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CHAPTER 1
INTRODUCTION

1.1 Dissertation Overview

Conventional rigid-link robots have become ubiquitous in many industries, including
manufacturing [4, 5], defense [6], space exploration [7], and medicine [8, 9]. These
robots have expanded and, in some cases, surpassed human capabilities in terms precision,
repeatability, and endurance. However, for applications that require navigation of complex
curvilinear pathways, deep reach within a confined space, and/or interaction with human
anatomy in close quarters, rigid-link robots are not ideal due to safety considerations and
their limited robustness to geometric uncertainty of the environment.

Continuum robots are a newer class of robots that mimic soft biological actuators
(e.g. snakes, elephant trunk, octopus limbs) [[10] and are able to meet the aforementioned
functional requirements. Thanks to their distal actuation and high dexterity, continuum
robots are able to perform navigation and manipulation tasks that are impossible or too
complex for conventional robots [11]. In addition, their inherent structural compliance
allows for safe interactions with humans in the context of surgical robotics [[12, [13] and
human-robot interactions [14, [11]].

Figure presents an overview of the research areas covered in this dissertation. In
this dissertation, we explore the use of continuum robots in two applications: "in sifu
collaborative manufacturing" and "neuro-endovascular surgery". These applications span
a wide range of size requirements from the macro scale (meters) to the small (millimetric
or sub-millimetric) scale and share the need for continuum robots augmented with robot
perception, situational awareness, and adaptable behaviors.

Industrial workers often perform manufacturing, assembly, and maintenance tasks in



[ Design of Continuum Robots with Sensing and Adaptable Behaviors ]

Ch. 2: Ch. 3: Ch. 4: Ch. 5:
Variable Geometry ||Continuum Robots || Self-Steering Catheters [| Towards Smart
Continuum Robots |[with Multi-Modal for Stroke Interventions || Aspiration Catheters

Whole-Body Sensing

— (Perception Augmentation in Endovascular Surgery)

Figure 1.1: Overview of the research areas covered in this dissertation.

confined spaces, putting them at risk for work-related musculoskeletal disorders due to
sustained non-ergonomic postures [[15)]. The deployment of continuum robots in confined
spaces for collaborative manufacturing (with a co-located human) can alleviate the phys-
iological burden on workers. This application demands levels of dexterity, sensing, and
safety that exceed the capabilities of existing robotic systems.

To address these limitations, our research efforts focus on the design and evaluation
of in-situ collaborative robots (ISCRs). Our research for enabling safe human-robot col-
laboration is shown in the left side of Fig. [[.LI We address the associated sensing and
robot situational awareness challenges, with two approaches for distributive sensing along
the length of continuum robots. In chapter [2] we present a variable diameter continuum
robot that utilizes its kinematic redundancy for task-dependent geometric adaptation. In
Chapter [3| we present a continuum robot with integrated multi-modal whole-body sensing
capabilities, including contact detection, contact localization, force sensing, proximity
sensing, and mapping.

The right side of Fig. [I.1] depicts the research focus areas for enabling perception
augmentation for endoluminal and endovascular surgery. These research focus areas com-
prise the second half of this dissertation aiming at addressing navigation and situational
awareness challenges in neuro-endovascular surgery.

Standard neuro-endovascular procedures require surgeons to navigate from the femoral
artery, select the appropriate branch of the aortic arch, and traverse the tortuous carotid

syphon in order to reach the target vasculature in the brain. Currently, this complex navi-



gation is performed with concentrically stacked passive guidewires and passive catheters.
Reaching the target vasculature can take several trials and errors, even for experienced
neuro-interventionalists, which can negatively impact the outcome of time-sensitive inter-
ventions (e.g. clot retrieval for stroke care, coil embolization of aneurysms). Furthermore,
the lack of distal control of catheter increases the technical complexity and cognitive load
required to perform these surgeries. As a result, only dedicated stroke centers in large
metropolitan areas are equipped to perform these surgeries. For time-sensitive diseases
such as ischemic stroke, the need for interhospital transfers (from local hospital to stroke
center) results in delayed endovascular treatment and increased risk of disability or death
[16]]. There is a need for actively steerable catheters that are capable of semi-automated
navigation and branch selection in narrow and tortuous vasculature [[17], but most current
steerable catheters are not suitable for neuronavigation due to their size and design param-
eters.

To address this challenge, we present in Chapter |4, a novel multi-articulated robotic
catheter that integrates preoperative path planning, intraoperative image-based pose track-
ing, and active compliance for self-steering. We also propose a multi-mode controller
for intuitive switching between passive compliance, active compliance, and user-guided
navigation modes.

In addition to the navigation challenges, neuro-interventionalists are hampered by the
limited sensory awareness of the microcatheters as they move through small, fragile, mobile
vessels. While navigating a long (more than 1 meter) catheter, they lack haptic feedback
and this critical situational awareness barrier is further compounded by the lack of quality
visualization of the catheter tip relative to vascular anatomy and the lack of perception
regarding catheter tip interaction with clots and aneurysms. These perception deficits
increase cognitive burden and diminish patient outcome.

To address this need, we investigate a novel concept for intraoperative sensing during

endovascular procedures. The proposed technology uses an indirect approach to provide



two unprecedented capabilities: 1) estimate the distance between the catheter tip and a
blood clot, 2) inform the surgeon about the quality of the engagement of the catheter tip
with a blood clot. The proposed technology has the potential to offer a low-cost rapidly

deployable sensory solution, which is compatible with existing catheter technology.
1.2 Motivation, Technical Gaps, and Contributions

The next section expands on the motivating technical and/or clinical needs for con-
tinuum robots with (1) situational awareness and (2) adaptable behaviors in collaborative
manufacturing and neuro-endovascular surgery applications. We also highlight the contri-

butions of this doctoral work relative to prior art.
1.2.1 Situational Awareness and Adaptable Behaviors for Human-Robot Collaboration

Work related musculoskeletal disorders (WMSDs) can result from the handling of
heavy loads or the repetitive handling of light-weight objects [15]]. The risk of WMSDs is
further exacerbated when industrial workers operate in non-ergonomic positions, as is the
case for confined space applications (e.g. the wing of an airplane, house-hold crawl spaces,
pipes) as illustrated in Fig. [I.2(a). Robotic assistance can alleviate this burden with one
or a combination of these three control approaches: a) full autonomy, b) telemanipulation
or ex-situ collaboration, and c) in-situ human-robot collaboration. Full autonomy requires
precise knowledge of the environment and reduces the repertoire available tasks to simple,
pre-planned tasks. Telemanipulation enables the user to control the robot from outside the
confine space, but may not be suitable for applications that require complex manipulation
tasks or human sensory presence for quality control. In-situ human-robot collaboration, on
the other hand, provides robotic assistance for load-bearing, while keeping the human on
site to perform complex or manual customizations. Fig. [1.2[b) illustrates in-situ human-
robot collaboration.

Multi-backbone continuum robots (MBCRs) [[18] are well suited for deep reach within



Figure 1.2: (a) Examples of industrial workers in confined spaces. (b) Concept of in-situ collaborative robots
(ISCR) for robotic assistance in confined spaces

confined spaces with a co-located human, thanks to their distal actuation and inherent
compliance (passive safety). For increased safety, these robots must be augmented with

the ability to map their environment, sense neighboring objects, detect and localize contact

along their lengths, and adapt their behaviors accordingly.

Works on continuum robot with adaptable geometry have mostly focused on backbone
extensibility using magnetized disks [19]] and springs as to update the separation be-
tween the disks of the continuum robots. Backbone extensibility has also been considered
in pneumatic bellows [21, 22]] and McKibben actuators [23]. Variable diameter designs
have not previously been considered in the context of multi-backbone continuum robots.
Allowing the diameter of a MCBRs to vary adds an additional degree of freedom, that can
be used to optimize dexterity or payload for a given task. This kinematic redundancy can
also be utilized for contact detection along the length of the robot.

The literature on sensing methods for continuum robots is extensive. Most works have
focused on estimation of the wrench at the end effector by measuring load on actuation lines
[24]], measuring deflection from equilibrium position [25] 26| 27], or using helical Fiber
Bragg Gratings sensors [28]. Bajo et al. [29] investigated kinematics-based contact de-
tection and localization along a multi-segment MBCR. External wrenches can be detected
and localized when occurring on separate segments, but multiple contacts along a single
segment can be detected but not localized. Chen et al. also expanded and adapted this

kinematics-based approach and demonstrated its efficacy for contact detection when using



pneumatic bending bellow actuators. The proposed application requires contact detection
and localization along the full body of the robot, as well as additional sensing modalities
such as proximity sensing.

Multi-modal robotic skins have been explored in the context of rigid link robots [31,
32, 133]] and soft robots [34, 35, 35] and have included various combinations of proximity
sensing, contact detection, and normal force sensing. However, the integration of multi-
modal sensing within the structure of a MBCR has not been considered. We build on these
works and add additional sensing modalities to imbue continuum robots with whole body
sensing and mapping capabilities.

This thesis proposed the following contributions for safe human-robot collaboration:

1) Variable Diameter Continuum Robots: We present the design and kinematic

analysis of continuum robots with the ability to actively control their diameter to adapt
their performance to a given tasks or to external stimuli.

2) Continuum disks with multi-modal sensing: We present the design, characteri-

zation, and evaluation of multi-modal sensing modules integrated within the structure of a
multi-backbone continuum robots. These modules endow continuum robots with proximity

sensing, mapping, contact detection and localization, and force sensing.

1.2.2  Navigation and Situational Awareness Challenges in Neuro-endovascular Surgery

In the United States, someone has a stroke every 40 seconds and someone dies from
a stroke every 4 minutes [36l]. Of all strokes, 87% are ischemic (caused by a blood clot),
and 10% of all ischemic strokes are caused by large vessel occlusions (LVO), i.e. the
blockage of the intracranial internal carotid artery (ICA) or the proximal middle cere-
bral artery (MCA). Although relatively low in percentage, strokes caused by LVO have
a disproportionately high burden: 80% of LVO stroke patients suffer death or functional
disability [37]. There are currently two main treatment options for the management of

patients with acute ischemic stroke: intravenous thrombolysis (with r-tPA) and mechanical



thrombectomy. Mechanical thrombectomy (MT) is the endovascular retrieval of blood
clots using stent retrievers and/or aspiration catheters. This therapy was recently added to
the AHA guidelines for treatment of acute stroke, after a series of randomized multicenter
clinical trials (in 2015) demonstrated that LVO stroke patients achieve superior clinical
outcome when treated with MT, compared to r-tPA alone [38, 139, 40, 41,42, 43]]. Patients
treated with MT achieved revascularization rates up to 88% and had reduced disability rates
at 90 days (Rankin score improved by up to 50%). Furthermore, MT eliminates the high
risk of symptomatic intracerebral hemorrhage associated with the use of r-tPA.

The rise in awareness of the importance of MT stands in contrast to the availability
of this type of intervention in large portions of the U.S. geography. The standard MT
procedure involves navigating and steering through a long, thin, tortuous, and branched
vascular network, using stacked passive (no distal control) guidewires and catheters. Due
to the complexity of this procedure, only expert neuro-interventionalists at large trauma
centers are currently capable of performing MT. Even for these experts, manual navigation
and steering can take several attempts. Unfortunately, the United States has a shortage
of neurologists in general, and neuro-interventionalists in particular [44]]. Thus, upon
diagnosis, patients with LVO strokes are either transferred from local hospitals to larger
trauma centers with neuro-interventionalists or treated with the less effective intravenous
thrombolysis. Interhospital transfers are associated with significant increases in ischemic
time (additional 100 minutes on average [16,45}46]), and thus results in significantly lower
patient outcome (increases risks of permanent brain damage, disability, death).

There is a need for dexterous and actively steerable microcatheters for assisted neuro-

endovascular navigation [[17]. Such technology has the potential to increase the speed of

neuronavigation by reducing the trials and errors associated with manual navigation. In
addition, smart assistive catheters can lower the MT skill barrier and expand the workforce
available to perform these procedures, thus reducing the need for interhospital transfers.

In the past two decades, the use of steerable catheters and robotic assistance for en-



dovascular navigation and vascular surgery has gathered significant research interest, es-
pecially in the fields of cardiac electrophysiology [47) 148, 49| [50, 51]] and lung biopsy
(e.g. Monarch Platform, Auris Health). Most commercially available robotic catheter
systems have been FDA approved for cardiology and peripheral vasculature (e.g. Niobe
from Stereotaxis [52]], Sensei [53] and Magellan [54] from Hansen Medical, Amigo from
Catheter Precision [55], Corpath from Corindus [56]), and do not meet the size and ar-
ticulation requirements for navigating to common site of LVO (ICA and MCA). Bendit
(Bendit Technologies) and SwiffNinja (Merit Medical [57]) are system that meet the size
constraints for neuronavigation, but are not suited for neurovascular navigation because

they have a single planar degree of articulation.

(e)

Figure 1.3: Commercially available catheters: (a) Niobe - Stereotaxis, (b) Amigo - Catheter Precision, (c)
Corpath - Corindus, (d) Sensei Hansen Medical, (e) Magellan - Hansen Medical, (f) SwitfNinja - Merit
Medical, (g) Bendit - Bendit Technologies

In addition to commercial devices, a few steerable catheter prototypes have emerged

from research labs [58, 59, 60, 61,62} 163] 164 65, 166, 67]], but to the best of our knowledge,

none of these systems meet the simultaneous requirements of small outer diameter (< 2

mm [68]) and sufficient degrees of articulation (> 2 DOFs), while maintaining an open



bore for clot aspiration or stent retriever deployment.

