbines as a means of enhancing
reliability. Some aquarium pumps are Magnetic Drive Pumps — they use magnetic coupling
between the motor on the dry side of an aquarium wall and the propeller /impeller in the
water on the other side of that aquarium wall. A magnetic stirrer is another example of

magnetic gear coupling.
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Figure 1.6: (a) [10] states: ”Magnetism? Yes, that is possible- the gear rotors motion
couples through a modulated interaction between the flux generated by magnets on input
and output rotors. If the torque on the input exceeds maximum design levels, the magnetic
gears simply slip; there are no broken teeth, ground-up gears or worse, a fire.” (b) Axial
magnetic gear enragement such in [11]. Concentric magnetic gear [12], (c) front view of the
structure and (d) assembly component view.

Since nineties, research groups studied and developed new magnetic gear designs and
control strategies. The series of designs developed so far, are mainly focusing on the coaxial
(or concentric) magnetic gear arrangement, as in [12,69]. Also different kind of design for
magnetic gears has been developed, such as the cycloid magnetic gear [70], axial magnetic

gear enragement as in [11], the worm gear of [71], a planetary magnetic gear box developed
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by [72], a linear magnetic gear system by [73] and also the harmonic magnetic gear developed
by [74].

Several years of development in this field for industrial applications, suggests that a
coaxial concentric topology with radial coupling (i.e., driving and driven magnetic systems
mounted one inside the other as in [75]) would enable a more efficient power transmission
than other types of couplings. This is due to a more homogeneous distribution of the
attractive force around the main axis of each gear, as all the pole pairs are simultaneously
involved in the transmission of mechanical power [76]. For these reasons the spur magnetic

gears approach has not been pursued from a research prospective [77].

1.3 Abdominal Surgery and Endoscopy: Requirements and Specifications
Robotic assistance in MIS extended the capabilities of surgeons via improved precision,
dexterity and computer assistance [78,79]. The performances achieved by the fifteen-year-
old Da Vinci surgical system could be considered the benchmark for robotic surgical proce-
dures. Recently, also LESS and NOTES have been investigated [80-82] for their potential
benefits in reducing patient trauma and shortening their recovery time compared to MIS.
However, LESS and NOTES also set strict requirements for instrument miniaturization,
dexterity, and collision avoidance between surgical tools operating in confined spaces. The
da Vinci has a single-site robotic platform commercially available for LESS [83], and a new
system for LESS, FDA approved in 2014 [84]. Other examples of platforms for LESS, in the
research stage, are [39,85]. NOTES is still limited to a small number of research institutes
and is in the surgical evaluation stage [1,81,82,86]. From the technical specifications and
results offered from the previous academic works and [87,88], it is possible to provide the
required forces, torques, speed and workspace for the distal part of the instrument during
abdominal surgery. These specifications are displayed in table I.1. Table 1.2 provides the
requirements for capsule’s localization during endoscopy along the GI tract [89]. These
specifications are gathered from the literature cited in Section 1.2.3, where techniques ad-
dressing the localization of capsule endoscope are presented. These techniques are grouped
in two categories: localizations for passive capsule (moved along the GI tract by peristalsis)
and localization for real-time capsule locomotion control. For the sake of completeness,
Table 1.2 presents both localization approaches but this dissertation focuses only on pose

detection for controlled magnetic manipulation.

I.4 Remote and Local Magnetic Manipulation: Dissertation Overview
The work presented in this dissertation proposes mathematical instruments applied to

magnetism for feedback elaboration and control, but also design strategies for magnetic
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Requirements & Specifications for Distal Tools During MIS

Workspace (mm) Working Speed ~ Working Load Precision

50x50x60 30mm/s; 60°/s Force: 2N; Moment: 60mNm  +0.25mm; +1°

Table I.1: Technical specification required for the distal surgery robotic instrument during
abdominal surgery.

Requirements & Specifications for Capsule Endoscope’s Localization

Capsule Locomotion Addressed DOF Refresh Rate Precision
Dimension Typology Needs
10x26mm Passive Diagnosis Position (3) 1-5 Hz +5mm; £3°
18x26mm Magnetic Locomotion Pose (6) 100-1000 Hz ~ £6mm; £3°
Control

Table 1.2: Technical specification required for localization of capsule endoscope during pas-
sive locomotion and magnetic navigation along the GI tract.

actuation and monitoring, that are useful both in clinical applications and research. The
contribution of this dissertation consists of two main elements.

The first contribution aims to enable a controllable strategy for magnetic remote guid-
ance of WCE and/or flexible scope based on magnetic coupling. The capsule navigation
must have a no line-of-sight localization feedback across the patient body. The localization
technique has to be compatible with the locomotion strategy adopted and also, it has to
be harmless for the patient. The main characteristics for the robotic magnetic guidance
presented in this dissertation are the utilization of the same magnetic field source for both
capsule navigation and capsule pose detection whereas the capsule is embedding sensors.

The second element of this dissertation aims to evaluate surgical robotic manipulators
exploiting controllable local magnetic couplings for rotary motion transmission across the
abdominal patient’s wall for MIS. By moving the actuators outside the body, but still
taking advantage of the reduced access trauma guaranteed by a trans-abdominal magnetic
coupling, this approach provides dexterity, while preventing the need for powerful on-board
motors. Replacing MCR’s onboard motors with rotational magnetic coupled parts (mag-
netic spur gear) allows mechanical power transmission across the patient body tissue. The
design of a magnetically coupled surgical manipulator has to consider constraints and spec-

ification typical for MIS.
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Chapter 11

REMOTE MAGNETIC MANIPULATION: NAVIGATION OF WCE AND
FLEXIBLE SCOPE

II.1 Technical specification

From a technical prospective, in order to achieve a magnetic controlled platform for
navigation of WCE and as well as soft tether robots, a magnetic pose detection based on
compatible sensing strategies have to be addressed.

The proposed work of this dissertation presents a whole magnetic navigation platform
based on the magnetic coupling of two cylindrical axial magnets (shown in Fig. I.1). The
master magnet or EPM is used to guide the WCE or soft tether robot with magnetic tip,
by generating on the slave magnet (or IPM placed inside the MCR) enough force to attract
the WCE. The cylindrical magnet shape seems to be the more appropriate to be embedded
in a capsule. The external magnet’s shape, instead has no specific requirements, thus it
has been chosen on the base of the localization algorithm presented in this dissertation. In
particular the cylindrical symmetry intrinsic with the magnet shape allow the simplification

and solution of the pose detection problem.
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Figure II.1: Schematic view of the magnetic navigation platform for endoscopic procedure.
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Usually the EPM is held and manipulated by an anthropomorphic robotic arm with at
least 6 DOFs. The magnetic couple is designated to generate magnetic forces between the
two magnets in order to reliably drag, tilt, pan and retroflex the WCE or the magnetic tip
of a soft tether endoscope along the GI, with high precision and no power consumption.
Therefore if the IPM is constrained in volume by the WCE standard dimensions, the EPM
can be chosen as big as possible accordingly with the force generated and the robot pay-
load. Workspace of magnetic field measurements by the sensors and magnetic force efficacy
distance for manipulability are functions of magnet dimensions.

Quantitative measure of the propelling forces required to effectively move a capsule in
the targeted GI segment have been published addressing this scientific need (as explained
in the scientific paper attached in Section D). This allows to determine the parameters (i.e.
magnets dimensions) to design an efficient magnetic propulsion mechanisms for WCEs.

Concerning the robotic control of WCE’s magnetic navigation, position sensing is a
requisite. The navigation feedback has to be available at the robot control level in order to
give reliable feedbacks about how the hidden WCE is behaving during the procedure, thus
adjusting the robotic manipulator trajectory compliantly with the WCE’s pose localization.
Also, the EPM has to be oriented freely allowing a proper navigation, thus, EPM pose
feedback is required since magnetic manipulation is necessary. Computational time required
for high level closed-loop control (i.e. path planning strategies) for commercial robotic
manipulators (such as RV6SDL, Mitsubishi Corp., Japan) averages about 140 Hz [22].

The presented pose estimation system is based on having the WCE equipped with
magnetic field, inertial sensors and an external magnetic field source (EPM). The sensor
fusion strategy allows the simplification and solution of the pose detection in two parallel
geometrical problems such as position and orientation. Therefore the position of the capsule
could be achieved by solving the inverse problem of the magnetic field relationship (or
Magnetic Direct Relationship (MDR)) for an axial magnetized EPM, whereas the capsule

orientation could be obtained by inertial capsule measurements.
II.2 Technical Contribution

I1.2.1 Magnetic Analysis for Position Estimation
In order to develop methods for magnetic localization, we need to consider the magnetic
field generated by a known source as the following time-invariant non-linear mathematical

expression:

B=/(p) f(p):R’=> TR (IL.1)
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This equation will be denoted as MDR. Referring to Fig. II.2, the MDR associates the
coordinates of the point p outside the magnetic field source p = [x,, 2|7 to a corresponding
vector function of magnetic field values B = B, By, B;|T applied on the capsule itself. 3
is the intermagnetic distance between the EPM’s center and the point p centered in WCE.
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Figure 11.2: Schematic view of the EPM and the capsule with the different reference frames
used in the algorithm. A slice of the magnetic field map is represented in the lower left
quadrant of the workspace.

The magnetic field of a cylindrical axially-magnetized permanent magnet exhibits cylin-
drical symmetry around its main axis (z) [90,91]. If such a magnet is used as the external
source of magnetic field for capsule manipulation, as suggested in our previous work [32,68],
the localization can take advantage of the symmetry to reduce the computational burden.
In particular, the three-dimensional position tracking problem can be reduced to two dimen-
sions (2D). Then, once the position in 2D is obtained, the third coordinate can be derived
by sensor fusion.

As represented in Fig. I1.3, the magnetic field is distributed around the main axis of
symmetry of the EPM, z, while By — angular component of the magnetic field along 6 —
is null. The vector p. = [r,0, z|' represents a generic point on the loci of points, whose
location satisfies the condition of having the same magnetic field B.. This set of points of
the locus generates a circumference Y (represented in Fig. C.3) that can be analytically

described as Y = [r,0, z]|r, z = const € R, and 6 € 0 — 27. We refer to p, = [r, 0, 2]* as the
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generic point on the loci, which is expressed in the three cylindrical coordinates, instead p,.
lies on the plane H and is obtained by applying a rotation about Z to p.. The plane H is
defined as: H = R?: {(r, 2)|r, 2 € R and 6 = 0}.

Considering the magnetic field applied on a generic point p,, its components are ex-
pressed as B, = [B,(r, z), By(r, z), B;(r, z)], where By(r,z) = 0. Therefore, (II.1) could be
furthermore simplified by defying the mathematical representation ¥ for the magnetic field
B.. The magnetic field B, is given by the two-dimensional transformation ¥ for any given
point p,. around the magnetic field source, such as ¥ : p. — B.. B,(r,z) and B,(r,z2)
are two scalar values representing the radial and the axial component of the magnetic field

vector, which are function of axial and radial spatial coordinates with respect to the center
of the EPM.

A) B)

Figure I1.3: Schematic view of the magnetic field distribution for a cylindrical axially-
magnetized permanent magnet. (A) View of the H planes, its subset H' and the domain
G’, (B) shows the radial distribution of the magnetic field on the plane [, 0]

The solution to the system of equations expressed by the transformation ¥ — in terms
of both radial B, (r, z) and axial B,(r, z) magnetic field — is unique in the semi-domain H*
defined as in Fig. IL1.3 (note that the semi-domain H* can be either related to the south
or the north pole of the cylindrical axially-magnetized EPM). Then, we define a finite
domain G, where the magnetic field radial component B, is always positive. The region is

a square plane having size L along  and z, where the spatial transformation f(p,) in (II.1)
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is simplified and solvable as

¥(p,) : R? —» R?

' (I1.2)
where :p, € G : G ={(r,2z) € [0, L]}

The transformation ¥(p,) can be expressed by two scalar mathematical functions, each

with two inputs. The two functions provide the magnetic field radial component as

B, =.(r,2) : R* 5 R, (I1.3)
and the magnetic field axial component as

B. =4.(r,z) : IR - R. (11.4)

In order to track the WCE both the spatial orientation of the capsule and the external
magnetic source pose must be known with respect to a common reference frame. The mag-
netic field vector B, at the capsule position p, — expressed in the capsule frame [X., ¥, Z|
— is measured by the onboard sensors. This vector can be expressed in the EPM frame
[X,¥,2] by applying the geometrical transformation REP M thus obtaining B.

Then, considering Figs. I11.14 and I1.3, the magnetic field vector B is expressed in cylin-
drical coordinates from its cartesian coordinates, such as: B = [B,, By, B.]T — [B,,B,]”
and @, where 0 also correspond to the azimuthal coordinate of the capsule position p,.. The
relationships that transform the magnetic field vector B = [B,%, Byy, B.z| from cartesian

to cylindrical coordinates are:

B, = \/(B%)® + (B,9)%
B. = B.z (IL.5)
0 = atan2(B,, B )0

where B, By, B, are the cartesian components of the magnetic field vector B with respect
to the EPM frame [X,y,z]. The measured axial and radial magnetic field components can
be fed into search function within the finite domain G*. The solution of the search as radial
and axial coordinates of the capsule p. = [pr, p.| satisfies the inverse relationship of (II1.8)
and (IL.9).

The numerical solution of (I1.8) and (I1.9) can be obtained by either applying the Current
Density Magnetic Model (CuDMM) or the Charge Density Magnetic Model (ChDMM), as
demonstrated in [90,91]. The CuDMM for an axially magnetized cylindrical magnet is

expressed as follows
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f{ p") p - ;}0,, |1)(13 (IL6)

where p indicates a generic point belonging to the workspace, p’ is a point on the magnet
surface, jn is the equivalent surface current density, S” is the EPM integration surface, and
1o is the vacuum permeability constant. Expressing Eq. A.3 in cylindrical coordinates, the

magnetic field becomes

B(p)= K / / —r)Et (e = 2)F d6'd (IL7)

\R2+r2 27“Rc(9 0) + (z—2)2)|2

where 7, 6, and z are the cylindrical coordinates of the generic point p, while R and L are
the radius and the height of the EPM, respectively. The constant K = “1—% accounts for
the EPM magnetic remanence M.

As shown Fig. I1.2 the magnetic field map collects all the solutions for the MDR, of
the whole space around the EPM. The values of the bi-dimensional map are calculated by
applying (I1.7) to the specific EPM used in our platform with a spatial resolution of 0.2 mm.
The map’s resolution is chosen as a trade-off between computational time and localization
accuracy.

A sequential search is performed into the map —the magnetic field map is a topological
space— to find p,. = [pr, p,| associated with the measured (B,, B,). The solution p, satisfies
the the inverse relationship of (II.8) and (II.9), such as:

pr =, (B, B,) : R* - IR, (IL.8)

and for the position’s axial component as
=¢;'(B,,B.) : R? - R, (I1.9)

The sequential search performs a double research within the magnetic domain G*. From
the first search it is possible to obtain a set of points o,., where each of one has its radial
magnetic field component Br = B, £ 9. Then a second search within o, constraining the
result only to the points having B, = B, + 4, results in a set of points 0., = P, £ .
oy, represents the loci of points, whose location satisfies the condition of having the same
magnetic field B, 4 §,,, where 4., is the confidence interval allowing the system solvability.
The center of gravity of o, is the most accurate solution for the estimation of the point p,

generated by this algorithm.
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Then by using the result of the double sequential search p. = [py,p.] in combination

with € it possible deriving the three cartesian coordinates of the capsule as follows:

p, = precos(0)x
p, = prsin(0)y (I1.10)
P, = D22

The capsule pose p. = [p.X, py¥, p-2] is fully identified with respect to [X,y,2].

I1.2.1.1 Inertial Sensing for Orientation Estimation

This section presents the algorithm used to detect the change in capsule orientation and
to generate the rotational matrix R, with respect to the global frame.

The capsule orientation knowledge is required by the proposed algorithm of magnetic
localization to express the magnetic field vector B, in the EPM frame.

The algorithms for inclination detection based on inertial sensors are widely adopted in
literature and an overview of the approach adopted in this work is provided here for the
sake of completeness.

Referring to Fig. II.2, the accelerometer can be used as an inclinometer to obtain the
absolute values of the two orientational angles a and 8 [92]. The rotations about x. and
y. are derived directly from the gravitational vector g projection mapped on the three

orthogonal axes of the onboard accelerometer as

o = atan2(Ay, /A2 + A2

( )
B = atan2(Ag, |/ A2 + A2) (IL.11)

where A;, Ay, A, are the three accelerometer outputs. By fusing the information of the two
orientational angles o and 8 and the position estimation, previously presented in Section
I1.2.1, it is possible to achieve 5 DOF Localization as as shown in the paper included in
Section B. Any rotation about an axes parallel to the gravitational axes is not measurable.

A second algorithm based on the fusion of inclinometer and gyroscope outputs has been
developed in order to estimate the third orientation angle v and it is presented in Section
C. A number of techniques have been presented in the literature to estimate the rotational
angle v around the gravitational vector g. Most of them are based on fusing gyroscope and
inclinometer measurement [93,94] or by applying quaternion based methods [95] improving
3D angle measurement.

The approach presented in this dissertation consists in applying the axis-angle method

for rotational matrices to the gyroscope outputs. Briefly, it is possible to extract the rotation
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~ about the global axis z, by building the rotational matrix AR, with respect to the
moving frame attached to the capsule [x.,y,,z.]. The instantaneous variations in capsule

orientation can be derived from the gyroscope outputs as

Ace = GoAt  ABe=GyAt Ay, = G.At (IL12)

where Alac, B, 7] are the instantaneous angle variations at the capsule moving frame within
a measurement loop that lasts At. The instantaneous capsule rotational matrix AR, is then
defined as

AR, = Ry (Aao) Ry (AB)R.(Av,) (IL.13)

where R;, Ry, R, are the rotational matrixes with respect to the x., y., and z. axis, re-
spectively. Then, the axial-angle representation of the rotational matrix AR, is derived,

thus achieving the angle of rotation # and the axis of rotation w:

0= arccos(7“%6(A21)”C)_1 )

AR,(3,2) — AR,(2,3) (I114)
w= 252‘711(9) AR((1,3) — ARc(3,1)
AR.(2,1) — AR.(1,

Finally, the axial-angle representation 6, w must be reoriented according to the capsule
orientation with respect to the global frame at the previous time step, Rf:_l. The third
coordinate of the axial-angle representation corresponds to the capsule angle variation A~y
about z,. The capsule absolute orientation v about the global axis z, is achieved by

summation of A~y at each loop.

I1.2.1.2 TIterative Solution for Position Estimation

The iterative localization approach draws its inspiration from Jacobian-based methods
(also known as resolved rates methods stemming from [96]). These methods are commonly
used in robotics to solve systems of nonlinear equations subject to the limitations of first-
order linearization. For this approach, we assume that the refresh rate for pose tracking is
fast enough that only small movements of the WCE may occur between subsequent pose
measurements.

In order to apply an iterative method to magnetic localization, we need to consider the
magnetic field, generated by a known source, as the time-invariant non-linear mathematical

expression II.1. Referring to Fig. F.9, the MDR associates the coordinates of a point outside
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Figure I1.4: Schematic representation of the source of magnetic field (External Permanent

Magnet (EPM) in figure) and two sequential positions (i.e., p; and p;+1) of the capsule to
be localized.

the magnetic field source p; = [z;,y;, zi]T to a corresponding vector function of magnetic
field values B; = [Bjz, By, BT

If the capsule position changes from p; to p;,; during time increment At, the displace-
ment Ap produces a change in the magnetic field measurements from B; to B;11 according

to (II.1). The partial derivative of the magnetic field vector, (%Bi, is given by:

Opz op Oop=
0B, _ flp) = | 2B 0B, 0B,
op  Vr!Pi Op:  Opy  Op

9B, OB, OB.
Opa Opy Op=

(IL.15)

where 7, f(p;) designates the gradient of each scalar function in f with respect to p. Using

(C.2) in a first-order Taylor series approximation, we obtain:

0B;

Biy1=B;+ p

Ap =B; + v, f(p;)Ap. (I1.16)

The Magnetic Inverse Relationship (MIR), providing the current capsule position p, 1,
can be derived by inverting (C.3):

Pit1 =P; + Vpf 1 (py)AB;. (I.17)

Moving from differential to the finite difference iterative method, %Ap is replaced by
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AB;, where AB; is defined as AB; = (B;+1 — B;). Also, according to [97], the gradient
of a generic vectorial function, which is defined as f(x) : R™ — IR, is the transpose of the
Jacobian as: v, f(x) = (J.f(x))". Then, (C.4) becomes:

where J 'is the inverse of the Jacobian.

An explicit formulation of the MDR (II.1) can be obtained by finite element integration
of magnetic field models, as suggested in [98], while a numerical estimate can be provided by
a standard Finite Element Method (FEM) software package, such as Comsol Multiphysics or
ANSYS Maxwell. In the next subsections, we introduce a non-linear interpolation method
for a data-set of magnetic field values related to the position p,. Then, the interpolation
is used to provide an analytical expression of the MDR through modal representation,
numerical algebra theory, and the Kronecker product. Finally, a first order resolved rates
method using the Jacobian expression for the MIR is derived.

The derived magnetic field numerical values can be casted in two data matrices ®, €
R*** and ®, € IR¥**. These matrices represent the w x s magnetic field numerical solutions
for any given position p, within G, where w is the number of magnetic field measurements
taken along the 1 direction and s is the number of magnetic field measurements taken along
2. The collection of numerical solutions [®,, ®.]7 of (C.7) and (C.8), are expressed as in
(C.9) and (C.10).

P, =
(I)TH(Tl,Zl) (I)le(rl,zj) @Tlp(rl,zp)
(I1.19)
<I>m~1(7’i, 2’1) (I)”‘j (Ti, Zj) (I)m‘p(n‘, Zp)
| (s 21) o Pen(Pms Z5) o Prnp(Tm, 2p) |
P, =
@zll(rl,zl) @le(Tl,Z]‘) @zlp(rl,zp)
(I1.20)
q)zﬂ(ri,zl) (I)Zij(ri,Zj) @Zip(ri,zp)
I Qi (rms21) oo Poni(Tm, 2) oo Ponp(Tms 2p) |

where ®,;; and ®.;; are the magnetic field values at position (4, j), which could be generally
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expressed as ®;;. The single matrix element ®;; can be approximated by applying the modal

representation defined in [99-101] as

®;; = Bi(r,z) = w(r)’a(z),

(I1.21)
where : (a,w) € R™.
The vector of the modal factors, a(z), can be expressed as
=A

where : (A,v) € R".

In this equation, A is the generic matrix of coeflicients for the two orthogonal basis w =
{wo, w1, ...,wy} and v = {0, 71, ..., 74}, which represent the interpolation functions that best
approximate numerically the transformation ®;; [102]. Once the interpolation functions w
and « are chosen, and the matrices of coefficients A, and A, for radial and axial magnetic
field respectively, are derived, the interpolation problem can be easily solved. The best
data-set interpolation is chosen by adopting the orthogonal function that minimizes the
least square error between the reference measure f(z) and the approximated value y*,
such as ||f(z) — y*|| < §. Examples of orthogonal functions investigated in this study
include standard polynomial functions, Chebyshev polynomials [100,101], Fourier harmonic
basis [102,103] and composition of these.

In the following paragraph, we describe how to derive the matrices of coefficients A, and
A, for the algebraic equations system in (C.11) and (C.12) by using the following matrix
representation, as suggested in [100,101]:

® = QsnAnxgTynp, (I1.23)

where ® is either the MDR solutions of ®, or ®, within r, z € [0 — L], while Q and T are
the modal basis matrices and constitute the collection of n orthogonal basis for € and ¢
orthogonal basis for I'. Finally, m and p are the number of values estimated in the domain
r € [0,L] and z € [0, L], respectively.

The solutions for A, and A, can be obtained by applying the Kronecker product theory
as in [100,101,104], where the symbol ® represents the Kronecker product of two matrices:

Vec(®) = [T ® Q] Vec(A). (I1.24)

The result provided by the algebraic interpolation is the generic matrix of coefficients A,
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which is given by
Vec(A) = [T @ Q]f Vec(®),

(I1.25)
where : Vec(A) = [a11...an1...Qn2-..anp) T .

Once the matrices A, and A, are known, the MDR, such as ¢ (z,y) : (z,y) — (®4j), is
solved for any point within the domain G’ = {(r,z) € [0, L]}.

Given the calibration matrices A, and A, and the orthogonal basis w(r) and ~(z), the
system of equation expressed in (C.11) and (C.12) is completely determined. By differen-
tiating w(r) and «(z) in Or and 0z, respectively, we can obtain the complete formulation
of the MIR in (C.2). The following system of equations — expressed for the single solution
[®,,®.]T — provides the ground to derive the Jacobian:

{ ®, = w(r)Av(z2) (11.26)

P, = w(r)A(2)

Applying (C.2) to this system of equations, and deriving the partial derivatives of ® =

[®,, ®.]7 such as 851?, 851?’ 8§f, 8{;};, the gradient of ® becomes

Vo, - AeIAnE) | GutiAn) (IL.27)

0z

v { VP, = 8(t'-’(r)é/\r‘V(Z)) + 8(W(T)I;M'Y(Z))

Considering that the derivatives of A, and A, are null, as well as &53) and aggz), (C.17)

simplifies to

0
G = 252 A (2)

0v(z
G = w(r) A5

(I1.28)

ow(r
851;2 = afn )Az7(z)
ov(z
O = w(r) AT
Ow(r) ov(2)

In order to obtain the expression of =5~ and =5, a derivation is applied to the vectors
constituting the orthogonal basis w(r),v(z). This leads to the following expression for the

Jacobian Jg:

2%, 0P,
Jo =vid(rz)=| 2r 02 (I1.29)
= Vp P 9. 0D, .
or 0z

Therefore, the magnetic field vector incremental difference AB; = [AB,., AB,]7 is given by

AB,

AB,; =
AB,

= JoAp,; (11.30)

i
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This result can be used in (C.3) to estimate the magnetic field B, by continuously up-

dating AB; to the current magnetic field value:

In conclusion, (C.22) shows the iterative method to localize the WCE, estimating the current

position pg; 1 = [Fit1,2i4+1]7 of the capsule as

Peit1 = Pei + APy = Pei + 33 AB;, (I.32)

where J™! is the inverse of the Jacobian, which applies the least squares method of opti-
mization to the solution [105]. The term AB; is the difference in magnetic field recorded
from the previous measurement.

This algorithm is been implemented in the scientific paper attached in Section C.

I1.2.1.3 Magnetic Attraction Force Feedback
The wireless capsule, schematically represented in Fig. I1.5, hosts a Force and Motion

Sensing Module (FMSM), wireless communication, and power supply.

Magnetic Field Wireless Power
Internal Sensors Microcontroller || Regulation

Permanent —
| Triaxial
Batter
Magnet Accelerometer

A

il

\ ' ] l_'_jl Y
Force & Motion Wireless Power
Sensing Module || Communication || Supply
Module Module

Figure I1.5: Schematic view of the wireless capsule for measuring resistant properties of the
GI tract.

The FMSM hosts the IPM that couples with the EPM to generate the force F, applied
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to the WCE. The selected IPM is a cylindrical magnet axially magnetized. This EPM-IPM
couple generates an intermagnetic force of 1 N when the two magnets are separated by 8
cm and the axes z. and z,, are aligned.

The FMSM is responsible for acquiring the real time sensor readings required to estimate
F, and also the capsule position p. The transducers embedded in the module are six linear
Magnetic Field Sensor (MFS) based on the Hall effect and an inertial sensor for capsule
orientation estimation. As represented in Fig. D.3, the MFS are mounted two by two
orthogonally around the IPM. Each MFS measures the component of the magnetic field B
that is perpendicular to the IPM surface at the MFS location (i.e., referring to Fig. D.3,
MF'S; measures the component B; for ¢ ranging from 1 to 6). Similarly to [106], the position
of each MF'S has been selected to minimize the constant bias in the reading due to the field
generated by the IPM.

The goal of this section is to describe a new method to estimate the intermagnetic
force F, acting on the main axis of the IPM (i.e., z. in Fig. I1.6) under the effect of an

external magnetic field B.,;. Current approaches either rely on the dipole-dipole magnetic

Bs

Figure I1.6: Magnetic field sensor (MFS) position with respect to the internal permanent
magnet.
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field approximation [107] or finite element integration [108]. The first method provides
an analytical expression of the magnetic field that is not accurate at the proximity of the
magnetic field source. On the other hand, finite element integration allows the achievement
of accurate results at the price of long computational times [108].

The method proposed in this study is based on the finite element integration of real-time
sensor data and the FMSM design previously described. The analytical formulation derived
in this subsection, can be used to estimate F, in real time as a direct function of four MFS
readings (i.e., MFS; to MFS4) with low computational costs.

As described in [109], the magnetic force F acting on a permanent magnet under the
effect of an external magnetic field Be,; can be expressed by applying the equivalent current
magnetic model:

F= j{jm X BeztdS, (I1.33)
S
where S is the IPM surface and j,, is the equivalent current surface density on the IPM.

The current density j,, is derived from:
Jm = Mrpy X n, (I1.34)

where M;py is the IPM magnetization vector, having expression B, /upz — with z denoting
the unit vector along z., while n is the normal vector coming out from the IPM surface, as
represented in Fig. T1.7.A.

From Eq. D.3, it is possible to conclude that, given an axially magnetized cylindrical
IPM, j,, only flows on the lateral surface. Therefore, the component of B.,; along z does
not contribute to the estimation of F through the equivalent current magnetic model (Eq.
D.2).

In order to provide an analytical expression for Eq. D.2, it is possible to take advantage
of the axial symmetry of our problem, thus dividing the cross-section of the IPM into
four identical quadrants, as represented in Fig. II.7.A. Focusing on the u-th quadrant and
defining 0 as the angular coordinate (see Fig. 11.7.B), it is possible to express the current
density j,, as:

Im(0) = Mippr[—sin(8)x + cos(0)y], (I1.35)

where X and y are the unit vectors along x. and y., respectively.

In the proposed capsule design, the magnetic field B, is measured by the MFS,, placed
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at = w/4 in each quadrant and can be expressed as:

B, = Bu[cos(u% — %)f{ + sin( g — %)y], (I1.36)
where By, is the numerical value recorded by MFS,, and u ranges from 1 to 4.
Assuming that the magnetic field in each quadrant is coincident with the magnetic field

B,, the surface integral in Eq. D.2 can be simplified in the following sum:

4 w2 4 /2
Z Z w)AS = Z sgn[cos(u g % Z fuASz, (11.37)
u=1 60=0 u=1

where sgn is the sign function, AS is the lateral surface of one quadrant of the IPM and is
equal to 7/2rh, in which r is the radius and h the height of IPM. f, is the contribution to
the module of the intermagnetic force acting on the u-th quadrant at a given 6 and can be

expressed as:

By,
fu= MIPMﬂ(sm(H) + cos(0)). (11.38)
Considering that
/2
Z[sin(@) + cos(0)] = © =1.27, (I1.39)
=0

the analytical expression for the intermagnetic force becomes:

4

F = uz::l sgn[cos( g — %)] \(?MIPM rhBy,z (11.40)

This simple equation can be used to get a fast estimate of the intermagnetic force
F, from the readings of MFS;, MFSy, MFS3, MFS,. The time required to estimate the
magnetic force is 0.18 + 0.05 ms.

The main contribution of this algorithm is presented in Section D as wireless platform
for the measurement of the resistant force that an active capsule must overcome in order
to move inside the GI tract. The proposed platform is validated with benchtop trials and

through an in vivo experiment using a porcine colon model.
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Figure II.7: (A) Lateral view of the IPM. (B) Schematic view of the i-th quadrant of the
IPM.

I1.3 Design contribution

I1.3.1 Wireless Surgical Palpator Design

The main contribution of the paper attached in Section B, is to present a wireless plat-
form for the measurements of the tissue property in order to restoring tactile and kinesthetic
sensations in MIS and robotic MIS.

The WPP — schematically represented in Fig. II.8 and integrating pressor sensor, 3
MFS, an inclinometer and an external magnetic field source— can be deployed through a
trocar incision and directly controlled by the surgeon to create a stiffness distribution map.
The map can be used to localize tumor margins during soft tissue surgery, thus improving
intraoperative diagnostic and interventional decisions. Wireless operation prevents the need
for a dedicated port and reduces the chance of instrument clashing in the operating field.

Method Overview: A volumetric stiffness map can be created by estimating the local
tissue stiffness E(r) through the measurement of the indentation depth §(r) and the tissue

reaction pressure P(r) at different positions r on the organ surface:

P(r)
5(r) "

E(r) ~ (I1.41)

Referring to Fig. I11.9, we can define (x,y, z) as the global Cartesian coordinate sys-
tem, (2/,y/,2’) as the reference frame at the external source of static magnetic field, and
(Zw, Yw, 2w) as the coordinate system at the WPP. The origin O of (x,y, z) is coincident

with the origin O’ of (2,%/,2’), while z, is aligned with the main axis of the device. We
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Figure I1.8: Principle of operation for wireless tissue palpation using a WPP.

can assume the position vector r to identify the origin of (2, Yw, 2w) — noted as O, —
with respect to the global coordinate system (x,y,z). When the WPP is manipulated by
the surgeon to palpate a tissue, its motion d is not constrained along z,,. Therefore, the

following equation must be used to estimate the indentation depth d(r):
6(r) =d - zwo = (ry — T0) - Zuwos (11.42)

where rg and ry are the WPP positions at the beginning and at the end of the indentation,
respectively, while z,, is the unit vector along z, at the beginning of the indentation. In
this approach, the beginning of the indentation is identified as the instant when the reading
of the tissue reaction pressure P(r) becomes significant. The end of each indentation is
identified as the instant when d(r) reaches the maximum value.

In our work, tissue reaction pressure is acquired by a barometric pressure sensor embed-
ded in a silicone rubber at the probing surface of the WPP. This design is inspired by [110].
A threshold value P, independent from r, is defined by calibration and takes into account
both bias and noise of the pressure sensor. A single indentation starts as P(r) > Pyy.

The 5 DOF real-time localization of the WPP serves two purposes. First, the position

where indentation is taking place must be recorded in 3 DOF in order to reconstruct the
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Figure 11.9: The WPP during indentation and the external source of magnetic field with
a slice of the magnetic field map. Vectors rg and r; represent the WPP position r at the
beginning and at the end of the indentation. They are represented at the interface of WPP
and tissue, rather than at O,,, for a better understanding of their physical meaning.

stiffness map. In this case, we assume the position r of each indentation to be coincident
with WPP position as the indentation begins (i.e., rg). A second goal for WPP tracking
is to derive d(r) as in Eq. I1.42. In this case, real-time estimation of r and rotations of
the WPP around x and y are required. Therefore, the WPP position and orientation in 5
DOF must be available in real-time. This is achieved by an on-board localization module,
working in synergy with an external source of static magnetic field, as represented in Fig.
11.8.

The on-board module consists of three orthogonally mounted magnetic field sensors and
a triaxial accelerometer. The accelerometer — used here as an inclinometer — provides WPP
rotations around x and y. The WPP position vector r is derived from the magnetic field
sensor readings. The effective localization workspace is a cylinder with a diameter of 35
cm and a length of 35 cm, centered on the static magnetic field source. The 5-DOF WPP
coordinates derived by the algorithm are referenced to a Cartesian frame at the center of
the workspace. The hypothesis of functionality for the WPP is that the indentation phases
have to be parallel to each other because the rotation about the gravitational axes is not
detected.
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Platform Overview & User Interface: The data from the barometric pressure sen-
sor, the accelerometer, and the magnetic field sensors are acquired by a wireless microcon-
troller (CC2530, Texas Instrument, USA) through the SPI interface at a clock frequency of
1 Mbit/s. Each dataset is then bounded into a 28 byte payload together with a progressive
package indicator, a time stamp, the battery level, and two synchronization start and stop
bytes.

A multi-thread C4++ application running on the PC unbounds the data and shares them
with a parallel application developed in Matlab (Mathworks, USA) via TCP-IP communi-
cation. Refresh rate for displayed data runs at 30 Hz.

The user interface is conceived to work in two different modalities: (1) creation of the
volumetric stiffness map, (2) display of WPP position on the volumetric stiffness map. In
the first modality, the surgeon grasps the WPP and creates the map by palpating the region
of interest. In this case, the user interface displays in real-time the x, y, z coordinates of the
WPP, a plot of the indentation pressure, and the numeric value of the indentation depth in
case the indentation pressure has exceeded Pj,. Visual indicators are provided to warn the
user if the WPP is outside the localization workspace. Once the region of interest has been
palpated with the desired spatial resolution, a command is provided by the user through
the keyboard to create the volumetric stiffness map. Once the map is available, the user
interface switches to the second modality, overlaying the real-time position of the WPP
in a 3D space centered on the map. Under the assumption that the region palpated does
not undergo substantial movements, the surgeon can manipulate the WPP as a cursor to

identify the margins of a stiffer region buried underneath the tissue.

I11.3.1.1 Wireless In- Vivo Platform for Resistance Forces Measurement of WCE
Inside the GI Tract

The main contribution of the paper attached in Section D, which is presenting the design
of the WCE equipped with permanent magnet, 6 MFS and an inclinometer, is to present
a wireless platform for the measurement of the resistant forces that an active capsule must
overcome in order to move inside the GI tract. The platform described in this paper allows
application of a force F, to a capsule without the need for a tethered connection. This is
achieved by leveraging magnetic coupling between an EPM and a magnet embedded inside
the capsule (the IPM).

The proposed platform is validated with benchtop trials and through an in vivo exper-
iment using a porcine colon model.

A secondary contribution of this paper is to present a real-time method to estimate the

axial magnetic force acting on a wireless capsule manipulated by an external magnetic field.
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Method Overview: A common method to measure the resistance properties of the
intestine is to impose a motion to a capsule mock-up inside the lumen and to measure
the associated force profile [111-113]. An equivalent approach, schematically represented
in Fig. I1.10, consists of imposing an increasing force F, to the capsule and recording the
motion profile to understand when the applied force F, overcomes the resistant force F,.
Referring to the instant when motion starts as tg and assuming a static equilibrium until
that moment, the value F,(tg)=F,(to) quantifies the static resistant force that an active
capsule must overcome to begin its motion. Then, as the motion builds up, driven by F,
increases, the system moves away from the equilibrium and the following equation can be

used to describe its dynamics:
Fir =F, — F, = md, (I1.43)

where d is the position of the capsule center of mass O., and m is the capsule mass.

The applied force F,, the position d, and the acceleration d are measured wirelessly
in real time with respect to a reference frame {X,,, Ym, zZm} on the EPM. While just F,
and d would be sufficient for a complete characterization of F,., real-time knowledge of d
allows adjustment of the setup during in vivo trials and to record the distance traveled by
the capsule for each measurement. In addition, the capsule velocity d can be calculated as
the first derivative of d to provide additional information about the motion profile.

The applied force F, can be adjusted by controlling the position of the EPM, which can
be achieved by a robotic manipulator. Alternatively, the EPM position can be manually
adjusted by an operator until the capsule starts its motion, as indicated by the real-time
measurement of d and d.

Platform Overview: The platform is composed of a wireless capsule, the EPM, and
a personal computer (PC) connected to a wireless transceiver via the universal serial bus
(USB) port. The real-time algorithm runs on the PC and communicates with the capsule
through the USB transceiver. The EPM is a NdFeB (magnetization N52, magnetic rema-
nence 1.48 T) cylindrical permanent magnet with axial magnetization, as represented in
Fig. I1.10. The EPM diameter and length are both equal to 50 mm, while the mass is 772
g. A triaxial accelerometer (LIS331DL, STMicroelectronics, Switzerland) — used as incli-
nometer — is mounted on the EPM to provide pitch and yaw angles of {X,, Ym, 2zm} with
respect to the global frame {x, y, z}. These angles are used for the localization algorithm
and fed directly to the PC through a 16-bit acquisition board (USB DAQ-6211, National
Instrument, USA).

The wireless capsule, schematically represented in Fig. II.5, hosts the FMSM, wireless
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Figure I1.10: Schematic representation of the principle of operation. The attraction force F,
is generated by magnetic coupling between an EPM and a magnet embedded in the capsule.
The intermagnetic force F, and the capsule position d with respect to the EPM are recorded
wirelessly in real time. F. is the resistant force, g is the gravitational acceleration vector, R,
is the rotational matrix of the capsule reference frame with respect to the global Cartesian
coordinate system, while R,, is the rotational matrix of the reference frame at the EPM
with respect to the global Cartesian coordinate system.

communication, and power supply. Each of these modules are described in detail in the
following subsections. The outer shell was fabricated in biocompatible material — polyether-
ether-ketone, PEEK — by traditional machining. The current prototype is 60 mm in length,
18 mm in diameter, 21 g in mass.

The readings of the sensors integrated in the FMSM are acquired by the onboard wireless
microcontroller. The dataset is acquired every 4.4 ms by the microcontroller and used to
build a 32-byte package together with the wireless signal strength indicator, the battery
level, an incremental package number identifier, and the start/stop bytes. This package
is then transmitted by the wireless microcontroller to the external transceiver over a 2.4
GHz carrier frequency, with a refresh time of 6 ms, resulting in sampling rate of 166 Hz.
The power source used is a 50 mAh, 3.7 V rechargeable LiPo battery (Shenzhen Hondark
Electronics Co., Ltd., China, 12 mm X 15 mm x 3 mm in size).

User Interface

A multi-thread C++ WIN32 application running on the PC unbundles the data and
shares them via TCP-IP communication with a second application (developed in MATLAB,
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Mathworks, USA), which runs in parallel to implement the estimation algorithms and the
user interface. The data transfer rate between the two applications is 30 Hz, while the
refresh time for capsule position d, acceleration d, and intermagnetic force F, is 50 ms
(refresh rate 20 Hz). Two real-time plots are displayed on the main screen. The applied
intermagnetic force F, is shown on the left as a function of time, while the position and
orientation of the capsule reference frame {x., y., z.} with respect to the EPM reference
frame {Xy,, Ym, Zm} are displayed in real time on the right side. Numerical values for
capsule position d and velocity d are also shown, together with the most current values
of the battery voltage and the wireless signal strength indicator. Capsule velocity d is
filtered by applying a 5-element moving average. A visual indicator alerts the user every
time that motion starts. The user interface also allows the user to set the initial bias for

the measurement and to record the data in a spreadsheet file.

I1.3.1.2 High refresh rate Jacobian-based Iterative Method For Magnetic Lo-
calization in WCE

The main contribution of the paper included in Section C, which is presenting the
design of the WCE equipped with permanent magnet, 6 MFS and an Inertial Measurement
Unit (IMU), is to present a wireless platform featuring high refresh rate pose detection
aimed to enable close-loop control of WCE’s magnetic remote manipulation.

The computational time of proposed design and pose detection method is within 10
ms, considering both sensor acquisition and localization, allowing the implementation of
a 100 Hz WCE manipulation closed-loop control. In the this work, we demonstrate our
proposed algorithm on a WCE localization setup that includes an extracorporeal magnetic
field source that manipulates an intracorporeal WCE. The localization strategy proposed
herein provides the change in position of a WCE with respect to an external magnetic field
source by knowing initial position and orientation.

Method Overview: The contribution of this activity stems from putting forward a
new approach for WCE localization by using an iterative Jacobian-based method as shown
in Fig. II1.14 (also, the method is further described in Section C.4.2, and C). We leverage
finite element solutions to the magnetic field problem and least-squares interpolation to
obtain closed-form and fast estimates of the magnetic field. By defining a closed-form
expression for the Jacobian of the magnetic field relative to changes in the WCE position
we obtain an iterative WCE localization method without suffering from the inaccuracies
stemming from dipole assumptions and without the downside of slow refresh rate.