In addition to navigation challenges, surgeons lack sensory feedback about interaction

forces at the tip of the catheter. The force sensed by their hands as they advance the

catheter is largely masked by cumulative friction over the catheter’s course. This challenge
leads to intentional design of flimsy passive guidewires and micro-catheters, which can
suffer from large torsional windup, making their navigation difficult. Sensing of catheter
tip forces has received extensive attention in the literature [27, 69, 70, (71, [72, (73, [74} [75]]
and point force sensing exists commercially for larger cardiac catheters (e.g. [71, [73]).
However, no sensing solutions currently can be used at the scale needed for MT. Ultrasonic
sensing for flow velocimetry has been developed and explored for the past two decades
[76]. The presence of the ultrasonic piezoelectric elements at the catheter tip prevents
miniaturization while retaining a hollow and flexible tip. Such catheters have been used
for cardiac applications [77][78]. Miniature IVUS ablation and imaging catheters (e.g.
Boston Scientific’s Ultra-ICETM) lack the necessary tip flexibility and a working bore.
Furthermore, active compliance control of continuum robots has been sparsely addressed
for larger designs (e.g. [79]) and no commercial or research systems have demonstrated
active compliance of miniature intravascular catheters.

The speed and extent of recanalization are the strongest predictors of good clinical
outcome after ischemic stroke treatment. Each 10 minutes of ischemic time correlates
with 40 additional patient disability days and $10,000 increase in economic burden [80]].
Complete revascularization from a single thrombectomy device pass, known as the “first
pass effect”, has been associated with significantly higher rates of good clinical outcome
[81]. With current techniques, first pass clot retrieval is achieved only in 25% of cases
[81]. These inefficiencies are partly linked to sensory deficiencies hampering the surgeons’

perception. The two key perception barriers are 1) lack of real-time simultaneous visual-

ization of clot location and catheter tip, and 2) lack of sensory feedback about the quality

of clot engagement with the catheter tip. Surgeons currently rely on subjective measures




(e.g. lack of blood return in the aspiration catheter [82]) to guess when they can attempt
pulling the aspiration catheter. In the case of pre-mature catheter retrieval, the full process
of endovascular navigation, x-ray imaging, and aspiration has to be repeated. Studies have
shown that repeated passes with thrombectomy devices significantly reduce the likelihood
of a good functional outcome for the patients [83]. As previously mentioned, none of
the catheters or prior works address sensing at the scale needed for neurointervention while
preserving a working bore and a very flexible tip as required for safe intracranial navigation.
The most relevant work in the literature is [84], which investigated the force applied on the
catheter tip as a function of clot proximity using computational fluid mechanics. We build
on the reported results and propose a stochastic model based on experimental data in order
to relate measured vacuum to proximity for a known flow rate.

In light of these clinical needs and technical gaps, this thesis proposes the following
contributions for neuro-endovascular surgery:

3) A multi-articulated, actively steerable catheter system: We present the design,

fabrication, and kinematic modelling of steerable microcatheter that meets the size and
articulation requirements for neuro-endovascular navigation, while maintaining an open
bore for suction or stent deployment. A custom 4-DoF actuation unit was designed with
series-elastic elements to allow for fault-tolerance, increase safety, and enable force sensing
at the catheter tip.

4) Self-steering for intelligent neuronavigation: We propose the use of preoperative

CT scan of the target vasculature to create a nominal path plan, by optimizing the catheter
shape to match the local section of vasculature. We also present a method for intra-operative
catheter pose tracking and filtering from bi-plane fluoroscopy images.

5) Catheter Parameter Optimization for Patient-Specific Interventions: We present

an approach for electing the optimal catheter design parameters to navigate a given vascu-
lature anatomy with minimal shape deviations.

6) Multi-mode assistive control and user interface: We implemented and experimen-

10



tally validated a multi-mode controller for real-time control of the robotic catheter. We also
designed graphic user interfaces to enable the user to interface with the system intuitively.

7) Clot proximity and engagement metrics: We present a preliminary exploration

the effect of pulsatile pressure excitation on catheter-clot proximity and engagement. We
present a custom apparatus that replicates the setup for aspiration thrombectomy (with
mock phantom vasculature and thrombus models) and integrates pressure and distance
sensing modalities. The results obtain through this preliminary work suggest that there
may be a path forward but more work is needed to establish the expected accuracy of this

approach.
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CHAPTER 2
VARIABLE GEOMETRY CONTINUUM ROBOTS

This chapter is adapted from "Design Considerations and Redundancy Resolution for
Variable Geometry Continuum Robots" published in "2018 IEEE International Conference
on Robotics and Automation (ICRA)" and has been reproduced with the permission of the

publisher and my co-authors Andrew Orekhov and Nabil Simaan © 2018 IEEE.

2.1 Introduction

Continuum robots have been and are still being explored for potential use in many
applications, including surgical robotics [85, 86, 87]], field robotics [88]] and manufacturing
[22]. Multi-backbone continuum robots (MBCRs) are a subset of continuum robots, which
were introduced in [18] as a design variation over wire-actuated single backbone designs
from Gravagne and Walker [89]. In lieu of a wire-actuated single backbone, a MBCR
uses several push-pull backbones both as load-bearing structural elements and as actuation
lines. The design presented in [18] can be configured as non-extensible or extensible (e.g.
[19]) by simply allowing all backbones to extend and having a means for maintaining
separation between disk elements to keep all the backbones at a fixed radial distance
from each other. In [19] such separation was achieved using the repelling forces between
magnetized disks, while in [20], springs were used between the disks of a single-backbone
wire-actuated design. Other non-MBCR designs offering backbone extensibility include
pneumatic bellows [21}, 22] and McKibben muscles [23].

Allowing the diameter of a continuum robot to vary is potentially advantageous in
terms of workspace and the ability to use kinematic redundancy to optimize dexterity. In
[90]], active diameter control is utilized to vary the bending radius and stiffness of a non-

MBCR continuum robot. Still, there is a need to explore the ability of a MBCR to adapt its
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kinematic dexterity and load-bearing capabilities to optimize its performance for a set of
tasks or for a given workspace.

To address this need, this chapter highlights a preliminary design exploration of contin-
uum robots with the ability to control their diameter. A design using the angulated scissor
linkage (ASL) as a means for controlling the diameter of the continuum robot is presented
and analyzed. An exploration of the design space for continuum robot segments having
adjustable diameter disks is coupled to an exploration of possible design parameters for
the circular scissor mechanism. Finally, a simplified statics model for variable diameter
continuum robots is presented. The kinematic coupling between the diameter change and
the joint-level kinematics is derived. A redundancy resolution scheme that aims to reduce
the load on the secondary backbones while maximizing the workspace is presented as a

simulation case study.
2.2 Design Concept of Variable Diameter Continuum Robots

Figure [2.1] shows the conceptual design of a variable diameter MBCR. The design
includes multiple serially stacked segments, but for clarity, the figure shows only a single
segment. Four backbones are circumferentially equidistantly distributed and the distance
between them is controlled by several spacer disks. These spacer disks control their diam-
eter by using an angulated scissor mechanism as shown in Fig. [2.1(a). The distal spacer
disk (called the end disk) is fixed to the backbones, while all other spacer disks allow
the backbones to slide through holes in their hinges. The distance between the disks is
maintained through the use of compression springs wrapped around the backbones. Linear
actuators are attached to the base spacer disk through a mechanical coupling not shown in
the figure. These actuators control the length of the backbones and move radially when the
spacer disks expand. By pulling and pushing on these backbones in a synchronous manner,
the continuum segment may be bent in two controllable degrees of freedom.

The angulated scissor mechanism can be actuated by passing a wire loop within the
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walls of the scissor mechanism. Referring to Fig. [2.Ifa), the wire loop passes over
small pulleys connected at the outer circumference points b and loops back over similar
pulleys on the inner circumference points éﬂ By shortening this loop, points a-b are pulled
together, causing the diameter to expand. When the wire loop is released, the diameter of
the disk shrinks due to circumferential springs attached as shown in Fig. 2.1(a).

The angulated scissor mechanism has been described in [91] where a review of its po-
tential architectural applications and basic position analysis were presented. When choos-
ing the design concept, we chose the angulated scissor mechanism because of several ad-
vantages over other design alternatives resulting in a variable diameter. The key advantage
of this design compared to other designs (e.g. [92], [93,04]) is that it allows a large working
channel within the structure of the continuum robot and achieves radial expansion without

additional torsion to the backbones.

Figure 2.1: A variable diameter MBCR: (a) Angulated scissor mechanism showing the actuation points a and
b, (b, c) A single segment MBCR at two diameter extremes.

2.3 Position Analysis of the Circular Angulated Scissor Linkage

To inform the design of a variable diameter MBCR, the kinematic analysis of the

ASL is formulated. Table 2.1] and Fig. [2.2] present the key nomenclature used in this

"Though points a and b are shown at only one disk, the assumption is that all disks are identical and
equipped with similar pulleys - hence the reference to circumference points.
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analysis. Following the categorization in Table [2.1] the vertices of an ASL can be grouped
into: innermost hinges (placed at radius a), middle-radius hinges (placed at radius r), and
outermost hinges (placed at radius b). Furthermore, for the purposes of facilitating the
analysis, Table[2.2] presents the independent (input) and dependent (output) variables of the
ASL. The hinges associated with these radii will be henceforth referred to as points a, r

and b, respectively.

L

Figure 2.2: Annotated geometric diagram of the ASL.

The radius r is chosen as the independent variable describing the configuration of the
linkage. For a given configuration radius (r) and linkage parameters (I, l», n), we seek to
calculate the corresponding radii a and b. In addition, the constraint on the elbow angle ¢

for a physically realizable system is investigated.
2.3.1 Position Analysis

Referring to Fig. the radii a and b are calculated by applying the cosine rules to
triangles Aoar and Aobr. Note that the relationship between the central angle 2¢ and the

number of rhombuses 7 in the ASL is ¢ = 7 /n.

azrcos(%) - \/1%—r2sin2 (%) 2.1)
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Table 2.1: Angulated Scissor Linkage Nomenclature

n | Number of rhombuses (n > 2)
- Radial distance of mid-range vertices:
configuration radius
Radial distance of the innermost vertices
a .
of the linkage
Radial distance of the outermost vertices
b .
of the linkage
d | Joint diameter
/1 | Linkage inner arm length
[ | Linkage outer arm length
20, Central angle
Angle between a ray and the inner arm of
o .
an angulated link
Angle between a ray and the outer arm of
an angulated link
¢ | Elbow angle

Table 2.2: Parameters and Variables Classification

Parameters | Variables

Independent | n, I, [ r

Dependent | d, o, ¢ a, b, o, B
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b = rcos (%) + \/l% — r2sin? (%) (2.2)

These solutions correspond to the elbow in and elbow out configuration, respectively, and

are only valid for:
I I

r< sin (%) < sin (%)

(2.3)

2.3.2 Geometric Constraints

For a circular ASL to be radially expandable, it must not violate the structural constraint
of a fixed elbow angle ¢ . This angle is calculated as a function of the independent linkage
parameters /1, [, and n. As shown in Fig. the relationship between the angles ¢, «,
and f is:

p=0+p (2.4)

where « is solved for by substituting the solution for a into the cosine law for Aoar and 8

is solved for by substituting the solution for b into the cosine law for Aorb.

2

a=cos”! £s§,+c6 1—<£) 52 (2.5)
2

B =cos! és%,—cg 1—(%) 52 (2.6)

where c¢s = cos(m/n) and s¢ = sin(7/n).

Figure [2.3]is a plot of the elbow angle ¢, as a function of the dimensionless linkage
radius /Iy, for different arm length ratios (I /1;). It is apparent that ¢ only remains constant
for the length ratio I, /I; = 1. Therefore, for a physically realizable system, both arms of
the elbow-shape links must have the same lengths (I, = /).

The choice of ¢ is dependent on the number of rhombuses (n) used to assemble the

linkage, and thus on the central angle (20). The relations ¢ (n) and ¢ (20) are illustrated in
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Fig. 2.4

' ' ' b/l
200F 1—0.5

Figure 2.3: Plot of the elbow angle (¢) vs. (r/I;) for various arm length ratios (I /1;).

2.3.3 Local and Global Extrema of Linkage Vertices

Here, we investigate the range of achievable radii for vertices a, r and b. This range
depends on the linkage parameters (/1,n), and the diameter (d) of the physical joints. Fig.
[2.5] shows the boundary configurations of the linkage. In the folded configuration (rn),
the joints of the innermost vertices collide and become tangent to each other as seen in Fig.

[2.5(a). The governing equation is:

d
= 2sin(7) 2.7)

Solving the cosine law for Aoar, we express the radius r as a function of a:

r=acos (%) + \/lf — a?sin® (%) (2.8)
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Figure 2.4: Elbow angle ¢ as a function of number of thombuses n and interior angle 20.

By substituting (2.7)) into (2.8), the minimum linkage radius is formulated:

d d\?>
_ 2= 29
min 2tan (%) ! ( ) 2.9)

The linkage at its expanded configuration (rqy) is illustrated in Fig. [2.5[b). At this
configuration, the innermost joints are tangent to the outermost joints (i.e. b —a = d).
Substituting (2.1)) and (2.2)) into this tangency constraint and solving for r, the maximum

linkage radius is calculated:

1 d\?
Tmax = — 112_<_> (2.10)

Note that ry,, satisfies the constraint set in (2.3)).