Platform Overview: The experimental platform, represented in Fig. II.11.A, is com-
posed of the WCE, the EPM, a robotic manipulator (RM), and a personal computer (PC)
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connected to a wireless transceiver via the universal serial bus (USB) port. The real-time
algorithm runs on the PC and communicates with the capsule through a USB transceiver.
The EPM is a NdFeB (magnetization N52, magnetic remanence 1.48 T) cylindrical perma-
nent magnet with axial magnetization. The EPM diameter and length are both equal to 50
mm, while the mass is 772 g. A six-DOF robot (RV6SDL, Mitsubishi Corp., Japan) mounts
at its end-effector the EPM. The robot is controlled in real time through a multi-thread
C++ software application. The manipulator is used to control and track the EPM posi-
tion and orientation with respect the reference global frame. The experimental platform
global frame [Xy,, Y, 2] is assumed to be superimposed on the manipulator ground frame
[X0,¥0,20]. The current EPM pose for the localization algorithm is derived from the robot
end-effector pose, which is available at the application interface level. The EPM orientation
frame [X,¥y,z] is an input for the localization algorithm, while the EPM pose as acquired

by the robot encoders is used as reference position for the experimental assessment.

Figure II.11: Experimental platform: a) Robotic Manipulator (RM) and EPM. b) Visual
rendering of the WCE and its internal components.

The WCE, schematically represented in Fig. I1.11.B, hosts the FMSM, Wireless Micro-
controller (WMC) (CC2530, Texas Instruments, USA), and power supply (PS). The outer
shell is fabricated in VeroWhite 3D printer material. The current prototype is 36 mm in
length, 17.5 mm in diameter, and 15 g in mass. The capsule shell has four lateral wings that
are used to achieve a precise alinement with the capsule cartesian frame [X., ¥, z.] during
the experiments.

The FMSM is composed of six MFS, an IMU sensor with accelerometer and gyroscope
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embedded, and an off-the-shelf NdFeB (N52) cylindrical magnet axially magnetized with
1.48 T of magnetic remanence, 11 mm in diameter and 11 mm in height.

The readings of the magnetic sensors integrated in the FMSM, and also, the six digitized
values of acceleration and angular speed of the IMU are received by the WMC. This dataset
is acquired every 4.4 ms and used to build a 36-byte package together with the capsule status
indicators (i.e., battery level, start/stop bytes). This package is then transmitted by the
WMC to the external transceiver over a 2.4 GHz carrier frequency, with a refresh time of 6
ms, resulting in sampling rate of 166 Hz. The external transceiver is based on an identical
WMC which communicates with the PC through a USB-serial converter (UM232R, FTDI,
UK).

The device’s current consumption varies between 40 mA, when the microcontroller is
in low power mode, and 20 mA when it is in IDLE mode with the radio active. Average
current consumption rises to 48 mA during a single cycle of sensor data acquisition and
wireless transmission. The power source used is a 50 mAh, 3.7 V rechargeable LiPo battery
(Shenzhen Hondark Electronics Co., Ltd., China).

User Interface

A multi-thread C++ WIN32 application running on the PC unbundles the data and
shares them to three other parallel threads. The first thread controls the robotic manipula-
tor through a UDP/IP communication with refresh rate of 140 Hz. The thread first, sends
the desired pose to the robot controller and then it receives the current robot pose feedback.
The second thread implements a digital Kalman filter for each of the six MFS and the six
IMU outputs before running the iterative localization algorithm. The algorithm outputs are
6-DOF capsule pose estimation p = [z,y, 2, a, 3, ] with respect to the EPM frame [X, ¥, z].
The third thread manages a TCP/IP communication with a MATLAB application (Math-
works, USA), which displays the localization algorithm estimation. The data transfer rate
for the robot controller applications is 83 Hz. The refresh time for capsule pose estimation
p and the capsule wireless data transfer is 6.8 ms (refresh rate 150 Hz). The MATLAB
application displays the capsule position and orientation p = [z, y, z, a, 3, ] with respect to
the EPM reference frame [X,y,2] in real time (refresh every 30 ms) on a 3D plot. Current

pose numerical values are also displayed.
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Chapter III

LOCAL MAGNETIC MANIPULATION FOR ROBOTIC ABDOMINAL
SURGERY

In [114] is introduced the concept of LMA (also defined Trans-abdominal Active Mag-
netic Linkage (TAML)), where mechanical power is transferred across the abdominal wall
by magnetic coupling, in order to drive a degree of freedom DOF of a laparoscopic robot,
as represented in Fig. III.1 and described also in [115]. This approach prevents the need
for embedded actuators, wired connections and eventually batteries.

As represented in Fig. II1.2, each LMA-based device is composed of at least one
Anchoring Unit (AnU), and an Actuation Unit (AcU) per independent DOF. The anchoring
unit is composed of an external and an internal permanent magnet. Its function is to
support the instrument during surgery. The actuation unit is composed of an external
driving permanent magnet and an internal driven permanent magnet. The driving magnet
is connected to a motor that can be actuated independently, causing the actuation of the
respective driven magnet, coupled across the abdominal wall. The driven magnet is used
to actuate, through a mechanism, one DOF of the laparoscopic robot.

An important requirement for a MCR in MIS is the deployment through the single
surgical port. Also functionality, device encumbrance, workspace of robotic manipulability,
forces and speed generated at the surgical EE, are to be addressed as specified in these
scientific papers [39,85,116].

Another important parameter that has to be considered for design of LM A-based devices
is the average abdominal tissue thickness upon insufflation, where for a population that

includes obese patients (body mass index > 30 kg/m?) is 4 cm [117].

III.1 Magnetic Spur Gear for Remote Rotary Motion Transmission: Technical
Specification and Objectives

As represented in Fig. TII.1, two manipulators and one camera can be introduced into

the abdomen by a single incision, as demonstrated in [115], and each one can be coupled

with an external magnet held by a robotic arm. If the EE and the internal modules are

properly designed, up to 5 DOF can be transmitted by moving the EPM. Referring to the

left arm in Fig. III.1, roll and X Y translation will work against the friction of the internal

module on the abdominal wall, while pitch and yaw must counteract the elasticity of the
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Figure I11.2: Functional representation of a LM A-based robotic instrument coupled across
the abdominal wall.
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abdominal tissue. Having the EPM driven by a robotic arm would provide a better preci-
sion of movement, however, the dynamic interaction with the abdominal wall will always
introduce unreliability in the control loop. Therefore, the best use of this approach may be
gross positioning before starting a procedure, i.e. when high precision and repeatability of
movements are not a stringent requirement.

Surgical tool design has severe size constraints for the modules that are to be introduced
into the abdomen (i.e. outer diameter smaller than 12mm). Thus, to achieve higher forces
and torques the best option is to move the actuators outside the patients body and use
the largest magnets possible on board the surgical devices. Through controlled motion of
the external magnets, one or more DOF can be transmitted over the LMA to the internal
manipulators. Thanks to this approach, the only components that are required on board
the manipulator, to achieve controlled motion, are the permanent magnets embedded in a
properly designed mechanism.

An actuation mechanism based on the LMA concept can be seen as a modular structure,
composed by a number of magnetic couples, each of them having one magnet inside and
one outside the abdomen, with each couple carrying out a different function as shown in

Fig. II1.2. In more specific terms, the system is comprised of:

e AnU, composed of an external and an internal permanent magnet (EPM and IPM,
respectively), whose function is to provide an anchoring force to the internal magnetic

instrument during the surgical procedure.

e AcU, composed of an external driving EPM and an internal driven IPM. The external
driving EPM is connected to a motor and can be actuated independently, causing the
actuation of the respective internal driven magnet, coupled across the abdominal wall.
The internal driven magnet can be used to actuate one or more DOFs of the internal

module by cable or rigid link transmission.

Focusing on the AcU, a further dichotomy can be established by considering two different
types of driving architectures, two example of AcUs enragements is described in Fig. I11.3.

In simplistic terms, these two actuation architectures can be described as follows:

e tLMA, where the external driving magnet is translated along a horizontal direction on
a parallel plane to the abdominal wall. The external driving magnet, while translating,
drags the internal driven magnet. Horizontal force at the IPM can be used to actuate
a DOF of the internal module.

e rLMA, where the external driving magnet is rotated about its main axis. The driven

magnets will rotate accordingly, trying to minimize the phase shift. Considering a
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cable winding up on the IPM shaft, the torque available at the IPM can be used to

actuate an internal DOF.

A clear design advantage of the rLMA over the tLMA consists in the much larger
workspace, since the actuating cable can be wound on a reel, while in the tLMA, the range
is limited by the length of the slider the driven IPM is travelling on. On the other hand,
the quantity of rotary motion for a rTLMA could be adjusted as the design needs.

These are the main reasons behind the decision of pursuing the rLMA concept by ana-
lyzing the magnetic coupling from a static physics point of view to a dynamic and control
theory point of view. This aims to achieve a controlled rotary motion of the driven unit
by rotation of external driving magnets about their own axis. The remote rotary motion
transmitted at the internal driven magnets can provide actuation to a mechanism or a joint
connected by cable, rigid or hybrid transmission. The rLMA is more closely related to
magnetic gears [77]. In tables II1.2 and III.3 are reported the available torque generated
by a couple of cylindrical permanent magnets diametrical magnetized and commercial DC
motors respectively.

Previous work in the field of magnetic gears for industrial applications suggests that a
coaxial concentric topology with radial coupling (i.e., driving and driven magnetic systems
mounted one inside the other as in [75]) would enable a more efficient power transmission
than a coupling, where the gears are rotating on parallel axes. This is due to a more
homogeneous distribution of the attractive force around the main axis of each gear, as all
the pole pairs are simultaneously involved in the transmission of mechanical power [76].
However, in the proposed application, this approach is unfeasible as the abdominal wall
stands in between the driving and the driven units decreasing drastically the magnetic
transmission’s power. A possible solution is then to adopt a parallel-axis radial coupling
across the tissue, with the associated challenge of an asymmetric attracting force and the
related vibrations.

As regards the number of pole pairs, a magnetic coupling based on single-dipole magnets
allows maximization of the volume of the magnetic material contributing to the torque
transfer. Therefore, a parallel-axis radial coupling with single-dipole magnets seems to be
the best solution for transmitting mechanical power to a device deep inside the human
body. This approach was adopted in [118] for driving an implantable telescopic rod to
correct skeletal deformities. While this work reported an interesting medical application, it
did not address the challenges of achieving a servo control of the magnetic coupling.

This dissertation presents the extension of the methods proposed for the servo control

of coaxial magnetic gears [119] to a parallel-axis radial coupling with single-dipole magnets.
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Figure II1.4: Block diagram for the closed-loop control of a LMA actuation unit.

Generalization of the approach to the case where the driving and the driven magnets are
asymmetrical (i.e., different in volume and/or magnetization), and where the intermag-
netic distance h between them can vary within a certain range is addressed. The dynamics
model of the rTLMA actuation unit, quantification of the amount of the transmittable me-
chanical power and investigation of alternatives for closing the control loop strategy are also
addressed.
ITI.2 Technical Contribution: Speed control of a magnetic spur gear

As represented in in Fig. II1.4, the closed-loop control diagram for a single LMA actua-
tion unit is composed of the magnetic spur gear coupling as in [77], the actuator rotating the
driving magnet, the sensors measuring the feedback parameters, and the controller driving

the actuator.

IT11.2.1 Controlling a rotational Local Magnetic Actuation Unit

Since the proposed LMA actuation strategy is intended to replace an onboard high
speed/low torque rotational actuator, we aim to control the angular velocity at the load.
As feedback parameter, we investigate the use of either the driving or the driven magnet
angular velocity, wp or wy, respectively. This value is compared with the desired velocity
wref, and the error e, is fed to the controller that generates the appropriate voltage input
Vs to the actuator. The external actuator imposes a torque Tp at an angular velocity wp
to the magnetic gear system. The mechanical power is transferred to the driven magnet via
magnetic coupling, to overcome the load torque 77, which is seen as a disturbance to the
system. As we use single-dipole magnets, the speed ratio between the driving and the driven
magnets equals one. The proposed approach can be extended to multiple-dipole magnets
by explicitly considering the ratio between the driven pole pairs and the driving pole pairs,
as in [119]. The sensor feedback block measures in real time wp and wy, and detects if

the system has entered the pole-slipping regime — the regime inherent to magnetic gears
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Figure II1.5: Schematic representation of EPM and IPM for a typical LMA unit. The EPM
is a cube in the anchoring and in the tLMA units and a cylinder in the rLMA unit.

where control is lost due to torque overload [119], or excessive driving magnet acceleration
that induces inertial reaction forces on the driven magnet [120]. A warning signal can be
transmitted to a high level controller in case of pole slipping. As suggested in [119], the
coupling can be re-engaged by forcing wp at zero for a short period before being reset to

the original speed command input.

IT11.2.2 Static Analysis of the Magnetic Spur Gear Coupling

A first piece of information toward the design of a rLMA-based device consists in pre-
dicting the maximum anchoring and actuation forces that are available at the IPM, given
the main features of the magnetic link. At this point, a static model was developed as a first
step toward establishing a complete modeling framework to describe this novel approach to
mechanical power transfer.

Assuming that the environment does not contain ferromagnetic materials which are not
included in the model, it is possible to apply the principle of superposition [90] to extend
static magnetic modelling predictions to more complex magnetic configurations, as the ones
represented in Fig. IIL.5.

Input parameters to the developed static model are the type of magnetization (i.e.
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strength and direction), geometrical features of the magnets, distance between them, and
the kind of motion of the driving magnet. The model provides the attraction force between
the two magnets, i.e. the anchoring force for the IPM, and force and torque at the driven
magnet in response to a translation or rotation of the driving magnet. The model is built
upon the theories and the methods used in the analysis of steady currents, permanent
magnets and magnetic circuits [90]. Referring to Fig. 3, the force E.1 and the torque E.2
at the IPM can be expressed as:

F= 7{ jm X Begids (I11.1)
S

T = j’{ ' X (jm X Begt)ds (111.2)
S

where j,, is the equivalent surface current density on the IPM, r is the IPM radius,
while Bext is the rotating magnetic field E.3 induced by the EPM, which can be obtained

by the magnetic charge model as:
Boat(x) = — 10 f gMePM @), (I11.3)

dr Js | x — x|

where x is the observation point, x’ is the source point and MgPM is the EPM magne-
tization. This equation, obtained by applying the free-space Greens function, analytically
describes the spatial components of the field generated by a magnetic source. In our case
the source is the EPM and the observation point is the IPM. IPM features are modeled by
Jm intended as the infinitesimal element of current flowing on the surface element ds. To

quantify j,, E.4, we can apply:

Jm = Mipyn (I11.4)

where 7 is the unit vector normal to ds, while M;py; IPM is the IPM magnetization
vector. Force and torque at the IPM can be computed using MatLab (MathWorks) to
numerically solve the above equations with the FEM.

The actuation unit is based on the concept of magnetic spur gears [77] and is composed
of two diametrically magnetized ring-shape magnetic dipoles, the EDM and the IDM, that
are free to rotate about parallel axes. Referring to Fig. II1.6.a, we define Mp and M, as
the magnetization vectors of the EDM and the IDM, 6p and 6, as the angular coordinates
of Mp and My, and d as the shortest distance between the external surfaces of the EDM
and the IDM. In general, we assume d as coincident with the separation distance between

the rTLMA and the external controller. The difference between the two angular coordinates
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determines the actuation unit angular displacement Af = 0p+860,. The opposite orientation
of the y and 3y’ axes in Fig. II1.6.a was adopted to emphasize that a clockwise rotation of
the EDM induces an anti-clockwise rotation of the IDM.

As presented in Fig. II1.6.b, the torque T, transferred from the EDM to the IDM is a
function of A [121-123] as follows:

Tt (AG) = Ty sin(AB) (IIL5)

where Thax is the maximum torque that can be transmitted over the coupling. Tjqx
depends on the volume and magnetization strength of both EDM and IDM, and on their
separation distance d. If |Af| exceeds 7/2, the magnetic coupling enters a pole-slipping
regime, resulting in a consequential loss of control, as explained by [124].

The magnetic coupling between EDM and IDM also generates a vertical attraction
force between the two magnets. This force, referred to as Fg., contributes to supporting
the retracted tissue by working in synergy with Fg,.. As presented in Fig. 111.6.c, F,. can

be formulated as a trigonometric function of 6p, thus obtaining:

Fv+Fh+Fv_Fh
2 2

where F, and Fj, are the maximum and minimum values of F,., corresponding to the

Foet(0p) = cos(260p) (I11.6)

vertical and the horizontal arrangements of the actuation magnets. As T4z, the values of
F, and F} depend on the volume and magnetization strength of both the EDM and the
IDM, and on their separation distance d. In addition, F,, and Fj, are functions of Af. While
the plot in Fig. IT1.6.c considers Af = 0.

Given the two selected magnets, we ran a set of FEM simulations to predict T4z, Fo,
and Fy, as functions of d. In estimating F, and Fj,, we assumed that Af = 0. In the FEM
simulations, we used a mesh with more than 3,500,000 elements and we varied d from 2
cm to 6 cm in 0.2 cm increments. Simulation results and exponential regressions fitting the
data are reported in Fig. II1.7.a for T,,4, and in Fig. II1.7.b for F, and Fy,.

From Fig. II1.7.a, it is interesting to observe that if compared to EM motors having a
volume similar to the IDM [125,126], the torque available for driving a mechanism is larger
as long as d remains below 5 cm.

Considering that the speed ratio from the EDM to the IDM is 1:1, the overall mechanical
power that can be provided to a mechanism inside the abdominal cavity mainly depends on
the speed of the external motor spinning the EDM. As the size is not a primary constraint

in selecting the external actuator, a fast motor that is powerful enough to spin the EDM can
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Figure I11.6: (a) Schematic cross-section of the EDM and IDM composing the actuation unit.
(b) Torque transferred from the EDM to the IDM as a function of the angular displacement
between EDM and IDM. The cross-section view of the actuation unit is reported below the
plot. (c) Vertical attraction force generated by the actuation unit as the magnets rotate.
This plot assumes Af = 0. The cross section view of the actuation unit is reported below
the plot.

easily overcome the mechanical power that can be delivered by an embedded EM motor,

constrained in size to fit a 12-mm surgical port.

II1.2.3 Dynamic Analysis of the Magnetic Coupling

A schematic diagram of the LMA actuation unit that is analyzed in this study is repre-
sented in Fig. II1.8. The magnetic couple is composed of two cylindrical permanent magnets
diametrically magnetized, having magnetization Mp and M for the driving and the driven
magnets, respectively. We assume that the two magnets have a single dipole each, and we
consider the general case where the two magnets are different in diameter and length.

An important assumption of our model is that the two magnets are lying on two parallel
axes (i.e., z and 2’), spaced by a separation distance h’. Note that we define h' as the
distance between the two axes, and h as the separation between the outer surfaces of the

two magnets, as represented in Fig. II1.8.a. Referring either to h or h’ is equivalent, as
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Figure II1.7: (a)Tinqe and its exponential regression at different separation distances, the
solid horizontal line represents the average nominal torque for commercially available EM
motors that would fit a volume similar to the IDM. (b)F,andF} and their exponential
regressions at different separation distances, assuming Af = 0. The selected IDM was
9.52mm in outside diameter (OD), 2.38 mm in internal diameter (ID), and 9.52 mm in
length (L). It was made out of NdFeB, with a relative magnetic permeability of 1.05, and a
magnetization grade of N42 (1.32 T magnetic remanence). The EDM was 25.4 mm in OD,
6.32 mm in ID, 25.4 mm in L, and presented the same magnetic features as the IDM.

the difference in their values is constant. We also assume that abdominal tissue does not
influence the magnetic coupling [127].

We define Jp and J; as the equivalent inertia at the driving and at the driven magnet
side, respectively, while 0p and 6, are the angular coordinates of Mp and M, as represented
in Fig. II1.8.b. The angular displacement of the drive train is denoted with A = 7© —
(|10p| + |04l). As represented in Fig. II1.8.a, the directions of rotation for the two magnets
are opposite (i.e., a counterclockwise rotation of the driving magnet induces a clockwise
rotation of the driven one).

The magnetic spur gear pair can be analytically described for different A by modifying
the equivalent model for a two-inertia mechanical system [128]. In conventional two-inertia
servo-drive systems, the interconnecting drive shaft has a linear torsional stiffness K — unit

of Nm/rad — that stays constant within the operating range. Therefore, the torque T¢
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Figure II1.8: Schematic overview (a) and lateral cross section (b) of the LMA actuation
unit based on two diametrical magnetized cylindrical magnets.

transmitted by the prime mover to the load is a linear function of the angular displacement
at the drive shaft. As introduced in [129], the torque transmitted across a radial magnetic

coupling is not constant with A6 and can be described by a nonlinear trigonometric function:
To(A0) = Tg sin(A0), (IIL.7)

where T is the maximum gear torque that can be transmitted over the magnetic coupling.
The value of Tz depends on the volume and magnetization strength of the magnets and on
their separation distance h. In case the driving and the driven magnets differ in terms of
volume or magnetization, the cross-coupling due to the magnetic field becomes asymmetrical

and two separate nonlinear torque transfer functions must be considered:
TRY(AG, h) = TR (h) sin(AF) (I11.8)

TEP(AG, h) = TEP (h) sin(AF) (IT1.9)

where Eq. IIL.8 refers to the torque transferred from the driving to the driven magnet,
while Eq. II1.9 refers to the torque transferred in the opposite direction.

The numerical values of T, é? 4 and TgD at different h can be obtained by the static analysis
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Figure II1.9: Equivalent model of a magnetic spur gear pair with asymmetrical magnets.

and the FEM integration described in [114]. For a given magnetic gear pair considered at
A =7/2, TE4(h) and TEP (h) can be well approximated by exponential fits.
Referring to the equivalent model represented in Fig. I11.9, the dynamic behavior of the

LMA actuation unit can be described by the following system of equations:

2
JD% =Tp — TEP (A6, h) (111.10)
d20d Dd

The trigonometric expressions of Tg 4 and Tg;D can be linearized about Af = 0 in the

range |Af| < /2, assuming

TRYAG, h) = KPU(R)AO = 224 (h) Ao, (I11.12)
s
9 _

TIP(AG, h) ~ K9P (h)A0 = ZT2P (h) A8, (I11.13)
Vs

where T2%(h) and TZP(h) are the exponential fits for TF4(h) and TP (h), respectively.

Beyond |A#| < 7/2 of angular displacement, the magnetic coupling enters a pole-slipping
regime [119,130], resulting in a consequential loss of control. This typically happens when
the torque 77, required by the load overcomes the maximum value of torque that can be
transmitted over the magnetic coupling, Té? 4(h). For a reliable control of the driven magnet,
pole slipping must be prevented. This can be accomplished by monitoring in real time Af
with the method suggested in the next subsection.

The block diagram representing the open-loop system — shown in Fig. III.10 — can
be derived by combining Eqgs. III.10-III.13. In no-load conditions, the transfer functions

relating the driving torque to the driving and the driven angular velocities are given by

Dd
YD _ il L (ITL.14)
Tp JDS(SQ‘FW{]D;—W) JDS(S2—|-LU8) '
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Figure II1.10: Block diagram of the open-loop magnetic gear system.
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where the antiresonant w, and the resonant wqg frequencies are, respectively, given by

| K Dd KPdJp + KdP g,
Y iy = . 111.16
“ Ta o \/ TpJd (IL.16)

The dynamic model validation consist of two stages of trials. The first step of validation

focused on assessing the sensor feedback strategy, as this was used for all the experiments
that follow. In particular, we compared wp as measured by the encoder with the value
estimated. This test was performed for wp= [500, 700, 900, 1100, 1300, 1500] rpm, showing
an average error of 7.28 4+ 2.82 rpm. We can reasonably assume a similar uncertainty in
reconstructing wy and Aw.

The second step consisted of validating the dynamic model of the magnetic gear coupling
for different separation distances h, driving angular velocities wp, and applying load torques
Tr. A single experiment consisted of increasing 77, while driving the external magnet at a
constant speed wp and maintaining a fixed intermagnetic distance h. As soon as the system
entered in the pole-slipping regime, the experiment was ended. The intermagnetic distance
h was varied from 2 cm to 7 c¢m in steps increments of 1 cm, while wp was increased from
500 rpm to 1500 rpm in steps increments of 200 rpm. The motor-side closed-loop control
was adopted to guarantee a constant wp, as 17, was increased. Once a trial was started, the
platform increased the voltage driving the hysteresis brake in 0.15 V increments every 0.2 s,

resulting in an exponential increase of 17, over time. The event of pole slipping was detected
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by monitoring 6, as measured by the sensor-side MFS. In particular, when 6; was stalling
around a limited number of angular positions, the algorithm assumed that the system was
entered in the pole-slipping regime. In that case, the motor was stopped, the hysteresis
brake was released, and the trial was considered over.

For each experiment, the data recorded for 6p, 84, and Tp were used together with
platform-specific parameters (i.e., Jp, Jg, T, é)d, Tgp ) to estimate 77,. The dynamic model
for T, was derived by combining Eq. I11.10 and Eq. III.11 and integrating over time, thus

obtainin
° 1 27dP 27k,

The reference value for 17, was obtained by measuring the current drained by the hys-
teresis brake and deriving the torque applied to the driven magnet from its calibration
curve.

A typical plot for a single experiment at h=4 cm and wp=1000 rpm is represented in
Fig. II1.11. Here, three different regimes can be observed. In unloaded conditions, angular
oscillations at the driven magnet were induced by the low inertia, combined with the non-
linear elastic coupling of the magnetic link. In this regime, reconstruction of 77 by the
model was noisy. As Ty, increased, the amplitude of oscillations decreased significantly, and
the model allowed for a reliable real-time estimation of the load torque. As expected, the
system entered the pole-slipping regime as T}, overcame the maximum value of torque that
can be transmitted over the magnetic coupling.

Five experiments were repeated for each combination of h and wp, and the estimation
errors were averaged. The mean relative errors in estimating 77, at different velocities and
intermagnetic distances are reported in Table III.1. Over the entire range of distances and
velocities tested, the mean relative error was 7.1 + 2.3%, while the mean absolute error was
0.18 £ 0.06 mNm. All of these values are related to the loaded regime of operation. It is
interesting to note a larger error at intermediate distances that is due to the effect of the

resonant and antiresonant peaks in the open-loop transfer functions.

I11.2.4 Sensor Feedback

Previous work on magnetic gear servo control [119,120] focused on motor-side sensing,
as load-side feedback sensors may be prohibitive to use in certain applications, such as off-
shore wind turbines or all-electric automotive power trains. In case of surgical instruments,
the constraints introduced by embedding feedback sensors on the load side are mainly
related to sterilization and tethering. As for sterilization, low-temperature techniques can

be adopted, in case the sensors cannot withstand the high temperature commonly used for
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Figure I11.11: Comparison between the estimated and the reference load torque for h=4 cm
and wp=1000 rpm. The unloaded, loaded and pole-slipping regimes are highlighted by the
dashed vertical lines.

wp [rpm]

h 500 700 900 1100 1300 1500

2cm  94%  14.7% 57% 85% T7.9% 8.8%
3em  13.8% 81% 94%  64% 84% 3.1%
4cm 9.6% 12.1% 10.9% 84% 83% 8.2%
5cm  92% 134% 58% 7.6% 6.7% 7.9%
6em 87% 3.7% 4.0% 3.9% 4.1% 3.8%
Tem 5.7%  31% 34% 38% 4.0% 55%

Table II1.1: Mean relative errors in T, estimation at different velocities and intermagnetic
distances within the loaded regime.
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Figure I11.12: Angular position (fp and 6;), angular speed (wp and wy), angular displace-
ment of the drive train (A), and its time derivative (Aw) are obtained through direct
measurement of the magnetic field (Bp and By) generated by the driving and the driven
magnets along the vertical direction.

steam sterilization (i.e., 132°C). Regarding tethering, a wired connection would be the most
reliable option to acquire the data from the on-board sensors. This may be an advantage
in terms of usability, as it can facilitate the retrieval of the instrument from the abdominal
cavity once the surgery is over.

In this work, we investigate both motor-side and load-side sensing strategies by taking
advantage of a pair of magnetic field sensors MFS. The motor-side sensor is placed next to
the driving magnet, whereas the load-side sensor is placed close to the driven magnet.

The block diagram in Fig. II1.12 shows how the signals acquired by the two MFS
are used to derive the driving and the driven magnet angular positions, p and 64, the
angular velocities, wp and wy, the angular displacement of the drive train, A#, and its
time derivative, Aw. Referring to Fig. IIL.8, the component along x of the magnetic
field generated by the driving magnet, Bp, is acquired by the motor-side MFS, while the
load-side MFS acquires the component along —z’ of the magnetic field generated by the
driven magnet, By. As the two magnets spin, Bp and By can be described by two cosine
functions [114]. The magnetic field values are normalized, obtaining up or ug, and the
angular derivatives dup and duy are calculated. The inverse of the tangent function is
applied to (up, dup) and to (ug, dug) to derive Op and 0,4, respectively. Angular velocities

wp and wy are then obtained by the time derivative of fp and 6,4, respectively.

I11.2.5 Close-Loop Control on Motor Side

The motor-side closed-loop control is designed to work within a range of intermagnetic
separation distances h from 2 c¢m to 7 cm. Therefore the controllers parameters are chosen
in order to ensure controllability in the range of analysis which includes population range
of abdominal thickness.

When a motor-side control strategy is adopted, the driven part of the actuator may
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Figure I11.13: Motor-side speed control system with PI controller.

be seen as a disturbance. In our approach, similar to [119,128], we explicitly consider the
effect of coupling in the control loop and, we adopt a standard Proportional-Integral (PI)
controller fed with the motor-side angular velocity wp. The block diagram of the closed-loop
system is shown in Fig. III.13. In this figure, K, is the proportional feedback coefficient,
while K7 is the integral feedback coefficient.

The closed-loop transfer function from the reference input to the motor speed is given

by
Tp _ s*4wd
(K]+Kp8) oV JDs(32+w )
R
wp Jps(s +wg )
- . . (ITL18)
Wref Tg%
1 + (K1+Kps) oV JD5(52+w0)

S Tp 2+“~’a
H+5v sV Jp 5(52+w2)K]M

I11.2.6 Close-loop Control on Load Side

The load-side closed-loop control is designed to work within a range of intermagnetic
separation distances h from 2 c¢cm to 7 cm. Therefore the controllers parameters are chosen
in order to ensure controllability in the range of analysis which includes population range
of abdominal thickness.

An alternative technique consists of closing the control loop on the load-side angular
speed wqy. This approach allows for a direct tracking of the system performance at the load,
but may introduce system instabilities due to two imaginary poles in the open-loop transfer
function (Eq. IIL.15). Therefore, we apply a custom controller with arbitrary placement
of three poles and two zeroes to stabilize the system. Root locus analysis is used for the
placement of controller singularities. In particular, two complex conjugates zeros are placed
at higher frequencies and two complex conjugates poles are placed at lower frequencies to
provide lag compensation. This allows reduction of steady state error and resonant peaks,
thus increasing system stability. In addition, a pole is placed in the origin of the root locus

to attenuate oscillations. The controller transfer function from the error e, to the motor

58



KdD 20 1TL
w’ioem K. (s% + 261015 + w1?) VM()_> Tp E’O;' i wp l —BL)'O T—CDiO_
T [s(s2 4 260,85 + w,2) | T W + ]DS S e +
9dL i
s Jas

Figure II1.14: Load-side speed control system with the custom controller fed by wy.

voltage input Vi is:
Vir _ Ko(s® +2Gw1s + wi) (I11.19)
€w s(s? + 2Cw1s + w3) ‘

where K. is the gain of the closed-loop controller, w; and wsy represent natural angular
frequencies, and (; and (» denote damping coefficients.
The block diagram for the load-side speed control is shown in Fig. I11.14.

The closed-loop transfer function from the reference input to the load speed is given by

Tp Kpg 1

K (s242¢ w1 s+w?) Vs 2403
M I =
S w,
- R (I11.20)
w Tp Kpg __1
ref 1+ Kc(s242¢ w1 s+w?) Vs 52402
s(s2+2Cw1 s+w32) 1+§TI/)% s K
£ s +w0

IT11.2.7 Control Strategies Comparison and Performances

Once the dynamic model was experimentally validated, we studied how variations in A
were affecting the harmonic behavior of the two open-loop transfer functions in Eq. II1.14
and Eq. III.15. Therefore, we plotted the two Bode diagrams for six discrete values of h
(i.e., h=12,3,4,5,6,7) cm). From the amplitude plots in Fig. III.15.a, we can observe that
both the resonant and the antiresonant peaks in the motor-side transfer function migrate to
lower frequencies as h increases, spanning less than a decade. In particular, wy=156 rad/s
at h=2 cm, decreasing to wy=45 rad/s at h=7 cm. A similar behavior can be observed
for the resonant peaks in the load-side transfer function, the amplitude of which is plotted
in Fig. III.15.b. From the two Bode amplitude plots, it is relevant to emphasize that
the singularities of the system and the range of their migration as h changes from 2 cm
to 7 cm are within the interval of angular velocities investigated in this work (i.e., 500
rpm corresponds to 52 rad/s, while 1500 rpm corresponds to 157 rad/s). In determining
the parameters for the two closed-loop controllers, we optimized the system response for

h = [2..7] cm (i.e., the condition in which singularities occur at lower frequencies) and we
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Figure I11.15: Bode amplitude diagrams for the motor-side (a) and load-side (b) open-loop
transfer functions for six discrete values of h (i.e., h = [2,3,4,5,6,7] cm).

experimentally investigated whether this choice could guarantee controllability in the entire
range of h tested.

The Proportional and Integral coefficients for the motor-side closed-loop control were
determined via the PID Tuning function of the Control System Toolbox (MATLAB, Math-
Works, USA), obtaining Kp=52.42x10"% V-s/rad and K;=5.90 V/rad. Simulated step
responses for h = [2,3,4,5,6,7] cm are reported in Fig. II1.16.a, showing an overshoot that
ranges from 11.4% to 10.8% and a settling time from 100 ms to 180 ms.

As regards the load-side control strategy, the parameters for the custom controller were
also tuned for the range of analysis (h € [2,7] cm), resulting in the following constants
K.=3.4x103V /rad, w1=1.6x10"% rad/s, wy=>5.5x10"% rad/s, ¢;=0.68, and (3=1. Simu-
lated step responses for h = [2,3,4,5,6,7] cm are reported in Fig. III.16.b, showing no
relevant overshoot and a settling time of 200 ms for all the distances investigated.

A comparison between the simulated and the experimental step response is reported in
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Figure II1.16: Simulated step response for the motor-side (a) and load-side (b) closed-loop
control for six discrete values of h (i.e., h =[2,3,4,5,6,7] cm).
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Fig. II1.17.a for the motor-side closed-loop control, and in Fig. II1.17.b for load-side closed-
loop control. Experiments were performed with w;..;=1000 rpm at h=4 cm in unloaded
conditions, and both wp and wy were recorded. The video showing the experimental set-up
and the step response trials is attached as multimedia extension 1.

As regards the step response for the motor-side closed-loop control in Fig. III.17.a,
the measured wp and wy presented an overshoot of 11.2% and 11.6%, respectively. These
results were comparable with the overshoot obtained in the simulated response. Concerning
the steady state, wp presented an average value of 998+23 rpm, while the average w,; was
1032432 rpm. As expected, no significant overshoot was observed in the load-side closed-
loop control step response (I11.16.b) and the settling time of wy; was comparable with the
model predictions. The average regime value was 990+18 rpm for wp, and 1006+30 rpm
for wy.

By comparing the results, we can observe that the load-side controller allowed achieve-
ment of a more precise regulation of the average wy than the motor-side approach. Both
controllers showed a ripple in the regulated speed of about 3% of the regime value. This
effect was mainly due to the absence of a load connected to the driven magnet, as the system
was working in the unloaded regime.

The presence of a load torque applied at the gear train induces variations in the param-
eters of the system, as it affects the equivalent inertia at the driven shaft. In particular,
system characteristics such as the resonant and antiresonant frequencies are both influenced
by variations in J4. The experimental trials reported in this subsection aim to assess both
closed-loop control strategies under different loading conditions.

First, a set of speed step responses were measured by setting 77, at 20%, 50%, and 80%
of ng(h). The trials were performed by imposing w,.;=1000 rpm at h=4 cm, and the
results for the motor-side closed-loop control are reported in Fig. II1.18. The steady-state
error for wy adopting the motor-side closed-loop control was 22418 rpm for Ty, at 20% of
ng (Fig. 1I1.18.a), 21+19 rpm for T, at 50% of fé?d (Fig. 1I1.18.b), and 3+40 rpm for
T, at 80% of ng (Fig. III.18.c). When adopting the load-side closed-loop control, the
steady-state error for wy was 243 rpm for T, at 20% of ng (Fig. 111.18.d), 1+6 rpm for
Ty, at 50% of TR? (Fig. 111.18.¢), and 0.3+13 rpm for Ty, at 80% of T2? (Fig. IIL18.f).

From the results reported in Fig. III.18, we can observe that the load-side control
strategy was more effective in forcing the system to reach the desired wy¢r, although an
overshoot of 8% of the steady state appeared as the load was applied. The load-side closed-
loop control step response presented a ripple for wy within the 1% of the steady state value,

while the motor-side closed-loop control showed a ripple up to 4%. From the plots, we can

62



1200 T T 1 T T
1000 -
800 F
E
=
o B00Fff i
[
[
jo N
) : : :
400 F . :
——Simulated response
, | —Measured @
200 2 -
| =——Measured o 4
l‘l | ! 1 | 1
0 0.1 0.2 03 04 05 06
Time [s
1200 ; ; ; ; ,

Speed [rpm]

— Simulated response
.| ——Measured o

—Measured o i

| I

0 01 02 0.3 04 05 086
Time [s]

Figure II1.17: (a) Simulated and experimental step response at h=4 cm for motor-side
closed-loop control. Both the measured wp and wy are reported in the figure. (b) Simulated
and experimental step response at h=4 cm for load-side closed-loop control. Both the
measured wp and wy are reported in the figure.

63



1200 1200 : 1200

1000 1000 ARAAAMPMAASAAAN RS 1000
T o0 ‘ Weasursda, T 0 g o ——Measured a,,
g a B ——Measured o
= —_— = ——Measured o = 4
'S 600 : Measured o, = 600 CH 5 600
Q o 173
o a o
@ 400 (a) @ 400 (b) 9 400 (C)

200 200 : 200
0 i i ; d
0 05 1 15 2 % 05 1 15 2 % 05 1 15 2
Time [s] Time [s] Time [s]
1200 : 1200 : 1200
1000 A 1000 1000
—— Measured o

T m— G)D T £
g Measured o, E_ SeEureCity g Measured o,
o 600 o 600 {5 600 ——Measured o,
3 3 173
Q 13 173
-3 -3 o
@ 400 @ 400 ; D 400

200 : (d) 200 (e) 200/ (f)

% 05 1 15 2 % 05 1 15 2 % 05 1 15 2
Time [s] Time [s] Time [s]

Figure I11.18: Experimental step responses for motor-side closed-loop control (a, b, ¢) and
load-side closed-loop control (d, e, f) with Ty, at 20% (a, d), 50% (b, e), and 80% (c, f) of
ng. Experiments were performed at h=4 cm imposing a wy.r=1000 rpm. Each plot shows
the measured values for both wp and wy.

observe that both strategies showed an increase in the ripple with the applied T}, as the
system was moving towards the pole-slipping regime.

Load rejection experiments were then performed for both the control strategies at h=4
cm, and the results obtained are represented in Fig. IIL.19. The reference speed wy.; was
set to 1500 rpm, while 77, was initially set to 28% of ng, then increased up to 85% of
T é)d for about 2.5 seconds before resetting it to the initial value. While the load was at
the 85% of T(? 4 the average error and the ripple for wy were 631 rpm for the motor-side
closed-loop control (Fig. II1.19.a), and 3+12 rpm for the load-side closed-loop control (Fig.
I11.19.b).

Both control strategies allowed rejection of the effect of a load variation without pole
slipping. By analyzing in more detail Fig. III.19.a, we can observe residual damped os-
cillations in wy for more than one second after applying the variation in the load. These
oscillations are due to the non-linear torsional spring behavior of the coupling, and are fur-
ther amplified by the effect of an inertia ratio well below the unit [131] (i.e., in the proposed
drive train, modeled as a two-inertia system, the inertia ratio in unloaded conditions is
Jq/Jp=0.056). As shown in Fig. II11.19.b, the custom controller implemented for the load-
side strategy, providing a lag compensation, was effective in eliminating these oscillations

in wg by modulating wp.
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Figure I11.19: Experimental load rejection responses for motor-side closed-loop control (a)
and load-side closed-loop control (b). The profile of 77, moving from 28% of T GDd to 85%
of ng and back to its initial value, is represented below the speed plot. Experiments were
performed at h=4 cm setting w,.;=1500 rpm. Each plot shows the measured values for
both wy and wp and the trend of the applied load torque.
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A final test was performed to evaluate the mechanical power that can be transmitted by
an LMA actuation unit at different intermagnetic distances. Using the motor-side closed-
loop control, the maximum torque at the load 77"** before entering the pole-slipping regime
was experimentally measured for w,.y ranging from 600 rpm to 1700 rpm at different sep-
aration distances (i.e., h = [2,3,4,5,6,7] cm). Each trial was repeated 10 times and the
results are reported in Fig. I11.20.a.

As expected from the harmonic analysis, we can identify in Fig. I111.20.a the effect of
the resonant peaks of the system shifting to lower frequencies as h increases. For rotational
speeds that are not in the range of the resonant peaks, the torque transferred is constant, as
expected, considering that the magnetic coupling has a 1:1 gear ratio. Therefore, as long as
the torque required by the load does not bring the system into the pole-slipping regime, the
amount of mechanical power that can be transferred mainly depends on the performance of
the external motor (i.e., the faster the external motor, the larger the amount of mechanical
power transmitted to the load).

The same test was repeated for the load-side closed-loop control and the results are
reported in Fig. II1.20.b. By comparing the plots in Fig. III.20.a and Fig. II1.20.b,
we can conclude that the load-side controller enables a larger torque to be transmitted
before entering the pole-slipping regime. In particular, an average value of 1.5 mNm can
be transferred at 7 cm, increasing up to 13.5 mNm as the separation distance is reduced
down to 2 cm. In addition, the effect of the resonant peaks is less evident when using the
load-side closed-loop control, which provides a value of T7"** that is almost constant with
Wrey for b larger than 3 cm.

In analyzing the overall performance that an LMA actuation unit can achieve, we con-
sider adopting the load-side closed-loop control as it provided a better performance when
compared to the motor-side approach. In Fig. II1.21 and Table I11.2, we compare the max-
imum torque that can be transferred at different intermagnetic distances — same data as
Fig. II1.20.b — with the theoretical limit provided by FEM estimation. With the proposed
dynamic modeling and control strategy, we are able to transfer an average of 86.2% of the
theoretical value of maximum torque. This deviation is due to the adoption of a linear
model for Tg 4 and TgD in Eqgs. II1.12 and III1.13, respectively. For large angular displace-
ments, which are expected, as the load torque brings the system towards the pole-slipping
regime, a linear model in Eqs. TI1.12 and II1.13 is far from being accurate and needs to be
replaced by a non-linear equivalent.

From Fig. II1.21, it is also interesting to observe that the standard deviation in 77"%*

is larger at smaller distances. This may be explained by considering other magnetic effects
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Figure II1.20: Maximum torque at the load before entering the pole-slipping regime, mea-
sured using the motor-side (a) and the load-side (b) controller at different speeds and
separation distances. Each data point is the result of ten independent trials.
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Distance [cm)]

MAX Torque [mNm] 2 3 4 5 6 7

Model T2?(h) 15.95 8.01 4.58 290 1.96 1.38
Experiment 77%%® 13.63 6.82 3.98 252 1.68 1.20
Efficiency % 854 852 87.0 86.8 855 87.3

Table II1.2: Expected amount of torque transmitted, ng, experimental amount of torque
transmitted using the load-side closed-loop control, 77", and efficiency defined as percent-
age of the theoretical amount of torque transmitted at different intermagnetic distances.

Model Diameter Length  Max Speed Stall Torque Reference
Namiki-SBL04 4mm 13.8mm  7000rpm 0.13mNm 133
Faulhaber-1016 10mm 16mm 18400rpm 0.87mNm 134
Faulhaber-1024 10mm 24mm 14700rpm 2.89mNm 135
Maxon-DCX10L  10mm 25mm 12000rpm 5.42mNm 136

Faulhaber-1224 12mm 24mm 13800rpm 3.62mNm 138
Precision-NC110  12mm 12.5mm  10000rpm 0.50mNm 139
Precision-MC112  12mm 20mm 9500rpm 1.50mNm 140
Namiki-SCL12 12.5mm 32mm 13750rpm 3.71ImNm 141

[
[
[
[
Faulhaber-1219 12mm 19mm 16200rpm 0.96mNm [137
[
[
[
[

Table II1.3: Off-the-shelf EM Motors comparable with the size of the driven magnet used
in this work.

that are present in the system, but have not been included in the dynamic model, such as
the vertical attraction force between the driving and the driven magnets that varies as the
magnets spin [132].

As previously mentioned, an LMA actuation unit can be used instead of an onboard
EM motor for driving a DOF of a laparoscopic robot. For the sake of comparison, in Table
I11.3 we listed off-the-shelf EM motors that have a diameter comparable with the driven
magnet used in this study.

Thanks to a speed ratio equals one, the maximum speed that can be achieved at the
driven shaft with the LMA approach corresponds to the maximum speed of the external
EM motor. As the external motor is not as constrained in size as a motor to be embedded
on board, a faster actuator than those listed in Table II1.3 can be adopted. As for the
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Figure I11.21: Maximum torque at the load before entering the pole-slipping regime as

a function of the intermagnetic distance. Theoretical value, ng

obtained by using the load-side closed-loop control, T7"%*.

, and experimental data

stall torque, we can assume for the LMA approach the values of T7"**(h) reported in Table
II1.2. As represented in Fig. III.20.b, we can consider the stall torque to be constant
as the speed increases. Considering that the driven magnet used in this study was 9.5
mm in both diameter and length, we can conclude that the LMA approach can provide a
volumetric power density that is well above any of the motors listed in Table II1.3 at any
of the intermagnetic distances investigated.

Finally, it is worth to mention that the wired connection required to transmit sensor
data from the instrument in the load-side control strategy can be easily replaced by a
battery-operated wireless link [142] without increasing dramatically the size of the surgical

tool.
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IT1.3 Design contribution

I11.3.1 1 DOF Laparoscopic Tissue Retractor Based on LMA
Method Overview: Given the above clinical considerations, we propose the LMA-

based tissue retractor schematically presented in Fig. II1.22.d and referred to as Laparo-
scopic Tissue Retractor LMA-based (LapR-LMA).

(a) (b) External

(d) LT A“"a\t"’“ unit  controller  Anchoring unit
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R s
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Figure II1.22: Perspective rendering of the assembled LapR-LMA in the closed (y=0) con-
figuration (a) and in the open (y= m/2) configuration (b). (c¢) The LapR-LMA prototype,
where part of the outer shell was removed to shows the internal components. (d) Schematic
representation of the LapR-LMA and the external controller components. (e) Maximum
weight that can be lifted by operating the LapR-LMA (dashed line), and maximum weight
that can be statically supported by the LapR-LMA (solid line). Both weight limitations are
plotted as functions of the intermagnetic distance and the opening angle of the retracting
lever. The measurements obtained during benchtop experiments are presented as single
data points.
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While the AnU is mainly responsible for gross positioning and for supporting both the
device and the retracted tissue, the AcU is designed to transmit mechanical power from the
external EM motor to the mechanism inside the LapR-LMA.

The spinning motion of the IDM is fed to a custom mechanical train, which has been
designed to maximize the lifting force at the grasper and to fit the size constraints specified
in the previous section. In particular, the IDM is connected to a three-stage planetary
gearhead (PG), which rotates a power screw (PS) actuating an offset crank mechanism
(OCM). The OCM controls the angular position of a retracting lever. In order to assess
the proposed design, we connected a crocodile grasper to the lever via an inextensible wire.
As proposed by Padilla et al. [4], the surgeon can clamp the grasper on the target tissue
with standard laparoscopic forces. The specific application should require an atraumatic
grasper, a suction cup [19] or a fan-shaped end effector [3] instead.

As presented in Fig. I11.22.a,b,c, the mechanical train components are arranged around
a thick extrusion in the core of the device. This feature guarantees structural resistance for
the LapR-LMA. The fabricated prototype, presented in Fig. 1I1.22.c, is 154 mm long, 12.5
mm in diameter, and weights 39.16 g.

Results & Discussions

Once the main components of the LapR-LMA were designed, two simple models were
developed to predict the overall performance.

A first mathematical model aimed at providing an estimation of the tissue lifting per-
formance of the device from the torque that can be transmitted over the magnetic coupling
and the efficiencies of the single sub-modules. This model can also be used to predict the
angular displacement Af corresponding to the weight at the gripper.

The second model we developed was a free body diagram of the LapR-LMA. This can
be used to predict how much weight can be supported by the magnetic attraction force
provided by both the AnU and the AcU.

Assuming no power losses due to internal friction, the weight W, [g] that can be lifted
up as the rotation of the EPM is activated can be predicted as follows:

LOP) (TactGRpgnpgﬁpsnps) F("y), i f o < Tsafe
W, < { 9.8 RL G Rpgnpg
103 (

e Tsafeﬁpsnps)r Tsafe
98  RL G Rpglhog

(II1.21)
(’7)7 ifTact >

As represented by dashed blue lines in Fig. 1I1.22.e, W, is constant with d, as long as
Tact exceeds the safe tooth-loading regime of the PG. In this working regime - which covers

the entire range of d from 2 cm to 4 cm specified in section 2 - the overall efficiency of
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the mechanical train is 42.78%. In most of this region, the angular displacement Af stays
below 7/18 (i.e., 10), therefore we can assume A§™**= 7/18.

To predict the weight that can be supported by the LapR-LMA at different d and ~, we
studied the free-body diagram of the device. The model considers Fg,., the weight force
acting on the LapR-LMA, denoted with Fy,;,, and the force Fy, required to lift the weight
W, at the gripper. The model also considers F,.;, but scaled for A§™**= 7/18. In case of
|AO] < 7/18, we estimated via FEM simulation a variation of Fj, and F, below 2.7% of the
values. Further explanation are presented in Section G.

The condition for a stable anchoring can then be expressed by considering the rotational

equilibrium in A (device extreme of the AnU side), as:

- Fuane - AB+ Fyep - AD — Figp - AX
AC

where Fy,, is the force required to lift the LapR-LMA and X is the position of the LapR-

LMA center of mass. This stability condition is plotted with solid black lines in Fig. I11.22.e,

Fy

(111.22)

showing the maximum weight W, that can be supported by the LapR-LMA as a function
of d and ~. Also in this case, the performance improves as v goes from 7 /2 to 0, since the
point of application of Fy moves closer to the pivoting point. By plotting together the
tissue lifting and the tissue support models, as in Fig. I11.22.e, we can derive the operative
range for the LapR-LMA as the area below the minimum value of Wy, that can be supported
and lifted at the same time.

The main goal of this experiment was to confirm the operative range of the LapR-LMA.
The external controller was affixed to a vertical adjustable slider and coupled with the LapR-
LMA through a rigid plastic surface. The weight was connected to the lever - starting at
v = /2 - via an inextensible wire. Then, the external EM motor was activated with a step
command at a speed of 1,700 rpm. The maximum value of weight that was successfully
lifted up was 500 g at d=2cm intermagnetic distance. This test was performed three times
for each intermagnetic distance ranging from 2 cm to 4 cm, with 0.5 cm increments, and
the results are presented in Fig. II1.22.e.

Considering the geometrical features of the LapR-LMA and the values of the anchoring
forces within the operative range, the pressure exerted by the device on the abdominal wall

always stays below 30.7 kPa, thus satisfying the condition on safety [143].
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I11.3.2 4 DOFs LMA-based surgical robotic manipulator design

The design presented in Section H aims to develop a surgical manipulator for MIS able
to perform surgical tasks combining mechanical power transmission based on LMA and
cable-driven actuation of a novel design of spherical parallel wrist.

Method Overview:

This robotic manipulator features an LMA-actuated 4 DoF cable-driven spherical wrist,
which is schematically represented in Fig.I11.23.A and referred to as Multi Degree Of Free-
dom LMA-based (MultiDOF-LMA). The MultiDOF-LMA design has three AcU and an
AnU. Each AcU provides the mechanical power to actuate one DOF of the wrist through
a pair of antagonistic cable drive. The anchoring unit provides for the gross positioning,
support, and through its ability to translate, also provides the actuation of the tilt angle
(61) DOF of the MultiDOF-LMA.

The AcU consists in a couple of diametrically magnetized magnets — the EDM and the
IDM — designed to transmit mechanical power from the external motor to the mechanism
embedded inside each of the Transmission Modules (TM)1-3. The gear transmission inside
the TM amplifies the torque delivered by the IDM to the antagonistic-cables attachment.
Each TM is equipped with a planetary gear train (1:16 gear ratio), a set of spur gears (1:14
gear ratio) and a cable reel (2.5 mm radius). The two antagonistic-cables lines are connected
with the reel and rolled-up by lengths 57, Sy and S3, respectively, for each actuated DOF of
the spherical wrist. Each TM is connected to the link 1 of the manipulator through flexible
pipes hosting each pair of antagonistic cables.

The AnU consists of a pair of axial magnetized permanent magnets. The External
Anchoring Magnets (EAMs) are connected to each other by motorized linear slide. The
EAMs are magnetically coupled with the Internal Anchoring Magnets (IAMs) generating
the forces to support the MultiDOF-LMA during operation by offering two points of contact
with the abdominal wall. For a typical abdominal surgery procedure, we considered a cubic
workspace of 50X50X50mm? side located 10 to 15 cm below the insufflated abdominal wall.
The AnU also provides the actuation of joint 1 (J;1) to orient the manipulator tip along the
direction of interest.

The MultiDOF-LMA design has a novel configuration for a 3 DoF cable-driven parallel
wrist with no kinematic singularity in the joint limited workspace and decoupled cables
actuation. The spherical wrist, showed in Fig. II1.23.B, features a simple design with a
parallel configuration. It is composed by a U-joint followed by a helical actuated serial
joint [144]. The U-joint provides the parallel actuation of the tip along the axes xo and

Yo in a range of £60° with respect to the wrist frame coordinate system. The ends of the
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two pairs of antagonistic cables are connected to the U-joint output link (UOL) and spaced
by 90° to each other. The helical actuated joint is composed by two cylindrical links, Hy
and Ho, one on top of the other, where H; can freely rotate relative to Ho. The helically
actuated joint is mounted on top of the UOL and provides the tip rotation about zo of the
UOL coordinate system. The antagonistic cables are connected on the outer side of H; and
helically rolled around H; and Ha, one clockwise and the other counterclockwise. This cable
arrangement allows for a rotation of £180° around zs in either direction, depending on the
cable that is remotely pulled.

On the tip of the manipulator, a cable-driven endoscopy flexible grasper could be at-
tached to achieve the desired surgical tasks. The flexible grasper is inserted through the
single abdominal access; it enters from the posterior of the MultiDOF-LMA and exits from
the tip of the manipulator. The flexible grasper could be externally actuated to generate
up to 40 N grasping forces [85].

Results & Discussions A prototype implementing the design described above has
been fabricated and tested confirming the functionality of the novel cable-driven spherical
wrist (Fig. II1.23.C).The permanent magnets implementing both AcUs and AnUs have
been tested and reported in [143]. Typical attraction forces are within the range of 1 N to
5 N, and actuating torque within 2 mNm to 8 mNm, considering a distance between the
external and internal magnets below 6 cm.

The tilt angle 61 about J; achieved by the relative motion d between the EAMs is defined
as following: 61 = cos '[(L — d)/(2l)], where L is the initial distance between the EAMs,
and [ is the length of both links 2 and 3. Ly is the whole length of the MultiDOF-LMA
from J; to the tip. If the EAM is moved by d, the robotic tip reaches the distance h from
the abdominal wall, such as: h = Lysin{cos *[(L —d)/(20)]}.

The two pairs of antagonistic cables connected at the U-joint actuate the angles 6> and
03, as shown in Fig. II1.23.B. Each cable goes down along the U-joint structure passing
through a needlepoint at the Cross Link Junction (CLJ). This cable constraint provides an
even cable length variation during the U-joint actuation, thus decoupling the cables. The
kinematic equation relating the antagonist cable displacements S, So and the angles 65 and
03 is ASy, lg = L, — (12 +72)2cos(tan™" (ry /1) + 02,3), where I, is the UOL length and 7,
is the UOL radius.

The antagonistic cables actuating the helical joint are connected on the outer side of
Hi, controlling the rotational angle 4. The cables follow a helical path along the outer
cylindrical surface of radius r and pitch 27lj, where r is the helical joint radius and [}, is the

length of both Hy and Hy. The following parametric function describes the cable trajectory
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Figure I11.23: Schematic view of the MultiDOF-LMA design (A), the spherical wrist
schematic design (B) and the prototype implementation picture (C).

helically rolled along Hy and Hy : t — [rcos(t), rsin(t),lxt/(27)], where ¢t € [0, 27]. In order
to achieve 64 = +180°, the cable displacement S3 is actuated as follows: AS3 = [, /(7wfy).
The cable decoupling is achieved by pushing the cable pair through the CLJ center hole.
The estimated transmitted force at the tool tip, considering 2 mNm available torque at each
AcU and a 50% of efficiency, is about 16 N for each direction of motion. The maximum
estimated speed at the tool tip, considering the IDM rotating at 10000 rpm, is 58°/s, thus
it covers the entire workspace for the U-joint in two seconds.

The fabricated prototype of the MultiDOF-LMA is presented in Fig. II1.24, where Fig
II1.24.A represents the device configuration during introduction phase through the single
port access, and Fig. I11.24.B represents the deployed configuration during surgical oper-
ation. The device dimensions are: diameter of 15 mm, full length of 400 mm; the length
of the actuation unit is 65 mm, and the manipulator is 130 mm long. Fig. I11.25.A.B.C
presents the AcU and the mechanical train: spur gears and planetary gears, which are
fabricated in 6061 aluminum alloy through wire-cut Electrical Discharge Machining.

In conclusion the prototype has a diameter less than 15 mm allowing it to enter from a
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Figure I11.24: (A)Configuration of the MultiDOF-LMA prototype during introduction phase
through the single port access, and (B) is the deployed configuration of the device during
surgical operation phase. (C) Prototype of the manipulator’s body with representation of
each DOF and (D) represents the mobility of one of the DOFs.

standard 15-mm trocar for MIS. The novel spherical wrist design is antagonistically cable-
driven, has no kinematic singularity and presents cable decoupling. The proposed design

paves the way for disposable low-cost implementation of robotic laparoscopic surgery.

Figure II1.25: (A) Actuation Unit, where the part of the outer shell was removed to show
the internal components. (1) represents the embedded permanent magnet or the IDM. (2)
Two stages planetary gear with transmission ratio of 1:16. (3) Worm gear system with
gear ratio of 1:15. (4) Spur gear system (2:1) and pulley where the cables are connected.
(B) Two stages planetary gear components and (B) spur gears components fabricated in
wire-cut Electrical Discharge Machining.
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Chapter IV

CONCLUSIONS AND FUTURE WORKS

IV.1 Conclusion: Magnetic Navigation and Pose Detection

This dissertation presents two novel approaches to detect, without line-of-sight and in
real-time, the 6-DOF pose of a magnetic capsule endoscope, combining multiple sensor read-
ings with finite element numerical solutions of the magnetic field generated by the magnetic
source (EPM). These pose detection algorithms are compatible with magnetic manipulation
and are optimized for a cylindrical EPM with axial magnetization. The sensing module is
designed for wireless operation, and the algorithm has a computational time that allows
real-time teleoperation. A third algorithm provides the estimation of the intermagnetic
forces generated by the magnetic coupling of EPM and IPM embedded into the capsule.
This algorithm is built on the same hardware of the previous localization systems. The
hardware framework of the Magnetic Actuated Capsule (MaAC) is represented in Fig. I1.5
of section I1.3.1.1 and it is named FMSM. Table IV.1 summarizes the scientific contribution
presented in this dissertation, where for each algorithm, main features and relative perfor-
mances are presented. Table IV.2 presents the scientific contribution of this dissertation for
what concern the design of wireless capsules, their relative medical application, performance
evaluation and their reference in this manuscript.

The first localization approach provides an absolute estimation of capsule’s pose ex-
pressed in 6 DOF as p. = [%¢, ¥e, 2, @, B,7]%, where p,. is the capsule pose, which has the
position expressed in cartesian coordinates and the orientation in Euler angles. This al-
gorithm is able to provide an average error below 5 mm in position detection, and below
19° for angular motion within a spherical workspace of 15 cm in radius, centered on the
EPM. The method validation, quantitative results and hardware description are detailed in
Appendix A and its application to wireless tissue palpation is presented in Appendix B.

While this study advances the field of magnetic localization, a number of challenges
still remain for future research. The detection of v, the capsule rotation about the vertical
axis of the world frame, could be estimated by adopting an IMU sensor with embedded
accelerometer and gyroscope. This approach has been pursued for the second algorithm of
magnetic pose detection proposed in this dissertation.

The second localization approach provides an iterative estimation of capsule’s pose ex-

pressed in 6 DOF as p. = [¥¢, Ye, 2, @, 8,7]%, where p,. is the capsule pose, which has the
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Algorithm’s Features & Performances

Algorithm
Typology:

Magnetic
Locomotion

Compatibility:

Initialization
Required:

Real-Time:
Refresh Rate:
Precision:
Workspace:

DOF:

Sensors Required:

Absolute Magnetic
Pose Detection

Tterative Magnetic
Pose Detection

Absolute Magnetic

Force Feedback

yes yes yes
no yes no
yes yes yes

50 Hz 1000 Hz 3000 Hz

5 mm 6 mm 50 mN

30x30x30 cm 30x30x30 cm

30x30x30 cm

5 (Appendix B); 6
(Appendices A, D)

6 (Appendix C)

1 (Appendix D)

3 or 6 MFSs,
inclinometer

3 or 6 MFSs, IMU

4 MFSs

Table IV.1: Features and performances of the algorithms proposed in this dissertation.
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Capsule Design and

Result Evaluation

Wireless Capsule’s

Task:

Medical
Application:

Performance
Evaluation:

Scientific

Contribution:

Manuscript
Reference:

Absolute Capsule’s
Magnetic Pose
Detection

Fast Iterative
Capsule’s Magnetic
Pose Detection

Inter-Magnetic
Force Measurement

a) Real-time
tracking for WCE
compatible with
magnetic
navigation; b)
Tumor margin
detection by using

Real-time tracking
of WCE during
magnetic navigation

Resistance force and
magnetic attraction
force monitoring
during magnetic
navigation of WCE
(combined with
capsule’s pose

wireless device information)
during MIS
(combined with
contact pressure
measurements)
yes yes yes
Absolute Iterative localization Real-time
localization enabling enabling magnetic Inter-magnetic force
magnetic navigation navigation control monitoring
control
Appendices A, B, D Appendix C Appendix D

Table IV.2: Scientific and medical contribution presented in this dissertation.
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position expressed in cartesian coordinates and the orientation in Euler angles. The algo-
rithm is looping at 1 KHz refresh rate, by applying iterative methods based on magnetic filed
properties and WCE spatial orientation. The investigated method establishes the feasibility
of applying a non-linear interpolation method based on Kronecker product, which provides
the formulation of an analytic expression of the magnetic field within the workspace of
analysis. Then, by applying iterative Jacobian-based method upon the non-linear interpo-
lation, we demonstrate the 6 DOF capsule pose estimation from magnetic field and inertial
readings of magnetic actuated WCE. The proposed approach uses the same hardware of the
previous localization system, but the sensors readings from onboard magnetic field sensors
and inertial sensors are used to estimate the change in capsule pose with respect to the
external magnetic field source, whose position and orientation are known.

Validation was performed by simulation and then by experimental trials. The source
of magnetic field adopted was a cylindrical axially-magnetized permanent magnet and the
workspace investigated was a cube space of 30-cm side with the magnetic field source in the
middle of the workspace. With the proposed selection of orthogonal basis, the MDR was es-
timated through the simulation with a relative error below 5% within the workspace. Spiral
capsule motions within the workspace were simulated to verify position change estimation,
achieving a sub-millimeter localization accuracy. Then, the wireless experimental platform,
composed by a magnetic actuated WCE and a robotically manipulated permanent magnet,
was used to assess the iterative magnetic localization. Five stages of experimental trials was
performed to show the steady-state behavior, the position initialization error sensitivity, and
the uniformly acceleration linear motion between WCE and EPM. Finally, the overall pose
localization behavior was assessed with an average error of 6 mm on both the radial and
axial components, 5° average error for § and an average error of 3° for o, 8 and v capsule
orientation angles.

This mathematical method for localization allows 1 ms refresh rate, an order of magni-
tude below than what reported in previous works, thus allowing a fast closed-loop control
strategy for WCE magnetic manipulation within the specifics above mentioned. The method
validation, quantitative results and hardware description are detailed in Appendix C.

The non-linear nature of the magnetic field generated by a specific permanent magnet
shape could be analysed in order to simplify the order of mathematical complexity involved
to analytically obtain the magnetic field direct relationship. The mathematical simplifi-
cation altogether with the modal matrices representation of polynomial bases and Fourier
harmonic basis, provides an invertible magnetic field and the analytic expression used for
the WCE pose localization.
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If comparing the simulation results and the experimental trials, the average error for the
radial and the axial components are increasing from the sub-millimetric to 6 mm average
error. This can be due to the noise in the measurement and to the limited sensor accuracy.

The intermagnetic force detection algorithm altogether with the absolute localization,
allow us to introduce, for the first time, a wireless real-time platform for the in vivo mea-
surement of the resistant force that a magnetically-driven capsule must overcome to move
inside the GI tract. The platform takes advantage of a wireless capsule, magnetically cou-
pled with an EPM, and is able to provide the real-time profile of both the intermagnetic
force and capsule pose. The direct measurements of capsule pose, intermagnetic force and
capsule acceleration are used to derive the dynamic profile of the resistant force opposing
magnetic attraction.

The platform was assessed via three-tier validation. First, the intermagnetic force and
capsule position estimation was assessed with a dedicated benchtop trial using a robotic
manipulator as a benchmark for position and a commercial load cell as reference for the
intermagnetic force. The average error in estimating the force and the position was less
than 0.1 N and 10 mm, respectively. A second benchtop experiment was then performed to
validate the dynamic reconstruction of F, from the intermagnetic force and capsule motion
estimation, using in this case a spring as reference for F,.. The platform was able to estimate
the spring constant with a relative error of 5.45%. Finally, the platform was assessed in
vivo in a porcine colon model, where F,. was successfully measured. The method validation,
quantitative results and hardware description are detailed in Appendix D.

While a statistically relevant study of the resistant forces of the porcine intestine was
outside the scope of this study, this platform can be applied to more extensive biomechanical
studies in the future (i.e., different segments of the GI tract can be investigated, and the
force required to move with or against peristalsis can be measured). This would provide
a quantitative understanding of resistant properties of the GI tract, paving the way for
improved realistic biomechanical models.

Real-time knowledge of both the intermagnetic force and capsule motion profile can
be used for robotic-guided capsule endoscopy. To the best of our knowledge, none of the
platforms proposed thus far for magnetic control of endoscopic capsules [27, 30, 68, 108,
113,145,146] implements a real-time tracking of capsule position and intermagnetic force.
Integrating the methods proposed in this work in a platform such as the one reported in [147]
would enable ”closed-loop control” of magnetic locomotion, by adjusting, in real-time, the
external source of the magnetic field to optimize the coupling with the capsule at any given

point in time.
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IV.2 Conclusion: Local Magnetic Actuation

Magnetic fields can be harnessed to transfer controllable mechanical power from outside
the patient’s body to a surgical instrument within the body. Combining magnetic units
with different functions, i.e. anchoring or actuation, it is possible to design surgical robots
that do not require motors on board, nor take up port space during the procedure.

Given the constraints in diameter and volume of a MIS instrument, the proposed ap-
proach enables the transfer of a larger amount of mechanical power than what is possible
to achieve by embedding typical electromechanical actuators on board. At the same time,
due to magnetic coupled devices, triangulation is enhanced and also invasiveness is reduced.
In table IV.3 are summarized the technical contributions, performances and medical appli-
cations presented in this dissertation, whereas in table IV.4 the design contributions are
reported.

As previously mentioned, an actuation mechanism based on the LMA can be seen as a
composition of single units, mixed depending upon the specific needs. The developed static
model touched on in Section III.1, and detailed in Appendix E is able to provide a reliable
prediction of maximum values of forces and torques at the IPM for each single couple of
magnets. By applying the principle of superposition, this simple model is able to provide
an estimation about LMA peak capabilities.

It is worth mentioning that the rLMA provides an actuation force which is almost double
that of the tLMA. Additionally, the tLMA requires the IPM to travel on a linear track
to provide actuation, thus imposing severe limitations in terms of space constraints. As
previously mentioned, the main advantage for the tLMA over the rLMA is the possibility
to achieve a push-pull actuation.

An example of application of the magnetic force and torque model to a complete LMA
design is detailed in Appendix E, where the magnetic model description and simulation
results are presented. The reported results and discussion represent an encouraging first
step towards the design of a more optimized LMA solution.

In this dissertation, it is also demonstrated the feasibility of controlling a parallel-axis
radial coupling with asymmetrical single-dipole magnets within a range of intermagnetic
separation distances compatible with the abdominal thickness in humans. This particular
kind of magnetic coupling, referred as LMA unit, applying the magnetic spur gear concept,
can be used in designing robotic surgical instruments to transfer mechanical power from
the outside of the patient’s body to an abdominal surgical instrument within. Given the

constraints in diameter and volume for a surgical instrument, the proposed approach allows
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LMA'’s Features & Performances

Unit Typology:

DOF Typology:

Magnetic Source:

Theory Applied:

Drawbacks:

Clinical Application:

Magnetic Torque/Force
Model:

Max Torque/Force at 2
cm Intermagnetic
Distance:

Max Torque/Force at 5
cm Intermagnetic
Distance:

Static/Dynamic Model:

Control Strategy:

Feedback & Sensor
Requirements:

Actuation Unit

Anchoring Unit

Rotary

Translational

Couple of cylindrical
magnetized permanent
magnets

Couple of axially
magnetized permanent
magnets

Magnetic Spur Gear

Magnetic Manipulation

Speed oscillations during
rotation

Low precision during
magnetic manipulation

Remote actuation of
surgical instrument’s
DOFs

Device’s gross
positioning and support

FEM model function of
the driven magnet’s
angular position and

intermagnetic distance

FEM model function of
the intermagnetic
distance vector

up to 14 mNm

up to 6 N

up to 3 mNm

up to1 N

Appendix E and Appendix F

Appendix E and Appendix G

(a) PI closed on driving
angular speed; (b)
Custom controller closed
on driven angular speed

Control strategy based
on monoaxial
intermagnetic distance
tracking as in [148]

Angular speed, 1 MFS

Intermagnetic distance,

1-3 MF'Ss

Table IV.3: LMA’s actuation and anchoring unit features and performances.
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Surgical Instrument Design Based on LM A Approach

MCR’s Task: Tissue Retractor Surgical
Manipulator
Medical Lift an organ Orientate and
Application: support the final

effector of the
surgical instrument

DOF required: 1 4-6
Scientific Design, prototype Design, prototype
Contribution: implementation and implementation
experimental
evaluation
Manuscript Appendix G Appendix H
Reference:

Table IV.4: Design contribution presented in this dissertation.

the transmission of a larger amount of mechanical power than what is possible to achieve
by embedding actuators on board.

The solution we propose for the servo control of an LMA actuation unit takes advantage
of a dynamic model of the coupling, adapted from a two-inertia servo-drive system, and
a sensing strategy based on Hall effect magnetic field sensors placed next to the driving
and the driven magnets. In this study, we also compare two alternative approaches in
closing the control loop. The first, referred to as motor-side closed-loop control, uses the
angular velocity of the driving magnet as the feedback parameter and has the advantage of
relying only on sensors placed on the motor-side of the coupling, thus outside the patient’s
body. The alternative approach, referred to as load-side closed-loop control, directly controls
the angular velocity at the load and requires a Hall effect sensor to be placed inside the
surgical instrument. The two approaches were assessed and compared in terms of step
response, load rejection, and maximum torque that can be transmitted at different speeds
and intermagnetic distances.

From the experimental results, we can conclude that the dynamic model we developed
presented a relative error below 7.5% in estimating the load torque from the system pa-
rameters, while the sensing strategy based on Hall effect sensors has an average error below
1% in reconstructing the shaft speed. Concerning closed-loop control, both the strategies
were effective in regulating the load speed with a relative error below 2% of the desired

steady-state value. When comparing the two approaches, the load-side closed-loop control
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achieved a better performance, both in terms of steady-state error (below 0.2%) and ripple
in the angular velocity (below 1%). In addition, the load-side closed-loop control allowed
transmission of larger values of torque, showing — at the same time — less dependency from
the angular velocity. The method validation, quantitative results and hardware description
are detailed in Appendix F.

While this study should serve as background for the servo control of LM A-based DOFs
in laparoscopic robots, a number of challenges still remain for future research.

A first direction of future work is improving the robustness of the control. As men-
tioned in Section F.4.5, a non-linear approach must be adopted to increase the amount of
transmitted torque closer to its theoretical limit. Predictive control, suggested in [120] for
coaxial magnetic gears, can be a viable solution. To reduce the oscillations in wy further,
a digital notch-filter compensator, as suggested in [149], can be adopted. In addition, the
model needs to be extended to a situation in which the two magnets spin on axes that are
not fixed, nor parallel, as analyzed in [150]. Horizontal and vertical vibrations must be
considered, as they will be present during laparoscopic surgery. Vertical attraction force
between the driving and the driven magnets must be included in the model.

When designing an LMA-based surgical instrument as represented in Fig. F.1, the
actuation module must provide controlled motion for a DOF, while the anchoring module
should support the weight of the instrument and the vertical forces applied during tissue
interaction. Overshoot in the speed at the driven magnet may occur in some conditions and
must be taken into account when designing the mechanism that goes from the rotating shaft
to the surgical end effector [132]. If the surgical robot needs more than one DOF, a number
of LMA actuation modules will have to interact within the same confined space. Magnetic
cross-coupling among LMA anchoring and actuation units may become an issue in this case.
As the magnetic force and torque respectively decrease with the inverse of the fourth and
third power of the intermagnetic distance, we plan to address this challenge by properly
spacing the magnets on board the surgical instrument. Shielding with ferromagnetic or
diamagnetic material can also be considered to address this problem. The model of the
system would then be extended to include cross-coupling and to provide a tool for designing
appropriate shielding between modules.

As previously discussed, the system can enter in the pole-slipping regime as a conse-
quence of torque overload. As suggested in [119], the coupling can be re-engaged by stopping
the motor rotation for a short period, and then resetting the input command. However, if
the load is still above the maximum torque that can be transmitted, this strategy will be

ineffective. A potential solution to this problem consists on controlling the vertical position
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of the external driving magnet, so that h can be reduced if a larger torque is required at
the load. The intermagnetic distance can be tracked in real time by using the methods
proposed in [148]. A different approach may be used to replace the driving unit with a
set of coils that can generate a rotating magnetic field at the driven magnet. In this case,
commutation control can be implemented to prevent the pole-slipping regime and maximize
the transferred torque at any given time.

In Section II1.3.1, we demonstrated the feasibility of using the LMA approach to design
a tetherless laparoscopic tissue retractor. The same design steps presented in Appendix G
(i.e., medical consideration and technical requirements related to magnetic coupling, mag-
netic modeling, selection of the magnets, interfacing between the IDM and the mechanical
train, and modeling of the overall device performance) can be adopted to implement LMA-
based surgical robots performing different and more complex tasks.

The LapR-LMA is 12.5 mm in diameter and can be laparoscopically introduced. If
the abdominal wall thickness is about 2 cm, the LapR-LMA is able to retract more than
ten times its own weight. Bench trials demonstrated that the designed mechanism is not
backdrivable and guarantees accurate and controllable motion of the retraction lever in both
directions. The mechanism is able to cover the full range of motion in about 20 seconds.
While the motion is slower if compared with manual operation of a laparoscopic retractor,
the surgeon has the ability to adjust precisely the degree of retraction achieved by the
LapR-LMA.

In situations of overload, failure occurs in anchoring rather than actuation. If the
anchoring failure occurs, the LapR-LMA needs to be recoupled with the external controller
by the surgeon during the procedure. However, no failure was observed during the liver
retraction experiment that was performed on a porcine model presenting an abdominal
tissue thickness of 2 cm. The same experiment showed no abdominal wall tissue damage
due to magnetic pinching.

While this study showed promising results, a number of challenges remain for future
research.

Regarding LapR-LMA modeling, the maximum weight that can be lifted was overesti-
mated by about 9%. This was mainly due to the assumption of no cross-coupling between
the anchoring and the actuation units. Therefore, a more comprehensive model, captur-
ing the interactions among all the magnets in the device, must be developed. Reducing
the length of the device would improve maneuverability and provide better access to the
surgical target, as observed during the in vivo trials.

As the main goal of this study was to assess the mechanical power transfer that can
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be achieved via the LMA approach, we did not focus extensively on the part of the device
interacting with the tissue to be retracted. In particular, liver retraction was performed
with traumatic graspers because of their availability. This is not applicable to a clinical
case, where suction cups [151] or a fan-shaped end effector [115] must be used instead to
prevent damaging the hepatic tissue. The current version of the LapR-LMA can be used
whenever the retracted tissue must be removed at the end of the surgical procedure (e.g.,
cholecystectomy). While the current device is wireless, a thin tethered connection can
be introduced to facilitate retrieval at the end of the procedure. Future studies involving
surgeons will be devoted to assess and improve, if needed, the usability and the ergonomics
of the device.

Finally, an intriguing direction of future research is to design an LMA-based surgical
robot with multiple DOFs. Such a device would be able to achieve complex surgical tasks,
such as surface scanning with an optical probe or even suturing. Combining a number of
actuation units and one or more anchoring units in a device that can fit a laparoscopic access
requires advanced modeling and, most likely, the use of shielding material [152] between
units.

In Section IT1.3.2 is presented the design of the surgical manipulator called MultiDOF-LMA
with 4-DOFs magnetically actuated by the LMA approach. This robotic manipulator fea-
tures 3 DOF cable-driven spherical wrist, which is magnetically actuated by three magnetic
spur gears. The MultiDOF-LMA design has three AcU and an AnU. Each AcU provides
the mechanical power to actuate one DOF of the wrist through a pair of antagonistic cable
drive. The anchoring unit provides support for the gross positioning, and also provides the
actuation of the tilt angle (01) of the MultiDOF-LMA thanks to its ability to translate.

A prototype implementing the design has been fabricated and tested confirming the
functionality of the cable-driven spherical wrist (Fig. I11.23.C). Typical attraction forces are
within the range of 1 N to 5 N, and actuating torque within 2 mNm to 8 mNm, considering a
distance between the external and internal magnets below 6 cm. The estimated transmitted
force at the tool tip, considering 2 mNm available torque at each AcU and a 50% of efficiency,
is about 16 N for each direction of motion. The maximum estimated speed at the tool tip,
considering the IDM rotating at 10000 rpm, is 58°/s, thus it covers the entire workspace
for the U-joint in two seconds.

The prototype has a diameter less than 15 mm, allowing it to enter from a standard
15-mm trocar for MIS. The novel spherical wrist design is antagonistically cable-driven, has

no kinematic singularity and presents cable decoupling. Also the proposed design paves
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the way for disposable low-cost implementation of robotic laparoscopic surgery. The design
description and evaluation are detailed in Appendix H. //
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Appendix A

REAL-TIME POSE DETECTION FOR MAGNETIC MEDICAL DEVICES

Christian Di Natali, Marco Beccani, Pietro Valdastri

From: TEEE Transactions on Magnetics, vol.49, no.7, pp.3524,3527,
Status: Published 2013

A.1 Abstract

Magnetic coupling is one of the few physical phenomena capable of transmitting mo-
tion across a physical barrier. In gastrointestinal endoscopy, remote magnetic manipulation
has the potential to make screening less invasive and more acceptable, thus saving lives
by early diagnoses and treatment. Closed-loop control of the magnetic device position is
crucial for a safe and reliable operation. In order to implement closed-loop control, the
pose (position and orientation) of the device must be available in real-time. This becomes
challenging if magnetic coupling is achieved by permanent magnets, since the strong mag-
netic field required for manipulation interferes with current localization techniques. In this
work, we present a novel real-time pose detection strategy that is compatible with magnetic
manipulation based on permanent magnets. The localization algorithm combines multiple
sensor readings with a pre-calculated magnetic field map. The proposed approach is able
to provide an average error below 5 mm in position detection, and below 19° for angular
motion within a spherical workspace of 15 cm in radius.
A.2 Introduction

The gastrointestinal (GI) tract is home to some of the most deadly human diseases.
Today, flexible endoscopy allows for effective diagnosis and treatment through its different
districts. However, this technique is not well perceived by patients due to the pain associated
with the procedure and the frequent need for sedation. A more acceptable technique is
wireless capsule endoscopy (WCE), introduced for the first time in 2000 and considered
today the gold standard for diagnosis of small intestine diseases [49]. WCE entails the
ingestion of a miniature pill-size camera that moves passively through the digestive system
and enables visualization of the bowel without the need for intubation, insufflation, or
sedation, thus offering an appealing alternative to flexible endoscopy.

Remote manipulation of capsule endoscopes has the potential to extend the reach of

WCE to other GI districts, allowing the physician to have direct control of the camera
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viewpoint [49]. Among the different approaches proposed to achieve active locomotion, the
use of magnetic fields to control the capsule pose (i.e., position and orientation) has the
advantage of preventing the need for onboard actuators, dedicated mechanisms, and energy.
This approach is currently being pursued by the major commercial players in the field of GI
endoscopy (i.e., Olympus and Siemens in [30,153] and Given Imaging in [29]) and by several
research group worldwide [49,64,154-157]. To achieve closed-loop control, the pose of the
remote device must be determined in real-time and used in conjunction with the desired
location or direction of motion specified by the user. Most of the localization techniques
developed to date — mainly designed to track the capsule endoscope as it passively travels
in the GI tract — are not compatible with magnetic manipulation due to electromagnetic
interference [156]. A high-frequency alternating magnetic field, generated by pairs of Carte-
sian coils, can be used in conjunction with a resonating coil [158] or Hall Effect sensors [159]
embedded in the capsule for localization during magnetic manipulation. This approach can
provide sub-millimeter resolution, but is limited to three degrees of freedom (DOF).

A different strategy to achieve magnetic coupling is based on permanent magnets [28,
63,64]. Compared to coils, permanent magnets can generate higher fields in a smaller form
factor. In this case, the capsule can be localized by measuring the magnetic field generated
by the external permanent magnet (EPM) at the capsule, taking advantage of onboard
sensors [66]. This approach is adopted in [63] to achieve capsule localization in 5 DOF with
an accuracy of 15 mm. Inertial sensing is used in conjunction with Hall effect sensors to
localize an endoscopic capsule driven by a robotic EPM in [67]. This method achieves a 10
mm resolution on 3 DOF.

In this paper we propose a novel approach to detect in real-time the 6-DOF pose of a
magnetic capsule endoscope. This method is compatible with magnetic manipulation and
is optimized for a cylindrical EPM with axial magnetization.

A.3 DMaterials
A.3.1 Principle of Operation

The proposed method takes advantage of measuring the magnetic field generated by

the EPM at the two ends of the capsule. Two Cartesian triplets of Hall Effect sensors are
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used to acquire the three components of the field (i.e.,
resulting 51? and B, vectors are referred to the center of the capsule ([z',y', 2] reference
frame represented in Fig. A.1). The inclination of the capsule (i.e., o and B defined
as pitch and yaw of [,y , 2] with respect to the world reference frame [Zy, Y, 2w]) is
also recorded in real-time with an onboard triaxial accelerometer. Given these 8 real-time

measurements, the proposed algorithm is able to provide the pose of the capsule in terms of
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the distance vector d and the three Euler’s orientation angles (a, 3, 7) referred to a Cartesian
frame [x,y, 2] located at the center of the EPM. In case the EPM is mounted as the end
effector of a robotic arm, as in [28,63,64], the transformation from [z, y, 2| to [Ty, Yw, Zw]
(and viceversa) can be easily obtained using the real-time data acquired from the robot
encoders.

The method we developed is based on an iterative algorithm written in Matlab (Math-
works, Inc., USA). The first step consists in the calibration of the initial roll angle vy as
baseline. This is required because the roll v is the only orientation angle that cannot be
measured by the triaxial accelerometer. This calibration requires positioning the capsule

with a known orientation for « with respect to the EPM.
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Figure A.1: Schematic view of the EPM and the capsule with the different reference frames
used in the algorithm. A slice of the magnetic field map is represented in the lower left
quadrant of the workspace.
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The next steps are to acquire B} and B, from the onboard Hall Effect sensors, o and
ﬁ/ from the accelerometer, and to express the magnetic field vectors with respect to [z, y, 2]

by the following transformation:
— =
B; = R"R"R. B, with i = 1, 2 (A.1)

where R and its transpose R. build the similarity transformation converting coordinates

from [z, Y, 2w| to [z,y, 2], while the 3 x 3 rotation matrix R;U is

/ c(B8')e(y) e(v)s(@)s(B)—c(@)s(y) s(a)s(y)+c(a)e(v)s(B8")
R, = | e(B)s(7) c(a)e(y)—s(y)s(a’)s(B") s(v)e(a’)s(B)—s(a)e(v)
—s(8") c(B')s(a’) c(@’)e(B’)
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where ¢(-) and s(-) are cosine and sine trigonometric functions, o’ and § are the pitch and
yaw acquired by the triaxial accelerometer, while v is equal to g for the first iteration. The
angle ~ is then generated by the algorithm for the following iterations.

The values of the magnetic field at the capsule are then used in conjunction with a
pre-calculated numerical map of the magnetic field generated by the EPM. In this map, the
magnetic field vectors are associated with the distance vector d. A search is performed in
the map to find the values of (d,,dy,d) related to the magnetic field vectors that are the
closest to the measured values By and By. The computational time and the precision of
the proposed method strongly depend on the search function and the magnetic field map.
In case an axially magnetized cylindrical permanent magnet is used as EPM, the magnetic
field can be expressed in cylindrical coordinates. Therefore, the algorithm derives

— ) ) ) )
BY = By + Buiz = /(B2 + B%)i + Bi? A2)

6; = arctan( gi )

for 1 = 1, 2, where B,;7 is the radial component and B,;Z is axial component of EZE The
azimuthal angle of the cylindrical coordinates is expressed by 6;.

Magnetic models based upon the theories and the methods used in the analysis of steady
currents, permanent magnets, and magnetic circuits [109, 160, 161] are applied to generate
the field density map to cover a 30 cm x 30 cm x 30 cm workspace centered on the EPM.
In particular, the Magnetic Current Model (MCM) allows for a numerical solution by finite
element integration. The MCM for an axially magnetized cylindrical magnet is expressed

as follows

?{ ») p_ 5// |:)3 ds’ (A.3)

where p indicates a generic point belonging to the workspace, p’ is a point on the magnet
surface, jn is the equivalent surface current density, S” is the EPM integration surface, and
1o is the vacuum permeability constant. Expressing Eq. A.3 in cylindrical coordinates, the

magnetic field becomes

B (p)= K// i Gk L A% (A.4)

\R2+r2 2ch(9 0) + (2— z)2)\

where r, 6, and z are the cylindrical coordinates of the generic point p, while R and L are
the radius and the height of the EPM, respectively. The constant K = “1—17‘:[5 accounts for

the EPM magnetic remanence M.
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Thanks to the cylindrical symmetry of the selected EPM, the value of E?: is only a
function of r and z, since its # component is zero (see Eq. A.4). This allows to simplify
the magnetic field map to a single 15 cm x 30 cm slice. Also, since we can assume the
capsule to be inside the body of a patient laying in the z < 0 space, the slice can be further
reduced to a 15 cm x 15 cm domain, as represented in Fig. A.1. Each point belonging to
this slice is expressed as a two component magnetic field vector ﬁ = B, (p)7 + B.(p)2
with a univocal association to a point p in the domain. The values of the bl—dlmensmnal
map are calculated by applying Eq. A.4 to the specific EPM used in our platform with a
spatial resolution of 0.2 mm. Of course, the resolution of the map is chosen as a trade-off
between computational time and localization accuracy.