Next, the ranges of motion of the innermost and outermost vertices are investigated and
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Figure 2.5: ASL at its boundary configurations: (a) folded (7,,;,) and (b) expanded (7;,,4x)
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compared to determine the optimal positioning of the secondary backbones and linkage
actuation. The derivatives of (2.1I) and (2.2) with respect to radius r are calculated to

determine local extrema of a and b, respectively.

(2.11)

db < ) rsin’ (%)
\/ 1? —r2sin® (%)
Given that n > 2, da/dr is positive for all physically admissible values of r, meaning that

the radius a has no local extremum. The radius b, on the other hand, has a local maximum

which is calculated by setting db/dr to zero and substituting the corresponding radius r

into (2.2)):

(2.12)

bpax = —— (2.13)

The relations and linking the radii a and b to the input radius r are normalized
and plotted for different values of number of rhombuses # in Fig. [2.6] For each value of n,
the range of r is such that r € [Fin, Fmax)-

As predicted, the radius a has no local extremum while the radius b has a local maxi-
mum at /l} = 1/tan(x/n). The global extremum a,,;;, and a,,,, are functions of r,,;,, and

T'max, respectively:

Amin = fa(rmin) Amax = fa(rmax) (214)

where f, is the relation defined in (2.1).
The trend in the global minimum (b,,;,) is noteworthy; for n < 6, b,,;;, occurs at the

expanded linkage configuration(7,,,y), and for n > 6, b,,;, occurs at the folded configuration
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Figure 2.6: Normalized relation between the radii a vs r (top), and b vs r (bottom) for different number of
rhombuses n. The radius a has no local extremum, while radius b has a local maximum at r/l; = 1/tan(x/n).
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(Tmin)-

So(rmax), f2<n<6

bmin -

fo(Fmin), otherwise.

where fj, is the relation defined in (2.2)).
2.3.4 Range of Motion of Linkage Vertices

Figure [2.7] compares the normalized radial change of points a, r and b as a function of
the number of rhombuses n. For all values of n, the innermost vertices (points a) of the
linkage achieve the widest range of radial change. For n < 6, the normalized radial change
of the outermost vertices (points b) is inversely proportional to the radial change of points
r and a. For n > 6, this trend is reversed, and all three vertices move in the same radial

direction. This behavior is shown in part 2 of the multimedia extension.

1
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Figure 2.7: Comparison of the dimensionless ranges of motion achieved by innermost, mid-range, and
outermost vertices of a linkage (a, r, and b, respectively) as a function of the number of rhombuses n.

Given that the radii @ and r are proportional for all values of n, we made the design

choice of placing the four secondary backbones of the continuum robot at the mid-range
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vertices (radius r). The linkage can then be actuated using either torque tubes coupled to
a screw drive or the wire-pulley design described above to bring points a and b closer to
each other. In order to keep the secondary backbones radially symmetric, the linkage was
designed with n = 8 rhombuses, which corresponds to a 26% change of the outer diameter

(points b).
2.4 Constraints on Radial Expansion

Section[2.3|explored the allowable radial expansion and contraction, as a function of the
linkage parameters /1, n, and d. In this section, interference between the disks of continuum
segment is investigated as an additional constraint on the diameter expansion.

Consider a continuum segment of length L, with n; identical disks of height ;. The
pitch radius and outer radius of the segment are the dimensions r and b of the circular ASL,
respectively. Fig. shows a case of disk interference; the trigonometry of the hashed

triangle is such that:

©
L

L T
A

Figure 2.8: MBCR disk interference. The maximal outer diameter b is a function of 6z and the packing
fraction (PF).
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7T/2—9L . hd/2
tan <2(nd_1)) = p*—b (2.15)

where p* = (L—hy)/(m/2—6L).
Solving (2.15) for b and substituting p*, the following relation is obtained:

behy | L | £ (2.16)

where @ = 6, — 7.

The packing fraction of a continuum robot (PF € [0, 1]) was defined in [95] as a dimen-
sionless parameter that describes the fraction of a segment backbone that is occupied by
spacer disks:

pr & "dd
L

(2.17)

Rewriting (2.16) to be independent of the segment length L, and dependent on the
packing fraction PF, we obtain the dimensionless maximum allowable outer radius b/L, as

a function of the configuration variable ®:

b PF/1 | |
_:_(__ S )__ (2.18)

This equation signifies that the maximum allowed radial expansion b/L is proportional
to the packing fraction, and inversely proportional to the bending of the continuum segment.
Indeed, higher packing fraction corresponds to reduced bending of the segment, which

decreases the probability of disk interference during radial expansion.
2.5 Instantaneous Kinematics of a Variable Diameter Continuum Robot
Referencing [96]], the motion of MBCRs can be represented in three main subspaces.

a) The configuration space, 1 = [0, 5]", describes two degrees of freedom of a continuum
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segment, namely the in-plane bending angle 6;, and the orientation angle of the bending
plane 5. b) The joint space g = [q1,...,q4]" describes the displacement of the secondary
backbones used for actuation. c¢) The task space & describes the pose of the end effector,
expressed in cartesian coordinates. The Jacobian Jg, links the joint space to configuration
space, and J . links the task space to configuration space. Both were derived previously
n [97]. The variable diameter feature creates an additional joint variable: the linkage
actuation radius a. Thus, an augmented joint space vector is defined as ¢ = [q',a]T. The
Jacobian J 44, linking this new joint space vector q to the configuration vector 1) is derived
in this section.

The length of the i secondary backbone L; is a function f; of the pitch radius r, and

the configuration variables 6y and o (see [96]]):
L= fi(r(a),0r,8) = L+ r®cos(5;) (2.19)

where 6; = § + (i — 1) 7. Differentiating L; with respect to time yields:

di _ . _dfi  Of;

dLi _ . 9fis
a =5, 50,

36,00 EF;

(2.20)

Writing (2.20) in terms of a and separating the configuration variables from the joint

variables, we obtain:

CAfi(dr\. Ofi . Ofi,
q,_W(%)a L g+ Ss (221)

where dr/da is obtained from taking inverse of da/dr, calculated in . Combining the

instantaneous velocities of all four backbones into matrix form yields:

cos 0
Lis —O% | 0 || a=Jgud (2.22)

cOS 04

>4
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The augmented Jacobian J 4, linking the augmented joint space g to the configuration
space ) is then given by:
Joup = A+Jq¢ (2.23)

where AT is the pseudo inverse of the 4 x 5 matrix A.

2.6 Statics Modeling

2.6.1 Statics Using Virtual Work

The statics of this variable diameter continuum robot are derived using the virtual work
principle similar to the steps in [96]. Here, the case where the robot is actuated by torque
tubes is considered, so the actuating force that changes the diameter does not act against the
secondary backbone forces. For this actuation scheme, the springs within the mechanism
are not used. Gravitational energy and the energy of the coaxial springs (on the secondary
backbones) can be considered negligible compared to the bending energy of the backbones,
so the elastic energy of the robot is given by the sum of the circular bending energy in each

of the secondary backbones:

U=f(08,r)=Y <E192> (2.24)

where E is the Young’s modulus of the backbones and 7 is the area moment inertia of the
backbone’s cross section.

An external wrench W, applied to the end disk produces a virtual displacement Ax as
well as a corresponding displacement of the joint positions Aq. If the actuator forces re-
quired to maintain equilibrium are given by 7, the total change in energy of the manipulator
is given as:

W, Az +7"AG — VUAr — VU A =0 (2.25)

where the scalar VU, is the gradient of (2.24)) with respect to the kinematic radius r and the
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vector VU, is the gradient of (2.24) with respect to the configuration vector ):

EI®3 & [ cos(8)
VUr==73 Z( Li

i=1

4 O _ r®*yv4  cos(8)
i=1L; 2 ~i=l1 Liz

VU, =EI

r® 4 sin(5)
2 Li=1" 7

Taking note of the following definitions:
Az = Jpp AP, AQ=JgpAp, Ar=J. A
the virtual work expression in (2.25]) can be written as:
Jay™ =31, VU + VU, - JL, W,
The minimum-norm joint forces are then given by:

F=(I0y) " Iy VU 4 VU, — T3, We

2.6.2 Reducing Actuation Loads by Varying the Diameter

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

To investigate the effect of variable diameter on the actuator loads, the workspace of

a single 2-DoF continuum segment was scanned for —% <9, < % and 0 < 0 <2m. At

each point, the maximum and minimum allowable radii were calculated using the criteria

in Sections [2.3] and [2.4] Then, the actuation loads from (2.30) were determined for both

r = I'max and r = rp;,. During this simulation, it was assumed that the backbones can

support a specific payload ratio p,, defined as the ratio of the magnitude of a load on

the end disk to the maximal load that a single backbone can carry (300 N). At each

configuration, the direction of the end-effector force was sampled in all directions, with
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30° steps in yaw and pitch. Any pose was considered within the segment’s workspace
if all actuation loads resulted in p, smaller than an allowable payload ratio. The surface
area of a Delaunay triangulation of the resulting point cloud was then used for comparing
the workspaces. Figure [2.9] shows the point cloud results of this simulation for p, = 0.4.
When the diameter is maximized, the robot is able to reach 50% of the commanded poses.
However, when the diameter is minimized, the robot is only able to reach the poses near
the straight configuration (18% of the workspace). The achievable workspace increases by
64% by varying the diameter from minimal to maximal radius. Finally, Fig. [2.10] shows

the achievable workspace for various allowable payload ratios.

200 4
150 -
=
= 100 O+ 7=
N 50 . ' = Tmin
0‘
100 100
0 0
-100 -100
y (mm) X (mm)

Figure 2.9: Workspace satisfying payload ratio p, = 0.4. When the diameter is minimized, only the poses
near the straight configuration (dark blue) are achieved.

2.7 Redundancy Resolution for Optimizing Actuator Forces and Workspace

2.7.1 Gradient Projection Formulation

Here, a redundancy resolution scheme is presented that utilizes the kinematic redun-
dancy provided by the variable diameter mechanism to reduce the required actuator forces.

In the above sections, the kinematics of a single 2-DoF segment was presented. Now
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Figure 2.11: Four poses of the manipulator are shown for a trajectory tracking task. The robot uses its variable
diameter to reduce actuation forces while avoiding joint limits and preventing disk interference.
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consider a 6-DoF multi-segment continuum robot consisting of three stacked segments and
four secondary backbones per segment. The segments are assumed to be stacked such
that the secondary backbone curves for adjacent segments are aligned. It is also assumed
that all segments have the same diameter, which is changed via a single actuation input a.
Furthermore, the actuation is assumed to be designed such that the motion of the secondary
backbones for each segment is decoupled (see [98] for one such implementation). In the
following simulations, the vector of joint variables ¢ = [q1,--,¢¢,a] includes only two
backbones per segment since two of the four backbones are redundant. The instantaneous

kinematics of the three-segment robot then takes the following form:

Asq = Jqup, s 2.31)

qu/ﬂl 0 0
Jap, = | 0 Jgup, O (2.32)

0 0 JQ3¢3

Ay
As= |Iswe Az (2.33)

Aj
Referencing , A, is the top-right 2 x 1 submatrix of A, and Jg,,, contains the first
two rows of Jacobian J4,, for the ith segment. The spatial configuration vector is defined

as s = [¢1,¢n, 1/)3]T. The generalized solution for the inverse kinematics is given by:

qd=A Ty b+ I—-ATA)n (2.34)
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where 7 is a vector of optimal joint velocities that is projected into the null-space of Aj.

The gradient projection method of redundancy resolution gives 7 as:

n=AVg(q) (2.35)

where g(q) is an objective function that should be locally optimized, and A is a scalar
defining the step size taken along the gradient. To minimize the actuator forces, the
objective function can be defined as the weighted sum of the Euclidian norm of the actuator

forces and a term associated with the distance from the joint limits [99]]:

g((Aj) — ”7~_ H oy i (C]max,i - Qmin,i) (2.36)
y i=1 <(Imax,i - qi) (qi - Qmin,i)

(. J
v~

H

The 13 x 1 vector 7y is found using (2.30)), except twist transformations are applied to the
Jacobian J,, for the second and third segments as shown in [100]. The objective function
in (2.36) will minimize the norm of actuator forces except when the robot approaches its
joint limits, since H approaches infinity as the joints approach their limits. The joint limits
associated with the secondary backbones are constant for a given actuation design. The
joint limit for a is updated at each control loop before evaluating (2.34) to account for the
possibility of disk interference (see Section [2.3)). The gradient of H with respect to the
joint variables is simple to derive. For the results below, the gradient of ||7;|| is computed

numerically via finite differences.
2.7.2 Simulation Results

The above redundancy resolution scheme was simulated for the task of tracking a
moving target along a circular trajectory in the x-z plane while keeping the end disk parallel
to the x-z plane, as shown in Fig. The circular trajectory was centered at [0, 150,435]
mm, with a radius of 70 mm. The desired 1), in was generated using a singularity-
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Table 2.3: Geometric Parameters of the Robot

Backbone OD L ng | PF I O |n
1 mm 200mm | 8 | 0.4 | 20 mm | 135° | 8

robust inverse of the Jacobian in the instantaneous kinematics expression Y, =J ;lesa: The
three-segment Jacobian J, was found by applying twist transformations to the single-
segment Jacobians . The geometric parameters used in the simulations are given in

Table[2.3] In addition, the Young’s Modulus of the backbone is E = 74 MPa.
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Figure 2.12: (Top): Joint values when the diameter was allowed for vary to reduce actuation forces. (Bottom):
Joint values when the diameter is fixed.

The robot was first simulated moving along the circular trajectory while keeping its
diameter at a minimum, i.e. @ = a,,;,. We used a = a,;;, because this provides the largest
possible workspace corresponding with onset of collision between the spacer disks. A

small diameter does however increase the required actuator forces, so there is generally a
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trade-off between workspace volume and actuation forces.

The robot was then simulated following the same trajectory while allowing the diam-
eter to vary according to the gradient projection formulation in (2.34). The redundancy
resolution parameters were w; = 1 and wp = 1 and A = 0.05. The simulation sample
time was 0.001 seconds. The minimum and maximum values of g associated with the
secondary backbones were set to -200 mm and 200 mm, respectively. The minimum and
maximum values of a were updated for each time step using the results in Sections [2.3|
and 2.4 Both simulations also included a load of 2 kg in the negative z direction, i.e.
W, = [0,0,—-19.62,0,0,0]T, to simulate a payload being carried by the manipulator.

Figure [2.12] shows the joint positions for each of the two simulations. When kinematic
redundancy is enabled, the diameter first begins to increase to reduce actuator loads. As the
manipulator moves to a pose that causes disk interference, the diameter then decreases to
avoid the joint limit on a. As the robot moves back to the starting pose, the diameter again
increases to reduce the actuation forces. Snapshots of this sequence are shown in Fig.

Figure [2.13] shows the Euclidian norm of joint forces for each simulation. When
allowing the diameter to vary, the root mean square reduction in the norm of joint-level
forces was 48.3 N with a standard deviation of 17.6 N across the trajectory. In the middle
of the trajectory, the robot is in an area of the workspace where the diameter cannot be
significantly increased due to disk interference, so the actuator force reduction is more
pronounced at the beginning and end of the trajectory. By varying its diameter, the robot
benefits from reduced actuator forces while preserving the expanded range of motion pro-

vided by a smaller diameter continuum robot.
2.8 Conclusions

In this chapter, we presented a preliminary design exploration of continuum robots
with the ability to actively control their diameter by using circular angular scissor linkages

(ASL) as spacer disks. To inform this design, we analyzed and compared the motion of
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Figure 2.13: Varying the diameter of the manipulator introduces kinematic redundancy that can be used to
significantly reduce the required actuator forces.

the innermost, middle-radius, and outermost hinges of the ASL for different numbers of
rhombuses. We also investigated the constraints on radial expansion due to hinge collision
within the ASL and interference between the spacer disks of the continuum robot. The in-
stantaneous kinematics and statics of a variable diameter MBCR are derived. A redundancy
resolution scheme is utilized to compare the performance of a MBCR with and without
variable diameter in simulation. The results from this study show that the redundancy
introduced by varying the diameter of a MBCR significantly reduces the actuation forces
while preserving the workspace and avoiding joint limits. For this reason, we believe
that the ability for a continuum robot to adapt its geometric parameters is advantageous
in optimizing its performance.

This work is a step towards continuum robots with situational awareness that will
use their sensing capabilities to adapt their structure in order to optimize task execution

performance.
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CHAPTER 3
A MULTI-MODAL SENSOR ARRAY FOR HUMAN-ROBOT INTERACTION AND
CONFINED SPACES EXPLORATION USING CONTINUUM ROBOTS

This chapter is adapted from "A Multi-Modal Sensor Array for Human-Robot Inter-
action and Confined Spaces Exploration Using Continuum Robots" published in "IEEE
Sensors Journal" and has been reproduced with the permission of the publisher and my

co-authors Andrew Orekhov, Garrison Johnston, and Nabil Simaan © 2021 IEEE.

3.1 Introduction

Industrial workers often perform manufacturing, assembly, and maintenance tasks in
confined spaces. For example, construction professionals sometimes explore and repair
structural, electrical and pipe systems in crawl spaces of homes. Airplane mechanics have
to crawl into the wing space to inspect and repair hydraulic leaks or fuel tanks. Pipeline
workers have to inspect and service storage tanks and large pipes from within. These
working conditions put them at risk for work-related musculoskeletal disorders due to
sustained non-ergonomic postures [15].

Robotic assistance can alleviate this burden by supporting loads and performing repeti-
tive tasks. This working model has become commonplace in open and structured manufac-
turing environments, where robots are used both autonomously and in close collaboration
with workers [101} 102, [103]]. However, collaborative manufacturing in confined spaces
demands new cooperation modes with levels of dexterity, sensing, and safety that exceed
the capabilities of existing robotic systems.

There are three viable approaches for robot deployment in confined spaces: a) full
autonomy, b) telemanipulation or ex situ collaboration, and c) in situ human-robot col-

laboration. Full autonomy requires precise knowledge of the environment and reduces
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the repertoire of available tasks to simple, pre-planned tasks. Telemanipulation enables
the user to control the robot from outside the confined space, but may not be suitable
for applications that require complex manipulation tasks or human sensory presence for
quality control. Additionally, most applications that would require robot assistance within
a confined space involve operation within semi-structured environments where the basic
geometry is known based on the nominal manufacturing plan, but the actual environment
differs from this a priori plan due to manual customizations (e.g. passing new wire har-
nesses, pipes and air conditioning ducts). In situ human-robot collaboration overcomes the
aforementioned limitations by providing robotic assistance for load-bearing and repetitive
tasks while keeping the human on site to perform complex tasks or manual customizations.

Thanks to their distal actuation, load bearing capabilities, and inherent compliance
(passive safety), continuum robots [[18] are well suited for deep reach within confined
spaces with a co-located human. These robots include serially-stacked segments with each
segment comprised from a base disk, an end disk, spacer disks, a central backbone, and
tendons or secondary backbones circumferentially distributed around the central backbone
and used for actuation. This robot architecture offers the advantage of reduced moving
mass since they can be actuated using cables while maintaining the actuators at the base. To
further increase the robot situational awareness, and thus ensure the safety of the collocated
human, these robots must be augmented with the ability to a) map their environment, b)
sense proximity to neighboring objects, and c¢) detect and localize contacts along their
lengths and circumferences. In situ Collaborative Robots (ISCRs) are a novel class of
continuum robots that meet these functional requirements.

The literature on sensing methods for continuum robots is extensive. Most works have
focused on estimation of the wrench at the end effector by measuring load on actuation
lines [24) [104]], measuring deflection from equilibrium position [235, 26} 27, [103], or by
integrating Fiber-Bragg Gratings sensors [28, 106, [107]. In [108] and [29], a kinematics-

based method for contact detection and localization along a multi-segment continuum robot
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was investigated. One limitation of this work was that while external wrenches applied on
separate segments could be detected and localized, multiple contacts along a single segment
could be detected but not localized. Chen et al. [[30] expanded and adapted this kinematics-
based approach for contact detection on pneumatic bellow actuators. Nevertheless, none
of these methods are sufficient for in situ human robot collaboration, as this application
requires contact detection and localization along the full body of the robot. Furthermore,
this application requires the integration of additional sensing modalities for force estimation
and proximity sensing.

Sensor arrays and robotic skins for whole body sensing have received significant re-
search interest in the past few decades, as surveyed in [109] and [110]. Several works on
multi-modal sensing skins, including various combinations of proximity sensing, contact
detection, and force sensing, have been published in the context of rigid link robots [31,
32, 133]] and soft robots [34} 35, [111]. In [112], the authors present whole-body proximity
sensing for human-robot interaction with rigid link robots. However, the integration of
multi-modal sensing within the structure of a continuum robot has not previously been
considered.

The contribution of this chapter is in presenting the first case of continuum robots capa-
ble of environment shape mapping, contact detection, and force sensing, using distributed
sensory disk units (SDUs) along their length. A preliminary design of these novel SDUs
was presented in [[1], but was limited to presenting the design concept of a single SDU
and the validation of its potential use on a PUMAS560 robot. Relative to our prior work,
this work presents a polished and ruggedized redesign of the SDU, along with details of the
fabrication process, electronics, communication, integration of these SDUs on a continuum
robot segment, and validation of mapping capabilities of a continuum robot using these
SDUs. We also present the use of these sensors for contact detection and localization,
force sensing, and user interaction using admittance control. All of these new sensory

capabilities can open a new horizon for the design and use of continuum robots for human-
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robot interaction and exploration of unstructured environments.

The rest of this chapter is structured as follows: First, we detail the design specifications
and fabrication procedure for the SDU in Section[3.2] Next, we present the characterization
and calibration of the different sensing modalities within the SDU in Section Finally,
in Sections [3.413.6] we demonstrate mapping, bracing, and human-robot interaction under
compliant motion control using a single SDU mounted on a PUMA robot and an array of

SDUs integrated within a continuum robot.
3.2 Design and Fabrication

The overarching goal of this research is to enable safe human-robot collaboration in
semi-structured confined spaces. To achieve this goal, the ISCR must be endowed with
whole-body situational awareness in order to a) map the confined space to update an a
priori model of the environment, b) detect approaching objects, c) detect and localize
contact along its body, and d) measure applied external force along its body. In addition,
these sensing modalities must seamlessly integrate within the structure of the continuum
robot without adding bulk or excess cost.

Given these design specifications, we propose an array of multi-modal sensing disk
units - SDUs (Fig. that serve the dual purpose of sensing elements for whole-body
situational awareness and spacer disks for the continuum robot. Spacer disks are passive
structural elements on which the central backbone of a continuum robot is mounted and
through which tendons slide to achieve controlled bending in different planes [113, [18].
Fig. [3.1}(c) shows an overview of the proposed embodiment: a one-segment continuum
robot with an array of five SDUs integrated within its structure and separated by metallic
bellows.

Figure[3.2]presents a detailed view of the internal structure and components of an SDU.
Each SDU includes eight time-of-flight (ToF) sensors, eight Hall effect sensors, and eight

embedded magnets distributed around its circumference.
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15.8 cm

Figure 3.1: (a) Multi-modal sensing disk unit (SDU) with proximity sensing, mapping, localized contact
detection, and force sensing capabilities. (b) Section view of the SDU prototype, showing integrated Time-
of-flight sensors, Hall effect sensors, and custom multiplexer PCBs. (c) SDUs integrated into the structure of
a continuum robot for augmented robot situational awareness.

Figure 3.2: The SDU includes two custom PCBs (@ for multiplexed I?’C communication between eight time-
of-flight (ToF) sensors @, eight Hall effect sensors ), and a Teensy microcontroller (not shown). The
magnets @ used for Hall effect sensing are embedded within a silicone sleeve 3. This sleeve is overmolded on
a 3D-printed half disk cover (® that encases the SDU. These components are mounted onto a core aluminum
disk (@), for easy integration within a continuum robot.
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3.2.1 Time of Flight Sensors

The ToF sensors (STMicroelectronics VL6180X) compute the absolute distance to the
nearest object by measuring the time the light takes to travel to the object and reflect back
to the sensor. Distributed along the surface of the continuum robot, these sensors enable
proximity sensing to detect an approaching object and obtain a point cloud map of the
environment. While the density of the map obtained is limited by the physical distribution
of the sensors on the robot, a denser map can be obtained by collecting points as the robot
is moving or by implementing a control mode in which the continuum robot rotates about
its central backbone as presented in [114] . We selected ToF sensors with 0 — 100 mm
range to be able to accurately predict onset of contact with a human or an object along
the body of the continuum robot. Longer range ToF sensors (e.g. VL53L0X) have been
considered, but while they increase the range of detectable objects, they are less accurate
for short range interactions. Nevertheless, given that their pinout is identical to our current
ToF sensors, these sensor models can be easily integrated into the current setup for mixed

range proximity sensing and mapping.
3.2.2 Hall Effect Sensors

The Hall effect sensors (Melexis, MLX90393) measure magnetic flux density along
their three orthogonal axes of symmetry. To use these sensors for force measurements, we
followed the working principle described in [115] and illustrated in the inset of Fig. [3.2]
For each Hall effect sensor, there is a radially-offset cylindrical magnet (KJ Magnetics,
D21B-N52, 3.175 mm diameter, 1.5875 mm thickness) embedded in a silicone sleeve. Any
external contact with the sensor disk displaces the magnet within the silicone, thus causing a
change in magnetic flux density, which is detected by the corresponding Hall effect sensor.
The uncalibrated measurements can be used as an “on/off" metric for contact detection.
Once calibrated with a commercial force sensor, this Hall effect setup can be used as a

force sensor. Furthermore, because the sensors are distributed at known locations along
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the robot, the contact detection and force measurement can be localized. The deformation
of the silicone sleeve, caused by the application of an external force, is local and only
detectable by the closest Hall sensor. The sensors distribution around the SDU is such that

neighboring Hall sensors are separated by at least 30 degrees, i.e. 8.27 cm of arc length.
3.2.3  Silicone Sleeve

In addition to housing the magnets for Hall effect sensing, the silicone sleeve protects
the robot from harsh interactions with both the environment and the user. The sleeve is
casted directly onto each half disk cover (HDC) shown as ® in Fig. [3.2] Each half disk
cover was designed with eight windows that are aligned with each sensor. Four of the
windows are dimensioned 6 mm by 8 mm and enable unobstructed ToF sensing. The other
four windows are dimensioned 7 mm by 7 mm and are filled with silicone for Hall effect
sensing. Furthermore, the HDC has lips (upper and lower) and trapping posts (@ in Fig.
[3.2) around its edges that ensure permanent adhesion to the silicone sleeve. This fabrication
process is an adaptation of “overmolding”, which is a type of in injection molding.