A sequential search is performed into the map to find (d,;,d,;) associated with the
measured (B, B;;) for i=1, 2. The third cylindrical coordinate dy; can be calculated from
the values of By; and By; by applying Eq. B.4. The position of the capsule center is then
obtained by averaging dy and dy. At this point, the capsul@ose is fully identified with
respect to [z,y, z] and the algorithm restart from acquiring By, B27 a', and ~/, this time
adopting the actual v in computing the Rw matrix in Eq. D.11.

A.3.2 Platform Overview

The proposed method for capsule pose detection was assessed using the experimental
platform represented in Fig. A.2.A. The platform consists of a robotic arm holding the
EPM, and a capsule embedded with a permanent magnet and the localization module. The
capsule is mounted on a gimbal (Fig. A.2.B), that allows 3 DOF rotations. Since the
capsule is designed to operate inside the human body, thus in a loose environment, the
gimbal allows to validate the algorithm without constraining the sensing module in a fixed
orientation. An optical tracker (Micron Tracker, Claron Technology, Inc., USA) is used as
reference system to measure the angular motion of the capsule.

The robotic arm (RV6SDL, Mitsubishi, Inc., Japan) has 6 DOF and a resolution of
motion of 1 ym. The EPM is an off-the-shell cylindrical permanent magnet in NdFeB, with
Nb52 axial magnetization, a remanance of 1.48 T, a diameter of 5 cm and a height of 5
cm (K&J Magnetics, Inc., USA). The permanent magnet embedded in the capsule has the
same features as the EPM, but is 11 mm in diameter, and 11 mm in height. The magnetic
coupling between the two magnets allows for an effective manipulation, as reported in [162].

The localization module is designed all around the onboard magnet in order to be easily
integrated in a device operated by magnetic manipulation. The module consists of a digital
triaxial accelerometer (LIS331DLH, STM, Switzerland) and six uniaxial Hall effect sensors
(CYP15A, Chen Yang Technologies GmbH & Co. KG, Germany). The Hall Effect sensors
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Figure A.2: Validation of the proposed pose detection method: (A) View of the platform;
(B) Close view of the capsule and the gimbal; (C) Schematic view of the capsule.

were chosen with a large dynamic range (i.e., from 0.1 uT to 2 T) to accommodate the
offset due to the internal magnet (i.e., about 10% of the dynamic range). As represented
in Fig. A.2.C, the Hall Effect sensors were positioned along [x/, Y, z/] at the opposite sides
of the capsule in order to maximize the separation between B; and B, readings. The
separation distance for a couple of Hall Effect sensors laying on the same axis is 12 mm.
The overall size of the localization module and the onboard magnet is 15 mm in diameter
and 18 mm in height. Both gimbal and capsule were fabricated by rapid prototyping
(OBJECT 30, Objet Ltd., Israel). Data are acquired from the Hall effect sensors and the
accelerometer by an USB data acquisition board (DAQ 6211, National Instrument, Inc.,
USA) with a 16-bit resolution at each iteration of the algorithm. The sensor size, power
consumption, and data output are compatible with wireless operation. In particular, a
wireless microcontroller (e.g., CC2530, Texas Instruments, Inc., USA) and a high resolution
analog to digital converter (e.g., ADS8320, Texas Instrument, Inc., USA) can be used to
acquire the measurements at the same sampling rate and resolution, and send them to
an external receiver by radiofrequency communication [162]. The algorithm is written in
C++ and communicates in real-time with the data acquisition board and the robotic arm
controller.
A.4 Experimental Validation and Results

In order to validate the proposed method, the robotic arm was programmed to move
the EPM within the z < 0 portion of the workspace represented in Fig. A.1. Considering
the capsule fixed to the gimbal at [z=0 cm, y=0 cm, z=-15 cm], the robot scanned a 30 cm

x 30 cm area on the (z,y) plane at nine different vertical positions (i.e., z varying from -8
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cm to 0 cm in 1-cm steps). The benchmark for validation was provided by the robotic arm
encoders (resolution of 1 um) for d, and by the optical tracker (resolution of 0.3°) for a, 3,
and .

Since the proposed method is based on magnetic field measurement, the error is expected
to increase with the separation distance between the source of magnetic field and the position
where it is measured. Therefore, the error in detecting capsule pose is reported in Fig. A.3
for three different values of |(§| (i.e., 10 cm, 12.5 cm, and 15 cm) within a typical range of
operation for magnetic capsule endoscopes [28]. In particular, if the capsule is within 10
cm from the EPM, the average error and the standard deviation are —4.3+2.1 mm for x,
—4.54+1.9 mm for y, —3.9£1.8 mm for z, and —12°4+29° for +. In case the capsule is within 15
cm from the EPM, the average error remains in the same range, but the standard deviation
significantly increases. The error and standard deviation for |c§] < 15 cm are —3.4£3.2 mm
for x, —3.846.2 mm for y, 3.4£7.3 mm for z, and —19°4+50° for ~ if the capsule is within
15 cm from the EPM. The angles o and § are measured by the accelerometer, therefore
their error is not dependent on ]cﬂ The average error and the standard deviation for o and

B are —6°+18° and 3°£20°, respectively.
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Figure A.3: Error bar plot for the proposed pose detection method in the six DOF, reported
for three different values of |d|. The bar height represents the average error, while the
whiskers account for standard deviation.
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Table A.1: Localization success rate for different |(§|

|J\ <10 em \c_ﬂ <125 em ]c?| <15 em
Success 82% 66% 48%
Rate
Total 4,000 12,500 26,000
Measurements

For a more straightforward interpretation of results, it is possible to define the event
of successful localization. A localization is successful if the capsule estimated position d
is falling within a spherical volume centered in the capsule actual position and having a
diameter of 11 mm, as current capsule endoscopes [49]. The success rates of the proposed
algorithm related to the total number of measurements are reported in Table A.1 as a
function of |cﬂ

As regards computational time, a single instance of the algorithm takes 14 ms, while
the search requires an average of 5 ms. These results are compatible with the closed-loop
control cycle of the robotic arm controlling the EPM (i.e., typically 20 ms).
A.5 Conclusion

In this paper we propose a novel approach to detect in real-time the 6-DOF pose of a
magnetic capsule endoscope, combining multiple sensor readings with pre-calculated mag-
netic field values. This solution is compatible with magnetic manipulation and is optimized
for a cylindrical EPM with axial magnetization. The sensing module is designed for wireless
operation, and the algorithm has a computational time that allows real-time teleoperation.
The proposed approach is able to provide an average error below 5 mm in position detec-
tion, and below 19° for angular motion within a spherical workspace of 15 c¢m in radius,
centered on the EPM.

Future works will aim to improve angular accuracy by including magnetic field gradient
computation. The localization module will be integrated in a wireless capsule. Then, the
real-time pose detection algorithm will be used to achieve closed-loop control of capsule

position by magnetic manipulation.
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Appendix B

WIRELESS TISSUE PALPATION FOR INTRAOPERATIVE DETECTION
OF LUMPS IN SOFT TISSUE

Marco Beccani, Christian Di Natali, Levin Sliker, Jonathan A. Schoen, Mark
E.Rentschler, and Pietro Valdastri

From: TEEE Transactions on Biomedical Engineering, vol.61, no.2, pp.353,361,
Status: Published Feb. 2014

B.1 Abstract

In open surgery, identification of precise margins for curative tissue resection is per-
formed by manual palpation. This is not the case for minimally invasive and robotic proce-
dures, where tactile feedback is either distorted or not available. In this work, we introduce
the concept of intraoperative wireless tissue palpation. The wireless palpation probe (WPP)
is a cylindrical device (15 mm in diameter, 60 mm in length) that can be deployed through
a trocar incision and directly controlled by the surgeon to create a volumetric stiffness dis-
tribution map of the region of interest. This map can then be used to guide tissue resection
to minimize healthy tissue loss. Wireless operation prevents the need for a dedicated port
and reduces the chance of instrument clashing in the operating field. The WPP is able to
measure in real-time the indentation pressure with a sensitivity of 34 Pa, the indentation
depth with an accuracy of 0.68 mm, and the probe position with a maximum error of 11.3
mm in a tridimensional workspace. The WPP was assessed on the benchtop in detecting
the local stiffness of two different silicone tissue simulators (elastic modulus ranging from
45 kPa to 220 kPa), showing a maximum relative error below 5%. Then, in vivo trials were
aimed to identify an agar-gel lump injected into a porcine liver and to assess the device
usability within the frame of a laparoscopic procedure. The stiffness map created intraop-
eratively by the WPP was compared with a map generated ez vivo by a standard uniaxial
material tester, showing less than 8% local stiffness error at the site of the lump.
B.2 Introduction

Minimally invasive surgery (MIS) drastically reduces patient trauma and recovery time
when compared to open surgery. More than two million MIS procedures are performed
annually in the United States alone [163]. Patient benefits, however, come with a price for
surgeons in terms of constrained maneuverability of laparoscopic instruments and restricted

field of view through the endoscopic camera. Force and tactile cues are commonly used in
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open surgery to identify tumor margins and vessels buried in soft tissue. In MIS, any haptic
cue is severely compromised by the use of laparoscopic instruments due to friction against
the surgical port (i.e., trocar) and the fulcrum effect at the insertion point [164]. These
shortcomings are amplified in robotic surgery, where the surgeon is physically removed
from the bedside and haptic feedback is completely absent in the more than 2,000 Intuitive
Surgical da Vinci platforms installed worldwide [165].

Tissue palpation is essential to effectively explore non-visible tissue and organ fea-
tures, to identify buried structures (e.g., nerves or blood vessels) that must be avoided
during the surgical procedure, and to identify precise margins for curative tumor resec-
tions [166]. Achieving negative surgical margins is particularly relevant during partial
nephrectomies [167] and hepatic surgeries [168] in order to minimize accidental damage
to healthy tissue and to prevent organ failure, that would result in the urgent need for a
transplant. Registration with pre-operative imaging — a standard practice for image guided
surgery [169] — is not a viable option for soft tissues [166,170]. Therefore, surgeons currently
rely on intraoperative ultrasonography (IOUS) for the evaluation of vascular anatomy, iden-
tification of known and occult lesions, and operative planning [171]. Recent studies confirm
the utility of IOUS also in robotic procedures [167,168,172,173], even if several open issues
still remain unaddressed. In particular, IOUS can only provide a vertical slice of tissue
density, while a stiffness distribution map would better serve the need of tumor margin
identification.

Restoring haptic sensations in MIS and robotic MIS has been an active research topic
for more than two decades [174,175], with one of the first systems used in a human dating
back to 1994 [176]. A relevant number of MIS instruments with force and/or tactile sensors
have been developed to acquire in vivo data for tissue modeling and simulation [177-180],
to improve the outcomes of the surgical procedure — preventing excessive forces from being
applied to the tissues [164,181-184], or to create stiffness distribution map by palpation
[166,170,185-189].

However, MIS palpation instruments developed to date all present a rigid shaft and
require a dedicated port. This increases the chance of tool clashing in the operating field
and often requires an assistant to operate the palpation probe. A wireless device for uniaxial
indentation of soft tissues was preliminary reported by the authors in [162]. Magnetic
fields were proposed to indent the tissue and to reposition the probe while scanning the
organ surface. This approach proved to be limited in terms of both safety and reliable
positioning, due to the rapid variation of magnetic field strength with distance. Having

a wireless device to be directly manipulated by the surgeon would dramatically improve
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Figure B.1: Principle of operation for wireless tissue palpation using a wireless palpation
probe (WPP).

maneuverability, autonomy, and precision, as illustrated by the soft-tethered IOUS probes
presented in [167,173].

In this paper we introduce for the first time an intraoperative wireless palpation probe
(WPP) — schematically represented in Fig. B.1 — that can be deployed through a trocar
incision and directly controlled by the surgeon to create a stiffness distribution map. Such a
map can then be used to localize tumor margins during soft tissue surgery, thus improving
intraoperative diagnostic and interventional decisions. Wireless operation prevents the need
for a dedicated port and reduces the chance of instrument clashing in the operating field.
B.3 Materials
B.3.1 Principle of Operation

For indentation depths that are less than 10% of the organ thickness, it is possible to
assume the tissue as linear elastic [166]. A volumetric stiffness map can then be created by
estimating the local tissue stiffness F(r) through the measurement of the indentation depth

d(r) and the tissue reaction pressure P(r) at different positions r on the organ surface:

P(r)
o(r)

E(r) ~ (B.1)

Referring to Fig. B.2, we can define (x,y,z) as the global Cartesian coordinate sys-
tem, (2/,9/,2’) as the reference frame at the external source of static magnetic field, and
(Zw, Yw, 2w) as the coordinate system at the WPP. The origin O of (z,y,z) is coincident

with the origin O’ of (2/,%/,2’), while z, is aligned with the main axis of the device. We
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Figure B.2: The WPP during indentation and the external source of magnetic field with
a slice of the magnetic field map. Vectors ro and ry represent the WPP position r at the
beginning and at the end of the indentation. They are represented at the interface of WPP
and tissue, rather than at O,,, for a better understanding of their physical meaning.

can assume the position vector r to identify the origin of (2, yw, 2w) — noted as O, —
with respect to the global coordinate system (x,y,z). When the WPP is manipulated by
the surgeon to palpate a tissue, its motion d is not constrained along z,. Therefore, the

following equation must be used to estimate the indentation depth §(r):
6(r) =d - zwo = (rf —To) * Zwo, (B.2)

where ry and ry are the WPP positions at the beginning and at the end of the indentation,
respectively, while z,,0 is the unit vector along z, at the beginning of the indentation. In
this approach, the beginning of the indentation is identified as the instant when the reading
of the tissue reaction pressure P(r) becomes significant. The end of each indentation is
identified as the instant when d(r) reaches the maximum value.

In our work, tissue reaction pressure is acquired by a barometric pressure sensor embed-
ded in a silicone rubber at the probing surface of the WPP. This design is inspired by [110]
and further details are provided in section B.3.2. A threshold value P, independent from
r, is defined by calibration and takes into account both bias and noise of the pressure sensor.
A single indentation starts as P(r) > Py,.

Real-time localization of the WPP serves two purposes. First, the position where in-
dentation is taking place must be recorded in three degrees of freedom (DoF) in order to
reconstruct the stiffness map. In this case, we assume the position r of each indentation
to be coincident with WPP position as the indentation begins (i.e., rg). A second goal

for WPP tracking is to derive d(r) as in Eq. B.2. In this case, real-time estimation of r
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and rotations of the WPP around x and y are required. Therefore, the WPP position and
orientation in five DoF must be available in real-time. This is achieved by an on-board
localization module, working in synergy with an external source of static magnetic field,
as represented in Fig. B.1. The on-board module consists of three orthogonally mounted
magnetic field sensors and a triaxial accelerometer (technical details are provided in section
B.3.2). The accelerometer — used here as an inclinometer — provides WPP rotations around
z and y. The WPP position vector r is derived from the magnetic field sensor readings, as
suggested in [68]. In particular, the magnetic field vector B,, is measured at the WPP and
rotated according to

B = RTR"R'B,,, (B.3)

where RY is the rotational matrix of the WPP reference frame with respect to the global
Cartesian coordinate system, while R is the rotational matrix of the reference frame at
the external source of static magnetic field with respect to the global Cartesian coordi-
nate system. The matrix RY is obtained in real-time from the readings acquired by the
inclinometer integrated in the WPP, while R’ is derived from the data acquired by an in-
clinometer mounted on the external source of static magnetic field. Then, a search within
a precalculated bi-dimensional magnetic field map is performed to find the WPP position
r that would match with the actual magnetic field vector B. The magnetic map associates
each point r within the workspace — expressed in cylindrical coordinates (r,,7.) — to the
related magnetic field intensity B — also expressed in cylindrical coordinates (B,, B) —
with a spatial resolution of 0.2 mm. The third cylindrical coordinate ry can be calculated

from the values of B, and B, by applying the following equation:

Ty = arctan(gi). (B.4)
The effective localization workspace is a cylinder with a diameter of 35 cm and a length of
35 cm, centered on the static magnetic field source. The 5-DoF WPP coordinates derived
by the algorithm are referenced to a Cartesian frame at the center of the workspace.
B.3.2 Wireless Palpation Probe Development
Both the method used to measure the indentation pressure and the solution for WPP
localization are designed for wireless operation and can be implemented within a miniature
device. The WPP prototype, represented in Fig. B.3, has a cylindrical shape (15 mm in
diameter, 60 mm in length, 9.5 g total mass) with a grasping site close to the pressure
sensor head. The cylindrical plastic shell — fabricated by rapid prototyping (OBJET 30,

Objet Geometries Ltd, USA) — hosts a pressure sensing head, a localization module with a
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dedicated signal conditioning stage, a power regulation unit, a rechargeable battery, and a

wireless microcontroller.
Wireless Signal Conditioning Stage

Microcontroller Triaxial
Accelerometer

Battery

Pressure

Sensor T
g

SRi"E?Jne Power
e Grasping Hall Effect Regulqtion
(A) Site Sensors Unit

Figure B.3: (A) Schematic view and (B) picture of the wireless palpation probe. The signal
conditioning stage, the triaxial accelerometer, the power regulation unit, and the wireless
microcontroller are mounted on separate printed circuit boards (PCB) with a diameter of
9.9 mm. In particular, the signal conditioning stage was separated into two boards due to
PCB area constraints.

The pressure sensing head — based on the design reported in [110] — consists of a baro-
metric pressure sensor (MPL115A1, Freescale Semiconductors, USA) embedded in a 2.2
mm-thick silicone rubber layer (VytaFlex 20, Smooth On, USA). The bare barometric pres-
sure sensor has a sensitivity of 0.5 kPa and a sensing range of 65 kPa for the atmospheric
pressure.

The localization module includes three Hall effect sensors (CYP15A, ChenYang Tech-
nologies GmbH & Co. KG, Germany) and a 16 bit triaxial accelerometer with serial periph-
eral interface (SPI) (LIS331AL, STMicroelectronics, Switzerland). The Hall effect sensors
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are mounted on three orthogonal sides of a cubic structure, as represented in Fig. B.3. Their
analog outputs are acquired by a signal conditioning stage. This stage consists of three in-
strumentation amplifiers (AD623, Analog Devices, USA) with a unity gain, three low-pass
filters (F. = 30H z), and three 16 bit analog to digital converters (ADC) (ADS8320, Texas
Instrument, USA) with SPI interface. The digitalized magnetic field signal has a sensitivity
of 0.6 mT.

The power regulation unit embeds a low-dropout voltage regulator (LDO) (TPS73xx,
Texas Instrument, USA), an operational amplifier (ADS8617, Analog Device, USA) used as
voltage divider to provide the proper power supply to the signal conditioning stage and to
monitor the battery level. A 50 mAh, 3.7 V rechargeable LiPo battery (Shenzhen Hondark
Electronics Co., Ltd., China, 12 mm X 15 mm x 3 mm in size) is used as the onboard
power supply source.

The data from the barometric pressure sensor, the accelerometer, and the magnetic
field sensors are acquired by a wireless microcontroller (CC2530, Texas Instrument, USA)
through the SPI interface at a clock frequency of 1 Mbit/s. Each dataset is then bounded
into a 28 byte payload together with a progressive package indicator, a time stamp, the
battery level, and two synchronization start and stop bytes. This payload is transmitted
by the wireless microcontroller to an external transceiver over a 2.4 GHz carrier frequency.
The external transceiver consists in a mirror wireless microcontroller (CC2530, Texas In-
strument, USA) connected to the Universal Serial Bus (USB) port of a personal computer
(PC) through a dedicated module (UM232R, FTDI, UK).

While the total time required to acquire a single dataset from all the sensors is 3.7 ms,
the wireless data throughput runs at 44.8 kbit/s, resulting in a refresh time of 5 ms and a
sampling rate of 200 Hz. The overhead allows to handle correctly the synchronization with
the external transceiver.

In addition to the transceiver and the PC, the external platform includes the source of
static magnetic field used for WPP tracking. The magnetic field is generated by an off-the-
shelf cylindrical NdFeB permanent magnet mounted on an articulated three DoF friction
clutch arm (Dectron, USA). The selected magnet has N52 axial magnetization, magnetic
remanence of 1.48 T, is 50 mm in diameter and 50 mm in height, and has a mass of 772
g. These features allow for a localization workspace that extends 15 cm away from each
side of the magnet. A triaxial accelerometer (LIS331AL, STMicroelectronics, Switzerland)
is mounted on the magnet to measure its inclination and derive its rotation with respect to
the global reference frame (x,y, z). Accelerometer data are fed directly to the PC through

a secondary USB connection.
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As concerns waterproofing of the WPP to operate during surgery, a layer of paraffin
film (Parafilm, Sigma Aldrich, USA) was wrapped around the device. An additional layer
of film was secured at the grasping site to enable a safe grip.

B.3.3 Communication Protocol and User Interface

The communication protocol provides robust operation, real-time data acquisition, and
low power consumption. A sleep timer is used to wake up the WPP from a low power
mode every 15 seconds. When active, the WPP tries to establish a wireless communication
with the external transceiver. If this attempt fails, the WPP returns in sleep mode to save
power. Once the wireless link is established, the WPP acquires a full dataset of sensor
readings, transmits it to the external transceiver, and waits for an acknowledgement. If the
acknowledgment is received, the WPP continues to acquire and send data. Otherwise, the
WPP retries to transmit the same package. This attempt is repeated for two times, then
the firmware forces the device to get a new dataset and updates the payload. In case of
loss of the synchronization, the WPP auto-resets itself ready for a new acquisition. This
protocol allows for a fail safe operation and prevents the need for a hard reset of the device,
that would not be possible during surgery.

All the data received by the external transceiver are transmitted to the PC together
with the Received Signal Strength Indicator (RSSI). The RSSI quantifies the quality of the
wireless link. In case of a low RSSI, the user is warned to modify the position of the external
transceiver to improve the wireless coupling.

A multi-thread C4++ application running on the PC unbounds the data and shares them
with a parallel application developed in Matlab (Mathworks, USA) via TCP-IP communi-
cation. Refresh rate for displayed data runs at 30 Hz.

The user interface is conceived to work in two different modalities: (1) creation of the
volumetric stiffness map, (2) display of WPP position on the volumetric stiffness map. In
the first modality, the surgeon grasps the WPP and creates the map by palpating the region
of interest. In this case, the user interface displays in real-time the x, y, z coordinates of the
WPP, a plot of the indentation pressure, and the numeric value of the indentation depth in
case the indentation pressure has exceeded Py,. Visual indicators are provided to warn the
user if the WPP is outside the localization workspace. Once the region of interest has been
palpated with the desired spatial resolution, a command is provided by the user through
the keyboard to create the volumetric stiffness map. Once the map is available, the user
interface switches to the second modality, overlaying the real-time position of the WPP

in a 3D space centered on the map. Under the assumption that the region palpated does
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not undergo substantial movements, the surgeon can manipulate the WPP as a cursor to
identify the margins of a stiffer region buried underneath the tissue.
B.3.4 Wireless Palpation Probe Characterization

Before assessing the overall functionality of the proposed device, the single components
were tested and characterized on the benchtop. In particular, the first step was to verify
the localization unit algorithm to evaluate the WPP workspace, localization error, and
any influence of surgical tool in the localization unit performance. Then, a load cell was
adopted to calibrate the pressure sensor response. Finally, the WPP electronic performance
was tested on bench to assess the battery lifetime and the wireless link reliability.
B.3.4.1 Localization

The device was mounted on the end effector of a six DoF industrial robot (RV6SDL,
Mitsubishi Corp., Japan) which was used as a reference position system given its encoder
feedback. Assuming the (z, y, z) global reference system centered on the external magnet
and having z aligned with the main axis of the magnet, we characterized the localization
on a grid of 3 by 3 points equally spaced by 50 mm along x and y directions at 3 different
z coordinates (i.e., 80 mm, 110 mm, and 140 mm). For each position, localization data
were acquired from the robot encoders and the WPP algorithm. Onboard localization was
repeated for each point with a disposable laparoscopic grasper (EndoGrasp 5 mm, Covidien,
USA) closing its jaws at the grasping site. Then, the indentation depth error was estimated
at each point of the grid by moving the robot end effector 3 mm along z in open air, thus
emulating palpation. The average absolute errors were equal to 4.7 mm (£4.5 mm) for z, 4.1
mm (£5.8 mm) for y, and 4.5 mm (£2.2 mm) for z. The laparoscopic grasper increased the
localization error to 9.8 mm (£5.1 mm) for z, 11.3 mm (£6.6 mm) for y, and 10.6 mm (+4.6
mm) for z. However, we observed that the contribution of the laparoscopic grasper does not
vary substantially within the workspace, thus it can be assumed as a constant offset that
factors out when reconstructing the stiffness map. The indentation depth average absolute
error resulted in 0.68 mm (£0.44 mm).
B.3.4.2 Pressure Sensing Head

To calibrate and characterize the pressure sensing head response, a 6-DoF load cell
(NANO17, ATT Industrial Automation, USA, resolution 1/160 N) was adopted as the force
reference system [188]. The WPP was mounted as in the previous experiment, while the
load cell was fixed on the benchtop. A 1-mm step motion pushing the WPP against the
load cell was imposed. Speed of motion was 65 mm/s. After about 9 s, the same step
was imposed in the opposite direction, releasing the load. From the experimental results —

represented in Fig. B.4 — we can conclude that the silicone layer embedding the barometric
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Figure B.4: Step response of the WPP pushing against a reference load cell.

pressure sensor does not introduce any relevant delay in the sensor response. An additional
set of trials was performed by pushing the WPP against the load cell at a lower speed (i.e.,
3.12 mm/s), until the saturation of the barometric pressure sensor occurred. This test was
repeated five times. The pressure sensing head showed a sensitivity of P; = 34 Pa (i.e.,
considering the probing area, this is equivalent to 5 g or 0.049 N), while saturation occurred
at Psar = 5 kPa (i.e., considering the probing area, this is equivalent to 730 g or 7.16 N).
In light of a recent study [189] that reports tissue damage to the liver for a force exceeding
6 N — exerted by a probing area of the same size of the WPP — we can conclude that the
pressure sensing range is adequate for this exploratory investigation. The threshold value
Py, was therefore assumed as Py, = Pyigs + 2P, where Py, is the output value for the
sensor when unloaded. This value for P, allowed us to reliably identify the start of an
indentation.

B.3.4.3 Electronics

As regards power consumption, a single 5 ms loop of data acquisition and wireless
transmission drains an average of 33.3 mA with a peak of 41.6 mA. This translates in a
battery lifetime of about 90 minutes when the WPP is in active mode. Average current
consumption drops down to 3 mA when the WPP is in low power mode.

The data synchronization between the WPP and the external transceiver was tested in
open air to estimate the robustness of the protocol. The firmware was ran for 36 consecutive
hours without failures and was then stopped. The results included a package loss below 2%
and an average RSSI of -13.5 dBm at a distance of 2 m between the WPP and the external

trans-receiver. Complete loss of communication occurs as the RSSI drops below -88 dBm.
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B.4 Wireless Palpation Probe Assessment

Experimental validation of the proposed platform consisted in two different trials. First,
the effectiveness of the probe in identifying the local stiffness of a tissue simulator was
assessed. Then, in vivo trials were aimed to identify agar-gel lumps injected into a porcine
liver and to assess the device usability within the frame of a MIS procedure.
B.4.1 Assessment of Local Stiffness Identification

To estimate the ability of the WPP in detecting different local stiffnesses, two different
synthetic tissue samples were fabricated combining two different ratios of liquid plastic and
hardener (PVC Regular Liquid Plastic — Hardener, MF Manufacturing, USA — Sample 1: 1
to 10 ratio, resulting in an elastic modulus of 220 kPa; Sample 2: 1 to 2 ratio, resulting in
an elastic module of 45 kPa). The samples were 30 mm thick with a lateral side of 75 mm.
A traditional indenter was obtained mounting a 6-DoF load cell (MINI 45, ATI Industrial
Automation, USA, resolution 1/16 N) at the end effector of the robotic manipulator used
previously. A cylindrical probe with the same contact surface as the WPP was mounted on
the distal side of the load cell to indent the sample. Then, the cylindrical probe was replaced
with the WPP and the indentation was repeated acquiring both indentation pressure and
depth from the wireless device. Five loading-unloading trials reaching an indentation depth
of 2.6 mm were performed for each tissue sample and each method at a constant speed of
0.75 mm/s. The local stiffnesses measured with the traditional indenter were equal to E; =
2.12 kPa/mm, Es = 8.52 kPa/mm, while the results obtained with the WPP were E1yypp =
2.02 kPa/mm, Eqypp = 8.79 kPa/mm. Experimental plots obtained from a single loading
are represented in Fig. B.5. Overall, the WPP was effective in detecting the local stiffness
of different samples with an average relative error equal to 4.7% for sample 1 and 3% for
sample 2.
B.4.2 1In Vivo Validation

The feasibility of wireless tissue palpation was then assessed in vivo on an anastetized
porcine model. The primary measure of interest was to acquire a volumetric stiffness map
of a segment of the liver where agar-gel was injected to simulate a hepatic tumor. The map
acquired in vivo by wireless palpation was then compared with a stiffness map obtained
post-mortem within 12 hours after the procedure using a standard uniaxial material tester.
Secondary measures of interest were the time to scan a liver segment by wireless palpation,
WPP usability, instrument clashing, and operator workload. Reliability of the wireless link
was also assessed.

The porcine surgery was performed at the University of Colorado Anschutz Medical
Campus under TACUC protocol 87912(04)1D. A 57-kg female standard pig was used for
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Figure B.5: Experimental data acquired by standard and wireless indentation for two dif-
ferent silicone samples. For this trial, relative errors in local stiffness identification were
equal to 4.72% for sample 1 and 3.17% for sample 2.

this study. After intravenous sedation, a laparotomy was performed to access the liver.
Similarly to the methods suggested in [170], 6 cc of Sigma Gelrite Gellan Gum (agar) was
prepared in a 30:1 ratio of water to agar by weight, boiled, and injected into the right lateral
segment of the liver, to approximately the mid-thickness of the organ. The midline incision
was then sutured, and minimally invasive access was gained by one 5-mm (5 Versaport Plus,
Covidien, Norwalk, CT, USA) and three 12-mm trocars (5-12 Versaport Plus, Covidien,
Norwalk, CT, USA). The WPP was introduced in the abdominal cavity through one of the
12-mm trocar incisions before the placement of the port. The external source of magnetic
field and the external transceiver were placed in the close vicinities of the right side of the
animal, as represented in Fig. D.9.B. The surgeon used a standard laparoscopic grasper
to operate the WPP under endoscopic guidance (see Fig. B.7). A lateral screen showed
in real-time WPP position in three DoF, indentation pressure, and indentation depth (see
Fig. D.9.A).

Once the right segment of the liver was identified, the surgeon palpated the organ in
different positions, always targeting at least 3 mm as the indentation depth. To prevent
localization artifacts, the surgeon verified that the liver was not moving during palpation
and that adequate support was provided by the rib cage and the surrounding organs. Tissue
stiffness was acquired on a total of 30 different points on the liver surface. This required
about 5 minutes. The local stiffness map, represented in Fig. B.8, was then generated by
the algorithm and displayed on the lateral screen, overlaying the current position of the
WPP.

Immediately after euthanization, the liver was harvested from the animal for ex vivo
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Figure B.6: Picture of the surgical setup during the in vivo trial. (A) Snapshot of the la-
paroscopic camera view and the user interface during the creation of the volumetric stiffness
map. (B) Picture of the surgical field.

palpation tests using a standard uniaxial material testing system (MTS) (Insight 2 Elec-
tromechanical Testing System, MTS System Corporation, USA) to create a comparable
stiffness map. The liver was placed in 0.9% phosphate buffered saline (PBS) solution im-
mediately after excision and refrigerated until the ex vivo tests were performed. The liver
was warmed to room temperature prior to testing. The organ was placed on a platform,
marked with 28 pins and photographed from the top (Fig. B.9). The liver was indented with
a cylindrical indenter probe (2 mm diameter) beside each pin location — to avoid palpating
tissue that had been pricked by the pin. The test was performed following a standard tissue
compressive property measurement method [190]. The tissue was hydrated throughout the
tests by spraying PBS on the surface prior to each indentation. The testing room conditions
were 23.5°C and 22% relative humidity (RH). A 2 N load cell (PN LCCA-118-75, MTS Sys-
tem Corporation, USA) with 1 mN resolution was used to measure the load exerted on the

tissue by the indenter during each indentation. The probe was programmed to approach the
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Figure B.7: Laparoscopic view of the WPP operated by the surgeon through a laparoscopic
grasper during in vivo trials.

surface of the tissue at a low speed (0.1 mm/s) until a force threshold (2 mN) was reached.
At that point, the probe advanced into the tissue at a rate of 1 mm/s to a depth of 3 mm
to simulate the in vivo experiment. Force and indentation depth (10 pm resolution) data
were collected at 100 Hz and analyzed with a customized program developed in Matlab.
Following testing, the tissue was resected to verify that the agar did not dilute in the liver.

The force data were divided by the surface area of the cylindrical probe tip to obtain
pressure. The local stiffness at each point was determined by computing the slope of a
linear regression of the first 0.75 mm of the pressure-displacement curve. Force at depths
larger than 0.75 mm were found to be too high due to the rigid platform that the liver was
resting on and the relatively small liver thickness. This was not an issue in vivo as the liver
was pressed against other organs or the rib cage. The stiffness values were assigned to pin
locations and overlaid on the photograph of the liver to produce the stiffness map shown in
Fig. B.9.

The two local stiffness maps were then compared with Matlab (grid area is equal to 1
mm? for both the maps). In particular, the maximum measured stiffness resulted in 10.0
kPa/mm with the MTS machine versus 10.8 kPa/mm with the WPP, corresponding to a 8%
relative error. Then, the average pseudo stiffness of the three different areas A (36 mm?),
B (64 mm?) and C (156 mm?) centered on the maximum point were compared. Area A is
a square sided 6 mm, area B is the frame with outer dimension 10 mm and inner dimension
6 mm, while the area C is the frame with outer dimension 16 mm and inner dimension
10 mm. The three areas are shown in both Fig. B.8 and Fig. B.9. The average stiffness

was equal to Ey,,,¢ = 9.64 kPa/mm and E,,,,, = 8.87 kPa/mm (average relative error

114



10.0 kPa/mm

5L = .............. 8.0 kPa/mm
10+

T oqsl Bl UEHTEEEEEE 6.0 kPa/mm
E
>

4.0 kPa/mm

» .
[} ot 2.0 kPa/mm
; ! : ; 0.0 kPa/mm
20 -10 0 10
X [mm]

Figure B.8: Local stiffness map acquired in vivo for a 6 cc agar gel lump injected into the
liver. Since the surface of the liver was almost flat in the palpated region, a bidimensional
projection of the map is shown. The local stiffness values inside areas A, B, and C were
compared with the ex vivo map represented in Fig. B.9.

7.96%), EB,,rs = 9.20 kPa/mm and Ep,, ., = 6.58 kPa/mm (average relative error 28.5%)
and Ec,,;¢ = 8.64 kPa/mm and E¢,, ., = 4.82 kPa/mm (average relative error 44.2%).
Tissue stiffness slightly increased after euthanization and throughout the MTS testing due
to the preservation and dehydration. However, the stiffness at the injection site remained
constant to the in vivo conditions because the gel properties did not vary after explantation.
This can help explain why the relative error increases with the distance from the maximum
point which is nearby the injection site.

As concerns the qualitative measures of interest, no instrument clashing was reported.
However, the length of the WPP limited the range of motion whenever the target of palpa-
tion was too close to the ribcage. The operator workload was minimal, since the surgeon
was able to use a standard laparoscopic instrument to operate the WPP. Relevant learning
occurred just at the beginning of the procedure, when the surgeon had to understand how
strong to grasp the WPP to prevent slippage. This required about 20 minutes. After that,
the surgeon was able to operate the WPP without losing the grip. The wireless link was
always reliable, resulting in an average RSSI of -33.4 dBm with losses between 4.8% and
6.2% of the total packages. Battery operation was effective for the entire procedure.

It is worth mentioning that the surgeon noted that a tether tied to the WPP would help

in the retrieval at the end of the procedure. A wired connection may also provide power to
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Figure B.9: Stiffness map obtained with a standard uniaxial M'TS, overlayed on the right
lateral segment of the explanted porcine liver. The local stiffness values inside areas A, B,
and C were compared with the in vivo map represented in Fig. B.8.

the WPP instead of the battery, thus allowing for a reduction in size. On the other hand,
a tether may limit WPP motion and get trapped in between instruments.
B.5 Conclusions and Future Work

This paper introduces for the first time the concept of wireless tissue palpation to lo-
calize tumor margins intraoperatively by creating a stiffness distribution map in real-time.
The proposed wireless device is manipulated directly by the surgeon through a standard
grasper, thus improving autonomy, precision, and maneuverability. Wireless operation ef-
fectively prevents instrument clashing and removes from the need of a dedicated access
port. Preliminary in vivo results showed the feasibility of acquiring a stiffness map during
a minimally invasive procedure. In the future, this map can be used to guide liver resection
without sacrificing excess normal tissue and preventing postoperative organ failure.

While the indentation pressure is acquired by a sensor mounted on board, the position
and the indentation depth measurements rely on an external source of static magnetic
field. This imposes a constraint on the workspace, since magnetic field strength drops
exponentially with distance. With the proposed platform, the workspace is a cylinder with
a diameter of 35 cm and a length of 35 cm, centered on the source of static magnetic field.
Considering that the abdominal wall thickness for severely obese patients (Body Mass Index
< 40 kg/m?) is usually below 4 cm [117], the proposed platform is easily applicable to the

vast majority of patients undergoing abdominal surgery. Nevertheless, if a larger workspace
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is required, either the source of magnetic field or the on-board magnetic field sensors can
be adapted to meet the desired requirements.

As previously mentioned, motion of the organ during the creation of the map or poor
background support for the tissue may result in localization artifacts. If this occurs, the
surgeon needs to restart the acquisition of stiffness values. This issue is common for intra-
operative palpation and can be addressed with appropriate surgical planning.

Next steps will consist of improving localization accuracy, [187] reducing the size of the
WPP - to achieve a better maneuverability — and in demonstrating how the WPP can be
used to assist liver resection in a series of in vivo trials. Blinded studies will be performed,
where the operator is not aware of the location/number/stiffness of the buried lumps. In
these studies, the effectiveness of the WPP approach will be compared with other forms of
intraoperative palpation. Also, additional bench trials will be performed to quantify the
efficacy of tumor identification with respect to size, depth, and relative stiffness of embedded
lumps, following a protocol similar to [166] and performing CT scans of the region of interest
as a benchmark for localization. The repeatability of the results will be quantified through
statistical analysis. Non-linear stiffness modeling will be considered for the detection of
deeper tumors. A triaxial force sensor [88,191-193] may be used in the probing head of the
WPP instead of a uniaxial pressure sensor. This would allow for studying more complex
interactions with the tissue and to improve lump margin detection. Another relevant future
step will be the optimization of the user interface. This will include a study on the most
effective way to convey the acquired information to the surgeon, along the lines of the results
reported in [187].
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Appendix C

JACOBIAN-BASED ITERATIVE METHOD FOR MAGNETIC
LOCALIZATION IN ROBOTIC CAPSULE ENDOSCOPY

Christian Di Natali, Marco Beccani, Nabil Simaan, Pietro Valdastri

From: IEEE Transactions on Robotics,
Status: Submitted

C.1 Abstract

The purpose of this study is to validate a Jacobian-based iterative method for real-time
localization of magnetically controlled endoscopic capsules. The proposed approach applies
finite element solutions to the magnetic field problem and least-squares interpolations to
obtain closed-form and fast estimates of the magnetic field. By defining a closed-form
expression for the Jacobian of the magnetic field relative to changes in the capsule pose, we
are able to obtain an iterative localization at a faster computational time when compared
with prior works, without suffering from the inaccuracies stemming from dipole assumptions.

The proposed approach was assessed via simulation and experimental trials, adopting
a wireless capsule equipped with a permanent magnet, six magnetic field sensors, and an
inertial measurement unit. The overall refresh rate, including sensor data acquisition and
wireless communication, was 7 ms, thus enabling closed-loop control strategies for magnetic
manipulation running faster than 100 Hz. The average localization error, expressed in
cylindrical coordinates, was below 7 mm in both the radial and axial components, and 5° in
the azimuthal component. The average error for the capsule orientation angles, obtained by
fusing gyroscope and inclinometer measurements, was below 5°. Positional drift, robustness
to initialization errors and positional lag were assessed as well, showing satisfactory results.
C.2 Introduction

Wireless capsule endoscopy (WCE) allows physicians to visualize internal organs for
diagnosis and potentially for intervention. This paper focuses on creating a modeling and
algorithmic framework for localization of magnetically actuated WCEs. All the existing
platforms for remote magnetic manipulation of a WCE operate in open loop [49], i.e. the
capsule pose (i.e., position and orientation) is not tracked and used for control feedback
purposes. Position control of WCEs is typically based on the assumption that the permanent
magnet inside the capsule aligns with the external magnetic field. Pose tracking of the

WCE would allow the capsule to automatically optimize magnetic coupling to maintain
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effective magnetic actuation, enabling the user to detect if the capsule is not following the
expected trajectory (i.e., the capsule is trapped within a tissue fold), and to take appropriate
countermeasures for re-establishing an effective motion. An example of position closed-loop
control for a magnetically manipulated WCE is presented in [33], where optical tracking
with external cameras is adopted to localize the capsule. To apply these results in a clinical
setting and move toward the closed-loop manipulation of magnetic WCE’s position and
orientation, online pose tracking without line-of-sight is crucial [32,68].

Known methods for WCE pose tracking were designed largely for diagnostic purposes
(i.e., to associate a lesion visualized by the capsule to its position inside the patient’s body)
[7,156,194,195], and are not compatible with magnetic manipulation due to electromagnetic
interference with the external source of the driving field. Recently, a number of groups
working on robotic magnetic manipulation of WCE began studying localization strategies
that are compatible with magnetic manipulation. These works implement localization based
on measuring the magnetic field at the WCE via magnetic field sensors. Generally, these
works rely on absolute localization using simple dipole models (e.g. [196,197]) or lookup
tables based on finite element solutions to the exact magnetic field (e.g. [68,198]). The
simple dipole models provide limited localization performance when the WCE is close to
the magnetic field source. They work best when the WCE workspace is far away from the
driving magnet. However, to maximize the magnetic coupling, the WCE should ideally
operate as close as possible to the driving magnet. The drawbacks of lookup table based
localization are the slow refresh rate and large memory requirements.

The performance of current WCE localization algorithms provide modest localization
accuracy within limited workspace. In [197], multiple measurements taken of the capsule
moving along its main axis toward the external magnet allows the user to obtain the position
in three degrees of freedom (DOF) with an error below 4 mm when the capsule is within
6 cm of an external magnet. Continuous rotation of the capsule by an external revolving
magnetic field combined with on-board magnetic field sensing [196] allows detection of the
capsule position and orientation with an average error of 11 mm and 11 degrees within the
operative workspace. Real-time systems, such as [32,68,198], leverage sensor fusion (i.e.,
inertial and magnetic field sensing) and search within pre-compiled finite element magnetic
maps. In particular, the method proposed in [198] achieves a refresh rate of 50 ms and
a position error of 10 mm within a 12 cm workspace. Better performances are obtained
in [32], where refresh rate goes down to 30 ms and the error drops below 6 mm within a
15 ¢cm workspace. Finally, in our previous work [32], the sensor data acquisition and the

localization algorithm required 6.5 ms and 16 ms per loop, respectively. One of the aims
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of our proposed new localization method is to decrease computational time, thus achieving
both sensor acquisition and localization within 10 ms, allowing the implementation of a 100
Hz WCE manipulation closed-loop control.

In this paper, we validate our proposed algorithm on a WCE localization setup that
includes an extracorporeal magnetic field source that manipulates an intracorporeal WCE.
The localization strategy proposed herein aims to provide the change in pose of a WCE
with respect to an external magnetic field source having known position and orientation.
Using a similar approach to that used in [32,68,198], the capsule is henceforth assumed to
be equipped with an inertial measurement unit (IMU) and six orthogonal magnetic field
Sensors.

The contribution of this paper stems from putting forward a new approach for WCE
localization by using an iterative Jacobian-based method. To the best of our knowledge,
iterative methods for WCE magnetic pose tracking have not been presented in prior works
partly because a complete analytical solution for the magnetic field is not available. To
overcome this challenge, we apply finite element solutions to the magnetic field problem
and least-squares interpolations to obtain closed-form and fast estimates of the magnetic
field. By defining a closed-form expression for the Jacobian of the magnetic field relative
to changes in the WCE pose, we are able to obtain an iterative WCE localization method
without suffering from the inaccuracies stemming from dipole assumptions and without the
downside of a slow refresh rate.

C.3 Motivation and Clinical Context

The motivation behind this work stems from the field of gastroiontestinal (GI) en-
doscopy. The GI tract is home to many deadly diseases. Colorectal cancer alone is the
third most common cancer in men and the second in women worldwide [43]. However, most
GI diseases can be prevented or cured in a timely fashion if the diagnosis occurs at early
stages. For this reason, GI screening is playing an increasingly important role in healthcare
systems worldwide [44,45]. The preferred method for GI screening is flexible endoscopy,
which provides the physician with both diagnostic and therapeutic capabilities. Unfortu-
nately, its application is sometimes limited due to its invasiveness, patient intolerance, and
the need for sedation. These disadvantages are severe enough that a relevant portion of the
population at risk forgo or avoid recommended screening [44].

During the past decade, WCE was established as a patient-friendly procedure for diag-
nosis of diseases in the small intestine [46]. Specific WCEs (11 mm in diameter, 31 mm
in length) have been proposed for colon inspection, but have not reached the diagnostic

accuracy of standard colonoscopy [47,48]. One of the main limitations of commercially
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available WCEs is passive locomotion [49]. It is desirable for the endoscopist to be able to
controllably maneuver the capsule rather than relying on peristalsis to drive it for adequate
visualization of GI mucosa. For this reason, a relevant number of technical solutions have
been recently proposed to provide WCE with active locomotion, the most promising being
remote magnetic manipulation [2,26-33].

The algorithms presented in this paper enable the WCE to be localized at a fast refresh
rate (i.e., below 10 ms including sensor data acquisition) without the need for line-of-sight.
This represents a relevant step toward closed-loop feedback control of magnetically actuated
WCESs, where the magnet used for actuation is manipulated by a commercial robot having
an average control rate of 100 Hz [28]. Real-time localization is crucial for reliable robotic
manipulation and can prevent sudden failures of magnetic coupling between the source of
the magnetic field and the WCE during the endoscopic procedure.

C.4 Method
C.4.1 Iterative Method for Magnetic Localization

Our localization approach is inspired by Jacobian-based methods (also known as resolved
rates methods stemming from [96]). These methods are commonly used in robotics to solve
systems of nonlinear equations subject to the limitations of first-order linearization. In this
paper, we assume that the refresh rate for pose tracking is fast enough that only small

movements of the WCE may occur between subsequent pose measurements.
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Figure C.1: Schematic representation of the source of magnetic field (External Permanent
Magnet (EPM) in figure) and two sequential positions (i.e., p; and p;+1) of the capsule to
be localized. o and 3 are the capsule’s orientational angles yaw and pitch.

In order to apply an iterative method to magnetic localization, we need to consider
the magnetic field, generated by a known source, as the following time-invariant non-linear

mathematical expression:

Bz‘ = f(pz) f(pz) : 1R3 — ]R3. (Cl)
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This equation will be denoted as Magnetic Direct Relationship (MDR). Referring to Fig.
F.9, the MDR associates the coordinates of a point outside the magnetic field source p; =
[z, i, 2] to a corresponding vector function of magnetic field values B; = [Bi,, Biy, BT,

If the capsule position changes from p; to p;11 during a time increment At, the displace-
ment Ap produces a change in the magnetic field measurements from B; to B;11 according

to (C.1). The partial derivative of the magnetic field vector, a%Biv is given by:

0By 0By 0By

m, I
i
ap = fo(pi) = apj 8p3 apzy . (02)

0B, 0B, 0B,
Opz Opy Op-

where 7, f(pi) designates the gradient of each scalar function in f with respect to p. Using

(C.2) in a first-order Taylor series approximation, we obtain:

0B;

Biy1=B;+ p

Ap = B; + v, f(p:)Ap. (C.3)

The Magnetic Inverse Relationship (MIR), providing the current capsule position p;i1,
can be derived by inverting (C.3):

Pi+1 =P + fo_l(pi)ABi« (C.4)

Moving from differential to the finite difference iterative method, %Ap is replaced by
AB;, where AB; is defined as AB; = (B;+1 — B;). Also, according to [97], the gradient
of a generic vectorial function, which is defined as f(x) : R™ — IR, is the transpose of the
Jacobian as: v, f(x) = (J.f(x))!. Then, (C.4) becomes:

pir1 =pi +J, ' AB;, (C.5)

where J lis the inverse of the Jacobian.

An explicit formulation of the MDR (C.1) can be obtained by finite element integration
of magnetic field models, as suggested in [98], while a numerical estimate can be provided by
a standard finite element method (FEM) software package, such as Comsol Multiphysics or
ANSYS Maxwell. In the next subsections, we introduce a non-linear interpolation method
for a data-set of magnetic field values related to the position p;. Then, the interpolation
is used to provide an analytical expression of the MDR through modal representation,
numerical algebra theory, and the Kronecker product. Finally, a first order resolved rates

method using the Jacobian expression for the MIR is derived.
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In Fig. C.2 is represented the proposed magnetic pose detection algorithm exploiting
sensor fusion of magnetic field and inertial measurements. The magnetic field interpola-
tion (also called magnetic field calibration) is achieved off-line, which leads to obtain the
characteristic matrices A, and A,. Once the interpolation is obtained the on-line algo-
rithm takes as input the magnetic field, inertial measurements and the External Permanent
Magnet (EPM) orientation, returning the capsule pose. The capsule position is referred to
the EPM frame whereas the orientation expressed in Euler angles is relative to the world
frame. The blocks DMR-IMR —which stand for Direct and Inverse Magnetic Relationship—
and the Iterative Jacobian Method are presented in Section C.4.2, the three dimensional

reconstruction is presented in Section C.4.3
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Figure C.2: Block diagram of the proposed iterative algorithm for WCE’s pose detection. In
the schematic are displayed system’s input, output, Jacobian of the MDR, 3D reconstruction
and the off-line least square fit calibration, which lead to the characteristic matrices A, and
A..

C.4.2 Direct and Inverse Magnetic Relationship

The magnetic field of a cylindrical axially-magnetized permanent magnet exhibits cylin-
drical symmetry around its main axis (z) [90,91]. If such a magnet is used as the ex-
ternal source of a magnetic field for capsule manipulation, as suggested in our previous
work [32,68], the localization can take advantage of the symmetry to reduce the computa-
tional burden. In particular, the three-dimensional position tracking problem can be reduced
to two dimensions (2D). Then, once the position in 2D is obtained, the third coordinate
can be derived by sensor fusion as explained in Section C.4.3.

As represented in Fig. C.3, the magnetic field is distributed around the main axis of

symmetry of the EPM, z, while By — angular component of the magnetic field along 6 —
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is null. The vector p. = [r, 0, 2]" represents a generic point on the loci of points, whose
location satisfies the condition of having the same magnetic field B.. This set of points of
the locus generates a circumference Y (represented in Fig. C.3) that can be analytically
described as Y = [r,0, z]|r, z = const € R, and 6 € 0 — 27. We refer to p. = [r, 0, 2]* as the
generic point on the loci, which is expressed in the three cylindrical coordinates, whereas
Pc lies on the plane H and is obtained by applying a rotation about z to p.. The plane H
is defined as: H = R%: {(r,2)|r,z € R and § = 0}.

Considering the magnetic field applied on a generic point p., its components are ex-
pressed as B. = [B,(r, 2), By(r, z), B;(r, z)], where By(r,z) = 0. Therefore, (C.1) could be
furthermore simplified by defying the mathematical representation ¥ for the magnetic field
B.. The magnetic field B, is given by the two-dimensional transformation ¥ for any given
point p. around the magnetic field source, such as ¥ : p. — B.. B,(r,z) and B.(r,z)
are two scalar values representing the radial and the axial component of the magnetic field

vector, which are functions of axial and radial spatial coordinates with respect to the center
of the EPM.

Figure C.3: Schematic view of the magnetic field distribution for a cylindrical axially-
magnetized permanent magnet. (A) View of the H planes, its subset H' and the domain
G’, (B) shows the radial distribution of the magnetic field on the plane [, 6].

The solution to the system of equations expressed by the transformation ¥ — in terms
of both radial B,(r, z) and axial B,(r, z) magnetic field — is unique in the semi-domain H’
defined as in Fig. C.3 (note that the semi-domain A’ can be either related to the south or
the north pole of the cylindrical axially-magnetized EPM). Then, we define a finite domain
G’, where the magnetic field radial component B, is always positive. On the other hand,
if considering the domain H, the transformation ¥ leads to two solutions in diagonally

opposite quadrants in Fig. C.3. Since the patient cannot be simultaneously above and
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below the magnet, we exclude one quadrant for practical implementation reasons. The
region is a square plane having size L along r and z, where the spatial transformation f(p.)

in (C.1) is simplified and solvable as

¥(p.) : R? —» R?

. (C.6)
where :p. € G : G ={(r,z) € 0, L]}

The transformation ¥ (p.) can be expressed by two scalar mathematical functions, each

with two inputs. The two functions provide the magnetic field radial component as

B, = ,(r,2z) : R? = IR, (C.7)
and the magnetic field axial component as

B, = .(r,z) : IR? = IR. (C.8)

The numerical solution of (C.7) and (C.8) can be obtained by either applying the Current
Density Magnetic Model (CuDMM) or the Charge Density Magnetic Model (ChDMM),
as demonstrated in [90,91]. Then, the magnetic field values can be casted in two data
matrices ®, € IR™*P and ®, € IR"™*P. These matrices represent the m x p magnetic
field numerical solutions for any given position p. within G’, where m is the number of
magnetic field measurements taken along the t direction and p is the number of magnetic
field measurements taken along 2. The collection of numerical solutions [®,, ®,]7 of (C.7)
and (C.8), are expressed as in (C.9) and (C.10).

D, = [Prij(ri; 7)) (C.9)
ieIN:[1<i>m];jeIN:[1<j5>p) '
D, = [Di5(ri, 25)]

(C.10)
ieIN:[1<i>m];jeN:[1<j>p]

where ®,;; and ®.;; are the magnetic field values at position (4, j), which could be generally
expressed as ®;;. The single matrix element ®;; can be approximated by applying the modal

representation defined in [99-101] as

®;; = B;(r,2) = w(r)Ta(2),

(C.11)
where : (a,w) € R™.
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The vector of the modal factors, a(z), can be expressed as

a(z) = Av(2),

(C.12)
where : (A,~) € R".

In this equation, A is the characteristic matrix of coefficients for the particular magnetic
field shape, which together with the two orthogonal bases, w = {wp, w1, ...,w,} and v =
{70,71,.-.,7¢}, represents the interpolation functions that best numerically approximate the
transformation ®;; over the domain of interest [102]. Once the interpolation functions w
and v are chosen (Section C.6.1), and the characteristic matrices of coefficients A, and
A, for radial and axial magnetic field respectively are derived, the interpolation problem
can be easily solved. The best data-set interpolation is chosen by adopting the orthogonal
function that minimizes the least square error between the reference measure f(z) and
the approximated value y*, such as ||f(x) — y*|| < 0. Examples of orthogonal functions
investigated in this study include standard polynomial functions, Chebyshev polynomials
[100, 101], Fourier harmonic basis [102,103] and composition of these.

In the following paragraph, we describe how to derive the characteristic matrices of
coefficients A, and A, for the algebraic equations system in (C.11) and (C.12) by using the

following matrix representation, as suggested in [100,101]:
@ == QanAanqup, (0.13)

where @ is either the MDR solutions of ®, or ®, within r,z € [0 — L], while 2 and T
are the modal basis matrices and constitute the collection of n orthogonal basis for €2 and ¢
orthogonal basis for I'. Finally, m and p are the number of values estimated in the domain
r € [0,L] and z € [0, L], respectively.

The solutions for A, and A, can be obtained by applying the Kronecker product theory
as in [100,101,104], where the symbol ® represents the Kronecker product of two matrices:

Vece(®) = [T @ Q] Vec(A). (C.14)

The result provided by the algebraic interpolation is the generic matrix of coefficients A,
which is given by
Vec(A) = [I'T @ Q) Vec(®),

C.15
where : Vec(A) = [a11...an1...Gn2-..anp) T - ( )

Once the matrices A, and A, are known, the MDR, such as ¢ (z,y) : (z,y) — (®4j), is
solved for any point within the domain G’ = {(r,z) € [0, L]}.
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Given the calibration matrices A, and A, and the orthogonal basis w(r) and ~(z), the
system of equation expressed in (C.11) and (C.12) is completely determined. By differen-
tiating w(r) and ~(z) in dr and Oz, respectively, we can obtain the complete formulation
of the MIR in (C.2). The following system of equations — expressed for the single solution
[®,, ®.]7 — provides the ground to derive the Jacobian:

{ ®, = w(r)Ay(z) (C.16)

q)z = w(T)Az’Y(Z)

Applying (C.2) to this system of equations, and deriving the partial derivatives of ® =

[®,,®.]T such as 63;’", 851;”, 851:?, 851?, the gradient of ® becomes

(C.17)

—— VP, = 3(w(7°)8Arr7(Z)) + 3(w(7‘)612r7(2))
Ve, — a(u’(?“)é”;z’Y(Z)) 4+ (Ow()A-y(2))

0z

Considering that the derivatives of the constant coefficient matrices A, and A, are null, as

well as 8‘5—9 and 8:./9—(;), (C.17) simplifies to:

0%, _ Ow(r) Ay(2)

or —  Or
% =w(r)A, 8'5(;)
0B, _ dwl(r) (C.18)
or — Or AZ7<Z)
0v(z
O = w(r) A5

In order to obtain the expression of &g&) and %, a derivation is applied to the vectors

constituting the orthogonal basis w(r),~y(z). This leads to the following expression for the

Jacobian Jg:

00, 99,
Jo = Vﬁc(I)(T7 z) = a@q:"z 6(2}1 (C.19)
or 0z

Therefore, the magnetic field vector incremental difference AB; = [AB,., AB,]7 is given by

AB,
AB; =

= JoApei (C.20)

z

This result can be used in (C.3) to estimate the magnetic field B;1; by continuously up-

dating AB; to the current magnetic field value:
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In conclusion, the following equation shows the iterative method to localize the WCE,

estimating the current position pei+1 = [rit1, zi+1]T of the capsule as

Peit1 = Pei + APei = Pei + I3 AB;, (C.22)

where J~! is the inverse of the Jacobian, which applies the least squares method of opti-
mization to the solution [105]. The term AB; is the difference in magnetic field recorded
from the previous measurement.

C.4.3 Three Dimensional Reconstruction

In order to track the WCE by applying the iterative algorithm, both the spatial orien-
tation of the capsule and the external magnetic source pose must be known with respect
to a common reference frame. The magnetic field vector B, at the capsule position p. —
expressed in the capsule frame [X., ¥, Z.] — is measured by the onboard sensors. This vec-
tor can be expressed in the EPM frame [X, ¥, z] by applying the geometrical transformation
RZPM | thus obtaining B.

Then, considering Figs. F.9 and C.3, the magnetic field vector B is expressed in cylin-
drical coordinates from its cartesian coordinates, such as: B = [By, By, B.|T — [B,, B,]T
and 6, where 0 correspond to the azimuthal coordinate of the capsule position p.. The
relationships that transform the magnetic field vector B, = [B,X, By, B.z| from cartesian

to cylindrical coordinates are:

B, = \/(B:%)? + (B,9)* ¢
B, = B, (C.23)
0

= atan2(By, B;)0

where B, By, B, are the cartesian components of the magnetic field vector B with respect
to the EPM frame [X,¥,z]. The axial and radial magnetic field components can be fed
into the iterative algorithm, which derives the radial and axial coordinates of the capsule
Pc = [pr,p:]. These can be used in combination with 8 to derive the three cartesian

coordinates as follows:

Py = prsin(0)y (C.24)

C.5 Capsule Orientation Algorithm
This section presents the algorithm used to detect the change in capsule orientation and

to generate the rotational matrix R, with respect to the global frame. This algorithm based
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on the fusion of inclinometer and gyroscope outputs is widely adopted in literature and is
provided here for the sake of completeness. The capsule orientation knowledge is required
in our magnetic localization approach in order to express the magnetic field vector B, in
the EPM frame.

Referring to Fig. F.9, the accelerometer can be used as an inclinometer to obtain the
absolute values of the two orientational angles o and  [92]. The rotations about x. and
y. are derived directly from the gravitational vector g projection mapped on the three

orthogonal axes of the onboard accelerometer as

a = atan2(ay, \/a2 + a?)
)

a
B = atan2(ay, \/a2 + a2

where a;, ay, a. are the three accelerometer outputs.

(C.25)

A number of methods for inertial navigation can be adopted to estimate the third
orientation angle v, which is the rotational angle along the gravitational vector g. Examples
span from fusing gyroscope and inclinometer measurements [93,94] to applying a quaternion-
based algorithm to inertial data [95]. The approach we have adopted involves applying
the axis-angle method for rotational matrices to the gyroscope outputs [199]. Briefly, it
is possible to extract the rotation « about the global axis z, by building the rotational
matrix AR, with respect to the moving frame attached to the capsule [X.,¥¢,Zc. The
instantaneous variations in capsule orientation can be derived from the gyroscope outputs

as

Aae = g At AB. = gyAt Ay = g At (C.26)

where Ala,, 8., 7] are the instantaneous angle variations at the capsule moving frame within
a measurement loop that lasts At. The instantaneous capsule rotational matrix AR, is then
defined as

AR, = Ry (Aa) Ry (AB)R.(Av,) (C.27)

where R;, Ry, R, are the rotational matrixes with respect to the x., y., and z. axis, re-
spectively. Then, the axial-angle representation of the rotational matrix AR, is derived,

thus achieving the angle of rotation 6 and the axis of rotation w:

0 = arccos (LT“CE(AQRC)—l) (©28)

3 ~ ~
W= m Zj:l (ecj,i X eq,i—i—l)
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where écj,i and écjﬂ-ﬂ are the unit vectors of the capsule frame at the i-th and (i+1)-
th iterations respectively. Finally, the axis-angle representation €, w must be reoriented
according to the capsule orientation with respect to the global frame at the previous time
step, RE™1. The third coordinate of the axial-angle representation corresponds to the capsule
angle variation A~y about z,. The capsule absolute orientation v about the global axis z,,
is achieved by summation of A~ at each loop.
C.6 Simulation-Based Validation

The proposed approach was validated using a NdFeB cylindrical EPM with an axial
Nb52-grade magnetization, a diameter of 5 cm, and a length of 5 cm. The size L of the
squared domain G’ was fixed at 15 cm. The reference values for the magnetic field in G’
were obtained using Comsol Multiphysics, using a pitch of 0.2 mm for the mesh. The
mathematical analysis and simulations were performed by using MATLAB, MathWorks
Inc.
C.6.1 Magnetic Direct Relationship

Comsol Multiphysics was also used to create the 15 x 15 matrix ®, and the 18 x 18
matrix ®, relative to the radial and axial components of the magnetic field, respectively.
These two matrices were interpolated by using two orthogonal bases w = {wp, w1, ...,wn },

2th order Fourier Harmonic basis

~ = {7,71,--,7p}, chosen as the composition of a 1
(u = 12) and a 5" order polynomial basis (v = 5). The modal basis functions were chosen
based on simulation of the approximation residue with the minimum number of terms that
provide a relative error of less than 10% within a portion of at least 70% of the domain G’.

These modal functions are:

w(r)=1{1/2 .. cos(T¥) sin(T¥) .. 7Y

L 3 (C.29)
v(z) =] 1/2 ... cos(T#) sin(TE) ... 2V

Both A, and A, were derived applying (C.15), thus obtaining 31 x 31 matrices. The
interpolation was obtained by applying (C.11) and (C.12) to any radial and axial coordinate
of the domain G’. The interpolation error was evaluated by comparing the interpolated
magnetic field with the reference values derived by Comsol Multiphysics. Given the position
vector pe; = [r, z};f within G’, Fig. C.4-a shows the module of the relative error for the radial
magnetic field component, while Fig. C.4-b shows the module of the relative error for the
axial component. Table C.1 reports the portions of G’ where the interpolation error is below
1%, 5%, 10%, and 20% for both the axial and the radial component of the magnetic field.
The radial component estimation presents a relative error below 10% for the 86% of the

radial magnetic field map. The axial component estimation shows that the 70% of the axial
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Table C.1: Portions of G’ showing different levels of relative error in the interpolated mag-
netic field from the proposed method and the single magnetic dipole model.

] Level of relative error H Radial Component ‘ Axial Component ‘

Below 1% 42% 30%
Below 5% 78% 61%
Below 10% 86% 70%
Below 20% 92% 79%
Magnetic dipole model H ‘
Below 1% 12% 0.4%
Below 5% 63% 2%
Below 10% 81% 5%
Below 20% 90% 10%

magnetic field map presents a relative error below 10%. Whenever the value of magnetic
field intensity is very small, or null, a small approximation noise leads to a high relative
error, as it is shown in Fig. C.4. These results show an efficient estimation of both B, and
B,, thus allowing the MDR to be analytically derived via (C.16).

Fig. C.5 shows the ratio of the relative error of the single dipole model to the relative
error of our interpolation method where the relative error is calculated with respect to the
reference values derived by Comsol Multiphysics. The blue regions —ratio between 0 and 1-
of the maps correspond to a similar or better performance of interpolation for the dipole
model comparing with the proposed method. The dark red regions correspond to ratio
greater than 8. Table C.1 reports the portions of G’ where the interpolation error of the
dipole model is below 1%, 5%, 10%, and 20% for both the axial and the radial component
of the magnetic field.

C.6.2 Magnetic Inverse Relationship

The pose detection iterative method based on (C.22) was assessed by simulating the
capsule motion along a spiral path, starting from a central position in the map p. =
[0.09,0.055]m and reaching a final diameter of 1 cm. Fig. C.6 shows the reference tra-
jectory and its pose estimation. The color map represents the relative error of the radial
coordinate. The estimation of the simulated capsule pose results in an axial coordinate
relative error below 1%, with respect to its current position, for almost the entire simula-
tion. The radial coordinate relative error is below 1% for the upper-right, lower-left and
lower-right quadrants of the spiral path represented in Fig. C.6. The upper-left quadrant

presents a relative error below 5%. The ellipsoid of localization uncertainty due to magnetic
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z(m)

Figure C.4: Relative error for the radial (A) and axial (B) magnetic field estimated by the
MDR within G'.

field sensor noise is represented by the cyan ellipses. The magnetic field sensors noise for
the measurements of B, and B, are £0.08 and +0.05 mT respectively. Overall, this simu-
lation shows an average sub-millimeter localization accuracy for both the radial and axial
component.
C.7 Experimental Assessment
C.7.1 Experimental Platform
C.7.1.1 Hardware

The experimental platform, represented in Fig. C.7.A, is composed of the WCE, the
EPM, a robotic manipulator (RM), and a personal computer (PC) connected to a wireless
transceiver via the universal serial bus (USB) port. The real-time algorithm runs on the
PC and communicates with the capsule through a USB transceiver. The EPM is an NdFeB
(magnetization N52, magnetic remanence 1.48 T) cylindrical permanent magnet with axial
magnetization. The EPM diameter and length are both equal to 50 mm, while the mass is
772 g. A six-DOF robot (RV6SDL, Mitsubishi Corp., Japan) mounts at its end-effector the
EPM. The robot is controlled in real time through a multi-thread C4++ software application,
which is described in section C.7.1.3. The manipulator is used to control and track the EPM
position and orientation with respect to the global reference frame [Xy, ¥, Zy], Which is
assumed to be superimposed on the manipulator ground frame [X¢,yo,2%0]. The current
EPM pose for the localization algorithm is derived from the robot end-effector pose, which
is available at the application interface level with a resolution of 2x1072 mm in position
and 1x1073 degree in orientation. The EPM orientation frame [%,¥,2] is an input for the
localization algorithm (as described in section C.4.3), while the EPM pose, as acquired

by the robot encoders, is used as a reference position for the experimental assessment. A
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Figure C.5: The ratio of relative errors of the single dipole model to the interpolation
model for the radial (A) and axial (B) magnetic field components. Black regions stem from
visualization artifacts due to oscillations in the ratio from 3 to 8 times.

load cell (MINI 45, ATT Industrial Automation, USA), mounted in between the EPM and

the RM, allows the EPM to be moved via admittance control for the general assessment

GostrlnRd iNVdeelrss Gapsyile
The WCE, schematically represented in Fig. C.7.B, hosts the Force and Motion Sensing

Module (FMSM), which was presented in [32], Wireless MicroController (WMC), and Power
Supply (PS). The outer shell is fabricated in VeroWhite 3D printer material (OBJET 30,
Stratasys, USA). The current prototype is 36 mm in length, 17.5 mm in diameter, and 15
g in mass. The capsule shell has four lateral wings that are used as a reference to achieve
a precise alignment for the capsule frame [X., ¥, z.] during the calibration.

The FMSM is composed of six Magnetic Field Sensors (MFS, A1391, Allegro MicroSys-
tems, USA), an Inertial Measurement Unit (IMU) embedding both an accelerometer and a
gyroscope (LSM 330, STMicroelectronics, Switzerland), and an off-the-shelf NdFeB (IN52)
cylindrical magnet, which was axially magnetized with 1.48 T of magnetic remanence, 11
mm in diameter and 11 mm in height. The readings of the magnetic sensors integrated in
the FMSM are acquired by the onboard 16-bit Analog to Digital Converter (ADC, AD7689,
Analog Devices, Inc. USA). An acquisition cycle starts from sampling six analog inputs
connected to the MFS outputs. Then, the six digitized values of acceleration and angu-
lar speed are received from the IMU. This dataset is acquired every 4.4 ms by the WMC
(CC2530, Texas Instruments, USA) and used to build a 36-byte package together with the
capsule status indicators (i.e., battery level, start/stop bytes). This package is then trans-
mitted by the WMC to the external transceiver over a 2.4 GHz carrier frequency, with a

refresh time of 6 ms (wireless data throughput 42.4 kbit/s), resulting in a sampling rate of
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Figure C.6: Simulated motion of a capsule along a spiral trajectory in the center of G'.
The black line represents the reference trajectory, while the crossed line shows the capsule
position estimated by applying the Jacobian-based iterative method. The cyan ellipses
represent the ellipsoid of localization uncertainty due to magnetic field sensor noise. Colors
in the crossed line express the relative error in position detection for the radial component.

166 Hz. The external transceiver is based on an identical WMC which communicates with
the PC through a USB-serial converter (UM232R, FTDI, UK).

The power supply module embeds a low-dropout voltage regulator (LDO) (TPS73xx,
Texas Instruments, USA) to provide a stable supply to both the FMSM and the communi-
cation module. In order to limit the current consumption when the device is not acquiring
measurements, a digital output of the microcontroller can drive the SLEEP pin of all the
MF'S. This results in a current consumption which varies between 400 mA, when the micro-
controller is in low power mode, and 20 mA when it is in IDLE mode with the radio active.
Average current consumption rises to 48 mA during a single cycle of sensor data acquisition
and wireless transmission. The power source used is a 50 mAh, 3.7 V rechargeable LiPo
battery (Shenzhen Hondark Electronics Co., Ltd., China).

C.7.1.3 Software Architecture

A multi-thread C++ WIN32 application running on the PC unbundles the data and
shares them with three other parallel threads. The first thread controls the robotic ma-
nipulator through a UDP/IP communication with a refresh rate of 140 Hz. It sends the
desired pose to the robot controller and then receives the robot pose feedback. The second
thread implements a digital Kalman filter for each of the six MFS and the six IMU out-
puts before running the iterative localization algorithm. The algorithm outputs the 6-DOF
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Figure C.7: Experimental platform: (A) Robotic Manipulator (RM) and External Perma-
nent Magnet (EPM). (B) Visual rendering of the Wireless Capsule Endoscope (WCE) and
its internal components, where FMSM is the Force and Motion Sensing Module, WMC is
the Wireless MicroController and PS is the Power Supply.

capsule pose estimation p = [z,¥, 2, a, §,7] with respect to the EPM frame [X,y,z]. The
third thread manages a TCP/IP communication with a MATLAB application (Mathworks,
USA), which displays the localization algorithm estimation. The data transfer rate for the
robot controller applications is 83 Hz. The refresh time for the capsule pose estimation p
and the capsule wireless data transfer is 6.8 ms (refresh rate 150 Hz). Referring to Fig. C.8,
the MATLAB application displays the capsule position and orientation p = [z,y, z, @, 3, 7]
with respect to the EPM reference frame [X,y, 7| in real time (refresh every 30 ms) on a 3D
plot. Current pose numerical values are also displayed.
C.7.2 Experiments and Results
C.7.2.1 Capsule orientation algorithm assessment

Because the localization method we propose also relies on real-time capsule orientation
data, the first step in the experimental assessment consisted in validating the algorithm
described in section C.5. In order to quantify the absolute error in capsule orientation,
the WCE was rigidly attached to the end effector of the RM. The orientation of the WCE
was varied within a range of £90° about each of the three axes [xgpir, yEpa, 2zEPM] Dy
adopting combined motions for a total of one minute. Inertial data acquired by the WCE
were sent over the wireless link, while the orientation of the end effector, as measured by
the RM built-in encoders, was adopted as a reference. The average orientation error was
3.4° 4+ 3.2° for «, 3.7° £ 3.5° for , and 3.6° & 2.6° for ~.

A second experiment aimed to quantify the steady-state drift for the capsule orientation
algorithm. This is particularly relevant for the estimation of ~, which, unlike o and 3, is

obtained by iterative integration. For this test, the WCE was locked into the capsule dock
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MAGNETICFIELD

Figure C.8: Schematic representation of the global frame, EPM frame and capsule frame.
The capsule orientation angles [«, 3,7] are shown with respect the global frame.

(see Fig. C.7 or the multimedia attachment 1) for 7.5 minutes while acquiring data and
running the capsule orientation algorithm. The average error over the entire period was
0.34° +0.18° for «, 0.27° +0.17° for £, and 1.8° £ 1.1° for ~, while the absolute error at the
end of the 7.5 minutes was 0.5° for «, 0.2° for 5, and 5.2° for ~.

C.7.2.2 Steady state positional drift evaluation

This set of experiments, referred to as T01, was aimed at evaluating the localization
algorithm behavior in steady conditions. Before the trials began, the iterative localization
algorithm was initialized as shown in the multimedia attachment 1. The calibration con-
sisted of three steps. First, the capsule was placed into the capsule dock, with a known
position and orientation with respect to the global frame [z, Y, zw]. Then, the magnetic
field sensors in the WCE were biased while maintaining the EPM outside the workspace.
Finally, the EPM was moved to a reference position with respect to the WCE, and the rel-
ative distance between the EPM and the WCE, as derived by design, was used to initialize
p(t = 0) (digitization phase in the multimedia attachment 1).

After the initial calibration, the EPM was moved to eight different positions within the
workspace, while the WCE was maintained in the capsule dock. Each position was chosen
to be at about 10 cm from the center of the workspace along both the radial and axial
coordinate. The azimuth coordinate g pys was changed from zero to 27 in 7/4 steps. Each

EPM position was maintained for one minute, while recording the localization data. The
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Table C.2: Results of the steady state positional drift experiment (T01). For the eight trials,
the radial and axial coordinates of the EPM were fixed to 80 mm and 130 mm, respectively.
The azimuth coordinate Ogpys is reported in the first column. Average radial and axial
error for each trial are reported in the second and third column, respectively.

[ 6gpm(°) [ TO1-RE (mm) T01-AR (mm) |

0 0.3 £ 0.3 1.5 £ 0.5
45 1.5+ 0.9 .

90
135
180
225
270
315

Swook N
G RO
H HHHHH
Srvonw
W U100 Ul = 00

results were compared to the reference EPM pose as derived by the RM encoders. Table
C.2 reports the azimuth coordinate, the average radial error and the average axial error for
each of the eight EPM positions.

For each trial, the relative error, the drift, and the residual measurement noise were
statistically analysed while the system was not subjected to relative motion between the
WCE and the EPM. The proposed localization method presented an average absolute and
relative error for the radial component of 2.9 + 1.4mm and 1.85 4 2.1%, respectively. The
average absolute and relative errors for the axial component were 2.1+1.0mm and 1.940.9%,
respectively.

Typical trends for radial and axial component estimation are shown in Fig. C.9. During
the trials, the pose estimation presented a drift due to the system noise and the iterative
integration. However, the relative error was always below 5%. The residual measurement
noise (Fig. C.9.d) had a gaussian distribution (Jarque-Bera normality test with h equal to
1 and p-value 0.1) with null average and a bandwidth below 0.5%, which remained constant
for the entire duration of each trial. The magnetic field measurement noise fused with
the IMU measurements did not affect the localization algorithm, thus resulting in a stable
long-term behavior.

C.7.2.3 Robustness to initialization errors

This set of experiments, referred to as T02, was aimed at assessing the algorithm sensi-
bility to errors in position initialization. These trials were performed by moving the EPM
to the same eight positions used for T01, while maintaining the WCE fixed into the capsule
dock. For each EPM position, four different tests were performed by adding an increasing
error e to the initialization distance p(¢ = 0) as measured during calibration. In particular,
the error e had a random direction in ¥ and z and an increasing module (i.e., 1 mm, 5 mm,

10 mm, and 20 mm). As in TO1, each test was one minute long.
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Figure C.9: Results for the steady state positional drift experiment (T01) and for the
initialization error evaluation (T02) with an initialization error of 10mm. Both T01 and T02
results are evaluated for the radial (left column) and the axial (right column) component.
(a) Reference position vs. estimation. (b) Absolute positional errors. (c) Relative positional
errors. (d) Residual measurement noise. The azimuth error is presented in Fig. C.12.

Considering all 32 tests performed, the average absolute and relative error for the radial
component were 15.5 + 4.2mm and 19.5 £+ 6.0%, respectively. The axial component had an
average absolute error of 13.6 &+ 3.9mm and an average relative error of 12.1 4 3.5%.

Typical trends for radial and axial component estimation affected by a 10 mm error in
position initialization are shown in Fig. C.9. In this case, the absolute and the relative
error (Fig. C.9.b and Fig. C.9.c, respectively) decreased within the duration of the trial,
never exceeding 10% of the reference value. Interestingly, the localization algorithm was
able to correct the initialization error with time. The residual measurement noise for both

the radial and the axial component (Fig. C.9.d) presented the same behavior observed in
TO1 trials.

C.7.2.4 Robustness to positional lag
This set of trials aimed at evaluating the effect that a lag between the EPM and the

WCE may have on the localization algorithm. In particular, our goal was to quantify the

minimum value for the relative speed between the EPM and the WCE that would prevent
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the localization algorithm to converge. For reference, the typical endoscope absolute speed
during a colonoscopy is in the order of 0.8 mm/s to 1.6 mm/s [50]. However, for magnetic
capsule endoscopy, the relative EPM-WCE speed is ideally null, as the WCE should be
following the EPM motion under the effect of magnetic coupling. This is true as long as
the WCE is able to freely move inside the lumen.

After the initial calibration as described for TO01, five trials were performed by moving the
EPM at increasing speeds while collecting localization data. Like the previous experiments,
the WCE was locked into the capsule dock. The EPM was initially positioned at 110 mm
along the radial component and 110 mm along the axial component, and then moved by
200 mm along y,, at a constant acceleration. For the five trials, acceleration was set to
0.396,0.793,1.190, 1.587, and 1.984 73, respectively. The multimedia extension 1 shows one

m

s2

in Fig. C.10. As expected, the EPM motion along ¥, only affected the radial component

of these trials, while the results for the experiment with 1.984 & acceleration are reported
of the localization algorithm, leaving the axial component almost unperturbed.

For this set of trials, the localization algorithm presented a relative error in the radial
component of 10% for a relative speed of 0.221 £ 0.046 . This increased up to 20% for a
relative speed of 0.335 £ 0.050 . The average absolute error in the radial component was
11.86 + 8.36mm, with an average relative error of 16.3 4+ 10.2%. For the axial component,
the average absolute error was 2.66 + 1.8mm, with an average relative error of 2.3 + 1.6%.

Given these results, we can conclude that the algorithm is sensitive to the relative speed
between the WCE and the EPM and the relative error exceeds 10% if the relative speed
is greater than 0.27:. As previously discussed, this speed is well above the values that we

expect to experience during magnetic manipulation of a WCE.
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Figure C.10: Position estimation results during the positional lag trial with uniform accel-
eration of 1.984 73.

C.7.2.5 General assessment
The final experiment aimed at validating the localization algorithm for a generic trajec-
tory of the EPM, with the WCE fixed into the capsule dock. After calibration, the EPM
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was moved via admittance control to form a three-dimensional loop within the workspace,
starting from the initialization position p(t = 0). During this trial, the EPM coordinates
spanned from about -10 ¢m to 10 ¢m along both z,, and ¢, axes, and from 6 cm to 12 cm
away from the WCE position along the z,, axis.

For the entire trajectory, the proposed method of localization presented an average
absolute error in the radial component of 6.2 + 4.4mm and an average relative error of
5.7 & 7.6%. The average absolute error for the axial component was 6.9 &= 3.9mm, with an
average relative error of 7.0 +4.9%. The average absolute error for the azimuth component
(0) was 5.4° +7.9°.

The trajectory (as reconstructed from the RM encoders) and its estimation are repre-
sented in Fig. C.11. Typical trends for the radial (r), the axial (z), and the azimuthal
(#) component estimations are shown in Fig. C.12.a,c,e, while the absolute and relative
errors are reported in Fig. C.12.b,d,f. The azimuthal component presents a bigger absolute
error when the radial component of the capsule position is approaching zero. This is due
to error of misalignments between capsule end EPM, which generates erroneous output for
the azimuthal component. Anyway this is not an issue since through the capsule’s pose
conversion from cylindrical to cartesian coordinates by apply C.24, leads to a small error
since the radial component p, is very small or equals to zero.

It is worth noting that the experimental assessment showed an error that is about one
order of magnitude larger than what was observed by simulation. This is probably due to

the noise introduced by the sensors and by the digitization process.
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Figure C.11: Three-dimensional representation of the EPM trajectory and its estimation
by the localization algorithm.
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Figure C.12: Typical trends for the radial (a), the axial (c) and the azimuth (e) compo-
nent during the final experiment, and related absolute and relative errors (b, d, and f,
respectively).

Real-time operation of the localization algorithm for random motion of the WCE is
shown in the multimedia extension 2. On the left side of the screen, the localization output
is plotted in real-time showing the WCE and the EPM reference frames.

In the multimedia extension 3, the localization is performed while moving the EPM
parallel to a plexiglass pipe placed at an angle with respect to the global frame. In this
case, the WCE is free to move in the pipe under the effect of magnetic coupling. The
distance between the EPM and the WCE is about 10 cm. The localization real-time output
p = [z,y,2,a,0,7] and the EPM position are both superimposed to the video stream.
This demonstrates the ability of the proposed localization algorithm to track the WCE in
real-time during magnetic manipulation.

C.8 Conclusions

This paper was motivated by the limitations of existing magnetic localization algorithms
in terms of computational time, precision, and compatibility with magnetic manipulation
of endoscopic capsules. To overcome these limitations, we put forward a new method
for real-time localization using fusion of inertial data with information from magnetic field
sensors, combined with an iterative Jacobian-based approach. Our strategy uniquely applies

a parametrization of the magnetic field using least squares interpolation over an exact
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finite element solution, thus overcoming the limitations of the simplistic dipole model. To
achieve this parametrization, we used Kronecker products and a modal fitting to describe
the magnetic field. To assist with real-time localization (which is paramount for solving a
nonlinear inverse problem), we used the Jacobian of the magnetic field intensity relative to
pose perturbations of the endoscopic capsule. This allowed the use of a local linearization
approach that is similar to the resolved rates method for inverse kinematics of serial robots.

Our algorithm was evaluated by simulation and experiments. We investigated the ro-
bustness of our pose estimates of the wireless capsule to initialization errors. We also
characterized the residual measurement noise and the effect of positional lag when the mag-
net driving the capsule was moving. Our results showed that, even though the proposed
algorithm exhibits limitations of convergence for fast relative motions, the pose estimation
of the magnetic capsule for clinically realistic speeds was effective and reliable. In partic-
ular, experimental results showed an average error (expressed in cylindrical coordinates)
below 7 mm in both the radial and axial components, and 5° in the azimuthal component.
The average errors for the capsule orientation angles, obtained by fusing gyroscope and
inclinometer measurements, were 0.3° for a and 3, and 5° for . Overall, the relative error
always remained below 10%. The proposed localization algorithm was able to run at a 1
ms refresh rate, an order of magnitude below what was reported in previous works. The
overall refresh rate, including sensor data acquisition and wireless communication, was 7
ms, thus enabling closed-loop control strategies for WCE magnetic manipulation running
faster than 100 Hz. Since the least square interpolation present some regions of the mag-
netic field domain G’ where the relative error is greater than 20% in future applications the
robot path planner can be instructed to follow the capsule and to enclose it in an optimal
localization area to avoid these regions.

Drift — a common problem in integrative methods — may become an issue over time
and affect the precision of localization. A possible solution is to integrate the proposed
approach with an absolute localization technique working at a slower refresh rate, such
as the strategy proposed in [32,68]. Since the final goal is to localize the capsule during
magnetic manipulation, the behaviour of the algorithm must be assessed with the capsule in
motion, exploiting also inertial navigation system theory by applying extended Kalman filter
[200,201]. The absolute localization algorithm can repeatedly provide initialization values to
the integrative method, thus preventing the integration error from exceeding a desired value.
Localization techniques fusing multiple sensor data having different resolutions and refresh

rates, as proposed in [202-206] for SLAM applications, may also improve our approach.
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In summary, the proposed localization strategy is compatible with magnetic manipu-
lation of WCE, does not require clear line-of-sight, has a resolution that is finer than the
capsule size, and a refresh rate that is adequate for real-time closed loop robotic control.
This represents an enabling technology that can move us toward intelligent control of a

WCE during an endoscopic procedure.
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WIRELESS PLATFORM FOR MEASUREMENT OF RESISTANT
PROPERTIES OF THE GI TRACT: A WIRELESS PLATFORM FOR IN
VIVO MEASUREMENT OF RESISTANCE PROPERTIES OF THE
GASTROINTESTINAL TRACT
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D.1 Abstract

Active locomotion of wireless capsule endoscopes has the potential to improve the diag-
nostic yield of this painless technique for the diagnosis of gastrointestinal tract disease. In
order to design effective locomotion mechanisms, a quantitative measure of the propelling
force required to effectively move a capsule inside the gastrointestinal tract is necessary.

In this study, we introduce a novel wireless platform that is able to measure the force
opposing capsule motion, without perturbing the physiologic conditions with physical con-
nections to the outside of the gastrointestinal tract. The platform takes advantage of a
wireless capsule that is magnetically coupled with an external permanent magnet. A sec-
ondary contribution of this manuscript is to present a real-time method to estimate the axial
magnetic force acting on a wireless capsule manipulated by an external magnetic field. In
addition to the intermagnetic force, the platform provides real-time measurements of the
capsule position, velocity, and acceleration.

The platform was assessed with benchtop trials within a workspace that extends 15 cm
from each side of the external permanent magnet, showing average error in estimating the
force and the position of less than 0.1 N and 10 mm, respectively. The platform was also able
to estimate the dynamic behavior of a known resistant force with an error of 5.45%. Finally,
an in vivo experiment on a porcine colon model validated the feasibility of measuring the
resistant force in opposition to magnetic propulsion of a wireless capsule.

D.2 Introduction

The gastrointestinal (GI) tract is home to many deadly human diseases. Colorectal

cancer (CRC) alone is the third most common cancer in men and the second in women

worldwide [43]. However, most GI diseases can be prevented — or timely cured — if the
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diagnosis occurs at an early stage of development. For this reason, GI screening is playing
an increasingly important role in healthcare systems worldwide [44,45].