This sleeve is fabricated by casting liquid silicone rubber (Advanced Reynolds, Dragon
Skin FX Pro) into an assembly that includes the HDC and a custom 3D printed mold,
as shown in Fig. With a shore 2A hardness, this elastomer is both flexible enough
to detect the motion of the embedded magnets, and robust enough to withstand rolling
contact with the environment as demonstrated in [[1]]. The custom mold includes three main
subcomponents: a) an outer mold, b) four mold inserts, and c¢) a magnet holder.

The casting process is as follows: The mold components are sprayed with mold release
for easy demolding. The mold inserts are mounted on the HDC such that each rectangular
extrusion fits into a ToF window and each rectangular cavity aligns with the Hall sensor
window, as shown in Fig. [3.3] This sub-assembly is then mounted into the outer mold. The
mold cavity is the semi-circular gap between the outer surface of the HDC and the inner

surface of the outer mold. Next, the four cylindrical magnets are mounted onto the claws
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Figure 3.3: Mold design for silicone sleeve fabrication: (D Mold components assembled onto the HDCr, @
magnet holder with claws used for repeatable positioning of the four magnets 3. 3 mold inserts (x4) with
an extrusion to create windows for time-of-flight sensors and a cavity to create a silicone cushion for the Hall
sensor. @ Outer mold. ® Exploded view of the silicone layer overmolded onto the HDC. Trapping posts (7
at the edges of the HDC ensure permanent adhesion of the silicone sleeve.
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of the magnet holder, with their orientation matching the inlet in Fig. Using the four
alignment posts, the magnet holder is assembled onto the outer mold, such that the magnets
are suspended within the mold cavity.

The first layer of the two-part liquid silicone (20 g part A, 20 g part B) is mixed,
degassed (—30 inHg pressure for three minutes), and poured into the mold cavity until
the magnets are fully covered. This layer is then degassed for five additional minutes to
remove bubbles formed during the pouring process. The silicone is then left to cure at room
temperature for one hour. Once cured, the magnet holder is removed, leaving the magnets
trapped in place by the cured silicone.

A second layer of liquid silicone (10 g part A, 10 g part B) is mixed, degassed, and
poured to fill the remaining cavity, including the gap left by the magnet holder. Once the
second layer is cured, the outer mold and mold inserts are removed, leaving a silicone

sleeve overmolded onto the HDC with embedded magnets.
3.2.4 Communication Protocol

For communication between the different sensors and a microcontroller, we use the
inter-integrated circuit (I>C) communication protocol. This protocol enables communica-
tion with up to 128 peripheral devices in a bus configuration, as long as each device has
a unique 7-bit address. The data transfer between the controller and peripheral devices
occurs at up to 100 kbps in Standard Mode.

In our setup, we aim to communicate with 80 sensors (40 ToF and 40 Hall sensors)
distributed on five SDUs. The problem is that the ToF sensors all have the same I>C address
(0 x 29) and the Hall sensors can be hardcoded to one of 16 addresses (0 x OC to 0 x 1B).
To bypass the challenge on non-unique addresses, we use 1-to-8 I>C multiplexers (Texas
Instruments, TCA9548A). This multiplexer includes eight bidirectional switches that can
be controlled to enable the selection of any individual channel (0 through 7) or combination

of channels at high speed (1 GHz). In addition, these multiplexers can be hardwired to
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Figure 3.4: Strategy for I>C communication with 40 same-address time-of-flight sensors and 40 same-address
Hall sensors, distributed on five disks of a continuum segment.

eight unique addresses (0x70 to 0x77), thus enabling simultaneous communication with 64
sensors, including duplicate addresses.

With the above solution, even when using eight multiplexers, the design falls short of
the desired 80-sensors architecture. To overcome this limitation, we selected a microcon-
troller with multiple I>C buses. Our strategy for interfacing with five SDUs is illustrated in
Fig. The Teensy 4.1 microcontroller enables the simultaneous use of three I°C buses,
which means that up to 192 sensors (64 sensors x 3 I2C buses) can communicate with a
single microcontroller. Even though we could have used all three I>C buses, we reserved
the third bus for other sensors we plan to integrate into the segment in the future.

Given this communication architecture, we characterized the speed of sensor data ac-
quisition as a function of the number of active multiplexers (Fig. [3.5). For a single SDU
(i.e. two active multiplexers), data can be collected 20.98 Hz. For the full system (five
SDUs or ten multiplexers), data be collected at 4.26 Hz. The bottleneck in sensor data
acquisition is the convergence time of the ToF sensors. In the worst case (100 mm and 3%
reflectance), the convergence time is 10.73 milliseconds for each sensor. This corresponds

to 0.43 seconds or 2.33 Hz for all 40 ToF sensors. We were able to increase the speed
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to 4.26 Hz by decoupling the initialization and reading sequences for the ToF sensors.
For deployment in real Human-robot interaction scenarios, we will improve the speed
of data acquisition by using faster ToF sensing technology when it becomes available.
Theoretically, we can speed up the overall acquisition rate for the 40 ToF sensors by adding

more micro-controllers instead of relying on a single Teensy board.
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Figure 3.5: Frequency of sensor data acquisition as a function of number of active multiplexers (or half disks)

Each SDU includes two custom ‘“half disk" PCBs that serve as breakout boards for
each multiplexer (Fig. [3.6(a)). The sensors are mounted directly on the half disk PCBs
using board edge connectors. This architecture facilitates the assembly and troubleshooting
of individual sensors, and significantly reduces the number of cables needed. Each half
disk PCB includes three QWIIC I°C connectors (Sparkfun Electronics) that enable daisy-
chaining of the half disk PCBs on the same I>C bus. Each QWIIC connection includes four
signals: data (SDA), clock (SCL), power (Vj,), and ground (G).

A custom “Teensynet" PCB (Fig. [3.6(b)) houses the Teensy 4.1 microcontroller and a
WIZ850i0 ethernet module used for User Datagram Protocol (UDP) communication with
the robot’s main controller. This PCB also breaks out the three I>C buses into individ-
ual QWIIC channels with 1 kQ pull-up resistors on the data and clock lines. The SDU
components (ToF sensors, Hall sensors, and multiplexers) and the ethernet module operate
at a nominal voltage of 3.3 V, while the microntroller requires 3.6 — 5.5 V input voltage.

To reconcile these voltage requirements and enable the use of a single power supply, this
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PCB includes a voltage regulator that drops a 5 V input voltage to 3.3 V. Furthermore, the
“Teensynet" PCB includes a N-Channel MOSFET that operates as a digital switch to power

cycle the SDU sensors.

(a)

el

Figure 3.6: (a) Half disk custom PCB. (b) Teensynet custom PCB.

3.3 Characterization and Calibration

The SDU was characterized and calibrated using the experimental setup shown in Fig.
The SDU was mounted on a manual Sherline™ rotary stage, for precise (+0.1°)
angular positioning of the sensor of interest. A custom Cartesian Stage Robot was used to
control the motion of an end effector relative to the SDU. This Cartesian robot is comprised
of ballscrew-driven Parker™ 404 XR series linear stages with 200 mm stroke. Each stage
was actuated using a 90 Watt brushed DC motor (Maxon™ RE35 #273754) equipped with a
1000 counts per revolution encoder (Avago technologies #HEDM-5540-B11). A computed
torque motion controller was tuned and verified to provide motion accuracy of better than
30 um in each direction.

The SDU and rotary stage are positioned at the corner of the Cartesian robot’s workspace,
in order to maximize usable workspace. The planar pose of the SDU relative to the robot
frame was determined as follows: a peg was mounted at the end effector of the Cartesian
robot and the robot was jogged until the peg aligned into a matching hole on the SDU. This
process was repeated for two angles of the rotary stage (6,; = 0° and 6,;, = 90°), thereby

allowing the registration of the center of the SDU.
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Figure 3.7: Experimental setup for SDU characterization: the SDU (D is mounted on a rotary stage ) that
controls the orientation of the sensor of interest, relative to a 3-axis Cartesian stage robot 3. An ATI Gamma
force sensor @ is used to probe the touch sensor and provides a ground truth for force measurements
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3.3.1 Hall Effect Sensing and Force Calibration

The goal of this calibration experiment was to identify the relationship between the
magnetic flux density measured by a Hall effect sensor and the magnitude of an external
force applied to the SDU. To achieve this calibration, a commercial force sensor (ATI
Gamma) with a custom square probe (10 mm x 10 mm) was mounted as the end effector of
the Cartesian Stage Robot. We expect that, when the robot contacts the environment, it will
have a contact area larger than the Hall effect sensor windows in the HDC. Thus, the probe
was designed to achieve uniform (flat) contact with the silicone sleeve and dimensioned to
be bigger than the Hall effect windows in the HDC.

This experiment was performed on all eight Hall effect sensors of a single SDU, and the
results informed the calibration of the other Hall sensors on the robot. For each sensor, the
rotary stage was used to radially align the target sensor with the normal axis of the force
sensor. To achieve vertical alignment between the square probe and the Hall sensor, the
Cartesian robot was commanded to position the square probe directly above the SDU. The
robot was then jogged slowly until contact was established between the bottom surface of
the square probe and the top surface of the SDU. Since the vertical position of the Hall
sensor relative to the top of the SDU is known from the CAD model, this information is
sufficient to vertically align the probe and the Hall sensor.

In its initial configuration, the square probe is aligned (radially and vertically) with the
Hall sensor, and positioned at the surface of the SDU. The Cartesian robot then moves the
probe into the SDU in increments of 0.1 mm, until a radial force of 10 N was reached. This
force level corresponds with 0.1 MPa contact pressure, which roughly translates to 82.25
N contact force between the SDU and a flat surface, with contact area approximating 23.5
mm X 35 mm. Once the 10 N force threshold is reached, the robot returns to its starting
position, using the same incremental motion in the reverse direction. This trajectory was
repeated five times for each Hall sensor.

The data collected includes applied force F in Newtons, end effector position x in
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Figure 3.8: Force calibration of eight Hall effect sensors around a single SDU

millimeters, and magnetic flux density B in milliTeslas. The magnetic flux density data
was acquired using the Teensy 4.1 microcontroller and transferred to Simulink Real Time
via UDP using the Teensynet PCB.

Fig. [3.8] shows the force and magnetic flux density raw data, along with the linear fit
curves, for eight Hall sensors. The dotted lines show experimental data and solid black
lines show the linear fit B* = oF + By for each sensor, where By is a magnetic flux bias.
These results show a linear and repeatable relationship between the magnetic flux density
and the force applied. The average slope for these eight sensors & = 0.26 mT/N +0.03
mT/N. Moving forward, we will unbias all the Hall sensors at startup, and use the average
slope & to convert magnetic flux density into force.

The full scale linearity [116] was calculated for each Hall sensor, using (3.1). The

average full scale linearity error for the eight Hall sensors was 4.47% 4-0.57%.

max|B — B*| 1

B-linearity = AB

00 (3.1)

where AB is the range of magnetic flux density measurements.
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The above linearity data is useful for characterizing the linear model fit to the experi-
mental data. However, if one wishes to use the magnetic flux density B to sense the force
applied, the corresponding model becomes F* = ! (B — By) and the full scale linearity

error becomes:
max|F —F*|
—— x1

F-linearity = AT

00 (3.2)

The force linearity calculation yielded 4.52% 4-0.56%. While this is a relatively large
force error, these sensors can still be practical and useful to measure force interactions with

the user.
3.3.2  Proximity Sensing Characterization

In this characterization experiment, our aim was to determine the dimensions of the
ToF detection cones, the distance sensing error, the sensitivity to change in object colors
and reflectivity, and the repeatability of measurements across different ToF sensors on the
SDU. We utilized the setup shown in Fig. with a Delrin® rod of diameter 50.8 mm
mounted as the Cartesian robot’s end effector, replacing the force sensor assembly. The
rod diameter was chosen to approximate the size of a human wrist, which is the narrowest
portion of the human anatomy likely to interact with the robot during a collaborative task.
While a finger is narrower than the wrist, it is unlikely that a single finger is detected in
isolation, without the rest of the palm.

The Cartesian robot’s trajectory was chosen such that the Delrin rod sweeps through the
detection cone of the target ToF sensor, in increments of 5 mm arch length and 1 mm radius.
The VL6180X datasheet reports the ToF detection cone dimensions as £12.5° angle and
100 mm height. In its initial configuration, the rod touches the SDU outside the range of
the ToF sensor of interest. The rod then sweeps for +15° about the central plane of the
target ToF sensors, with the radius increasing until the rod is at a radius of 135 mm away
from the ToF sensor of interest. At each waypoint along the path, the robot pauses until 20

sensor readings are collected. A top view of this setup is illustrated in Fig. 3.9
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Figure 3.9: Trajectory of the Cartesian stage robot during the ToF sensor characterization experiment.

To determine the sensitivity of the readings to changes in color and reflectivity, the
experiment was repeated with three types of Delrin rods: a bare glossy black rod, a rod
covered with matte black tape, and a rod covered with a matte light-blue tape. These three
tests were performed on two different sensors to validate repeatability of the results across

sensors. For each waypoint, the mean sensor ranging error, e was calculated using (3.3)).

e = (|Prof — Proall — Troa) —d (3.3)

where p;, s and p,,4 are the positions of the sensor and rod in robot frame, 7,4 is the radius
of the rod, and d is the mean ranging measurement at the given pose.