One method for GI screening that has quickly risen to become the preferred option is
flexible endoscopy due to its ability to serve as both a diagnostic and therapeutic modality.
Unfortunately, its application is sometimes limited due to its invasiveness, patient intoler-
ance, and the need for sedation. These disadvantages are severe enough for some patients,
that millions forgo or avoid recommended screening [44].

Over the past decade, wireless capsule endoscopy (WCE) established itself as a patient-
friendly procedure for diagnosis of diseases in the small intestine [46]. Specific wireless
capsule endoscopes have been proposed for colon inspection, but have not reached the diag-
nostic accuracy of standard colonoscopy [47,48]. One of the main limitations of commercially
available capsule endoscopes is passive locomotion [49]. It is desirable for the endoscopist
to be able to maneuver the camera arbitrarily rather than relying on peristalsis to drive the
capsule for adequate visualization of GI mucosa. For this reason, a relevant number of tech-
nical solutions have been recently proposed to provide active locomotion to WCE, including
walking [50] or crawling [51] capsules, remote magnetic manipulation [29, 30, 64, 146], and
hybrid approaches [27,207].

As mentioned in [208], the engineers designing active locomotion mechanisms for WCE
would greatly benefit from having a quantitative measure of the propelling forces required to
effectively move a capsule in the targeted GI segment. Several works have been published
recently that address this scientific need. The proposed methods to measure resistant
properties of the GI tract range from ex wvivo trials performed with benchtop equipment
[111, 113,209, 210], to dedicated instrumentation that can acquire data in vivo during a
surgical procedure [208,211]; however, the main limitation to all of the proposed methods
thus far has been that a wired connection is always used to perform the measurement.
In [111], a capsule mock-up sliding inside an intestinal lumen is pulled by a load cell through
a string, whereas a multi-lumen connection is used in [208] to operate the measurement
device deployed in the small intestine of a living pig. Having a physical connection to the
outside of the GI tract throughout the measurement has the potential to affect the readings
and compromise the results integrity. Measuring the resistance properties of the GI tract
with a wireless device would allow for preservation of physiological conditions — including
the contribution of surrounding organs — and to obtain measurements that are closer to the
actual forces that an active capsule endoscope must face in navigating the GI tract.

The main contribution of this paper is to present — for the first time — a wireless platform

for the measurement of the resistant force that an active capsule must overcome in order
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to move inside the GI tract. The proposed platform is validated with benchtop trials and
through an in vivo experiment using a porcine colon model. A secondary contribution of
this paper is to present a real-time method to estimate the axial magnetic force acting on
a wireless capsule manipulated by an external magnetic field. An extensive quantification
of resistance properties of the different GI segments — outside the scope of this paper —
can then be obtained by adopting the proposed methods. The same approach would also
enable gathering reliable data for implementing realistic biomechanical models of the GI
tract [112,113,212,213].
D.3 Materials and Methods
D.3.1 Method Overview

A common method to measure the resistance properties of the intestine is to impose
a motion to a capsule mock-up inside the lumen and to measure the associated force pro-
file [111-113]. An equivalent approach, schematically represented in Fig. D.1, consists of
imposing an increasing force F, to the capsule and recording the motion profile to under-
stand when the applied force F, overcomes the resistant force F,.. Referring to the instant
when motion starts as tg and assuming a static equilibrium until that moment, the value
F,(to)=F,(tp) quantifies the static resistant force that an active capsule must overcome to
begin its motion. Then, as the motion builds up, driven by F, increases, the system moves

away from the equilibrium and the following equation can be used to describe its dynamics:
Fit = Fo — F, = md, (D.1)

where d is the position of the capsule center of mass O, while m is the capsule mass.

The platform described in this paper allows application of a force F, to a capsule
without the need for a tethered connection — thus preserving physiologic condition during
in vivo measurements. This is achieved by leveraging magnetic coupling between an external
permanent magnet (EPM) and a magnet embedded inside the capsule. The applied force
F,, the position d, and the acceleration d are measured wirelessly in real time with respect
to a reference frame {X;,, ¥m, Zm} on the EPM. While just F, and d would be sufficient
for a complete characterization of F,, real-time knowledge of d allows adjustment of the
setup during in wvivo trials and to record the distance traveled by the capsule for each
measurement. In addition, the capsule velocity d can be calculated as the first derivative of
d to provide additional information about the motion profile. The methods for measuring
all of the quantities mentioned will be described in the following sections of the paper.

The applied force F, can be adjusted by controlling the position of the EPM. This can

be achieved by a robotic manipulator, as proposed for benchtop validation in sections D.4.1
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and D.4.2. Alternatively, the EPM position can be manually adjusted by an operator until
the capsule starts its motion, as indicated by the real-time measurement of d and d. This
approach was used for the in vivo validation of the platform, as further detailed in section
D.4.3.

Capsule

e

-
—
-
-

-

O.

Figure D.1: Schematic representation of the principle of operation. The attraction force
F, is generated by magnetic coupling between an external permanent magnet (EPM) and
a magnet embedded in the capsule. The intermagnetic force F, and the capsule position d
with respect to the EPM are recorded wirelessly in real time. F, is the resistant force, g
is the gravitational acceleration vector, R, is the rotational matrix of the capsule reference
frame with respect to the global Cartesian coordinate system, while R,, is the rotational
matrix of the reference frame at the EPM with respect to the global Cartesian coordinate
system.

D.3.2 Platform Overview

The platform is composed of a wireless capsule, the EPM, and a personal computer (PC)
connected to a wireless transceiver via the universal serial bus (USB) port. The real-time
algorithm runs on the PC and communicates with the capsule through the USB transceiver.
The EPM is a NdFeB (magnetization N52, magnetic remanence 1.48 T) cylindrical perma-
nent magnet with axial magnetization, as represented in Fig. D.1. The EPM diameter
and length are both equal to 50 mm, while the mass is 772 g. A triaxial accelerometer
(LIS331DL, STMicroelectronics, Switzerland) — used as inclinometer — is mounted on the
EPM to provide pitch and yaw angles of {X,,, ¥m, Zm} with respect to the global frame {x,

¥, z}. These angles are used for the localization algorithm — as described in section D.3.3.2
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— and fed directly to the PC through a 16-bit acquisition board (DAQ USB-6211, National
Instruments, USA).

The wireless capsule, schematically represented in Fig. D.2, hosts a force and motion
sensing module (FMSM), wireless communication, and power supply. Each of these modules
are described in detail in the following subsections. The outer shell was fabricated in
biocompatible material — polyether-ether-ketone, PEEK — by traditional machining. The
current prototype is 60 mm in length, 18 mm in diameter, 21 g in mass. For comparison, the
Given Imaging PillCam SB2 is 26 mm in length, 11 mm in diameter, 3.5 g in mass. Having
a larger capsule for measuring resistance properties does not jeopardize the relevance of
the results, as long as the animal model selected takes into account the appropriate scaling
factors (i.e., diameter and size of human colon [214], diameter and size of porcine colon as
a function of body weight [215], resistant properties of capsule endoscopes as a function of

size, surface and diameter of the capsule [111,212]).
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Magnet l Accelerometer
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Figure D.2: Schematic view of the wireless capsule for measuring resistant properties of the
GI tract.

D.3.3 Force and Motion Sensing Module

The FMSM hosts the internal permanent magnet (IPM) that couples with the EPM to
generate the force F, applied to the wireless capsule. The selected IPM is an off-the-shelf
NdFeB (N52) cylindrical magnet axially magnetized with 1.48 T of magnetic remanence, 11

mm in diameter and 11 mm in height. This EPM-IPM couple generates an intermagnetic
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force of 1 N when the two magnets are separated by 8 cm and the axes z. and z,, are
aligned.

The FMSM is responsible for acquiring the real time sensor readings required to esti-
mate F,, d, and d. The transducers embedded in the module are six linear magnetic field
sensors (MFS) based on the Hall effect (A1391, Allegro Microsystems, USA) and a 16-bit
digital triaxial accelerometer with serial peripheral interface (SPI) (LIS331DL, STMicro-
electronics, Switzerland, sensitivity of 176.6 mm/s?). As represented in Fig. D.3, the MFS
are mounted two by two orthogonally around the IPM. Each MFS measures the component
of the magnetic field B that is perpendicular to the IPM surface at the MFS location (i.e.,
referring to Fig. D.3, MFS; measures the component B; for ¢ ranging from 1 to 6). Simi-
larly to [106], the position of each MFS has been selected to minimize the constant bias in
the reading due to the field generated by the IPM. This explains why the two MFS along
the z. direction (MFS5; and MFSg) are placed at the edge of the IPM, rather than on its
main axis. The bias from the IPM that still remains in each MFS output is treated as an
offset and filtered out from the measurements. The MFS analog outputs are acquired by
the 12-bit analog to digital converter (ADC) of the wireless microcontroller (CC2530, Texas
Instruments, USA) integrated in the communication module. The digitized magnetic field

signal results in a sensitivity of 64 uT.

Be

Figure D.3: Magnetic field sensor (MFS) position with respect to the internal permanent
magnet.
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D.3.3.1 Intermagnetic Force Estimation

The goal of this section is to describe a new method to estimate the intermagnetic
force F, acting on the main axis of the IPM (i.e., z. in Fig. D.3) under the effect of an
external magnetic field B¢y Current approaches either rely on the dipole-dipole magnetic
field approximation [107] or finite element integration [108]. The first method provides an
analytical expression of the magnetic field that is accurate at a certain distance from the
magnetic field source. On the other hand, finite element integration allows the procurement
of accurate results at the price of long computational times [108].

The method proposed in this study is based on the finite element integration of real-time
sensor data. The analytical formulation derived in this subsection, can be used to estimate
F, in real time as a direct function of four MFS readings (i.e., MFS; to MFS4) with low
computational costs.

As described in [109], the magnetic force F acting on a permanent magnet under the
effect of an external magnetic field Be,¢ can be expressed by applying the equivalent current
magnetic model:

F = j{jm X BeztdS, (D.2)
S
where S is the IPM surface and j,, is the equivalent current surface density on the IPM.

The current density j,, is derived from:
jm = MIPM X n, (D.3)

where M;py is the IPM magnetization vector, having expression B, /upz — with z denoting
the unit vector along z., while n is the normal vector coming out from the IPM surface, as
represented in Fig. D.4.A.

From Eq. D.3, it is possible to conclude that — given an axially magnetized cylindrical
IPM, j,, only flows on the lateral surface. Therefore, the component of B.,; along z does
not contribute to the estimation of F through the equivalent current magnetic model (Eq.
D.2).

In order to provide an analytical expression for Eq. D.2, it is possible to take advantage
of the axial symmetry of our problem, thus dividing the cross-section of the IPM into
four identical quadrants, as represented in Fig. D.4.A. Focusing on the u-th quadrant and
defining 0 as the angular coordinate (see Fig. D.4.B), it is possible to express the current
density j,, as:

Im(0) = Mippr[—sin(0)%x + cos(0)y], (D.4)
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where X and y are the unit vectors along x. and y., respectively.
In the proposed capsule design, the magnetic field B, is measured by the MFS,, placed

at = w/4 in each quadrant and can be expressed as:

T T, ., T T,
B, = Bu[cos(u§ — Z)X + sm(u§ — Z) 1, (D.5)

where B, is the numerical value recorded by MF'S,, and u ranges from 1 to 4.
Assuming that the magnetic field in each quadrant is coincident with the magnetic field

B, the surface integral in Eq. D.2 can be simplified in the following sum:

w/2

4 m/2 4
ZZ Z ncos( g % quASz (D.6)
u=1 =0 u=1

where sgn is the sign function, AS is the lateral surface of one quadrant of the IPM and is
equal to 7/2rh, in which r is the radius and h the height of IPM. f,, is the contribution to
the module of the intermagnetic force acting on the u-th quadrant at a given 6 and can be

expressed as:

fu = Mipas \Bﬁ(sm(e) + cos(9)). (D.7)
Considering that

/2

> [sin(0) + cos(9)] = © = 1.27, (D.8)

6=0

the analytical expression for the intermagnetic force becomes:

4
F = ngncos(g 1)]\(?MIPM rhB,z (D.9)

u=1

This simple equation can be used to get a fast estimate of the intermagnetic force F,
from the readings of MFS;, MFSy, MFS3, MFS,. Considering the computational platform
described in section D.3.5, the time required to estimate the magnetic force is 0.18 £ 0.05
ms.

D.3.3.2 Capsule Motion Estimation

The information related to capsule motion that the proposed platform provides in real
time are: (1) capsule acceleration d, (2) indication that motion has started, and (3) capsule
position d with respect to the EPM.

The capsule acceleration d is directly measured by the onboard triaxial accelerometer.

The same sensor is also used to detect the instant when capsule motion begins. In particular,
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Figure D.4: (A) Lateral view of the IPM. (B) Schematic view of the i-th quadrant of the
IPM.

it is possible to assume that the capsule begins moving whenever the following equation is
satisfied:
|d—gll =T, (D.10)

where g is the gravitational acceleration vector and T is a threshold set to 5% of |g| (i.e.,
0.49 m/s?). The threshold T was defined by experimental calibration to prevent false
positives due to noise of the measurement or movements that were not related to capsule
motion. Another method to confirm that the capsule is moving — probably better suited
for a posteriori data interpretation — consists of analyzing the position d and the velocity d
profiles, both acquired by the proposed platform. This approach would allow for detection
of motion profiles that begin without a sudden change in acceleration.

The methods and the algorithm used to solve the electromagnetic inverse problem (i.e.,
to estimate the capsule position d with respect to the EPM) by leveraging onboard sensor
readings are reported in [68,216]. Briefly, using an average of the measurements provide by
MFSs lying on the same axis, the three components of the magnetic field vector B,; are

measured at the capsule center. The B, vector is then rotated according to
Bemt = R?chRmBexta (D.ll)

where R, is the rotational matrix of the capsule reference frame with respect to the global
Cartesian coordinate system, while R,, is the rotational matrix of the reference frame at

the EPM with respect to the global Cartesian coordinate system, as represented in Fig.
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D.1. The matrix R, is obtained in real time from the readings acquired by the inclinometer
integrated in the capsule, while R,, is derived from the data acquired by the inclinometer
mounted on the EPM.

Then, a search within a precalculated magnetic field map is performed to find the capsule
position d that would match with the actual magnetic field vector B:zzt- The magnetic map
— associating each point d within the workspace to the related magnetic field intensity B;xt
— denotes the search space for the inverse localization procedure. The effective localization
workspace — defined as the search space of potential capsule positions — extends 15 cm away
from each side of the EPM. The only limitation of this localization method is that capsule
or EPM orientation around the z axis of the global Cartesian coordinate system cannot
be measured by the inclinometers used to generate R, and R,,. This sets a constraint on
the experimental procedure that the capsule and the EPM must lay on parallel vertical
planes for the entire duration of the measurement. If taken into account when designing
the measurement protocol, this constraint does not limit the effectiveness of the platform
in acquiring reliable in vivo data on intestinal resistance properties, as demonstrated in
section D.4.3.

The capsule velocity and acceleration can be estimated as the first and second time
derivative of d, respectively. However, direct measurement of d from the accelerometer
provides better accuracy, as briefly discussed in section D.4.1. Considering the computa-
tional platform described in section D.3.5, the time required to estimate the capsule position
with respect the magnetic source is 16 4+ 2.5 ms.

D.3.4 Communication and Power Supply Modules

The readings of the sensors integrated in the FMSM are acquired by the onboard wire-
less microcontroller. An acquisition cycle starts from sampling seven analog inputs — six
connected to the MFS outputs, and one to the battery for monitoring the charge status.
Then, the three digitized values of acceleration are received from the 128 kbyte/s SPI bus
connected to the onboard accelerometer. This dataset is acquired every 4.4 ms by the mi-
crocontroller and used to build a 32-byte package together with the wireless signal strength
indicator, the battery level, an incremental package number identifier, and the start/stop
bytes. This package is then transmitted by the wireless microcontroller to the external
transceiver over a 2.4 GHz carrier frequency, with a refresh time of 6 ms (wireless data
throughput 42.4 kbit/s), resulting in sampling rate of 166 Hz. The external transceiver is
based on an identical microcontroller (CC2530, Texas Instruments, USA) which communi-
cates with the PC through a USB-serial converter (UM232R, FTDI, UK).

The power supply module embeds a low-dropout voltage regulator (LDO) (TPS73xx,
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Texas Instruments, USA) to provide a stable supply to both FPMS and communication
modules. In order to limit the current consumption when the device is not acquiring mea-
surements, a digital output of the microcontroller can drive the SLEEP pin of all the MFS.
This results in a current consumption which varies between 400 pA, when the microcon-
troller is in low power mode, and 20 mA when it is in IDLE mode with the radio active.
Average current consumption rises to 48 mA during a single cycle of sensor data acquisition
and wireless transmission. The power source used is a 50 mAh, 3.7 V rechargeable LiPo
battery (Shenzhen Hondark Electronics Co., Ltd., China, 12 mm x 15 mm X 3 mm in size).
D.3.5 User Interface

A multi-thread C++ WIN32 application running on the PC unbundles the data and
shares them via TCP-IP communication with a second application (developed in MATLAB,
Mathworks, USA), which runs in parallel to implement the estimation algorithms and the
user interface. The data transfer rate between the two applications is 30 Hz, while the
refresh time for capsule position d, acceleration d, and intermagnetic force F, is 50 ms
(refresh rate 20 Hz). Two real-time plots are displayed on the main screen, as represented
on the right side of Fig. D.5. The applied intermagnetic force F, is shown on the left as
a function of time, while the position and orientation of the capsule reference frame {x.,
Ve, Zc} with respect to the EPM reference frame {X,,, ym, zZm} are displayed in real time
on the right side. Numerical values for capsule position d and velocity d are also shown,
together with the most current values of the battery voltage and the wireless signal strength
indicator. Capsule velocity d is filtered by applying a 5-element moving average. A visual
indicator alerts the user every time that motion starts, in agreement with Eq. D.10. The
user interface also allows the user to set the initial bias for the measurement and to record
the data in a spreadsheet file.
D.4 Platform Assessment
D.4.1 Validation of Intermagnetic Force and Capsule Position Estimation

The setup used to assess the intermagnetic force and capsule position estimation is
represented in Fig. D.5. The wireless capsule was mounted on a rigid support connected to
a six-axis load cell (NANO17, ATT Industrial Automation, USA, resolution 1/160 N). The
load cell output was assumed as reference for F, measurement. The EPM was mounted
at the end effector of a six-degree of freedom robotic manipulator (RV6SDL, Mitsubishi
Corp., Japan). The robotic arm allowed the EPM to move inside the workspace instead of
the capsule, providing a reference for the EPM-capsule separation vector d via the built-
in encoders (resolution of 1 pm). A second six-axis load cell (MINI 45, ATI Industrial
Automation, USA, resolution 1/16 N) was placed in between the EPM and the robotic
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arm. This load cell was used as shared control input [217] to impose the desired EPM
trajectories during the validation. The capsule and the EPM reference frame orientations

are shown in Fig. D.5, together with the position of the external inclinometer.

LOAD REAL-TIME USER
CELL INTERFACE

CAPSULE pog;
X= 3218 ooy -

TRIAXIAL CAPSULE ¢
ACCELEROMETER

Figure D.5: Experimental setup used to assess the intermagnetic force and capsule position
estimation.

A total of 20 trials were performed by moving the EPM inside a workspace defined as
{z. € [0cm..15em],y. € [—15cm..15em], z. € [0em..15e¢m]}. The space with x. negative
was not considered, since it is not accessible for the EPM during in vivo trials. For each
measurement, the EPM was moved along the z. axis from 15 cm to 5 cm away from the
capsule and back. The EPM position along the x. and y. axes was varied randomly by
the operator for each trial. Rotations of the EPM around y,, were avoided to satisfy the
constraint mentioned in section D.3.3.2. The estimated modules of F, and d are plotted in
Fig. D.6 together with the module of the EPM position, as derived from the manipulator
encoders, and the module of the force along z., as measured by the load cell connected to
the capsule. These plots are related to a part of a trial where the EPM was moved mainly
along the z. axis for about 9 cm.

The data recorded during the 20 trials were statistically analyzed to derive the average
error and the standard deviation of both F, and d within the entire workspace. The pro-
posed method presented an average error of 0.079+0.049 N in estimating the intermagnetic
force F,. As regard to capsule position d, the average estimation error was 3.34 + 2.23
mm for the x component, 4.12 + 2.88 mm for the y component, and 6.45 + 4.84 mm for z
component. Given these results, it is possible to estimate how the uncertainty in position

would propagate to the acceleration if this is calculated as the second time derivative of d.
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Figure D.6: Modules of the estimated force F,, the reference force along z., the estimated
position d, and the reference position as measured by the robotic manipulator encoders for
part of a trial where the EPM was moved mainly along the z. axis (i.e., from {x,=8 mm,
ye=-10 mm, z,=62 mm} to {x,=8 mm, y.=-5 mm, z,=148 mm}.

By applying the Kline-McClintock method [218], the uncertainty of d as a derived mea-
surement from d would be in the order of 0.6 m/s?, thus demonstrating that the d is more
reliably quantified by the onboard accelerometer.
D.4.2 Validation of Resistant Force Estimation

The goal of this experiment was to assess the entire platform in reconstructing a known
resistant force applied to the capsule. As represented in Fig. D.7, the capsule was connected
to a support frame through a two-element metallic spring (180-A W.B., Jones Spring CO,
Inc.) with a nominal elastic constant k& of 192.6 N/m. The EPM — mounted on the robotic
manipulator — was approached to the capsule from the opposite side of the spring in steps
of 2 mm, until the magnetic force did not overcome the elastic force and the capsule started
accelerating towards the EPM. Foam placed on top of the EPM prevented damaging the
capsule. Spring elongation Az was measured by real-time image analysis. This approach
allowed an estimation of the capsule motion profile that was independent and one order of
magnitude more accurate than the method proposed in section D.3.3.2. In particular, an

optical tracker was implemented by acquiring and elaborating images from a USB camera
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(MacAlly MegaCam 2.0 Megapixel, 30 fps with 1600x 1200 pixel resolution) to track the
position of a marker painted on the capsule. Calibration of the tracker consisted of finding
the spatial resolution in terms of mm/pixel and defining the image window where the capsule
would move during the experiment. Overall accuracy and sampling rate for Az as measured

by optical tracking was 0.15 mm and 35 ms, respectively.

e

I
USB CAMERA™
/

ROBQOTIC
MANIPULATOR

Figure D.7: Experimental setup used to validate the reconstruction of a known resistant
force.

The plot in Fig. D.8.A shows with a blue solid line the module of the estimated resistant
force |[F¢*t| = |F, —md|, where F, is obtained with the method described in section D.3.3.1,
m is the mass of the capsule, and d is measured by the onboard accelerometer. On the
same plot, the dashed green line represents the reference for the module of the resistant
force, obtained by |F,| = kAx, where k is the nominal constant of the spring and Az is the
spring elongation as measured by the optical tracker. The dashed vertical line indicates the
instant when the EPM was moved towards the capsule by 2 mm, but the magnetic force
was not enough to overcome the elastic force. The solid vertical line indicates a second
2-mm motion of the EPM towards the capsule. This event is almost coincident with the
start of capsule motion as detected by Eq. D.10.

Focusing on the data acquired during the elongation phase of the spring, Fig. D.7.B
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shows |F¢| (solid blue line) as a function of the capsule position |d|, as estimated by the
method described in section D.3.3.2. On the same figure, the reference |F,| (dashed green
line) is plotted as a function of the capsule position measured by the optical tracker. Since
the capsule was moving in a straight line, we can assume that the variation in position
corresponds to the spring elongation. Therefore, the slope of the solid blue line provides an
estimation of the spring constant. Such an estimation is 203.1 N/m, thus showing a 5.45%
deviation from the nominal value.

D.4.3 In Vivo Validation

The feasibility of measuring resistant forces in the large intestine with the proposed
wireless platform was then assessed in vivo on an anesthetized porcine model. The primary
measure of interest was to acquire the static resistant force that a magnetically-driven
capsule must overcome to begin its motion in a living colon. The dynamic behavior of
the resistant force was also recorded, together with the position profile, as the capsule was
moving toward the EPM under the effect of magnetic attraction.

Secondary measures of interest were the time to complete a single measurement, platform
usability, assessment of the workspace, and robustness of the measurement with respect to
electromagnetic interference. Reliability of the wireless link was also assessed.

The porcine surgery was performed at Vanderbilt University under TACUC protocol
M/13/003. A 41-kg female Yorkshire swine was used for this study. After intravenous
sedation, a laparotomy was performed to access the abdominal cavity. Then, the wireless
capsule was inserted into a segment of the colon by intestinal ostomy, as represented in Fig.
D.9.A. The colon segment was straightened and sutured to the abdominal wall along the
sagittal plane (two sutures spaces approximately 180 degree apart along the same circular
segment) to prevent the capsule from dragging the tissue as it moved. The other end of
the segment was left unconstrained, so that the capsule was subjected to both circular and
longitudinal muscle contraction. The length of the straightened segment was approximately
15 cm, thus allowing the capsule enough room to travel forward. A surgical marker was
used to label 15 cm distal from the point of the suture. The midline incision was then
sutured and the external transceiver was positioned on the porcine abdomen. As shown in
Fig. D.9.B, the EPM was placed parallel to the sagittal plane of the animal body, so that
it would lie on the same vertical plane as the capsule and the straightened segment of large
intestine. This satisfies the constraint defined in section D.3.3.2 for a correct estimation of
capsule motion profile. The acquisition software and the user interface were started, so that
the user holding the EPM was able to see in real time both the intermagnetic force and the

position and orientation of the capsule with respect to the EPM. The user interface also
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warned the user if the EPM and the capsule were both within the measurement workspace.
Then, the operator moved the EPM closer to the capsule in steps of approximately 5 mm,
until the user interface signaled that the capsule was starting to move. This process was
repeated for ten times on the same segment of large intestine, always forcing the capsule
to travel away from the anus. At the end of each measurement, the midline incision was
opened and the capsule was moved backward to its starting position. For each trial, the
platform recorded the intermagnetic force F,, the EPM-capsule separation distance d, the
capsule acceleration El, and the time tg when the motion started as indicated by Eq. D.10.
From these data, the algorithm calculated the resistant force F, and the capsule velocity d.
During data analysis, the capsule velocity was used to confirm that the capsule was moving.

Two of the ten trials were excluded as the capsule did not accelerate fast enough to satisfy
the trigger condition. The mean static resistant force F, (tg) recorded from the remaining
eight trials was 0.21 N with a standard deviation of 0.06 N. The order of magnitude of this
result agrees with previous literature data [112,219].

A plot of the modules of F,. and d for one trial is shown in Fig. D.10. The adjustment in
position of the EPM before the capsule started moving can be identified at the beginning of
the two curves (dashed vertical line), where the position profile suddenly decreases and the
force increases. The increase in the estimated F,. as the capsule moves towards the EPM can
be explained by the exponential increase in the magnetic force, combined with the capsule
decelerating at the end of the colon segment, where the tissue in between the capsule and
the EPM prevents any further motion. The profiles reported in Fig. D.10 suggest that the
capsule was already moving before the platform detected its motion. However, before ¢y,
the acceleration was not strong enough to satisfy the condition in Eq. D.10. As suggested in
section D.3.3.2, position d and velocity d profiles can be analyzed to have a more sensitive
condition for detecting the instant when capsule motion starts.

The time to complete a single measurement was 5 + 1 minutes, from the moment that
the EPM was introduced into the workspace to the instant when the capsule was placed
back in the starting position. Thanks to the information available to the operator in real
time, the platform was easy to use in all trials, and the protocol was performed without any
need for adjustment. The workspace was confirmed to extend 15 cm away from each side
of the EPM, and the effect of electromagnetic interference due to the equipment present
in the operating room was negligible. The wireless link was reliable for about the 98% of
data transmissions and battery operation was effective for the entire procedure. The in vivo

experiment was one hour and fifteen minutes long.
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D.5 Conclusions and Future Work

This manuscript introduces for the first time a wireless real-time platform for the in vivo
measurement of the resistant force that a magnetically-driven capsule must overcome to
move inside the GI tract. The platform takes advantage of a wireless capsule, magnetically
coupled with an EPM, and is able to provide the real-time profile of both the intermagnetic
force and capsule acceleration. The EPM-capsule separation vector and the capsule velocity
are also estimated in real time, as well as the instant when the capsule starts moving under
the effect of the external magnetic field. This information is used to derive the dynamic
profile of the resistant force opposing magnetic attraction.

The platform was assessed via three-tier validation. First, the intermagnetic force and
capsule position estimation was assessed with a dedicated benchtop trial using a robotic
manipulator as a benchmark for position and a commercial load cell as reference for the
intermagnetic force. The average error in estimating the force and the position was less
than 0.1 N and 10 mm, respectively. A second benchtop experiment was then performed to
validate the dynamic reconstruction of F,. from the intermagnetic force and capsule motion
estimation, using in this case a spring as reference for F,.. The platform was able to estimate
the spring constant with a relative error of 5.45%. Finally, the platform was assessed in
vivo in a porcine colon model, where F,. was successfully measured.

While a statistically relevant study of the resistant forces of the porcine intestine was
outside the scope of this study, this platform can be applied to more extensive biomechanical
studies in the future (i.e., different segments of the GI tract can be investigated, and the
force required to move with or against peristalsis can be measured). This would provide
a quantitative understanding of resistant properties of the GI tract, paving the way for
improved realistic biomechanical models.

Future improvements to the platform will aim to reduce the capsule size, extend the lo-
calization workspace, improve the localization accuracy, and add the sixth degree of freedom
(i.e., rotation of the capsule about the z axis of the Global Cartesian coordinate system)
to the localization algorithm. A promising approach of this direction consists in adopting
the methods described in [220-222] for forward modeling and inverse localization of electric
currents and magnetic fields in the GI tract.

Real-time knowledge of both the intermagnetic force and capsule motion profile can
be used for robotic-guided capsule endoscopy. To the best of our knowledge, none of the
platforms proposed thus far for magnetic control of endoscopic capsules [27, 30, 68, 108,
113,145, 146] implements a real-time tracking of capsule position and intermagnetic force.

Integrating the methods proposed in this work in a platform such as the one reported in [147]

160



would enable ”closed-loop control” of magnetic locomotion, by adjusting in real time the
external source of the magnetic field to optimize the coupling with the capsule at any given
point in time. Insufflation techniques such as the one proposed by the authors in [147,223]
would then prevent the magnetic capsule from becoming stuck along the way during the

endoscopic examination.
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Figure D.8: (A) Time variation of the modules of the resistant force estimated with the
proposed method (solid blue line) and reference (dashed green line). The dashed vertical
line indicates the instant when the EPM was moved towards the capsule by 2 mm, but the
the magnetic force was not enough to overcome the elastic force. The solid vertical line
indicates a second 2-mm motion of the EPM towards the capsule. This event is almost
coincident with the start of capsule motion as detected by Eq. D.10. (B) Modules of the
resistant force estimated with the proposed method (solid blue line) and reference (dashed
green line) plotted as a function of capsule position.
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WIRELESS TRANSCEIVER

Figure D.9: Photograph of the operative setup during the in wvivo trial. (A) The wire-
less capsule being introduced in the porcine large intestine. (B) The surgical field during
measurement.
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Figure D.10: Plot of the modules of F, and d acquired during the in vivo trial. The dashed
vertical line indicates the instant when the EPM was moved closer to the capsule, while the
solid vertical line indicates the instant when capsule motion started.
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Appendix E

TRANS-ABDOMINAL ACTIVE MAGNETIC LINKAGE FOR ROBOTIC
SURGERY: CONCEPT DEFINITION AND MODEL ASSESSMENT

C. Di Natali, T. Ranzani, M. Simi, A. Menciassi, P. Valdastri

From: IEEE International Conference on Robotics and Automation (ICRA), pg 695-700
Status: 2012

E.1 Abstract

The novel concept of Trans-abdominal Active Magnetic Linkage for laparoendoscopic
single site surgery has the potential to enable the deployment of a bimanual robotic platform
trough a single laparoscopic incision. The main advantage of this approach consists in
shifting the actuators outside the body of the patient, while transmitting a controlled robotic
motion by magnetic field across the abdomen without the need for dedicated incisions.
An actuation mechanism based on this approach can be comprised of multiple anchoring
and actuation units, mixed depending upon the specific needs. A static model providing
anchoring and actuation forces and torques available at the internal side of the magnetic link
was developed to provide a tool to navigate among the many possibilities of such an open
ended design approach. The model was assessed through bench top experiments, showing
a maximum relative error of 4% on force predictions. An example of a single degree of
freedom manipulator actuated with the proposed concept and compatible with a 12-mm
access port is able to provide an anchoring force of 3.82 N and an actuation force of 2.95 N.
E.2 Introduction

Robotic surgery is currently a popular, widely accepted clinical practice, thanks to the
large scale use of the Intuitive Surgical’s Da Vinci platform [165]. The next generation
of surgical robots should guarantee the same dexterity and performance, while reducing
access trauma. A promising approach in this direction is represented by robotic platforms
specifically developed for (or adapted to) laparoendoscopic single site (LESS) surgery [34,
39, 85,224]. Actuation for the several degrees of freedom (DoFs) may be external, by
means of cables [34, 85], internal, using on-board motors [224], or hybrid [39]. In these
cases, the mechanical continuity of the kinematic chain constrains the workspace to the
proximity of the insertion point. Having the single components of the platform, i.e. at
least 2 manipulators and one camera, magnetically linked across the abdominal wall as

in [115], would greatly enhance both freedom of operation and triangulation. However,
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Figure E.1: Concept of a magnetically actuated surgical platform. On the left are shown
the several DoF that can be obtained by simple magnetic coupling.

in the previous works, robotic manipulators based on this kind of approach were always
actuated by on-board electromagnetic motors [1,115]. Assuming that the available power
(torque x velocity) in such an actuator scales with mass and volume, the motors that can fit
a tiny single incision, as desirable in LESS, have very limited performance. This limits the
effectiveness of the platforms proposed in [1,115,225] for real-time teleoperation of a surgical
task. Larger, more powerful motors can be used at the price of enlarging the access port [39].
For that reason, a novel kind of robotic actuation is desirable to achieve a concrete step
ahead in robotic surgery. In particular, moving the actuators outside of the body, but still
taking advantage of the reduced access trauma guaranteed by a trans-abdominal magnetic
coupling, would provide dexterity, while preventing the need for powerful on-board motors.

A first step, and straightforward approach, towards meeting this goal can be realized
by mounting permanent magnets to the end effectors (EE) of industrial robotic arms. As
represented in Fig. G.1, two manipulators and one camera can be introduced into the
abdomen by a single incision, as demonstrated in [115], and each can be coupled with an
external magnet held by a robotic arm. If the EE and the internal modules are properly
designed, up to 5 degrees of freedom (DoF) can be transmitted by moving the external
permanent magnet (EPM). Referring to the left arm in Fig. G.1, roll and X Y translation
will work against the friction of the internal module on the abdominal wall, while pitch and
yaw must counteract the elasticity of the abdominal tissue. Having the EPM driven by a
robotic arm would provide a better precision of movement, however, the dynamic interaction
with the abdominal wall will always introduce unreliability in the control loop. Therefore,
the best use of this approach may be gross positioning before starting a procedure, i.e. when

high precision and repeatability of movements are not a stringent requirement.
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A step forward in terms of robotic control was introduced in [226], where a laparoscopic
camera with a controlled tilt was presented. In that case, an on-board motor was rotating
a permanent magnet, thus changing in real time the trans-abdominal magnetic coupling.
Once the camera was set in place by manual operation of the EPM, the tilt was activated,
thus obtaining a span of 80° with a resolution of 0.01°. One of the main advantages of
this approach, referred as Trans-abdominal Active Magnetic Linkage (TAML), consists of
the possibility of actuating a DoF without manual operation of the EPM, thus enhancing
stability of motion and repeatability.

Having severe size constraints for the modules that are to be introduced into the ab-
domen (i.e. outer diameter smaller than 12mm) does not allow for a stronger motor to
be used on-board. Thus, to achieve higher forces and torques the best option is to move
the actuators outside the patient’s body and use the largest magnets possible on board the
surgical devices.

Through controlled motion of the external magnets, one or more DoF can be transmitted
over the TAML to the internal manipulators. Thanks to this approach, the only components
that are required on board the manipulator to achieve controlled motion are the permanent
magnets embedded in a properly designed mechanism.

In this paper we better detail the TAML actuation concept and we present and validate
a static model for the TAML. The model is then used to predict the performances that can
be achieved by the single modules composing a TAML operated DoF. Given the modularity
of TAML components and the different mix in terms of performance that can be achieved
with them, the model represents a first fundamental step in assessing the effective potential
of the TAML approach for a less invasive robotic surgery.

E.3 Principle of Operation

An actuation mechanism based on the TAML concept can be seen as a modular struc-
ture, composed by a number of magnetic couples, each having one magnet inside and one
outside the abdomen, with each couple carrying out a different function. In more specific

terms, the system is comprised of:

e Anchoring unit, composed of an external and an internal permanent magnet (EPM
and IPM, respectively), whose function is to provide an anchoring force to the internal

magnetic instrument during the surgical procedure.

o Actuation unit, composed of an external driving EPM and an internal driven IPM. The
external driving EPM is connected to a motor and can be actuated independently,

causing the actuation of the respective internal driven magnet, coupled across the
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Figure E.2: Two examples of combining TAML units to obtain 2 DoF: (A) Combination of
an anchoring unit and two t-TAML units; (B) Combination of an anchoring unit and two
r-TAML units.
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abdominal wall. The internal driven magnet can be used to actuate one or more

DoFs of the internal module by cable or rigid link transmission.

Focusing on the actuation unit, a further dichotomy can be established by considering two
different types of driving architectures. In simplistic terms, these two actuation architectures

can be described as follows:

o translational-TAML (t-TAML), where the external driving magnet is translated along
a horizontal direction on a parallel plane to the abdominal wall. The external driving
magnet, while translating, drags the internal driven magnet. Horizontal force at the

IPM can be used to actuate a DoF of the internal module.

e rotational-TAML (r-TAML), where the external driving magnet is rotated about its
main axis. The driven magnets will rotate accordingly, trying to minimize the phase
shift. Considering a cable winding up on the IPM shaft, the torque available at the

IPM can be used to actuate an internal DoF.

The TAML concept can be realized in practice by mixing a number of constitutive elements.
Two examples of combining one anchoring and two actuation units to achieve 2 DoF are
represented in Fig. G.2.a and G.2.b for t-TAML and r-TAML, respectively. In particular,
through asymmetric operation of the two actuation units it is possible to achieve yaw of
the platform. Lift can be obtained by a symmetric operation, while push is possible only
in the case of t-TAML with rigid link transmission from the IPM to the platform. A clear
design advantage of the r-TAML over the t-TAML consists in the much larger workspace,
since the actuating cable can be wound on a reel, while in the t-TAML, the range is limited
by the length of the slider the driven IPM is travelling on.

Of course, a proper mechanism (e.g. umbrella-like) will be required to deploy the con-
cepts represented in Fig. 2a and 2b through a surgical port. On the other hand, before
designing such a complex mechanism, a clear idea of the optimal mix of TAML units and the
overall performance must be available. Given the many variations possible, a reliable model
would provide the best way to select the most promising configuration before investing
resources in the fabrication of a concept.

In particular, having a model which is able to predict the anchoring force for a specific
anchoring unit and the force available at the IPM for a specific actuation unit, given EPM
and IPM distance and features (strength and orientation of magnetization and geometry),
would benefit designers by allowing for prediction of the overall performance of a TAML
modular design through superposition. Such a model is introduced, assessed and used for

predictions in the following sections.
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Figure E.3: Schematic representation of EPM and IPM for a typical TAML unit. The EPM
is a cube in the anchoring and in the t-TAML units and a cylinder in the r-TAML unit.
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E.4 Modeling

A first piece of information toward the design of a TAML device consists in predicting
the maximum anchoring and actuation forces that are available at the IPM, given the
main features of the magnetic link. To this end, a static model was developed as a first
step toward establishing a complete modeling framework to describe this novel approach
to mechanical power transfer. Since relative permeability of off-the-shelf NdFeB permanent
magnets is approximately equal to the permeability of air (u,1) and assuming that the
environment does not contain ferromagnetic materials which are not included in the model,
it is possible to apply the principle of superposition [90] to extend static model predictions
to more complex magnetic configurations, as the ones represented in Fig. G.2. Additional
steps in modeling should then address the dynamical behavior, so to enable closed-loop
control, and the real-time interactions with the abdominal tissue, which are affecting the
distance between EPM and IPM at any given time.

Input parameters to the developed static model are the type of magnetization (i.e.
strength and direction), geometrical features of the magnets, distance between them, and
the kind of motion of the driving magnet. The model provides the attraction force between
the two magnets, i.e. the anchoring force for the IPM, and force and torque at the driven
magnet in response to a translation or rotation of the driving magnet. The model is built
upon the theories and the methods used in the analysis of steady currents, permanent
magnets and magnetic circuits [90]. Referring to Fig. G.3, the force E.1 and the torque E.2
at the IPM can be expressed as:

F= 7{ jm X Begyds (E.1)
S

T= y{ 7 X (Jm X Begt)ds (E.2)
S

where j,, is the equivalent surface current density on the IPM, r is the IPM radius, while
Bext is the rotating magnetic field E.3 induced by the EPM, which can be obtained by the
magnetic charge model as:

_no [ o MePM()h

Bext(z) = a ds’ (E.3)

Ar Jg | x —x

where x is the observation point, x’ is the source point and MgPM is the EPM magne-
tization. This equation, obtained by applying the free-space Greens function, analytically
describes the spatial components of the field generated by a magnetic source. In our case
the source is the EPM and the observation point is the IPM. IPM features are modeled by
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Jm intended as the infinitesimal element of current flowing on the surface element ds. To

quantify j,, E.4, we can apply:

Jm = Myparit (E.A)

where n is the unit vector normal to ds, while ]\_4> rpy is the IPM magnetization vector.
Force and torque at the IPM can be computed using MatLab (MathWorks) to numerically
solve the above equations with the Finite Element Method (FEM). In order to predict
attraction force and actuation forces on the IPM for the different TAML units, the model
was applied to three different scenarios. The same kinds of trials were then replicated as
bench top experiments to assess model predictions. The only constraint that was considered
in selecting the magnets was the possibility to introduce the internal part of the unit through
a 12-mm surgical trocar (5-12 Vesaport Plus, Covidien, Norwalk, CT, USA).

Predicting the attraction force F,, available at the IPM for the anchoring unit was the
goal of the first simulation. In this case, a cubic N42 magnet with a size of 30 mm and
magnetized along the Z axis was selected as EPM. A N52 cylindrical magnet with a radius
of 6 mm, a length of 13 mm, with the main axis laying on X’ and magnetized along Z’
was used as IPM. EPM and IPM were separated by a distance, d, of 30mm. This distance
corresponds to the average thickness of the abdominal wall upon insufflation [225]. The
static model provided an estimation for F,/, being all the other components of force and
torque on the IPM equal to zero.

The main objective for the second test was to quantify the horizontal force F,/ available
at the IPM for the t-TAML unit. The same EPM and IPM described for the anchoring
force trial, still spaced by 30 mm, were used. The EPM was moved along the X axis in steps
of Algppr=1 mm, starting from a position where both EPM and IPM centers were laying
on the same coordinate on the X axis, until reaching a 100 mm final displacement. The
static model provided an estimation of the three components of force and torque acting on
the IPM at each step.

The last test was designed to estimate the x’ component of the torque, 7./, at the IPM
for a r-TAML unit. In this case, a N42 cylindrical driving magnet with a radius of 9.5 mm,
a length of 19 mm, with its main axis laying on X and magnetized along Z was selected as
EPM. The same IPM and EPM/IPM distance used for the previous simulations were also
adopted in this case. The EPM was rotated about the X axis in steps of Afgpy=0.5,
from 0° to 180° and the three components of force and torque at the IPM were predicted
for each step.

It is worth mentioning that all the cylindrical magnets assumed as IPM were modeled
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Figure E.4: Configuration of the bench test used to evaluate the anchoring force.
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Figure E.5: Experimental data and model prediction for the force F,, available at the IPM
for the t-TAML unit.

with a coaxial hollow cylindrical space of 1.5-mm radius to host a shaft for guidance in their
final design. Similarly, the EPM used in the r-TAML simulation was modeled with a 3-mm
radius coaxial cylinder hole.

The used meshing consisted of about 10,000 elements with a maximum element size
fixed to 1/26 of the maximum geometric feature.

E.5 Experimental Assessment

A first step in assessing the model was to verify the predicted magnetic field for a single
magnet alone. Magnets having the same features as the ones modeled were acquired from
K&J Magnetics, USA. A magnetometer (Kosvaha 5, Wuntronic GmbH, Germany) was used
to measure the field surrounding each magnet at a distance of 30 mm on the Z axis and
the data were compared with the model. The maximum error between the model and the
experimental data was 0.14 m'T on a full range going from -18 mT to 18mT. This translates
to a 0.4 % error when compared to a single-magnet model prediction.

The simulations described in the previous section were then validated by three specific
bench top experiments, each replicating the EPM /TPM modeled interaction. Force data was
acquired using a 6-axis load cell (NANO 17, ATI, USA). During the design of the bench-
top experiments particular care was given to preventing interferences to the EPM/IPM
magnetic coupling from ferromagnetic materials. Therefore, components that may cause
interferences with the magnetic field were placed far enough from EPM/IPM to have a
negligible effect.
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A first bench top experiment, represented in Fig. G.4, was designed to assess the first
simulation. The IPM was connected to the load cell by an inextensible cable and the EPM
lowered by a vertical slider down to an EPM/IPM vertical distance of 30 mm. This simple
test was repeated five times, in order to bias undesired interferences on the measurements.
The offset due to the weight of the IPM was taken into account in comparing modeled
data with experimental results. The model predicted an F,, of 1.63 N, while the average
experimental value was 1.70 N. Therefore, the model provides an underestimation of the
attraction force with an error of 4%.

A second bench-top experiment was developed to measure the actuating force F ./ avail-
able at the IPM for the t-TAML unit. As represented in Fig. G.5, a linear stage (M-410CG,
PI, Karlsruhe, Germany) was used to move the EPM along the X direction for 100 mm at
a constant speed of 1 mm/s. The IPM, located 30 mm away from the EPM, was connected
to the load cell along the X’ axis by an inextensible wire, in order to quantify F,,. Model
prediction for F,, and 5 plots acquired during the experiment are reported in Fig. G.6.
Considering the specific application, the most important value to be predicted is the peak
force, since this will be a performance parameter for the design of the robot. The initial
part of the plot will also play a fundamental role, but at a later stage, i.e. when control of
the TAML actuator will be implemented. At that stage, a dynamic model will be required
for proper closed loop control. From Fig. G.6 we can observe that the peak for F,/ is
obtained for Algpp=19 mm. Average experimental value for the peak F,s is 1.10 N, while
the model predicted 1.09 N. This translates to a 1.5% relative error. The average error on
the initial part of the curve is 11%. This is mainly due to the friction experienced by the
IPM travelling on the slide.

Finally, a bench top experiment was designed to assess the model in predicting r-TAML
unit performance, as represented in Fig. G.7. The EPM was mounted on a 3-mm radius
shaft and connected to a motor (Faulhaber 2342 DC motor) rotating at 0.1 rad/s, while the
IPM was mounted on a 1.5-mm radius shaft, winding a cable connected to the load cell.
EPM/IPM distance was 30 mm also in this case. The torque around X’, 7./, available at
the end effector, scaled by the shaft radius rgpqys, is plotted in Fig. G.8 as a function of
AfOgpy for both model prediction and five experimental trials. In this case the peak for
7, 18 achieved at AfOgpp;=90°. After that, control on the IPM is lost due to inversion of
polarity. The average peak force available at the IPM shaft was 3.44 N from the experiment,
while its predicted value was 3.36 N. This results in an average error for the peak force of
2.3%. The average error in model prediction during the initial part of the plot was on the

order of 17% and it was mainly due to cable which was not inextensible as expected.
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Figure E.6: Experimental data and model prediction for the force F ., available at the IPM
for the t-TAML unit.

Figure E.7: Bench test developed to evaluate the actuating torque 7, for the r-TAML unit.
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Figure E.8: Experimental data and model prediction for the torque 7.+ scaled by the shaft
radius 7gpere, as a function of A0ppys, defined as the angle displacement between magnets’
magnetization direction. This is the force available at the IPM for the r-TAML unit.

E.6 Discussion and Conclusion

As previously mentioned, an actuation mechanism based on the TAML can be seen as a
composition of single units, mixed depending upon the specific needs. The developed static
model is able to provide a reliable prediction of maximum values of forces and torques at
the IPM for each single couple of magnets. By applying the principle of superposition, this
simple model is able to provide an estimation about TAML peak capabilities. On the other
hand, substantial deviations were observed for force and torque in the rising phase toward
the regime value. These deviations are due to the simple nature of the static model and
to the low level of ideality in the experimental setup. A more precise model is therefore
required to move the next step toward dynamical performance prediction and closed loop
control.

It is worth mentioning that the r-TAML provides an actuation force which is almost
double that of the t-TAML. Additionally, the t-TAML requires the IPM to travel on a linear
track to provide actuation, thus imposing severe limitations in terms of space constraints.
As previously mentioned, the main advantage for the t-TAML over the r-TAML is the
possibility to achieve a push-pull actuation.

As an example of applying the model to a complete TAML design, it is possible to
consider the concept represented in Fig. G.9. In this case a r-TAML unit is used in
between 2 anchoring units for the cable actuation of a single DoF (J1). If the same IPMs
considered for the simulations are used, this manipulator can be introduced through a
12-mm trocar in a straight configuration and moved to the desired position by magnetic

dragging. Once in place, the r-TAML unit can be used to actuate the J1 DoF, avoiding
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any manual motion of the external magnets. Assuming for each unit the same magnetic
features used for simulations and bench top assessment and an abdominal tissue thickness
of 30 mm, an anchoring force of 3.8 N and an actuating force of 2.9 N can be achieved.
These values are derived by applying the superposition of the models of each single unit in
a combined simulation. It is interesting to note that the total anchoring force is about the
sum of the F,/ contributions coming from the two anchoring units (i.e. 1.7 N each) and
a 0.4 N contribution coming from the actuation unit. Concerning the actuation force, the
value expected from a single r-TAML unit (i.e. 3.44 N) is reduced by the presence of the
two anchoring units. Despite being below the 5 N usually considered as the maximum force
exerted on the tip of a surgical instrument [227], these results represent an encouraging first
step towards the design of a more optimized TAML solution.

Concerning safety, a recent study [228] reported that abdominal wall tolerated a maxi-
mum pressure of 7.78 psi even when compressed across a distance of 0.9 cm, thus supporting
the further clinical development of the proposed approach.

In addition to estimates of force and torque available at the IPM, the developed model
can be used in a ”backward” mode, where the input are the desired force and torque value
at the IPM, IPM features and EPM/IPM distance, while the output are EPM features.
This ”backward” mode can be useful for estimating the feasibility of applying the TAML
concept to obese patients. For example, the same performance for the design represented
in Fig. 9 can be achieved by using EPMs 6 times larger in lateral dimensions in a case
where the abdominal tissue thickness is increased to 15 cm. Of course, different kinds of
motions for the driving magnet can be devised, resulting in different and, possibly, better
performances. Next steps will consist of developing a dynamical model, accounting for
inertia, tissue interaction and time variant magnetic effects for each TAML unit to be used
in closed loop control of a robotic device.

While a complete bimanual platform for LESS surgical robotics may be considered as
the long-term goal of this work, to be pursued by more focused research efforts once the
TAML feasibility is assessed, any progress achieved in TAML design and modeling may
have an impact on simpler surgical and endoscopic tools, such as magnetic endoscopes or

tissue retractors.
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Figure E.9: A possible design implementation combining 2 anchoring units and one r-TAML
to operate a single DoF.
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Appendix F

CLOSED-LOOP CONTROL OF LOCAL MAGNETIC ACTUATION FOR
ROBOTIC SURGICAL INSTRUMENTS

Christian Di Natali, Jacopo Buzzi, Nicolé Garbin, Marco Beccani, and Pietro Valdastri

From: IEEE Transactions on Robotics,
Status: Accepted

F.1 Abstract

We propose Local Magnetic Actuation (LMA) as approach to robotic actuation for
surgical instruments. An LMA actuation unit consists of a pair of diametrically magnetized
single-dipole cylindrical magnets, working as magnetic gears across the abdominal wall. In
this study, we developed a dynamic model for an LMA actuation unit by extending the
theory proposed for coaxial magnetic gears. The dynamic model was used for closed-loop
control, and two alternative strategies — using either the angular velocity at the motor or
at the load as feedback parameter — were compared. The amount of mechanical power that
can be transferred across the abdominal wall at different intermagnetic distances was also
investigated.

The proposed dynamic model presented a relative error below 7.5% in estimating the
load torque from the system parameters. Both the strategies proposed for closed-loop
control were effective in regulating the load speed with a relative error below 2% of the
desired steady-state value. However, the load-side closed-loop control approach was more
precise and allowed the system to transmit larger values of torque, showing, at the same
time, less dependency from the angular velocity. In particular, an average value of 1.5 mNm
can be transferred at 7 cm, increasing up to 13.5 mNm as the separation distance is reduced
down to 2 cm.

Given the constraints in diameter and volume for a surgical instrument, the proposed
approach allows for transferring a larger amount of mechanical power than what would be
possible to achieve by embedding commercial DC motors.

F.2 Introduction

Magnetic coupling is one of the few physical phenomena capable of transmitting actu-
ation forces across a physical barrier. This ability enables an entirely new paradigm for
robotic instruments in minimally invasive surgery (MIS).

In [114], the authors introduced the concept of Local Magnetic Actuation (LMA), where
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mechanical power is transferred across the abdominal wall by magnetic coupling to drive
a degree of freedom (DoF) of a laparoscopic robot. This approach prevents the need for
embedded actuators and wired connections. As represented in Fig. F.1, each LMA-based
device is composed of at least one anchoring unit, plus an actuation unit per independent
DoF. The anchoring unit is composed of an external and an internal permanent magnet, and
its function is to support the instrument during surgery. The actuation unit is composed
of an external driving permanent magnet and an internal driven permanent magnet. The
driving magnet is connected to a motor and can be actuated independently, causing the
actuation of the respective driven magnet, coupled across the abdominal wall. The driven
magnet is used to actuate, through a mechanism, one DoF of the laparoscopic robot.

A possible implementation of LMA was proposed in [229], with two diametrically mag-
netized cylindrical permanent magnets working as magnetic spur gears across the abdominal
wall. In this case, the external driving magnet in the actuation unit is axially rotated by a
motor and the driven magnet rotates accordingly. The mechanical power — in terms of rota-
tional speed and load torque — transferred on the driven magnet can then be used to actuate
a mechanism instead of an embedded motor. Considering that the diameter of laparoscopic
instruments is constrained by the inner lumen of the surgical port (typically 5 mm to 12
mm), electromagnetic (EM) motors embedded into a robotic device for MIS must be small.
As the available mechanical power at EM motors scales with mass and volume, the LMA
approach take advantage of larger and more powerful motors — placed outside the body
of the patient — than what would be possible to embed inside a laparoscopic robot. The
mechanical continuity is also broken by using magnets coupled across the abdominal tissue
overcoming workspace constraints and lack of triangulation due to cable-driven robots.

While magnetic anchoring was discussed in [114] and the theoretical feasibility of driving
a laparoscopic tool was shown in [229] via a static analysis, in this paper we focus on
dynamic modeling and closed-loop control of a single LMA-actuated DoF. In addition, we
investigate the amount of mechanical power that can be transferred across the abdominal
wall at different intermagnetic distances, and we compare the results with EM motors having
a size similar to the internal driven magnet.

F.2.1 Clinical Motivation

Robotic surgery is currently a popular, widely accepted clinical practice, as demon-
strated by the over 2,800 Intuitive Surgical da Vinci platforms installed worldwide as of
September 2013 [165]. Despite the wide availability of the da Vinci, robotics has yet to be-
come the gold standard tool for general surgery, due its higher invasiveness compared with

the laparoscopic approach [230]. The next generation of surgical robots should therefore
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Figure F.1: Functional representation of a LMA-based robotic instrument coupled across
the abdominal wall.

aim to guarantee the same dexterity and performance as current robots, while reducing the
access trauma.

A promising approach in this direction is represented by robotic platforms specifically
developed for (or adapted to) Laparo-Endoscopic Single Site (LESS) surgery [34-39]. Ac-
tuation for the several DoF may be external, by means of cables or rigid connection [34,35];
internal, using on-board motors [36-38]; or hybrid [39]. In any case, the mechanical conti-
nuity of the kinematic chain constrains the workspace proximally at the insertion point.

Having the surgical instruments and the laparoscopic camera magnetically coupled
across the abdominal wall would greatly enhance both freedom of operation and triangula-
tion (i.e., the triangular positioning of the camera and surgical instruments in laparoscopy
which mimics the positioning of the human head and arms [3]). Fully insertable magnetic
surgical instruments were first proposed in [40]. These instruments are able to enter the
abdominal cavity through the same single incision, without taking up port space during
the operation. Each single surgical instrument is coupled with an independent external
handheld magnet. The main drawback of this approach is in the low dexterity and poor
motion accuracy due to manual operation of the external magnets [231]. To overcome this
limitation, magnetic coupling can be used mainly for gross positioning, while on-board EM
motors can be adopted for providing fine motion of the surgical end effector [38,231,232].
As previously mentioned, however, the on-board actuators that can fit through a single tiny
incision are very limited in power and do not allow the performance of surgical tasks such as
lifting an organ or following in real-time the surgeon’s movements at the master interface.
Larger, more powerful motors can be used at the expense of enlarging the access port [39],
hence increasing the trauma for the patient.

With the LMA approach we propose, the constraint on the diameter of the laparoscopic
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instrument only affects the size of the internal driven magnet, while all the mechanical
power provided by a large EM motor — placed outside the patient — can be leveraged for
actuating the internal mechanism [229].

F.2.2 Technical Contribution

Tetherless transmission of mechanical power between magnetic field generators outside
of the body and instruments within the body is gaining momentum in the surgical robotics
community, as shown by the increasing number of platforms to drive wireless capsule endo-
scopes [29, 30,146,150, 233,234]. A similar approach to what is discussed in this paper has
recently been proposed in [42], where a magnetic resonance scanner generates the driving
magnetic field, imposing the rotation of a small ferromagnetic body around an axis. The
mechanical power transferred with this approach is used to drive one DoF of a needle in-
jection robot. While this approach recalls the principle of operation of EM motors — with
an external source generating a rotating magnetic field and an internal rotor following it —
the LMA is more closely related to magnetic gears [77].

Previous work in the field of magnetic gears for industrial applications suggests that a
coaxial concentric topology with radial coupling (i.e., driving and driven magnetic systems
mounted one inside the other as in [75]) would enable a more efficient power transmission
than a coupling where the gears are rotating on parallel axes. This is due to a more
homogeneous distribution of the attractive force around the main axis of each gear, as all
the pole pairs are simultaneously involved in the transmission of mechanical power [76].
However, in the proposed application, this approach is unfeasible as the abdominal wall
stands in between the driving and the driven units. A possible solution is then to adopt a
parallel-axis radial coupling across the tissue, with the associated challenge of an asymmetric
attracting force and the related vibrations.

As regards the number of pole pairs, a magnetic coupling based on single-dipole magnets
allows maximization of the volume of the magnetic material contributing to the torque
transfer. Therefore, a parallel-axis radial coupling with single-dipole magnets seems to be
the best solution for transmitting mechanical power to a device deep inside the human
body. This approach was adopted in [118] for driving an implantable telescopic rod to
correct skeletal deformities. While this work reported an interesting medical application, it
did not address the challenges of achieving a servo control of the magnetic coupling.

In this study, we extend the methods proposed for the servo control of coaxial magnetic
gears [119] to a parallel-axis radial coupling with single-dipole magnets. We generalize the
approach to the case where the driving and the driven magnets are asymmetrical (i.e., dif-

ferent in volume and/or magnetization), and where the intermagnetic distance h between

183



Tp Ty

el
Wref €w “p M tic S ©d
A r agnetic Spur
—_ Controller o ctuator = oo Coupling
A
wq| @p 1
------- Sensor [<—
Feedback
<High-level Control Signal . Pole slipping

Figure F.2: Block diagram for the closed-loop control of a LMA actuation unit.

them can vary within a certain range. In particular, assuming that the average abdomi-
nal tissue thickness upon insufflation for a population that includes obese patients (body
mass index > 30 kg/m?) is 4 cm [117], we focus our analysis on h ranging from 2 cm to
7 cm. Within this range, we model the dynamics of the LMA actuation unit, quantify
the amount of mechanical power that can be transferred, and investigate two alternative
strategies for closing the control loop. The first strategy leverages the motor-side velocity
as feedback parameter, as suggested in [119] for the servo control of coaxial magnetic gears.
The alternative approach consists of using the load-side velocity acquired via magnetic field
sensing.

F.3 Controlling a LM A Actuation Unit

As represented in in Fig. F.2, the closed-loop control diagram for a single LMA actuation
unit is composed of the magnetic spur gear coupling, the actuator rotating the driving
magnet, the sensors measuring the feedback parameters, and the controller driving the
actuator.

Since the proposed LMA actuation strategy is intended to replace an onboard high
speed/low torque rotational actuator, we aim to control the angular velocity at the load.
As feedback parameter, we investigate the use of either the driving or the driven magnet
angular velocity, wp or wy, respectively. This value is compared with the desired velocity
Wref, and the error e, is fed to the controller that generates the appropriate voltage input
Vi to the actuator. The external actuator imposes a torque Tp at an angular velocity wp
to the magnetic gear system. The mechanical power is transferred to the driven magnet via
magnetic coupling, to overcome the load torque 77, which is seen as a disturbance to the
system. As we use single-dipole magnets, the speed ratio between the driving and the driven
magnets equals one. The proposed approach can be extended to multiple-dipole magnets
by explicitly considering the ratio between the driven pole pairs and the driving pole pairs,
as in [119]. The sensor feedback block measures in real time wp and wy, and detects if
the system has entered the pole-slipping regime — the regime inherent to magnetic gears

where control is lost due to torque overload [119], or excessive driving magnet acceleration
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that induces inertial reaction forces on the driven magnet [120]. A warning signal can be
transmitted to a high level controller in case of pole slipping. As suggested in [119], the
coupling can be re-engaged by forcing wp at zero for a short period before being reset to
the original speed command input.

Within this section, we first derive the open-loop dynamic model of the magnetic gear
coupling (Section F.3.1), then we describe the actuator model and the sensor feedback
strategy (Section F.3.2), and we conclude by proposing two alternative strategies to close
the control loop (Section F.3.3).

F.3.1 Dynamic Model of the Magnetic Gear Coupling

A schematic diagram of the LMA actuation unit that is analyzed in this study is repre-
sented in Fig. F.3. The magnetic couple is composed of two cylindrical permanent magnets
diametrically magnetized, having magnetization Mp and M, for the driving and the driven
magnets, respectively. While we assume the two magnets having a single dipole each, we
consider the general case where the two magnets are different in diameter and length.

An important assumption of our model is that the two magnets are lying on two parallel
axes (i.e., z and 2’), spaced by a separation distance h’. Note that we define h' as the
distance between the two axes, and h as the separation between the outer surfaces of the
two magnets, as represented in Fig. F.3.a. Referring either to h or I’ is equivalent, as
the difference in their values is constant. We also assume that abdominal tissue does not
influence the magnetic coupling [127].

We define Jp and J; as the equivalent inertia at the driving and at the driven magnet
side, respectively, while 8p and 6, are the angular coordinates of Mp and My as represented
in Fig. F.3.b. The angular displacement of the drive train is denoted with A = 7 —
(|6p| + |64]). As represented in Fig. F.3.a, the directions of rotation for the two magnets
are opposite (i.e., a counterclockwise rotation of the driving magnet induces a clockwise
rotation of the driven one).

The magnetic spur gear pair can be analytically described for different A by modifying
the equivalent model for a two-inertia mechanical system [128]. In conventional two-inertia
servo-drive systems, the interconnecting drive shaft has a linear torsional stiffness K — unit
of Nm/rad — that stays constant within the operating range. Therefore, the torque T¢
transmitted by the prime mover to the load is a linear function of the angular displacement
at the drive shaft. As introduced in [129], the torque transmitted across a radial magnetic

coupling is not constant with A# and can be described by a nonlinear trigonometric function:

To(A0) = Tg sin(AF), (F.1)
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Figure F.3: Schematic overview (a) and lateral cross section (b) of the LMA actuation unit
based on two diametrical magnetized cylindrical magnets.
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Figure F.4: Equivalent model of a magnetic spur gear pair with asymmetrical magnets.

where T is the maximum gear torque that can be transmitted over the magnetic coupling.
The value of Tz depends on the volume and magnetization strength of the magnets and on
their separation distance h. In case the driving and the driven magnets differ in terms of
volume or magnetization, the cross-coupling due to the magnetic field becomes asymmetrical

and two separate nonlinear torque transfer functions must be considered:
TRY(AG, h) = TR (h) sin(AF) (F.2)

TEP(AG, h) = TEP (h) sin(AF) (F.3)

where Eq. F.2 refers to the torque transferred from the driving to the driven magnet, while
Eq. F.3 refers to the torque transferred in the opposite direction.

The numerical values of ng and T, gD at different h can be obtained by the static
analysis and the finite element method (FEM) integration described in [114]. For a given
magnetic gear pair considered at A9 = /2, T24(h) and TZP (h) can be well approximated
by exponential fits.

Referring to the equivalent model represented in Fig. F.4, the dynamic behavior of the
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Figure F.5: Block diagram of the open-loop magnetic gear system.

LMA actuation unit can be described by the following system of equations:

d%0
JDWQD =Tp — TEP (A6, 1) (F.4)

The trigonometric expressions of T2? and T¢P can be linearized about A¢ = 0 in the

range |Af| < /2, assuming

TEYAG, h) ~ KPY(h)A = 2 [Eh)AW, (F.6)
s
TP (AG, h) ~ KD (h) A0 = 3 FAD (B)AG, (F.7)

where T2?(h) and TZP(h) are the exponential fits for ng(h) and TZP (h), respectively.

Beyond |A#| < 7/2 of angular displacement, the magnetic coupling enters a pole-slipping
regime [119,130], resulting in a consequential loss of control. This typically happens when
the torque 17, required by the load overcomes the maximum value of torque that can be
transmitted over the magnetic coupling, TGQ 4(h). For a reliable control of the driven magnet,
pole slipping must be prevented. This can be accomplished by monitoring in real time Af
with the method suggested in the next subsection.

The block diagram representing the open-loop system — shown in Fig. F.5 — can be
derived by combining Eqs. F.4-F.7. In no-load conditions, the transfer functions relating

the driving torque to the driving and the driven angular velocities are given by

KDd
wp _ S __ st (F.8)
Tp  Jps(s?+ W?;—fwuﬂi) Jps(s2 +w?)
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where the antiresonant w, and the resonant wq frequencies are, respectively, given by

| K Dd KD + KiP J,
Y i - . F.10
“ Ta o \/ TpJd (E-10)

F.3.2 Actuator Model and Sensor Feedback
F.3.2.1 Actuator Model

In this work, we use an EM Direct Current (DC) motor with current monitoring to drive

the external magnet in the LMA actuation unit. The motor dynamic model — schematically

represented in Fig. F.6 — considers

d
Vi = Kpywp + Riotiv + L%iM (F.11)

where Vi is the voltage applied to the motor, Ky is the electromotive force constant scaled
by the gear ratio of the motor gearbox, iy is the current, and L is the motor inductance.
The term Ry, includes both the motor and the current monitor resistances, Ry; and Ry,
respectively.
The motor torque Tp, fed to the magnetic gear system, is derived by monitoring the
motor current as
Tp = Krgim (F.12)

where K7y is the motor torque constant.
Defining 6V as 6V = Vi — Kpjwp, the transfer function relating the motor torque Tp

to 0V in the Laplace domain is

Tp Krq

5 T LT (F.13)

F.3.2.2 Sensor Feedback

Previous work on magnetic gear servo control [119,120] focused on motor-side sensing,
as load-side feedback sensors may be prohibitive to use in certain applications, such as off-
shore wind turbines or all-electric automotive power trains. In case of surgical instruments,
the constraints introduced by embedding feedback sensors on the load side are mainly
related to sterilization and tethering. As for sterilization, low-temperature techniques can
be adopted, in case the sensors cannot withstand the high temperature commonly used for

steam sterilization (i.e., 132°C). Regarding tethering, a wired connection would be the most
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Figure F.6: Dynamic model of the EM DC motor with current monitoring.
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Figure F.7: Angular position (0p and 6;), angular speed (wp and wy), angular displacement
of the drive train (A#), and its time derivative (Aw) are obtained through direct measure-
ment of the magnetic field (Bp and By) generated by the driving and the driven magnets
along the vertical direction.

reliable option to acquire the data from the on-board sensors. This may be an advantage
in terms of usability, as it can facilitate the retrieval of the instrument from the abdominal
cavity once the surgery is over.

In this work, we investigate both motor-side and load-side sensing strategies by taking
advantage of a pair of magnetic field sensors (MFS). The motor-side sensor is placed next
to the driving magnet, whereas the load-side sensor is placed close to the driven magnet
(for the physical implementation, refer to section F.4.1).

The block diagram in Fig. F.7 shows how the signals acquired by the two MFS are
used to derive the driving and the driven magnet angular positions, p and 6,4, the angular
velocities, wp and wy, the angular displacement of the drive train, Af, and its time deriva-
tive, Aw. Referring to Fig. F.3, the component along x of the magnetic field generated
by the driving magnet, Bp, is acquired by the motor-side MFS, while the load-side MFS
acquires the component along —z’ of the magnetic field generated by the driven magnet,
Bj. As the two magnets spin, Bp and By can be described by two cosine functions [114].
The magnetic field values are normalized, obtaining up or ug, and the angular derivatives
dup and dug are calculated. The inverse of the tangent function is applied to (up, dup)
and to (ug, dug) to derive fp and 6,4, respectively. Angular velocities wp and wy are then

obtained by the time derivative of #p and 6y, respectively.
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Figure F.8: Motor-side speed control system with PI controller.

F.3.3 Closing the Control Loop

Having both motor-side and load-side sensing available, we investigate and compare two
alternative strategies to achieve closed-loop control of the angular velocity wy,.r. Both con-
trollers are designed to work within a range of intermagnetic separation distances h from 2
cm to 7 cm. Therefore the controllers parameters are chosen in order to ensure controlla-
bility in the range of analysis which includes population range of abdominal thickness.
F.3.3.1 Motor-side Closed-Loop Control

When a motor-side control strategy is adopted, the driven part of the actuator may
be seen as a disturbance. In our approach, similar to [119,128], we explicitly consider the
effect of coupling in the control loop and, we adopt a standard Proportional-Integral (PI)
controller fed with the motor-side angular velocity wp. The block diagram of the closed-
loop system is shown in Fig. F.8. In this figure, K, is the proportional feedback coefficient,
while K7 is the integral feedback coefficient.

The closed-loop transfer function from the reference input to the motor speed is given
by

Tp 32 +wg

(K1+Kps) WJDs(SQJru.; )
S +TD 2+wa
wp % Jp 5(32+w2)
o = Tl (F.14)
1 + (K[+Kps) oV JD5(52+w )

2
S +wa
+5V Jp 9(92+u2)

F.3.3.2 Load-side Closed-Loop Control

An alternative technique consists of closing the control loop on the load-side angular
speed wy. This approach allows for a direct tracking of the system performance at the load,
but may introduce system instabilities due to two imaginary poles in the open-loop transfer
function (Eq. F.9). Therefore, we apply a custom controller with arbitrary placement of
three poles and two zeroes to stabilize the system. Root locus analysis is used for the
placement of controller singularities. In particular, two complex conjugates zeros are placed
at higher frequencies and two complex conjugates poles are placed at lower frequencies to
provide lag compensation. This allows reduction of steady state error and resonant peaks,

thus increasing system stability. In addition, a pole is placed in the origin of the root locus
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Figure F.9: Load-side speed control system with the custom controller fed by wy.

to attenuate oscillations. The controller transfer function from the error e, to the motor

voltage input V) is:
Vi _ Ko(5? + 2¢wis + w?) (F.15)
€w s(s% + 2Cow1 s + w3) '

where K. is the gain of the closed-loop controller, w; and wsy represent natural angular
frequencies, and (; and (» denote damping coefficients.
The block diagram for the load-side speed control is shown in Fig. F.9.

The closed-loop transfer function from the reference input to the load speed is given by

Tp Kpd __1
Kc(s2+2¢ wr s+w?) Vs 2402
w s(+20wistwy) 145D 2D 1o Ky
4 = M (F.16)
w - Tp Kpg 1 ) :
ref 14 K (52421 w1 s+w?) 3V s 2402
s(s24+2¢w1 sHw3) 1+%K?d 241_ K
S w,

F.4 Model Validation and Experimental Assessment
F.4.1 Experimental Platform

The experimental platform designed to validate the LMA control is represented in Fig.
F.10. An EM DC motor was used to spin the driving magnet, whereas the driven magnet
was connected to a hysteresis brake. The motor-side assembly was mounted on a vertical
slide that allowed adjustment of the intermagnetic distance h.

The DC motor (2342-024CR, Faulhaber, Germany) has a nominal voltage of 24 V,
embeds a 1:3.7 planetary gearhead, and can provide a maximum torque of 60 mNm at a
maximum speed of 1900 rpm. A two-channel optical encoder (HEDS 5500, Avago Tech-
nologies, USA) with 96 counts per revolution was connected to the motor and provided the
reference for assessing the feedback strategy described in section F.3.2.

The driving magnet (K&J Magnetics, Inc., Pennsylvania, USA) is made of NdFeB and
has a cylindrical shape (25.4 mm in both diameter and length) with diametrical magne-
tization (N42 grade, 1.32 T in magnetic remanence). The driven magnet has the same
features, but smaller dimensions (9.5 mm in both diameter and length). The diameter of

the driven magnet was selected to fit a laparoscopic device that can enter the abdominal
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Figure F.10: Picture of the experimental platform. The upper left inset shows the placement
of the MFS next to the driving magnet.

cavity through a 12 mm surgical port. Given the selected pair of magnets, T, é? 4 and TgD for
h ranging from 2 cm to 7 cm were estimated by FEM integration (COMSOL Multiphysics,
USA). Two two-term exponential models were used to fit the FEM data, obtaining

TEP (h) = 222¢ 1% 1 6321 [mNm] (F.17)
TEY(h) = 787105 1 12¢ 73 [mNm) (F.18)

where h has the unit of meters. The fitting functions were obtained with the Curve Fitting
Toolbox (MatLab, Mathworks, USA), by setting the confidence level at 98%. The two
fitting functions are represented together with the FEM estimations in Fig. F.11.

The hysteresis brake (H3, Placid Industries, USA) was used to impose on the driven
magnet a controllable Tr,. Two MFS (CY-P15A, ChenYang Technologies, Germany) were
placed next to the driving and the driven magnets for monitoring in real time their an-
gular displacement via the algorithm described in Section F.3.2. Data from each sensor
was acquired using three electrical wires (i.e., data, ground, and voltage supply) having a
diameter of 0.1 mm. The maximum absolute temperature rating for the selected MFS is
[—100; 180]°C, thus allowing steam sterilization.

The motor-side and the load-side inertias of the experimental platform resulted in
Jp=8.9x10"%kg-m? and J;3=0.46x10"%kg-m?, respectively.

A data acquisition board (DAQ USB-6211, National Instruments, USA) was used to
collect the data from the MFS at 500 Hz and to control both the motor and the hysteresis
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Figure F.11: FEM estimations of the maximum transmissible torque functions and their
exponential fittings for different intermagnetic distances.

brake via a custom driver. Regarding the operation of the motor, the current drained is
monitored across a 10 €2 buffered resistor R,,. The hysteresis brake was also controlled in
voltage, while the drained current was monitored via a second buffered resistor. The user
interface, developed in C++, allowed the user to select one of the two control strategies,
and to set wyey up to 1900 rpm and 77, from 0.5 mNm to 25 mNm.

F.4.2 Dynamic Model Validation

The first step of validation focused on assessing the sensor feedback strategy reported
in section F.3.2, as this was used for all the experiments that follow. In particular, we
compared wp as measured by the encoder with the value estimated by implementing the
algorithm in Fig. F.7. This test was performed for wp= [500, 700, 900, 1100, 1300, 1500]
rpm, showing an average error of 7.28 £ 2.82 rpm. We can reasonably assume a similar
uncertainty in reconstructing wy and Aw.

The next step consisted of validating the dynamic model of the magnetic gear coupling
for different separation distances h, driving angular velocities wp, and applying load torques
Tr. A single experiment consisted of increasing 77, while driving the external magnet at a
constant speed wp and maintaining a fixed intermagnetic distance h. As soon as the system
entered in the pole-slipping regime, the experiment was ended. The intermagnetic distance
h was varied from 2 cm to 7 cm in steps increments of 1 cm, while wp was increased from
500 rpm to 1500 rpm in steps increments of 200 rpm. The motor-side closed-loop control

described in section F.3.3.1 was adopted to guarantee a constant wp, as T, was increased.
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Once a trial was started, the platform increased the voltage driving the hysteresis brake in
0.15 V increments every 0.2 s, resulting in an exponential increase of 17, over time. The
event of pole slipping was detected by monitoring 6; as measured by the sensor-side MFS. In
particular, when 6, was stalling around a limited number of angular positions, the algorithm
assumed that the system was entered in the pole-slipping regime. In that case, the motor
was stopped, the hysteresis brake was released, and the trial was considered over.

For each experiment, the data recorded for 6p, 04, and Tp were used together with
platform-specific parameters (i.e., Jp, Jy, T, g d TgD ) to estimate 77,. The dynamic model
for Ty, was derived by combining Eq. F.4 and Eq. F.5 and integrating over time, thus

obtainin
° 1 27dP 2TRY gy
TL(t) = Jdﬁe(t)(AtQ T ) — TDTD(t)- (F.19)

The reference value for Ty, was obtained by measuring the current drained by the hys-
teresis brake and deriving the torque applied to the driven magnet from its calibration
curve.

A typical plot for a single experiment at h=4 cm and wp=1000 rpm is represented in
Fig. F.12. Here, three different regimes can be observed. In unloaded conditions, angular
oscillations at the driven magnet were induced by the low inertia, combined with the non-
linear elastic coupling of the magnetic link. In this regime, reconstruction of 77 by the
model was noisy. As T, increased, the amplitude of oscillations decreased significantly, and
the model allowed for a reliable real-time estimation of the load torque. As expected, the
system entered the pole-slipping regime as 17, overcame the maximum value of torque that
can be transmitted over the magnetic coupling.

Five experiments were repeated for each combination of h and wp, and the estimation
errors were averaged. The mean relative errors in estimating 77, at different velocities and
intermagnetic distances are reported in Table F.1. Over the entire range of distances and
velocities tested, the mean relative error was 7.1 + 2.3%, while the mean absolute error was
0.18 £ 0.06 mNm. All of these values are related to the loaded regime of operation. It is
interesting to note a larger error at intermediate distances that is due to the effect of the
resonant and antiresonant peaks in the open-loop transfer functions (see next subsection).
F.4.3 Closed-Loop Control Validation

Once the dynamic model was experimentally validated, we studied how variations in A
were affecting the harmonic behavior of the two open-loop transfer functions in Eq. F.8
and Eq. F.9. Therefore, we plotted the two Bode diagrams for six discrete values of h
(i.e., h =12,3,4,5,6,7] cm). From the amplitude plots in Fig. F.13.a, we can observe that

both the resonant and the antiresonant peaks in the motor-side transfer function migrate to
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Figure F.12: Comparison between the estimated and the reference load torque for h=4 cm
and wp=1000 rpm. The unloaded, loaded and pole-slipping regimes are highlighted by the
dashed vertical lines.

wp [rpm]

h 500 700 900 1100 1300 1500

2cm 94%  14.7% 5.7%  85% T7.9% 8.8%
3ecm  13.8% 81% 94% 6.4% 84% 3.1%
4cm 9.6% 12.1% 10.9% 8.4% 83% 8.2%
5cem  92%  134% 58% 7.6% 6.7% 7.9%
6cm 87% 3.7% 4.0% 3.9% 4.1% 3.8%
Tem 5.7%  3.1%  3.4%  38% 4.0% 5.5%

Table F.1: Mean relative errors in 17, estimation at different velocities and intermagnetic
distances within the loaded regime.
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Figure F.13: Bode amplitude diagrams for the motor-side (a) and load-side (b) open-loop
transfer functions for six discrete values of h (i.e., h = [2,3,4,5,6,7] cm).

lower frequencies as h increases, spanning less than a decade. In particular, wy=156 rad/s
at h=2 cm, decreasing to wop=45 rad/s at h=7 cm. A similar behavior can be observed
for the resonant peaks in the load-side transfer function, the amplitude of which is plotted
in Fig. F.13.b. From the two Bode amplitude plots, it is relevant to emphasize that
the singularities of the system and the range of their migration as h changes from 2 cm
to 7 cm are within the interval of angular velocities investigated in this work (i.e., 500
rpm corresponds to 52 rad/s, while 1500 rpm corresponds to 157 rad/s). In determining
the parameters for the two closed-loop controllers, we optimized the system response for
h = [2...7) cm (i.e., the condition in which singularities occur at lower frequencies) and we
experimentally investigated whether this choice could guarantee controllability in the entire
range of h tested.

The Proportional and Integral coefficients for the motor-side closed-loop control were
determined via the PID Tuning function of the Control System Toolbox (MATLAB, Math-
Works, USA), obtaining Kp=52.42x10"% V-s/rad and K;=5.90 V/rad. Simulated step
responses for h = [2,3,4,5,6,7] cm are reported in Fig. F.14.a, showing an overshoot that
ranges from 11.4% to 10.8% and a settling time from 100 ms to 180 ms.

As regards the load-side control strategy, the parameters for the custom controller were

also tuned for the range of analysis (h € [2,7] cm), resulting in the following constants
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Figure F.14: Simulated step response for the motor-side (a) and load-side (b) closed-loop
control for six discrete values of h (i.e., h = [2,3,4,5,6,7] cm).
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K.=3.4x103V /rad, w1=1.6x10"% rad/s, wy=5.5x10"% rad/s, ¢;=0.68, and (3=1. Simu-
lated step responses for h = [2,3,4,5,6,7] cm are reported in Fig. F.14.b, showing no
relevant overshoot and a settling time of 200 ms for all the distances investigated.

A comparison between the simulated and the experimental step response is reported in
Fig. F.15.a for the motor-side closed-loop control, and in Fig. F.15.b for load-side closed-
loop control. Experiments were performed with wy.;=1000 rpm at h=4 cm in unloaded
conditions, and both wp and wy were recorded. The video showing the experimental set-up
and the step response trials is attached as multimedia extension 1.

As regards the step response for the motor-side closed-loop control in Fig. F.15.a, the
measured wp and wy presented an overshoot of 11.2% and 11.6%, respectively. These results
were comparable with the overshoot obtained in the simulated response. Concerning the
steady state, wp presented an average value of 998423 rpm, while the average wy was
1032432 rpm. As expected, no significant overshoot was observed in the load-side closed-
loop control step response (F.14.b) and the settling time of wy; was comparable with the
model predictions. The average regime value was 990418 rpm for wp, and 1006+30 rpm
for wy.

By comparing the results, we can observe that the load-side controller allowed achieve-
ment of a more precise regulation of the average wy than the motor-side approach. Both
controllers showed a ripple in the regulated speed of about 3% of the regime value. This
effect was mainly due to the absence of a load connected to the driven magnet, as the system
was working in the unloaded regime.

F.4.4 Load Rejection and Torque Transmission

The presence of a load torque applied at the gear train induces variations in the param-
eters of the system, as it affects the equivalent inertia at the driven shaft. In particular,
system characteristics such as the resonant and antiresonant frequencies are both influenced
by variations in Jy. The experimental trials reported in this subsection aim to assess both
closed-loop control strategies under different loading conditions.

First, a set of speed step responses were measured by setting T, at 20%, 50%, and 80%
of ng(h). The trials were performed by imposing wy..;=1000 rpm at h=4 cm, and the
results for the motor-side closed-loop control are reported in Fig. F.16. The steady-state
error for wy adopting the motor-side closed-loop control was 22418 rpm for Ty, at 20% of
TR (Fig. F.16.a), 21+19 rpm for T, at 50% of T2? (Fig. F.16.b), and 3440 rpm for Ty,
at 80% of ng (Fig. F.16.c). When adopting the load-side closed-loop control, the steady-
state error for wy was 243 rpm for T, at 20% of ng (Fig. F.16.d), 1+6 rpm for 77, at 50%
of TR (Fig. F.16.¢), and 0.3+13 rpm for Ty, at 80% of TR? (Fig. F.16.f).

198



(a)

1200 T T T T T

1000 bovoe ol XN Y

800+ saledas : . .

Speed [rpm]
g

400 Hf-- : - .
——Simulated response
—Measured @y
200 - i o -
—Measured g
n 1 1 1 L 1
0 0.1 02 03 04 05 06
(b) Time [s]
1200 - : : ; ;
1000 -
800 -
3
=
5 600--
[0}
[
Q.
1] )
400 - <]
—Simulated response
500 ——Measured o |
i | =——Measured o
0 I i i 1 L
0 0.1 02 03 04 05 06

Time [s]

Figure F.15: (a) Simulated and experimental step response at h=4 cm for motor-side closed-
loop control. Both the measured wp and wy are reported in the figure. (b) Simulated and
experimental step response at h=4 cm for load-side closed-loop control. Both the measured
wp and wy are reported in the figure.
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Figure F.16: Experimental step responses for motor-side closed-loop control (a, b, ¢) and
load-side closed-loop control (d, e, f) with Ty, at 20% (a, d), 50% (b, e), and 80% (c, f) of
ng. Experiments were performed at h=4 cm imposing a wy.;=1000 rpm. Each plot shows
the measured values for both wp and wy.

From the results reported in Fig. F.16, we can observe that the load-side control strategy
was more effective in forcing the system to reach the desired w;. s, although an overshoot of
8% of the steady state appeared as the load was applied. The load-side closed-loop control
step response presented a ripple for wy within the 1% of the steady state value, while the
motor-side closed-loop control showed a ripple up to 4%. From the plots, we can observe
that both strategies showed an increase in the ripple with the applied T}, as the system
was moving towards the pole-slipping regime.

Load rejection experiments were then performed for both the control strategies at h=4
cm, and the results obtained are represented in Fig. F.17. The reference speed w,..; was set
to 1500 rpm, while 77, was initially set to 28% of ng, then increased up to 85% of ng for
about 2.5 seconds before resetting it to the initial value. While the load was at the 85% of
T (? @ the average error and the ripple for wy were 6431 rpm for the motor-side closed-loop
control (Fig. F.17.a), and 3+£12 rpm for the load-side closed-loop control (Fig. F.17.b).

Both control strategies allowed rejection of the effect of a load variation without pole
slipping. By analyzing in more detail Fig. F.17.a, we can observe residual damped oscil-

lations in wy for more than one second after the variation in the load is applied. These
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oscillations are due to the non-linear torsional spring behavior of the coupling, and are fur-
ther amplified by the effect of an inertia ratio well below the unit [131] (i.e., in the proposed
drive train, modeled as a two-inertia system, the inertia ratio in unloaded conditions is
Jq/Jp=0.056). As shown in Fig. F.17.b, the custom controller implemented for the load-
side strategy, providing a lag compensation, was effective in eliminating these oscillations
in wg by modulating wp.

A final test was performed to evaluate the mechanical power that can be transmitted by
an LMA actuation unit at different intermagnetic distances. Using the motor-side closed-
loop control, the maximum torque at the load T7"** before entering the pole-slipping regime
was experimentally measured for w,.; ranging from 600 rpm to 1700 rpm at different sep-
aration distances (i.e., h = [2,3,4,5,6,7] cm). Each trial was repeated 10 times and the
results are reported in Fig. F.18.a.