Figure[3.10]reports the results of these experiments in the frame of the ToF sensor (blue
frame in Fig. [3.9). Figure [3.10(a) and (b) show the ranging error in a 3D and side views,
respectively. The figures show that, within the detection cone of the matte black rod, the
errors were bounded between 0.01 mm (axis of the cone) and 12.5 mm (edge of the cone).

For the glossy black rod, the errors were bounded between 0.019 mm and 15.6 mm. It

52



\

N
J

Error [mm]
_—] Error [mm]
00— | +Matte Black S0r
/\ - Glossy Black of
€ ; T
E E 50
S 8100} 7
uj w . +Matte Black
200 || 00 . . ‘ ‘
0 40 20 0 -20 -40
Y [mm] 50 0 X [mm] y [mm]
a b
& DAL Y
( Error [mm] [+ vatie B'aCk\ ( Relative Error [%] Matte Black \
90 - Glossy Black 50 100
0 50
-50 ‘ : - %o
0 50 100 150
X [mm]
Relative Error [%] Glossy Black
50 100
0 50
-50 : : %o
0 50 100 150

X [mm]

\d) Y,

Figure 3.10: ToF sensor characterization results: (a) 3D plot of sensor error for matte and glossy rods, (b)
side view of 3D sensor error, (c) polar plot of absolute error as a function of line of sight angle of the detected
object, (d) relative error colormap. Figure reproduced from [TI.
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is also noticeable that the ToF sensors exhibited less error when detecting the matte black
surface. Figure [3.10(c) illustrates the ranging errors on a polar plot. From this figure, the
detection cone angle was found to be +11.9° for the glossy black rod and £16.5° for the
matte black rod. Figure[3.10(d) shows the colorbar plots for the relative error in the ranging
value on top. This figure shows that the ToF sensors can detect the rods accurately up to
130 mm, even though their nominal range is 100 mm. These plots also show qualitatively
the effects of surface reflectivity on the error. It can be seen the glossy reflecting surface
decreased the width of the detection cone. The results reported in Fig. [3.10]are that of one
sensor and one rod color. The experiments with the Delrin rod covered with matte blue

tape showed similar results and were omitted for space considerations.
3.4 Mapping and Bracing with a single SDU

The performance of the SDU was evaluated on a PUMA 560 industrial robot using a
custom real-time controller running on Simulink Real-time. This robot was used for the
tasks of mapping an environment and bracing against a surface. The SDU was mounted
on the output flange of the manipulator, while the microcontroller/ethernet board reading
the sensor ring data was mounted on the robot’s “forearm” link. The SDU data, which
includes the ToF ranges and the magnetic sensor readings, was sent via user datagram
protocol (UDP) to a MATLAB script that generated desired end-effector poses or twists
depending on the task. A computer running MATLAB Simulink Real-Time received the
desired end-effector poses/twists and commanded motor voltages in real-time at 1 kHz

using computed torque control.
3.4.1 Finding Admissible Bracing Surfaces

In an unstructured environment, the ToF sensors on the sensor ring can be used to
identify suitable surfaces for bracing. To this end, we show an experiment where the ToF

sensor were used to identify planes of interest. The PUMA was controlled in task space
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using a resolved-rates algorithm to move slowly along a straight line while twisting the
end-effector = 90°and recording range data from all ToF sensors. In the future, continuum
robots equipped with SDUs will be able to achieve this rotation using coordinated control of
their backbones to achieve rotation about their backbone as was demonstrated in miniature
continuum robots [[114, [117].

The scanned geometry was a wooden planar surface with a small wooden block placed
as shown in Fig. [3.11] (a) and (c). The resulting point cloud is shown in Fig. [3.T1] (b).
We applied a random sample consensus (RANSAC) based plane-extraction method as
implemented in MATLAB’s pcfitplane function, which is an iterative method to estimate
the parameters of a potential geometry model in the generated point-cloud data. With prior
knowledge that the geometry being scanned was horizontally placed, we fit the surface
onto a plane with a plane-normal vector of v = [0,0, 1]. We then ignore the points already
assigned to a plane and continue to fit other planes with the remaining points.

Figure [3.11]c) shows green data points that were assigned to one plane and red data
points that were assigned to a second plane. As part of our experiment, our goal was
to identify a surface with a continuous planar area of at least 150 mm x 150 mm. This
criterion was defined as a safety measure to protect the SDU’s from resting on small
corners/thin beams that may be present in a semi-structured environment. Using this
criterion, the green surface was identified as a suitable surface for bracing while the red

surface was inadmissible.
3.4.2 Utilizing Multi-modal Sensing for Bracing

The PUMA 560 (with the SDU attached) was also used to demonstrate the utility
of the proposed SDU for robotic bracing against an environment. In addition to using
the Hall effect touch sensors to stop the robot’s motion when contact was detected, the
proximity sensors were used to reduce the robot’s velocity as the bracing surface was being

approached. This multi-modal sensing capability can reduce risk to the environment and
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Figure 3.11: Scanning experiment: (a) the PUMA robot scanning with the sensor disk, (b) point cloud results
after scanning, and (c) dimensions of geometry being scanned.

humans when there is significant uncertainty in the environment.

The bracing surface was the same flat surface used in the mapping experiments above,
but without the additional wooden block. The end effector was first initialized to a pose
above the surface with the disk aligned to be normal to the surface (Fig. [3.12] (a)). The
robot was then commanded to move downward while using the ToF sensors to regulate its
velocity according to:

H'UH _ %(Vmax - Vmin) +Vmin  de < dmax (3.4)

Vimax de > dmax

d, = dcos(0) (3.5)

where ||v|| is the norm of the velocity vector, d, is the estimated distance to the surface, d is
the measured distance from the ToF sensor nearest to the surface, 0 is the angle of the ToF
sensor relative to the surface normal, and d,,,, is the absolute maximum distance the sensor
can detect. By reducing the velocity as d, approaches zero, the touch sensors are able to

more precisely detect the instance of contact. In the experiment, we set vy, = 50 mm/s
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and v;,;,;, = 0.25 mm/s. Once contact was detected on a magnetic sensor, the motion was

stopped (Fig. [3.12(b)). At this instant, the constrained instantaneous kinematics becomes:

qg=1J , (3.6)

where ¢ is the vector of joint speeds, J is the robot’s geometric Jacobian, [r.|* is the skew-
symmetric form of the vector from the center of the sensor ring to the point of contact,
Z is the unit vector normal to the SDU, and w; is a scalar angular velocity about 2. The
kinematics in (3.6) reduces the manipulator’s task space to a one degree-of-freedom no-slip
roll motion. After making contact, we commanded the robot to move back and forth along
the surface according to the kinematics in (3.6). Video snapshots from the multimedia

extension showing this experiment are shown in Fig. [3.12]

Figure 3.12: Video snapshots showing (a) approaching the bracing surface, (b) detecting contact using
magnetic sensors, and (c) no-slip rolling along the surface.

3.5 Mapping with Continuum Robots

To illustrate the utility of the SDUs for enabling active mapping using continuum
robots, we carried out an experiment using the setup shown in Fig. [3.13] While a stationary
SDU has blind spots due to the spatial allocation of the sensors, the motion SDUs along
a continuum robot enables a full sweep of target objects within the workspace of the

robot. The experimental setup includes a custom continuum segment with a length of
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(b)

Figure 3.13: Mapping experiment: a continuum robot with integrated SDUs is mounted on rotary stage (D
and commanded to roll and bend in different configurations in order to obtain a map of a mock confined space
@ using the distributed ToF sensors. Custom markers are mounted on each SDU () and at the base of the
robot @), and tracked by a ClaronHD™ optical tracker 3. The detection cones of the ToF sensors are shown

in ®).

370 mm and an outside diameter determined by the diameter of the SDUs (158 mm). This
continuum segment is meant to be part of a multi-segment continuum robot that will operate
in confined spaces. Each continuum segment achieves bending in two distinct planes, using
an actuation unit at its base. Using coordinated pulling and relaxation of wire ropes, the
central backbone is bent to achieve an approximately circular bending shape. To endow
the setup with more motion capability for the mapping task, we mounted the continuum
segment on a revolute joint that is coaxial with the continuum segment’s central backbone.
This architecture allows the continuum segment to roll about its central backbone while
bending in different planes by using synchronized actuation of its wires, according to the
constant-curvature kinematic model presented in [18]. The control code for this trajectory
was executed at 100 Hz.

Three markers were affixed around the circumference of each SDU to ensure that at
least one marker frame is always detected by the ClaronHD™ H3-50 optical tracker. This

tracker allows frame detection with an rms error of 0.2 mm within its workspace. For this
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experiment, the optical tracker collected frame information at 8.08 Hz.

The robot was placed inside a mock confined space comprised from 80/20 Aluminum
extrusions and poster boards partially covered with felt and colored paper. To span the
confined space, the robot was commanded to simultaneously bend in a given plane (+0.02
rad/s), spin to update the orientation of its bending plane (0.1 rad/s), and roll about its
central backbone (£0.1 rad/s). During this motion, sensor data from the SDUs is read by
the microcontroller, sent to a Robot Operating System (ROS) interface via UDP, published
as rostopics, and stored using the rosbag functionality. The motion rates of the robot
during the data collection potentially have some effect on the geometry mapping using
ToF sensors, because communication with the sensors is executed at 4.26 Hz. The effect of
these motions on the resulting map geometry and means to rectify the mapped model will
be a subject of future work, and will remain outside the scope of this contribution.

The proximity data is recorded with respect to a frame {s} located at the top surface of
each ToF sensor and the MicronTracker information is used to calculate the transformation
between the sensor frame {s} and the world coordinate frame {0} at the base of the

continuum robot (@ in Fig. [3.13). This transformation is given by:

OH, = (“Hy) ' “H,,,"H,;“H (3.7)

where {c} is the frame of MicronTracker camera @, {m} is the frame of the marker on an
SDU ®, and {d} is the frame at the center of an SDU. Note that “H and “H,, are obtained

from MicronTracker data, while ”H, and “H; are extracted from the CAD model.
3.5.1 Ground Truth Map of the Confined Space

A Faro Fusion arm was utilized to obtain the ground truth map of the confined space.
First, the Faro hard probe was used to digitize three intersecting planes at the top right

corner of the base marker (@ in Fig. [3.13). The reference frame defined by these three
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Figure 3.14: Mapping results -(a) isometric, (b) front, and (c) top views - showing the ToF map obtained
using the SDUs along the continuum robot, along with the ground truth map scanned using a Faro Arm.

planes served to register the Faro arm to the base frame {0} of the continuum robot. Next,
the Faro’s laser scan feature was used to digitize the inner surface of the fabricated confined
space. The resulting STL model is shown in Fig. [3.14]

The Faro map consists of four main planes Aluminum Vertical - ALV, poster board
vertical - PBV, Aluminum slanted - ALS, and poster board slanted - PBS, with a 9.25 mm
offset between the aluminum and poster board surfaces. The normal vectors to these planes
were measured from the STL of the Faro scan, relative to the base frame {0}: fi; = [0, I,O]T
for the vertical planes and fi; = [0.98,0,0.22]7 for slanted planes. These four ground truth
planes (as shown in Fig. [3.15) are used to evaluate the mapping performance of the ToF

Sensors.
3.5.2 ToF Map of the Confined Space

The proximity data captured by the ToF sensors during the motion of the continuum
robot resulted in an experimental map of the confined space. This map, which we refer
to as “ToF map", is illustrated in Fig. [3.14, We compared the ToF map to the ground
truth planes described in the previous section. To do so, we split the raw ToF map into
four regions, corresponding to the four ground truth planes. First, we split the ToF map

into a vertical set and a slanted set, using MATLAB’s pcfitplane, which is a random sample
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consensus (RANSAC) algorithm that estimates the parameters of the plane for a given point
cloud. Additional inputs to this function are the maximum distance from an inlier point to
the plane and a reference orientation constraint. We set the maximum allowable distance to
be 40 mm and used the normals of confined space walls (fi; and fip) as reference vectors.
Next, the resulting two ToF sets are further split into the poster board set and the Aluminum
set by projecting onto both planes and electing the closest plane as the parent plane. The
resulting four ToF map sets are shown in Fig. [3.15 along with the parent ground truth
planes.

This classification was used to calculate the RMS error, such that the residuals are
the orthogonal projection of each point to its parent ground truth plane. The resulting
ToF mapping error was 9.73 mm. While a more thorough methodology for quantifying
the mapping error could be used by borrowing from the literature of point cloud to rigid
body registration, we believe that such analysis should be carried out after the mapping
model rectification has been implemented to counteract the mapping artifacts included by
the kinematics of the motion of the SDUs while collecting the ToF data. In addition, the
use of the MicronTracker to track the shape of the continuum robot introduces tracking
artifacts, due to lighting conditions and the reflectivity of the markers. The video extension
shows that in some instances, one of reconstructed SDU frames deviates from the spline
of the central backbone. This source of error will be eliminated once the kinematics of the
continuum robots are calibrated using integrated shape sensing elements, which will be the

subject of future studies with this continuum robot.

3.6 Human-Robot Interaction

3.6.1 Single SDU on PUMA

Using the same programmed motion described in Section [3.4] we also demonstrated
the use of the SDU to detect human contact. Figure [3.16] shows video snapshots of this

experiment taken from a multimedia extension, showing the robot moving with constant
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Figure 3.15: ToF point clouds sorted by proximity to ground truth (ALV, PBV, ALS, PBS) planes.

Figure 3.16: Video snapshots showing (a) robot moving with constant velocity, (b) slowing down near human
contact, and (c) stopping motion after detecting contact.
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velocity and detecting human contact using one of its Hall effect sensors. The ability to

detect contact is limited for a single disk.