As expected from the harmonic analysis, we can identify in Fig. F.18.a the effect of
the resonant peaks of the system shifting to lower frequencies as h increases. For rotational
speeds that are not in the range of the resonant peaks, the torque transferred is constant, as
expected considering that the magnetic coupling has a 1:1 gear ratio. Therefore, as long as
the torque required by the load does not bring the system into the pole-slipping regime, the
amount of mechanical power that can be transferred mainly depends on the performance of
the external motor (i.e., the faster the external motor, the larger the amount of mechanical
power transmitted to the load).

The same test was repeated for the load-side closed-loop control and the results are
reported in Fig. F.18.b. By comparing the plots in Fig. F.18.a and Fig. F.18.b, we
can conclude that the load-side controller enables a larger torque to be transmitted before
entering the pole-slipping regime. In particular, an average value of 1.5 mNm can be
transferred at 7 cm, increasing up to 13.5 mNm as the separation distance is reduced down
to 2 cm. In addition, the effect of the resonant peaks is less evident when using the load-side
closed-loop control, which provides a value of T7*** that is almost constant with w;..y for h
larger than 3 cm.

F.4.5 Performance Evaluation of LMA

In analyzing the overall performance that an LMA actuation unit can achieve, we con-
sider adopting the load-side closed-loop control as it provided a better performance when
compared to the motor-side approach. In Fig. F.19 and Table F.2, we compare the max-
imum torque that can be transferred at different intermagnetic distances — same data as
Fig. F.18.b — with the theoretical limit provided by FEM estimation. With the proposed

dynamic modeling and control strategy, we are able to transfer an average of 86.2% of the
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Figure F.17: Experimental load rejection responses for motor-side closed-loop control (a)
and load-side closed-loop control (b). The profile of T}, moving from 28% of T, C’? 4 to 85%
of T gd and back to its initial value, is represented below the speed plot. Experiments were
performed at h=4 cm setting w;.;=1500 rpm. Each plot shows the measured values for
both wy and wp and the trend of the applied load torque.
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Distance [cm)]

MAX Torque [mNm]| 2 3 4 5 6 7

Model TR4(h) 15.95 8.01 4.58 2.90 1.96 1.38
Experiment T7%% 13.63 6.82 3.98 252 1.68 1.20
Efficiency % 85.4 852 87.0 86.8 855 87.3

Table F.2: Expected amount of torque transmitted, T2¢, experimental amount of torque
transmitted using the load-side closed-loop control, T7"**, and efficiency defined as percent-
age of the theoretical amount of torque transmitted at different intermagnetic distances.

theoretical value of maximum torque. This deviation is due to the adoption of a linear
model for T, C’? @ and T, gD in Egs. F.6 and F.7, respectively. For large angular displacements,
which are expected as the load torque brings the system towards the pole-slipping regime,
a linear model in Egs. F.6 and F.7 is far from being accurate and needs to be replaced by
a non-linear equivalent.

From Fig. F.19, it is also interesting to observe that the standard deviation in 77" is
larger at smaller distances. This may be explained by considering other magnetic effects
that are present in the system, but have not been included in the dynamic model, such as
the vertical attraction force between the driving and the driven magnets that varies as the
magnets spin [132].

As previously mentioned, an LMA actuation unit can be used instead of an onboard EM
motor for driving a DoF of a laparoscopic robot. For the sake of comparison, in Table F.3
we listed off-the-shelf EM motors that have a diameter comparable with the driven magnet
used in this study.

Thanks to a speed ratio equals one, the maximum speed that can be achieved at the
driven shaft with the LMA approach corresponds to the maximum speed of the external
EM motor. As the external motor is not as constrained in size as a motor to be embedded
on board, a faster actuator than those listed in Table F.3 can be adopted. As for the
stall torque, we can assume for the LMA approach the values of T["**(h) reported in
Table F.2. As represented in Fig. F.18.b, we can consider the stall torque to be constant
as the speed increases. Considering that the driven magnet used in this study was 9.5

mm in both diameter and length, we can conclude that the LMA approach can provide a
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Figure F.19: Maximum torque at the load before entering the pole-slipping regime as a
function of the intermagnetic distance. Theoretical value, ng, and experimental data

obtained by using the load-side closed-loop control, T7"%*.

Model Diameter Length  Max Speed Stall Torque Reference
Namiki-SBL04 4mm 13.8mm  7000rpm 0.13mNm [133]
Faulhaber-1016 ~ 10mm 16mm 18400rpm  0.87mNm [134]
Faulhaber-1024 ~ 10mm 24mm 14700rpm  2.89mNm [135]
Maxon-DCX10L  10mm 25mm 12000rpm  5.42mNm [136]
Faulhaber-1219 12mm 19mm 16200rpm  0.96mNm [137]
Faulhaber-1224 12mm 24mm 13800rpm  3.62mNm [138]
Precision-NC110  12mm 12.5mm  10000rpm  0.50mNm [139]
Precision-MC112  12mm 20mm  9500rpm 1.50mNm [140]
Namiki-SCL12 12.5mm  32mm  13750rpm  3.71mNm [141]

Table F.3: Off-the-shelf EM Motors comparable with the size of the driven magnet used in

this work.
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volumetric power density that is well above any of the motors listed in Table F.3 at any of
the intermagnetic distances investigated.

Finally, it is worth mentioning that the wired connection required to transmit sensor
data from the instrument in the load-side control strategy can be easily replaced by a
battery-operated wireless link [142] without increasing dramatically the size of the surgical
tool.

F.5 Conclusions and Future Work

In this work, we demonstrated the feasibility of controlling a parallel-axis radial cou-
pling with asymmetrical single-dipole magnets within a range of intermagnetic separation
distances compatible with the abdominal thickness in humans. This particular kind of mag-
netic coupling, referred as LMA actuation unit, can be used in designing robotic surgical
instruments to transfer mechanical power from outside the body of a patient to a laparo-
scopic instrument within. Given the constraints in diameter and volume for a surgical
instrument, the proposed approach allows for transferring a larger amount of mechanical
power than what is possible to achieve by embedding actuators on board.

The solution we propose for the servo control of an LMA actuation unit takes advantage
of a dynamic model of the coupling, adapted from a two-inertia servo-drive system, and
a sensing strategy based on Hall effect magnetic field sensors placed next to the driving
and the driven magnets. In this study, we also compare two alternative approaches in
closing the control loop. The first, referred to as motor-side closed-loop control, uses the
angular velocity of the driving magnet as the feedback parameter and has the advantage of
relying only on sensors placed on the motor-side of the coupling, thus outside the patient’s
body. The alternative approach, referred to as load-side closed-loop control, directly controls
the angular velocity at the load and requires a Hall effect sensor to be placed inside the
surgical instrument. The two approaches were assessed and compared in terms of step
response, load rejection, and maximum torque that can be transmitted at different speeds
and intermagnetic distances.

From the experimental results, we can conclude that the dynamic model we developed
presented a relative error below 7.5% in estimating the load torque from the system param-
eters, while the sensing strategy based on Hall effect sensors had an average error below
1% in reconstructing the shaft speed. Concerning closed-loop control, both the strategies
were effective in regulating the load speed with a relative error below 2% of the desired
steady-state value. When comparing the two approaches, the load-side closed-loop control
achieved a better performance, both in terms of steady-state error (below 0.2%) and ripple

in the angular velocity (below 1%). In addition, the load-side closed-loop control allowed
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transmission of larger values of torque, showing — at the same time — less dependency from
the angular velocity.

While this study should serve as the background for the servo control of LMA-based
DoF's in laparoscopic robots, a number of challenges still remain for future research.

A first direction of future work is improving the robustness of the control. As men-
tioned in Section F.4.5, a non-linear approach must be adopted to increase the amount of
transmitted torque closer to its theoretical limit. Predictive control, suggested in [120] for
coaxial magnetic gears, can be a viable solution. To reduce the oscillations in wy further,
a digital notch-filter compensator, as suggested in [149], can be adopted. In addition, the
model needs to be extended to a situation in which the two magnets spin on axes that are
not fixed, nor parallel, as analyzed in [150]. Horizontal and vertical vibrations must be
considered, as they will be present during laparoscopic surgery. Vertical attraction force
between the driving and the driven magnets must be included in the model.

When designing an LMA-based surgical instrument as represented in Fig. F.1, the
actuation module must provide controlled motion for a DoF, while the anchoring module
should support the weight of the instrument and the vertical forces applied during tissue
interaction. Overshoot in the speed at the driven magnet may occur in some conditions and
must be taken into account when designing the mechanism that goes from the rotating shaft
to the surgical end effector [132]. If the surgical robot needs more than one DoF, a number
of LMA actuation modules will have to interact within the same confined space. Magnetic
cross-coupling among LMA anchoring and actuation units may become an issue in this case.
As the magnetic force and torque respectively decrease with the inverse of the fourth and
third power of the intermagnetic distance, we plan to address this challenge by properly
spacing the magnets on board the surgical instrument. Shielding with ferromagnetic or
diamagnetic material can also be considered to address this problem. The model of the
system would then be extended to include cross-coupling and to provide a tool for designing
appropriate shielding between modules.

As discussed in Section F.3, the system can enter in the pole-slipping regime as a conse-
quence of torque overload. As suggested in [119], the coupling can be re-engaged by stopping
the motor rotation for a short period, and then resetting the input command. However, if
the load is still above the maximum torque that can be transmitted, this strategy will be
ineffective. A potential solution to this problem consists of controlling the vertical position
of the external driving magnet, so that h can be reduced if a larger torque is required at
the load. The intermagnetic distance can be tracked in real time by using the methods

proposed in [148]. A different approach may be to replace the driving unit with a set of
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coils that can generate a rotating magnetic field at the driven magnet. In this case, com-
mutation control can be implemented to prevent the pole-slipping regime and maximize the
transferred torque at any given time.

F.6 Appendix: Appendix of Multimedia Extensions

The multimedia extension page is found at http://www.ieeexplore.org

Extension Type Description

1 Video Step response of both motor and

load side closed-loop controls
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Appendix G

LAPAROSCOPIC TISSUE RETRACTOR BASED ON LOCAL MAGNETIC
ACTUATION

Nicolo Garbin, Christian Di Natali, Jacopo Buzzi, Elena De Momi, Pietro Valdastri.
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Status: Published 2015

G.1 Abstract

Magnetic instruments for laparoscopic surgery have the potential to enhance triangula-
tion and reduce invasiveness, as they can be rearranged inside the abdominal cavity and do
not need a dedicated port during the procedure. Onboard actuators can be used to achieve
a controlled and repeatable motion at the interface with the tissue. However, actuators
that can fit through a single laparoscopic incision are very limited in power and do not
allow performance of surgical tasks such as lifting an organ. In this study, we present a
tissue retractor based on local magnetic actuation (LMA). This approach combines two
pairs of magnets, one providing anchoring and the other transferring motion to an internal
mechanism connected to a retracting lever. Design requirements were derived from clinical
considerations, while finite element simulations and static modeling were used to select the
permanent magnets, set the mechanism parameters, and predict the lifting and supporting
capabilities of the tissue retractor. A three-tier validation was performed to assess the func-
tionality of the device. First, the retracting performance was investigated via a benchtop
experiment, by connecting an increasing load to the lever until failure occurred, and repeat-
ing this test for different intermagnetic distances. Then, the feasibility of liver resection was
studied with an ex vivo experiment, using porcine hepatic tissue. Finally, the usability and
the safety of the device were tested in vivo on an anesthetized porcine model. The developed
retractor is 154mm long, 12.5mm in diameter, and weights 39.16 g. When abdominal wall
thickness is 2 cm, the retractor is able to lift more than ten times its own weight. The model
is able to predict the performance with a relative error of 9.066+0.52%. Liver retraction
trials demonstrate that the device can be inserted via laparoscopic access, does not require
a dedicated port, and can perform organ retraction. The main limitation is the reduced
mobility due to the length of the device. In designing robotic instrument for laparoscopic
surgery, LMA can enable the transfer of a larger amount of mechanical power than what is

possible to achieve by embedding actuators on board. This study shows the feasibility of
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implementing a tissue retractor based on this approach and provides an illustration of the
main steps that should be followed in designing a LMA laparoscopic instrument.

Nomenclature

e LMA - Local Magnetic Actuation

e EAM - External Anchoring Magnet

e TAM - Internal Anchoring Magnet

e EDM - External Driver Magnet

e IDM - Internal Driven Magnet

e LapR-LMA Laparoscopic Retractor based on LMA
e PG - Planetary Gearhead

e GR - Gear Ratio

e PS - Power Screw

e OCM - Offset Crank Mechanism

e RL - Retracting Lever length

G.2 Introduction

Magnetic instrumentation for abdominal surgery was first introduced in 2007 [115] with
the goal of achieving the same triangulation (i.e., the triangular positioning of the camera
and surgical instruments in laparoscopy, which mimics the positioning of the human head
and arms [228]) as traditional laparoscopy while significantly decreasing invasiveness. Fully
insertable tools, magnetically coupled across the abdominal wall, do not take up port site
space during the operation and can be introduced through a single standard laparoscopic
port. By moving the external magnet around the patient’s abdominal wall, the internal de-
vice can be steered to the task-appropriate location, thus achieving the desired triangulation
without the need for multiple incisions.

Magnetic surgical instruments developed to date include cameras [115], retractors [235],
dissectors [115], and cautery devices [40], with trials performed on animal and human models
via single-incision access [4].

However, low dexterity and poor motion accuracy due to manual operation of the exter-
nal controlling magnets have prevented so far the applicability of magnetic tools to complex

surgical tasks, such as tissue manipulation or finely controllable tissue retraction.
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A possible solution to the limited dexterity consists of embedding controllable actuators
inside the magnetic instruments. The most common approach reported in literature is
adopting electromagnetic (EM) motors [1,236,237]. Since the available mechanical power
in this kind of actuator scales with mass and volume, the motors that can fit through a
single tiny incision have very limited power and do not allow surgeons to perform surgical
tasks such as lifting an organ, or to teleoperate the instrument tip in real-time.

An alternative approach is the tetherless transmission of mechanical power between
magnetic field generators outside of the patient’s body and instruments within the body.
This can provide controlled motion without requiring on-board motors, as illustrated by
[238] where the field generated by a Magnetic Resonance Imaging scanner was used to
induce the rotation of a constrained small ferromagnetic body around the vertical axis.
This rotating body was connected to a gearbox that controlled a needle injection robot.
A similar approach was used in [239], where an external rotating field generated by a
permanent magnet was used for driving an implanted telescopic rod to correct skeletal
deformities.

In the past, we have proposed to apply a similar concept to abdominal surgery by
introducing the Local Magnetic Actuation (LMA) approach [121,240]. As presented in Fig.
G.1, an LMA-based device is composed of at least one anchoring unit, plus an actuation
unit per independent DOF that must be controlled. The anchoring unit is composed of an
External and an Internal permanent Anchoring Magnet (EAM and IAM, respectively), and
its function is to support the instrument during surgery. The actuation unit is composed
of an External Driving and an Internal Driven Magnet (EDM and IDM, respectively). The
EDM is axially rotated by a motor, thus causing the rotation of the IDM. The mechanical
power - in terms of rotational speed and load torque - transferred to the IDM can then be
used to actuate a mechanism instead of an embedded EM motor. The main advantage of
this approach is that large and powerful motors can be used on the outside of the patient
for transferring mechanical power to the inside of the abdomen via magnetic coupling.

In this work, we introduce the LapR-LMA for the first time, a laparoscopic tissue re-
tractor based on the LMA approach. This device is composed only of mechanical parts —
thus enabling autoclave sterilization — and can be used for controllably retracting an organ
without the need for a dedicated incision or a motor on board. In addition to describing the
LapR-LMA, this work provides an illustration of the design flow that should be adopted in

developing and testing novel LMA-based laparoscopic instruments.
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Figure G.1: An external controller is required to anchor and actuate an LM A-based surgical
instrument. The anchoring unit supports the device because of the attraction force that the
External Anchoring Magnet (EAM) generates on the Internal Anchoring Magnet (IAM).
The magnetic coupling between the External Driving Magnet (EDM) and the Internal
Driven Magnet (IDM) provides actuation. A mechanism connected to the IDM controls a
DoF of the end effector.

G.3 Clinical Consideration

The design of an LMA-based laparoscopic instrument entails the development of both
the external controller and the surgical tool. The main design specifications for the two
parts of the system can be derived from the following clinical considerations.

Incision port: Laparoscopic surgery is usually performed by placing three to four
trocars across the abdominal wall. The trocar with the largest inner diameter is usually
dedicated to the endoscopic camera (i.e., 13 mm inner diameter for the Versaport V2,
Covidien, USA). Assuming we use that port for insertion, we can consider 12.7 mm as the
maximum outer diameter for an LMA-based instrument [237]. The limitation in diameter
affects the design of all the components inside the surgical tool, including the internal
magnets.

Abdominal thickness: Magnetic field strength decreases exponentially with the in-
crease in the distance between the magnets outside the body of the patient and those inside.
Therefore, abdominal thickness plays a fundamental role in the selection of the magnets -
particularly external ones - since magnets inside the instrument are already constrained by
the access port diameter. A value ranging from 20 mm to 40 mm upon insufflation can be
assumed for abdominal tissue thickness to include overweight patients (body mass index up
to 30 kg/m?) [117].

Safety: Rare-earth permanent magnets can generate strong attraction forces, posing
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the risk of histological damage to the tissue in between the external and the internal mag-
nets. A pressure of 46.7 kPa was reported by Best et al. [228] to be well tolerated in a
porcine model. We will assume this value as the safety threshold not to be exceeded during
the operation of the LM A-based instrument.

Sterilization: In order to permit cheap reprocessing, a reusable surgical instrument
should be able to withstand the high temperature commonly used for steam sterilization
(i.e., 132°C). This disables the possibility of using electronics on board and requires the
selection of special-grade permanent magnets.

Internal Workspace: Laparoendoscopic procedures are performed by insufflating the
abdominal cavity, usually with carbon dioxide. As a general guideline for how long an
insertable instrument should be, we can assume 275 mm as the maximum distance between
the abdominal wall and the point of intervention, as reported by [241]. This provides an
indication about the workspace that the instrument should be able to reach, as well as a
limitation on the instrument length.

External Workspace: The external controller must be compact and easy to use for
the surgeon, enabling the internal device gross positioning by magnetic dragging. Once
the desired positioning is achieved, the controller should be locked in place while the LMA
actuation unit is running.

Ease of use: In order to maximize the potential for future adoption, the surgical
instrument must be easy to introduce in the abdominal cavity and the external controller
must be intuitive to operate. Once the feasibility of the proposed approach is demonstrated,
the input from surgeons becomes crucial in improving the ergonomics of the design.

While the considerations above can be applied to any LMA-based laparoscopic instru-
ment, the following refer specifically to a tissue retractor.

Degrees of freedom: Tissue retraction requires one controllable DOF to either lift up
or lower down the organ being manipulated. The DOF should not be backdrivable in order
to maintain the tissue retracted while the surgeon is operating underneath. How fast an
organ is retracted is not a relevant requirement, as long as the time is compatible with the
surgical workflow.

Retracting force: A retracting force of at least 5 N can be assumed as the target force
necessary at the retractor end effector [242]. This target value is typical for liver retraction
and gallbladder exposure during cholecystectomy. The amount of force must be provided
both dynamically, while the mechanism is operated to lift up the tissue, and statically, thus
allowing the surgeons to operate underneath. Interestingly, insertable retractors that use

embedded EM motors reported so far [236,243] can only generate up to 1.53 N.
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Interaction with the retracted tissue: If the tissue to be retracted is not going to
be resected, the surgical tool must be gentle in interacting with it. Suction cups [151] or
fan-shaped levers [115] can be adopted in this case. On the other hand, traumatic graspers
(e.g., crocodile jaws) are a viable solution if the surgeon plans to remove the retracted tissue
at the end of the procedure (e.g., cholecystectomy) [235].

G.4 Principle of Operation
Given the above clinical considerations, we propose the LMA-based tissue retractor

schematically presented in Fig. G.2 and referred to as LapR-LMA.

External
Actuationunit  controller  Anchoring unit

Planetary
Gearhead Power
Screw

«-7 )
Offset Crank /
Mechanism /

/
/

7 Grasper
-—
Retracted tissue

Figure G.2: Schematic representation of the LapR-LMA and the external controller com-
ponents.

While the anchoring unit is mainly responsible for gross positioning and for support-
ing both the device and the retracted tissue, the actuation unit is designed to transmit
mechanical power from the external EM motor to the mechanism inside the LapR-LMA.

The spinning motion of the IDM is fed to a custom mechanical train, which has been
designed to maximize the lifting force at the grasper and to fit the size constraints specified in
the previous section. In particular, the IDM is connected to a three-stage planetary gearhead
(PG), which rotates a power screw (PS) actuating an offset crank mechanism (OCM). The
OCM controls the angular position of a retracting lever. In order to assess the proposed
design, we connected a crocodile grasper to the lever via an inextensible wire. As proposed
by [235], the surgeon can clamp the grasper on the target tissue with standard laparoscopic
forceps. Should the specific application require an atraumatic grasper, a suction cup [151]

or a fan-shaped end effector [115] can be used instead.
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G.5 Design of the LapR-LMA Platform
G.5.1 Magnetic Design

In modeling and designing both the anchoring and the actuation units, magnetic torques
and forces were estimated via Finite Element Analysis (FEA) (COMSOL MULTIPHYSICS
4.3b, Sweden), by following the approach proposed and validated by [121]. In particular,
FEA simulations were based on the theories and the methods used in the analysis of steady
currents, permanent magnets and magnetic circuits [90].

In estimating the different contributions of the magnetic units, we assumed that the
anchoring and the actuation units were spaced far enough to neglect cross-talking effects.
The validity of this assumption was verified during the benchtop validation (section G.6.1).
All the permanent magnets used in this work were purchased from Ké&J Magnetics, Inc,
PA, USA.

G.5.1.1 Anchoring Unit

The LapR-LMA must have a cylindrical shape to enter a surgical port. Therefore, the
space available for the IAM has a round cross-section. This would suggest using a cylindrical
magnet. However, as reported by [244], square-section permanent magnets exert a stronger
coupling than cylindrical magnets. Therefore, a 38 mm long permanent magnet, with a
cross-section of 6.35 mm in side, was selected to fit inside the LapR-LMA. The permanent
magnet was made out of Neodymium-Iron-Boron (NdFeB) with magnetization N52 oriented
as in Fig. G.2 A cubic NdFeB magnet with a side of 25.4 mm and N52 magnetization (1.48
T magnetic remanence) was selected as EAM to achieve an adequate attraction force, F e,
on the IAM within the intermagnetic separation range investigated in this work. Given the
two selected anchoring magnets, Fq,. was estimated via FEA simulation using a mesh with
more than 3,500,000 elements, and by varying the intermagnetic separation distance d from
2 cm to 6 cm in 0.1 cm increments. It is worth mentioning that the investigated range is
larger than what mentioned in section 2.B in order to improve the confidence of the results
and obtain regressions that are more reliable. As presented in Fig. G.3, the data fits (R*>
0.94) a two term exponential.

G.5.1.2 Actuation Unit

The actuation unit is based on the concept of magnetic spur gears [245] and is composed
of two diametrically magnetized ring-shape magnetic dipoles, the EDM and the IDM, that
are free to rotate about parallel axes. Referring to Fig. G.4.a, we define Mp and Myas the
magnetization vectors of the EDM and the IDM, 6p and 6, as the angular coordinates of
Mpand My, and d as the shortest distance between the external surfaces of the EDM and

the IDM. In general, we assume d as coincident with the separation distance between the
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Figure G.3: FEA simulation and two term exponential fit for the magnetic attraction force
at increasing intermagnetic separation distance.

LapR-LMA and the external controller. The difference between the two angular coordinates
determines the actuation unit angular displacement Af = 0p —60;. The opposite orientation
of the y and y’ axes in Fig. G.4.a was adopted to emphasize that a clockwise rotation of
the EDM induces an anti-clockwise rotation of the IDM.

As presented in Fig. G.4.b, the torque Ty transferred from the EDM to the IDM is a
function of A# [121-123] as follows:

Tt (AG) = Tpag sin(AB) (G.1)

where T},4, is the maximum torque that can be transmitted over the coupling. Tjqz
depends on the volume and magnetization strength of both EDM and IDM, and on their
separation distance d. If |Af— exceeds 7/2, the magnetic coupling enters a pole-slipping
regime, resulting in a consequential loss of control, as explained by [124]. In section G.5.3.1,

emaac

we estimate the expected A corresponding to the maximum load that the LapR-LMA

is able to lift. Due to the mechanical advantage introduced by the three-stage mechanism

0™ remains far below the pole-slipping threshold.

described in the following section, A
The magnetic coupling between EDM and IDM also generates a vertical attraction force
between the two magnets. This force, referred to as Fu., contributes to supporting the
retracted tissue by working in synergy with Fu,.. As presented in Fig. G.4.c, Fu can be

formulated as a trigonometric function of p, thus obtaining

Fv+Fh+Fv_Fh

Fyc 0 =
«(6p) 2 2

cos(26p) (G.2)
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where F, and Fj are the maximum and minimum values of F,., corresponding to the
vertical and the horizontal arrangements of the actuation magnets. As Ty,4z, the values of
F, and Fj depend on the volume and magnetization strength of both the EDM and the
IDM, and on their separation distance d. In addition, F,, and F}, are functions of Af. While
the plot in Fig. G.4.c considers A= 0, in section G.5.3.2 we will comment on the variations
of F,, and F}, within the range |Af] < A§™*.

(a) (b)

IDM om® @ @ 0 ©
DM @ & 6 ® s

Figure G.4: (a) Schematic cross-section of the EDM and IDM composing the actuation unit.
(b) Torque transferred from the EDM to the IDM as a function of the angular displacement
between EDM and IDM. The cross-section view of the actuation unit is reported below the
plot. (c) Vertical attraction force generated by the actuation unit as the magnets rotate.
This plot assumes A = 0. The cross section view of the actuation unit is reported below
the plot.

The selected IDM was 9.52mm in outside diameter (OD), 2.38 mm in internal diameter
(ID), and 9.52 mm in length (L). It was made out of NdFeB, with a relative magnetic
permeability of 1.05, and a magnetization grade of N42 (1.32 T magnetic remanence). The
EDM was 25.4 mm in OD, 6.32 mm in ID, 25.4 mm in L, and presented the same magnetic
features as the IDM.

Given the two selected magnets, we ran a set of FEA simulations to predict Tnez, Fo,
and Fj, as functions of d. In estimating F,, and Fj,, we assumed Af = 0. The impact of this
assumption is discussed in section G.5.3.2. In the FEA simulations, we used a mesh with
more than 3,500,000 elements and we varied d from 2 cm to 6 cm in 0.2 ¢cm increments.
Simulation results and exponential regressions fitting the data are reported in Fig. G.5.a
for T ;42 and in Fig. G.5.b for F,, and Fy,.

From Fig. G.5.a, it is interesting to observe that if compared to EM motors having a
volume similar to the IDM [125,126], the torque available for driving a mechanism is larger

as long as d remains below 5 cm.
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Figure G.5: (a)T}q. and its exponential regression at different separation distances, the solid
horizontal line represents the average nominal torque for commercially available EM motors
that would fit a volume similar to the IDM [26-28]. (b)F,andF}, and their exponential
regressions at different separation distances, assuming Af = 0.

Considering that the speed ratio from the EDM to the IDM is 1:1, the overall mechanical
power that can be provided to a mechanism inside the abdominal cavity mainly depends on
the speed of the external motor spinning the EDM. As the size is not a primary constraint
in selecting the external actuator, a fast motor that is powerful enough to spin the EDM can
easily overcome the mechanical power that can be delivered by an embedded EM motor,
constrained in size to fit a 12-mm surgical port.

G.5.2 Mechanical train design
G.5.2.1 Planetary Gearhead

The first module of the mechanical train consists of a PG with three stages having a
1:64 gear ratio (GR,4). The annular ring (A in Fig. G.6.a) and the entire PG is 11 mm in
outer diameter and 17 mm in length. For each stage, the load is transferred from the sun to
the annular ring via the planets. The more the planets, the lower is the local stress at the
interface between each planet and the annular ring. Therefore, to optimize the loadability
of the system, we maximized the number of planets by using four of them for each stage.
Suns (S in Fig. G.6.a) and planets (P in Fig. G.6.a) were designed with 10 involute profile
teeth, 0.32 module, 22.5 pressure angle, 3.2 mm pitch diameter, and 3.125 mm thickness.
The parts were fabricated in Aluminum 6061-T6 (tensile strength - yield 276 MPa; tensile
strength - ultimate 310MPa; relative magnetic permeability 1.004) by spark erosion.

Stainless steel pins with a diameter of 0.8 mm were used to mate the suns and the
carriers (C in Fig. G.6.a), while 2 mm diameter pins were adopted to assemble the planets.
The single components of the three-stage PG are presented in Fig. G.6.a, while a single

stage after assembly is shown in Fig. G.6.a.
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Figure G.6: (a) Three-stage PG components fabricated by spark erosion. (b) One of the
three stages assembled.

The PG efficiency was characterized via a custom-made bench test presented in Fig.
G.7. A laser-cut structure was fabricated to hold an EM motor (2342S-024CR, Faulhaber,
Germany) connected to the PG input sun. A two-channel optical encoder (HEDS 5500,
Avago Technologies, USA) with 96 counts per revolution was connected to the EM motor
to measure the input angular velocity, w;,. The PG output carrier was connected to a
hysteresis brake (H3, Placid Industries, USA). The brake was controlled in current by a
PC-based workstation to increase the output torque, 7,,¢, during the trial.

The torque applied by the EM motor to the PG input — referred to as 7;, — was mea-
sured by monitoring the current drained by the EM motor. Similarly, 7,,+ was derived by
monitoring the current drained by the hysteresis brake. The output velocity, woy, was mea-
sured by connecting a diametrically magnetized permanent magnet to the output shaft and
measuring the rotation of the magnetic field via a stationary Hall effect sensor (CY-P15A,
ChenYang Technologies, Germany).

The PG efficiency, defined as

ToutWout

Mg = 240U 100% (G.3)

TinWin
was derived from the experiments by using a constant w;, at 1700 RPM, while 7,,; was
increased from 0 mNm to 80 mNm within a time period of 15 s. This trial was repeated

three times and the average efficiency resulted in 61.254+3.16%.
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Figure G.7: Experimental setup used to test the efficiency of the PG

Concerning loadability, the PG working range was estimated from the safe tooth load

via the Lewis’ equation as
S-F-Y
W = D—p (G.4)

where W [N] is the safe tooth load, S is the maximum bending stress of the material, F
is the face width of the gear, D, is the diametric pitch, and Y is the Lewis’ form factor.
Considering a pitch radius of 1.6 mm and a four-planet arrangement, a PG safe output
torque (Tyqre) of 134.96 mNm was estimated.
G.5.2.2 Power Screw

A PS with a single thread was designed to mate with a 7 mm squared nut. The PS has
a pitch diameter d,,, of 4.8 mm, a length of 25 mm, a pitch P of 0.2725 mm/rad, a thread
angle ¥ of 30, and a lead angle a of 18.3. The nut has a thickness of 6 mm and its motion
is used to actuate the OCM. Connection between the PS and the OCM was achieved via 2
mm pins placed in the nut sides.

The PS parts were fabricated in brass (tensile strength - yield 310 MPa; tensile strength
- ultimate 476 MPa; magnetic permeability 1.05).

The torque 7 that must be applied to the PS for achieving a force F,,,;; can be estimated

via the following equation

dmcﬂcW . K
2 Bps

where d,,. represents the mean collar diameter, ps the static friction coefficient between

- Pyt s + cosftan a

|+ (G.5)

" 2 cosf — pgtan o

screw and nut, . the static friction coefficient at the collar surface, and 3,5 is the PS
transfer function between the input torque and the output force. The collar friction was

assumed negligible since we used low friction Delrin bearings. With the designed geometrical
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parameters and the static friction coefficient of dry brass to brass (i.e., s = 0.1 [246]), Bps
resulted in 0.9117 N/mNm.

The PS efficiency 7, was assessed with a weight lifting test. The EM motor used in the
previous experiment was rigidly connected to the PS. A weight ranging from 0.4535 kg to
4.5349 kg in 0.4535 kg increments was applied to the nut, and the torque 7,4 required by
the EM motor to lift the weight was measured by monitoring the supply current.

For each weight, three trials were performed and the average efficiency 7,s was calculated
assuming no loss in the nut velocity (i.e., the nut velocity V., was estimated from the motor

speed wmet via the pitch P of the PS) by using the following equation:

EputV, Eput P
Mps = —ME100% =~ . 100% (G.6)

TmotWmot Tmot
The efficiency 7, resulted in 69.85 £+ 5.44 %.
G.5.2.3 Offset Crank Mechanism

The final component of the mechanical train was the OCM operating the retracting

lever. The OCM link dimensions, the initial configuration, and the required motion range
were identified to achieve a total angular displacement of 7/2 at the crank angle 7. The
retracting lever integrated in the OCM can thus generate a total vertical displacement of the
retracted tissue equal to its own length. Via quasi-static analysis, assuming a slow motion
of the nut and negligible inertia of the links, we defined the OCM mechanical pseudo-
advantage I' — unit of mNm/N — as the ratio between the crank mechanism output torque,
Teran 1IN Fig. G.8, and the related input force acting on the slider, F,,,;. Considering the

schematic diagram in Fig. G.8, we can express ' as a function of v as follows:

I(y) = ;nu’: — A0 sin(y) + A0 cos(y)tg(6) (G.7)

Where the angle v is defined zero for the initial configuration — retracting lever closed —
and 7/2 when the retracting lever is fully open. Considering that OC - the nut horizontal
displacement - is the input parameter of the 1-DOF OCM system, the angle d can be

expressed as a function of 7 by solving the following system of equations in OC"

2tan~!(—~2ABBC — \/ (—20CAB)? + (2ABBC)2 — (OC” + BC” + AB” — A0°)?)
Y= . P— p— p—
—90CBA - 0C” — BC* —BA> + 40"

(G.8)
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5 2tan~!(—2A0BC — \/(—200A0)2 + (2A0BC)? — (OC” + BC” + A0° — BA%)?)
—20CA0 - 0C* — BC® — 40" + BA®

(G.9)
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Figure G.8: Schematic representation of the OCM. The slider is placed with an offset (BCO)
with respect to the hinge point of the crank (O). Thanks to the connecting rod (AB), the
nut linear motion is converted in a crank angular displacement .

The length of the two links (i.e., AB = 25mm, AO=9.43 mm) and the offset of the slider
with respect to the hinge point (i.e., BC' =4 mm) provide a 7/2 angular displacement in -y
for a 12.7 mm motion of the slider. The mechanical pseudo-advantage I as the lever angle
varies — obtained via iterative computation by assuming negligible inertia and a quasi-static
regime — is presented in Fig. G.9, together with its 3" order polynomial regression (R?

=0.990).

' [MNm/N]

5f| = Kinematic analysis
=3 order poly. reg.

0 n/4 n/2
v [rad]

Figure G.9: Mechanical pseudo-advantage I' [mNm/N] of the OCM and its polynomial
regression as a function of the lever angle v [rad]. A maximum value of 9.63 mNm/N is ob-
tained for v = 27 /17, while a 4.67 mNm /N minimum occurs for the fully-open configuration

(ie., y=m/2).

The OCM parts were fabricated in aluminum 6061-T1 (tensile strength - yield 55 MPa;
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tensile strength - ultimate 120 MPa; magnetic permeability 1.004) via traditional machining.

Stainless steel pins of 1 mm and 1.5 mm diameter were used for mating the parts.

(a) (b)

Nut

Connecting

=
Crank with

retracting lever

Figure G.10: Perspective rendering of the assembled LapR-LMA in the closed (y=0) con-
figuration (a) and in the open (y= m/2) configuration (b). (¢) The LapR-LMA prototype,
where part of the outer shell was removed to shows the internal components.

G.5.2.4 Additional components and system integration

The LapR-LMA body, designed to embed the described components, was fabricated
by rapid prototyping (Objet 30 pro, Stratasys, Israel) in Vero White+ plastic. The outer
diameter was set to 12.5 mm to prevent mechanical failure. The device body was fabricated
in two halves to facilitate the assembly of the internal components. The mechanical train
alignment was guaranteed by DelrinR planar bearings (6 mm OD, 3 mm ID, 3 mm L)
that offer low friction and high wear resistance. Two connecting rods were used to couple
the OCM with the PS, thus balancing the nut motion and splitting the transmitted force
to lower the internal stresses among mating components. The retracting lever, designed
to mate with the two connecting rods, rotates about a hinge point in the device body.
The retracting lever length, denoted as RL, is 58.5 mm and enables a total vertical tissue
displacement of about 6 cm for the full span of «. Buttresses in the lever design prevent it
from bending. In the current version of the LapR-LMA, the OCM and the PS are exposed
to verify their motion during the trials. In the future, they can be encapsulated within the
outer shell of the device.

As presented in Fig. G.10, the mechanical train components are arranged around a
thick extrusion in the core of the device. This feature guarantees structural resistance for
the LapR-LMA.
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The fabricated prototype, presented in Fig. G.10.c, is 154 mm long, 12.5 mm in diam-
eter, and weights 39.16 g.

G.5.3 LapR-LMA modeling

Once the main components of the LapR-LMA were designed, two simple models were
developed to predict the overall performance.

A first mathematical model aimed at providing an estimation of the tissue lifting per-
formance of the device from the torque that can be transmitted over the magnetic coupling
and the efficiencies of the single sub-modules. This model can also be used to predict the
angular displacement Af corresponding to the weight at the gripper.

The second model we developed was a free body diagram of the LapR-LMA. This can
be used to predict how much weight can be statically supported by the magnetic attraction
force provided by both the anchoring unit and the actuation unit.

G.5.3.1 Tissue lifting model

Assuming no power losses due to internal friction, the weight Wy, [g] that can be lifted

up as the rotation of the EDM is activated can be predicted as follows:

LO:S (TactGRpgnpgﬁpsnm)F(/y) i T < Tsafe
) aci

9.8 RL GR
Wy < { \ pg'lpg (G.10)
10 (Tsafeﬁpsnps)r<7) ifT > Tsafe
98  RL T G Ry g
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m— \\eight support limit
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200+
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Figure G.11: Maximum weight that can be lifted by operating the LapR-LMA (dashed line),
and maximum weight that can be statically supported by the LapR-LMA (solid line). Both
weight limitations are plotted as functions of the intermagnetic distance and the opening
angle of the retracting lever. The measurements obtained during benchtop experiments are
presented as single data points.

As represented by dashed blue lines in Fig. G.11, W, is constant with d, as long as Tget
exceeds the safe tooth-loading regime of the PG (Eq. G.4). In this working regime — which

covers the entire range of d from 2 cm to 4 cm specified in section G.3 — the overall efficiency
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of the mechanical train is 42.78%. In most of this region, the angular displacement A6 stays
below 7/18 (i.e., 10), therefore we can assume A0"** = 7 /18. It is also worth mentioning
that Wy and the mechanical train efficiency increase as 6 goes from 7/2 to zero thanks
to the OCM contribution presented in Fig. G.9. This is an advantage in doing controlled
retraction, as the portion the tissue (and its weight) increases as this is being lifted.
G.5.3.2 Tissue supporting model

To predict the weight that can be statically supported by the LapR-LMA at different
d and v, we studied the free-body diagram of the device that is presented in Fig. G.12.
The model considers Fg,. as described in section G.5.1.1, the weight force acting on the
LapR-LMA, denoted with Fy,,, and the force Fy, required to lift the weight W, at the
gripper. The model also considers Fy. as described in section G.5.1.2, but scaled for
A= 1/18. In case of |Af| < 7/18, we estimated via FEA simulation a variation of
Fj, and F, below 2.7% of the values reported in Fig. G.5.b. In our structural model, the
device body was assumed as a beam in which the magnetic forces, acting on the IAM and
the IDM, are responsible for anchoring the LapR-LMA against the abdominal wall (here
assumed as a rigid constraint). The force F,, was assumed to act downward on a point
whose position depends on the angular coordinate of the lever 7. As presented in Fig.
G.12.a, the LapR-LMA is designed so that F,, is always applied to a position in between
the points of application of Fyy,. and Fu (B and D in Fig. G.12.b), thus improving the
stability during controlled retraction.

Since Fgy. is larger than F,. for any d — as presented in Fig. G.3 and Fig. G.5.b —
anchoring failure would most likely occur with the LapR-LMA pivoting about the edge next
to the TAM (i.e., point A in Fig. G.12.b). In particular, the worst-case scenario occurs for
~v=m/2, as Fy, is applied at the lever hinge point (i.e., C in Fig. G.12.b) and its moment
arm around A is maximized. The condition for a stable anchoring can then be expressed

by considering the rotational equilibrium in A, as

FAnc'AB+Fact'AD_Eap'AX
AC

where Fy,, is the force required to lift the LapR-LMA and X is the position of the

LapR-LMA center of mass. This stability condition is plotted with solid black lines in Fig.

Fy < (G.11)

G.11, showing the maximum weight W, that can be statically supported by the LapR-LMA
as a function of d and ~. Also in this case, the performance improves as v goes from 7/2
to 0, since the point of application of Fy moves closer to the pivoting point (i.e., A in
Fig. G.12.b). By plotting together the tissue lifting and the tissue support models, as in
Fig. G.11, we can derive the operative range for the LapR-LMA as the area below the
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Figure G.12: Structural model used to predict the weight that the LapR-LMA can statically
support. (a) Cross-section of the LapR-LMA with the points of application of the different
forces. (b) Free body diagram of the LapR-LMA. A is the extremity of the device at the
side of the IAM, B is the point of application of F 4., C is the point where the hinge of the
lever is located, D is the point of application of F,., X is the LapR-LMA center of mass.

minimum value of W, that can be supported and lifted at the same time. Considering
the geometrical features of the LapR-LMA and the values of the anchoring forces within
the operative range, the pressure exerted by the device on the abdominal wall always stays
below 30.7 kPa, thus satisfying the condition on safety specified in section G.3.
G.5.4 External Controller

The external controller was designed to host the EDM, the EAM and the EM motor
(23425-024CR, Faulhaber, Germany) in a plastic handle. A shape with five cavities — where
the operator can insert his/her own fingers — was obtained by laser-cutting and assembling
Plexiglas sheets. As presented in Fig. G.13, the EDM was rigidly connected to the EM
motor via a shaft coupler. Bearings were used to support the shaft. Spacing between the
EDM and the EAM mirrored the positioning of the IDM and the IAM inside the LapR-
LMA. A two-state switch was connected to the motor controller to change the direction of
rotation for the EDM. This enabled switching between lifting up and lowering down the
tissue connected to the grasper. An adjustable clutch arm — not presented in Fig. G.13 —
can be connected to the controller to hold it in place during the surgical procedure.
G.6 Experimental Assessment

A three-tier validation approach was adopted to assess the LapR-LMA performance.
First, a benchtop experiment was performed to verify the weight that the device can con-

trollably lift and hold at different intermagnetic separation distances. Then, an ex vivo
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Figure G.13: Perspective rendering of the external controller.

experiment, using freshly excised porcine tissues, was performed to investigate the feasibil-
ity of using the LapR-LMA for liver retraction. Finally, the same procedure was performed
laparoscopically in a porcine model to assess the usability and the safety of the device.
G.6.1 Benchtop Experiments

The main goal of this experiment was to confirm the operative range of the LapR-LMA
as estimated in section G.6.1. As presented in Fig. G.14, the external controller was affixed
to a vertical adjustable slider and coupled with the LapR-LMA through a rigid plastic
surface. The weight was connected to the lever - starting at v = 7/2 — via an inextensible
wire. Then, the external EM motor was activated with a step command at a speed of 1,700
rpm. The direction of rotation was reversed when ~ reached zero, and the lever was moved
back to its starting position. The maximum value of weight that was successfully lifted up
and lowered down was recorded for each trial. This test was performed three times for each
intermagnetic distance ranging from 2 cm to 4 cm, with 0.5 cm increments, and the results
are presented in Fig. G.11.

The trial performed at d=2cm lifting a weight of 500 g is presented in Fig. G.15. The
overall result of this experiment showed that the model in Fig. G.11 always overestimated
W, with an error of 9.06 + 0.52%. This may be due to the cross-talking effect between
the anchoring module and the actuation module, which was neglected while modeling the