3.6.2 SDU Array on Continuum Robot

Figure 3.17: Video snapshots of two active compliance human-robot interaction modes: (a) Contact-less
using time-of-flight sensors (b) Contact-based using Hall effect sensors.

The continuum robot described in Section was also used to demonstrate the two
modes of human-robot interaction (contact-less and contact-based) supported by the SDUs.
For this experiment, the robot was mounted on a static base and sensors from the top SDU
were used for active compliance motion control. Multimedia extension I shows these two
modes of operation. Also, Fig.[3.17]shows video snapshots of this multimedia extension.

In Fig. [3.17h shows the contact-less interaction mode where the robot moves away from
a user’s hand using the ToF sensors. For this behavior, we selected two ToF sensors on the

right and left sides of the segment and commanded the velocity of one motor according to:

Vm = Y(dr_dé) (3.8)

where v, is the velocity of the motor, y is a manually-tuned gain, and d, and d, are the
distances measured with right and left ToF sensors, respectively.
Figure [3.17p shows the contact-based interaction mode where the robot moves based

on sensed contact using the Hall effect sensors. For this behavior, we similarly selected two
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Hall effect sensors on the right and left sides of the segment and the velocity of the motor
is commanded according to:

Vim =Y (ABz,r - ABz,Z) (3.9)

where AB; , and AB,  are the changes in the magnetic flux density measured along the z
axis of the sensors on the right and left sides, respectively.
These simple control laws demonstrate the potential of our proposed multi-modal sens-

ing disks for human-robot interaction along the body of a continuum robot.
3.7 Discussion

Table [3.1] summarizes the key performance measures of our proposed multi-modal
sensing architecture. The proximity data obtained from the distributed ToF sensors resulted
in a map of the environment, accurate to 9.73 mm. The accuracy of the mapping was
influenced by the ToF sensor data and by latency-induced motion artifacts due to the slow
acquisition speed from the optical tracker we used to determine the spatial pose of each
SDU. With an acquisition rate of 8.08 Hz, a motion speed of +0.1 rad/s, and optical
markers located at a radius of 108.5 mm from the central backbone, the latency-induced
position uncertainty is 1.343 mm. In the future, we anticipate using real-time shape sensing
of the continuum segment to overcome the need for tracking the SDUs. Such shape sensing
may be obtained using fiber-Bragg grating curvature sensors.

The mapping error we obtained is also influenced by the low data acquisition speed of
the ToF sensors. While one could speed up the overall acquisition rate for a continuum
segment to be closer to 20.4 Hz by using individual micro-processors for each SDU, faster
ToF sensor technology is needed to allow faster acquisition rates for more accurate mapping
and for safer human-robot interaction. Since the uncertainty of mapping depends on the
motion being carried out by the robot, future works will need to investigate the effects of
the robot’s motion on the mapping performance and to optimize the motion of the robot for

minimal uncertainty mapping results.
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Matte surface along cone axis: 0.1 mm
Matte surface at cone edge: 12.5 mm
Glossy surface along cone axis: 0.019 mm
Glossy surface at cone edge: 15.6 mm
Hall sensor F-linearity: | 4.52% £ 0.56%

ToF detection error

Communication 1 SDU: 20.4 Hz (ToF & Hall sensors)
Frequency 5 SDUs: 4.26 Hz (ToF & Hall sensors)
Mapping RMSE: 9.73 mm’

T Result is influenced by 8.08Hz optical tracker acquisition frequency and the motion of
the optical markers

Table 3.1: Summary of performance characteristics

3.8 Conclusion

Human-robot collaboration in confined spaces requires the use of continuum robots
with whole-body situational awareness. To address this need, we developed sensing disk
units (SDUs) that integrate into the body of continuum robots and endow them with a)
mapping, b) proximity sensing, c) contact detection and localization, and d) force sens-
ing capabilities. This chapter presented the detailed design and fabrication of the SDU
components, along with the communication protocol required to interface with an array of
SDUs.

Experimental evaluation showed a linear and repeatable relationship between the mag-
netic flux density and the external force applied, with each Hall effect sensor having its own
magnetic flux density bias. Results for the ToF sensors also showed that matte surfaces are
detected more accurately and with a wider detection cone than glossy surfaces and that the
color of the detected object was not significant.

Experiments on an industrial manipulator demonstrated the use of a single SDU for pre-
liminary mapping a mock environment, identifying potential bracing surfaces, and utilizing
the multi-modal sensing capabilities to establish a bracing contact against an environment.

Finally, a continuum robot with five SDUs was used to demonstrate the utility of whole-

body sensing for active mapping and human-robot collaboration. We believe that this work
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is a significant step towards a novel class of continuum robots that can be deployed in
confined spaces, intelligently interact with their environment, and safely assist a co-located

worker.
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CHAPTER 4
SELF-STEERING CATHETERS FOR NEUROENDOVASCULAR INTERVENTIONS

This chapter is adapted in part from "Image-Guided Optimization of Robotic Catheters
for Patient-Specific Endovascular Intervention" published in "2021 International Sympo-
sium on Medical Robotics (ISMR)" and has been reproduced with the permission of the

publisher and my co-authors Rohan Chitale and Nabil Simaan © 2021 IEEE.

4.1 Background and Motivation

Stroke is the leading cause of permanent disability, second leading cause of dementia,
and third leading cause of death world-wide [36}/118]]. In the United States, 795,000 people
per year have a new or recurring stroke [36]. About 87% of strokes are ischemic [[119] and
10% of ischemic strokes are due to large vessel occlusions (LVO) [120]]. Without treatment,
80% of patients with LVO suffer from a disabling or deadly stroke [37]. Despite being
a small portion of strokes, LVO strokes account for a disproportionately large economic
burden and death [121} [119]. In stroke management, the strongest predictors of a good
clinical outcome are the speed and extent of recanalization. Studies have shown that
each additional 10 minutes of ischemic time (time from onset of thrombus blockage to
recanalization) correlate with 40 days of added disability to the patient, and a $10,000
increase in economic burden [81]].

Since 2015, mechanical thrombectomy (MT), i.e. the endovascular retrieval of blood
clots using stent retrievers and/or aspiration catheters, has become the standard of care for
patients who present with acute LVO strokes. This shift sttemmed from multiple random-
ized controlled trials [38} 139} 140, 41} 42| 43]] that showed the benefits of MT in reducing
stroke burden. Patients treated with MT achieved recanalization rates up to 88% and

had reduced disability rates (modified Rankin scale improved by up to 50%) at 90 days
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post-treatment. The advantage of MT over r-tPA intravenous thrombolysis alone (previous
standard of care) was strong enough to justify ceasing patient enrollment in some of these
clinical trials due to ethical concerns for the patients in the control group [38, 40, 41]].

The rise in awareness of the importance of MT stands in contrast to the availability
of this type of intervention in large portions of the U.S. geography. There is a shortage of
specialized neuro-endovascular physicians [44] — especially in rural and semi-urban regions
[122] [123]]. Despite the availability of 5,000+ hospitals, there are only an estimated 800 to
1,100 neuro-interventionalists in U.S [124]. This shortage results in the need for interhos-
pital transfers from smaller hospitals to thrombectomy-capable centers, which significantly
increases ischemic time. Recent studies showed that the average inter-hospital transfer adds

more than 100 minutes of ischemic time and results in a lower chance of a good functional

outcome [16, 45 46].

.......... Debris =
. ACA 2 Clot
) Suction
R . Aspiration
% p N\ Ry, / Catheter
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Figure 4.1: (a) Femoral artery access for mechanical thrombectomy, (b) stacked catheters for intravascular
navigation, (c) stent retriever and suction deployed at site of occlusion. (d) Roadmap of the left ICA showing
clot position (D, which is deduced from absence of contrast in a normally continuous blood vessel, (e)
navigation roadmap used as a static background on which live fluoroscopy is overlaid: the microwire @
is used to navigate the tip of the aspiration catheter @) to the clot site. Images adapted from [2} [3]].

The lack of access to MT stroke care ([[125]]) and the shortage of neurointervention-
alists can partially be attributed to the technical complexity and cognitive load required
to navigate through thin, tortuous, and branched vasculature using passive guidewires
and catheters. Figure [.T]illustrates the standard MT setup. Neuro-interventionalists use
a complex combination of stacked passive catheters (Fig. [{.I(b)) to manually navigate

from the entry point at the femoral artery (Fig. [.I[a)) to the site of occlusion (Fig.
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M.T(c)). A contrast agent is injected near the occlusion site to obtain a digital substraction
angiogram (DSA) of the target vasculature, using bi-plane fluoroscopy. Fig. {.1(d) shows
a sample roadmap of an occluded left internal carotid artery (ICA) obtained by applying
a "SmartMask" filter to a DSA image. The position of the clot @ is deduced from the
absence of (white) contrast in a normally continuous vessel. This roadmap is used as a
static background against which live fluoroscopy is overlaid (Fig. 4.1(e)). The microwire
@ and the tip of aspiration catheter @ are radio-opaque and visible in real time.

There is a need for dexterous and actively steerable microcatheters for robotic-assisted
neuro-endovascular navigation [[17]. Such technology has the potential to: 1) increase the
speed of neuro-endovascular navigation by providing distal control for steering and branch
selection, 2) lower the skill barrier for mechanical thrombectomy to expand access to this
time-sensitive procedure, 3) reduce radiation exposure to the surgeon, and 4) enable semi-
automation of catheter navigation.

In addition to navigation challenges, surgeons lack sensory feedback about interaction
forces at the tip of the catheter. The force sensed by their hands as they advance passive
catheters is largely masked by cumulative friction over the catheter’s course. This challenge
leads to intentional design of flimsy passive guidewires and micro-catheters, which can
suffer from large torsional windup. Our proposed robotic catheter includes series elastic
elements that provide distal sensing information and enable the catheter tip to actively
comply with the vasculature.

The related works section below identifies the scientific needs driving our work in this
chapter. Briefly stated, these needs include design miniaturization for a multi-segment
articulated continuum catheter for stroke care, lack of sensory tip capability, and lack of

self-steering using sensory information.
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4.2 Related Works

Previous works on robotic catheters have mostly focused on cardiac (percutaneous
coronary) and peripheral vascular applications [47, 51, 149, 48, 50]. The driving forces
towards robotic assistance in endovascular interventions have been: a) the need to improve
catheter stability and precision, and b) the need to reduce total radiation exposure from
fluoroscopy imaging to the patients and the surgeon [[126]].

Most current commercially available robotic catheter systems have been FDA approved

for procedures in cardiology, peripheral vasculature, and lung biopsy:

* The Niobe® robotic magnetic navigation system (Stereotaxis) enables the surgeon to
remotely guide the motion of a magnetic catheter (7Fr, 2.33mm) by controlling the
orientation of two giant permanent magnets located at each side of the surgical table

[52, 127, [128]].

* The Monarch Platform (Johnson & Johnson) and the ION (Intuitive) were recently

approved for lunch biopsy.

* The Sensei robotic catheter system (Hansen Medical) consists of a tendon-driven
outer sheath (14Fr, 4.67mm) that houses standard mapping or ablation catheters.
With this system, the surgeon controls the motion of the catheter in 3D via a joystick.
The Sensei system has been deployed successfully for interventional electrophysiol-

ogy procedures [129].

* The Magellan Robotic System (Hansen Medical), a successor of the Sensei system,
includes a smaller robotically actuated guide catheter (6Fr, 2.18 mm) for navigation
of peripheral blood vessels in a wide variety of endovascular abdominal and cardio-
vascular procedures [54} (130, 131} (132, [133]]. This system has been demonstrated
to perform a diagnostic cerebral angiogram [134], but has not been deployed in the

MCA nor the intracranial ICA. We believe it to not be suited for cerebral vasculature
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because its catheter guide has two bends separated by a long straight segment (25

mm) and lacks the ability to bend around sharp corners.

The Amigo system (Catheter Precision) is an FDA approved system for mapping
and ablation of various arrhythmias. This system enables the remote control (inser-
tion/withdrawal, roll, and tip deflection) of standard electrophysiology (EP) catheters

[S5].

The CorPath 200 (Corindus/Siemens) is an FDA approved system for remote con-
trol of guidewires and balloon/stent devices during percutaneous coronary inter-
ventions (PCI) [135, [17, [136]. This system is also being investigated for use in
neuroendovascular applications and was recently tested (first-in-human) for robotic-
assisted carotid stenting, cerebral angiogram, and stent-assisted coil embolization of
an aneurysm [137, (138, [139]. While this system shows promise for future remote
stroke thrombectomies, the following limitations were reported: a) the system does
not provide force sensing nor haptic feedback needed to traversing delicate, tortuous
anatomy, b) some procedures had to be converted back to manual approach due to
difficulty in navigating aortic arches in alternative geometry (bovine arch), c) the
system is unable to drive microcatheters and guides wires and lacks attributes for

complex intracranial procedures.

Commercial systems that potentially meet the size constraints for neuronavigation in-

clude the SwiftNinja (Merit Medical) [S7] and Bendit (Bendit Technologies). Both mi-

crocatheters aim to eliminate the use of guidewires in endovascular navigation by en-

abling steering of a microcatheter using a manual dial. The SwiftNinja (2.4 F, 0.8mm)

was recently cleared by the FDA and has demonstrated utility in coronary and peripheral

applications [140, 141} [142]. However, these systems are not suitable for neuronavigation

because they have planar single degree of articulation, which would hinder the navigation

of the tortuous geometry of the carotid syphon.
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In addition to commercially available devices, many steerable catheter prototypes have
been proposed by research groups. Common actuation strategies include magnetic actua-
tion [64,[143]], thermal actuation with shape memory alloys [59,162, 60, 163]] and conducting
polymer actuators [38], hydraulic actuation [144] and electromechanical actuation with ten-
dons [126, 165,167, 145, 146] and friction wheels [61]. Fagogenis et al. recently developed
a 6-DoF catheter comprised of three concentric pre-curved tubes (2.77 mm) that utilizes
haptic vision for automated steering into a beating heart [67]. From a design perspective,
the closest work to our proposed catheter design is a robotically actuated 2-DoF guidewire
in [66]], which consists of a miniature steerable flexure-based catheter actuated with internal
routing of tendons to limit cross talk between segments. Our actuation principle is closest
to [147] where notched concentric tubes have been used to generate a 7.5 mm diameter
actively bending continuum segment. In our ongoing and planned research, we overcome
some limitations of these two works. The design in [66] uses actuation tendons which
conflicts with the need for an uninterrupted bore for delivering stent retrievers. The design
in [[147] offers an open bore at a very large diameter and does not easily extend to more
than one actively bending segment.

In addition to navigation challenges, there is a need for sensing and force feedback
during neuroendovascular navigation. Sensing of catheter tip forces has received exten-
sive attention in the literature [27, |69} 70, 71, [72} [73, [74, [/5] and point force sensing
exists commercially for larger cardiac catheters (e.g. [71, [73]]). However, no sensing
solutions currently can be used at the scale needed for neuro-endovascular procedures.
Furthermore, active compliance control of continuum robots has been sparsely addressed
for larger designs (e.g. [79]) and no commercial or research systems have demonstrated

active compliance of miniature intravascular catheters.
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4.3 Contributions

Figure [4.3] shows an overview of our envisioned system for semi-automated neuro-
endovascular surgery. It includes a custom-designed robotic micro-catheter (404), a catheter
actuation unit (402) with a quick connect interface to the catheter body and a quick connect
mechanism connecting it to a linear insertion stage (403). The linear stage is affixed to a
statically-balanced arm (3) that may be easily adjusted by the surgeon and surgical staff.
The arm is positioned on a mobile base (2) that rolls into the operating room and may be

locked in place by locking its casters.
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3D reconstruction
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Figure 4.2: Overview of strategy for deployment and close loop control of a catheter in mock neuro-
vasculature. (D Bi-plane Fluoroscopy images of the phantom vasculature anatomy, @ Centerline of
vasculature phantom used as virtual fixture path, @ phantom vasculature, @ Steerable Micro-catheter

The system will allow for shared control between the surgeon and the robot, depending
of the insertion stage and the geometry of the traversed vasculature (e.g: straight, tortuous,
bifurcated). Fig. [4.2] shows an overview of the close loop architecture, with a highlight of
technical components needed for safe deployment.

The key contributions presented in this chapter include:
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Figure 4.3: Concept of the semi-automated microcatheter system showing surgeon (D and surgical bed,
movable cart (), statically balanced arm (), catheter insertion robot @, joystick controls @, fluoroscopy

display ®. The robot includes: quick connect interface , actuation unit , insertion stage , steerable
catheter . Note shown: bi-plane fluoroscopy, force/torque load cells for catheter force monitoring
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4.4

The kinematic modelling and image-based calibration of a novel antagonistic pair

catheter

The design and fabrication of a 4-DOF actuation unit with series elastic elements to

interface with the robotic catheter

A path planning algorithm that uses preoperative CT scan to plan to motion of the

robotic catheter in a way that minimizes the shape error

The first study of optimal catheter design parameters for patient-specific endovascu-

lar navigation

Design, implementation and validation of a multi-mode control scheme for real-time

control of the robotic catheter

Preliminary catheter segmentation and tracking from bi-plane fluoroscopy imaging

Extended Kalman Filter (EKF) formulation for pose filtering during catheter track-

ing.

System Overview

4.4.1 Multi-articulated Robotic Catheter

Figure {4.4]illustrates a Steerable Robotic Microcatheter (SRMC). This system includes

two continuum segments which use antagonistic push-pull actuation (such as in [147]) to

bend in separate planes. Distal bending is achieved by the linear motion of a notched inner

NiTi tube (OD 0.66 mm, ID 0.475 mm) relative to a stationary intermediate NiTi tube (OD

0.89 mm, ID 0.725 mm). Proximal bending is achieved by the linear motion of a notched

outer NiTi Tube (OD 1.2 mm, ID 0.95 mm) relative to the same intermediate NiTi tube. The

two segments bend in different planes, which allows the device to create spatial s-shapes.

The distal segment of the SRMC has a 0.88 mm outer diameter, which matches the size

range of current (passive) thrombectomy microcatheters used for stent retriever deployment
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(e.g.: Marksman, 0.96 mm, Rebar, 0.94 mm), and is smaller than the size range of current
(passive) aspiration catheters (e.g.: Sophia 6 Plus, 1.77 mm; ACE 068, 2 mm). This robotic
catheter matches the size and articulation constraints for neuronavigation, and also include
an open bore (0.475 mm ID) for possible deployment of mechanical thrombectomy tools
(e.g. stent retriever).

The actuation unit for the SRMC includes global insertion and roll, in addition to the
two bending DoFs. The steerable portion (L; = 22 mm and L, = 18.8 mm) of the SRMC
is extended to 95 cm by gluing three concentric passive catheter tubing (PTFE) to the
tree NiTi tubes. In addition, thick-wall stainless tubing is glued to the other end of the
passive catheter tubing to enable mounting to the collets of the actuation unit. To imbue
the robotic catheter with joint level force sensing capabilities and active compliance, we
designed the actuation unit with series elastic elements. For each bending segment, an
active carriage, controlled by motorized lead screw (Velmex, A1506B-S1.5, 4.5" travel,
20 turns/inch), pushes a passive (floating) carriage, via the intermediary of a calibrated
spring. Both passive carriages are float the same guide rail (Igus, NS-01-17) and the spring
deflections are recorded using linear potentiometers (Honeywell, MLT38000101).

Our current design of the steerable tip is such that the two bending segments are rigidly
attached. An alternative design would include an interleaved passive flexure joint, with its
compliant axis within the bending plane of the distal continuum segment, and perpendicular
to the catheter shaft (as shown in Fig. 4.9). We explore the advantage of adding this passive

flexure in a simulation study in Section 4.6.3]
4.4.2 Phantom Vasculature

The internal carotid artery (ICA) is a common site of occlusion in stroke patients,
and thus was chosen as our vasculature model. A 3D model of the ICA was obtained
by segmenting the CT scan of an anonymized patient in 3DSlicer. First, the threshold

feature was used to increase the contrast between bone , tissue, and vasculature. Next,
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Figure 4.4: The steerable catheter (D uses the relative push-pull motion of three concentric antagonistic
superelastic Nitinol tubes to bend in two separate planes. The proximal and distal bending DoFs are achieved
by the linear motion of active carriages @ and (3, respectively, which are controlled by motorized lead screws
@. Calibrated springs ® translate this motion to free floating carriages (® and (9 with anchored collets, which
connect to the outermost and innermost backbones, respectively. A passive rail (§), attached to ), enables
near frictionless motion of both floating carriages. Linear potentiometers Q) record the spring displacements.
The middle backbone is held fixed by a holder (10) mounted to guide rails of the distal segment linear slide. In
addition to the bending DoFs, the actuation unit includes a global insertion DoF (11) and a roll DoF (12). The
four motors are controlled in real time using Simulink Real-time on a PC/104 target computer (13).
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the surgeon manually painted section of the ICA visible in each slice. Manual painting
achieved superior segmentation quality than the software, because the contrast provided
by thresholding was insufficient to distinguish bone from vasculature. The resulting ICA

model was smoothed in MeshMixer. This process is illustrated in Fig.

¥y

Figure 4.5: (a)3DSlicer view of anonymized patient’s CT scan, with segmented ICA. (b) Raw STL of
segmented ICA. (c) ICA STL smoothed in MeshMixer.

This ICA model was used for the dual purpose of 1) a preoperative path planning, and
2) the design of phantom vasculature models for experimental evaluation. Fig. 4.6 shows
some of the phantom vasculature prototypes that we fabricated. The rigid vasculature (a) is
fabricated out of PLA filament using 3D printing. The hybrid vasculature (b) consists of a
rubber tubing (3.175 mm ID, 6.35 mm OD) mounted on a 3D printed based that follows the
outline of the ICA. The soft vasculature (c) was fabricated by dip-coating liquid silicone
rubber (Ecoflex 00-30) on a sacrificial 3D printed wax model of the ICA. Our latest 3D
model was fabricated with polyjet 3D printing, which consists of spraying small droplets of
liquid photopolymer in layers that are instantly UV cured. Our prototype was printed with
a polymer of 50A durometer (508 psi tensile strength), which approximates the softness
of the ICA. This model extends beyond the ICA, to include the aortic arch and alternative
arterial branches.

For path planning purposes, the STL point cloud obtained from the CT scan (Fig.
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Figure 4.6: Phantom vasculature models (a) 3D printed model with a cavity shaped like the ICA model. (b)
Hybrid 3D printed and latex phantom ICA vasculature model. (c) Silicone model fabricated using sacrificial
wax printing followed by intermittent dipping in silicone. (d) 3D printed polyjet SOA elastomer model.

4.3(b)) was parameterized into a set of equidistant points separated by arc-length ds. First,
the principal direction of the point cloud was determined using singular value decomposi-
tion and principal component analysis (PCA). Next, vertices were clustered into equidistant
subsets, along the direction of the PCA data line. Each cluster was projected onto a local
best fitting plane, and the local mean of the projected points was calculated. Finally, a
spline was fitted through all mean vertices from the clusters and the spline points were
resampled to obtain equidistant vertices, with arc length separation ds (Fig. .7(b)). Figure
4.7(c) shows some of the local tangents along the vasculature.

The 3D orientation of the vector between two consecutive vertices along the curve is
a function of the angles o and B, such that “R, =" R{ 'R, = e?2x]oBl¥>] where [ax]
designates the cross-product matrix form of the vector a. The angles of rotation o (yaw)
and B (pitch) are defined in Fig. and calculated using the 3D coordinates of the
consecutive points along the vasculature.

Let Z, be the direction vector between two consecutive points X; and x;;; along the

vasculature:
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Figure 4.8: Frames used to calculate the local orientation along the vasculature; §; (not shown) follow the
right-hand rule

4.5 Robot Modelling and Calibration

4.5.1 Kinematics Modelling

The direct kinematics of the SRMC are derived using the frame assignment shown in
Fig. The active joint parameters are described by q = [q1,¢2,93, ¢4, representing the
insertion, roll, proximal CS bending, and distal CS bending, respectively. Each active-
bending CS is assigned a frame at its base so that its x-axis is aligned in the bending plane
of the CS and the y-axis is assigned along the direction of bending according to the right-
hand rule. The z-axis of this frame points from the base to the tip of the CS when it is
straight (Fig. #.9a). A frame is also assigned to the tip of the CS with its z-axis along
the tangent, its x-axis in the bending plane, and its y-axis parallel to the y-axis at the base
frame. Assuming that an interleaving passive flexure has its compliant axis along the x-axis
at the base of the distal segment, we use 7 to designate its passive bending angle (Fig.[4.9b).
We also assume that The bending planes of the first and second CSs are offset by a fixed
angle 6. Using these definitions, the end effector pose is calculated by a moving frame

transformation sequence between the base frame {0} to the end effector frame {5}:
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Figure 4.9: (a) Frames of proximal continuum segment. (b) Frames of the distal segment, including the
passive flexure. (c) System overview. All §; axes (not shown) complete the frames using the right hand rule.
The two shaded areas show the bending planes of each continuum segment.
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‘Hs =° H, 'H, ’H; *H4 *H5 H; (4.4)

where the homogeneous transformations are given by:

I 7 en2l2x] 0
og, = | M g, = (4.52)
0 1 0 1
) eng [¥x] d, ; e22x]
H; = H, = (4.5b)
0 1 0 1
XX Hnlixl g
‘Hs = SHg = (4.5¢)
0 1 0 1

where 5Li = 2—06, (=12, ¢?x] is a shorthand notation for the rotation matrix about
unit vector fi by angle 6, L and L, are the lengths of the proximal and distal segments of

the robot, and the vectors d; and d; are given by:

L;
d = /0 [cos(8;(s,gi+2)),0,sin(6;(s, gir2))]" ds (4.6)

The bending motions of the proximal segment (6;,) and the distal segment (6;,) are
actuated by the push-pull displacement of joints g3 and g4, respectively. The characteristic

bending shape, i.e. the relationship 6 (s, q), was determined experimentally for each CS.
4.5.2 Image-based Calibration

For each segment, the local tangent angle 6(s,q) is a function of the arc length s €
[0, L] and the actuation displacement ¢, is determined using a modal approach [148]] and an

image-based calibration experiment following [149]. The minimal energy solution for the
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direct kinematics of a single segment is approximated using the modal representation:

0(s,q) =Y ailq)yi(s) = ¥(s)"'alg), a TR 4.7)

i

"~17T is a modal basis and a is a vector of modal coefficients.

where ¥ = [1,5,5%,...,s
Since the variation of curvature along the length of the segment may be a function of the

amount of segment bending, we define the modal coefficients as another smooth modal

interpolation, such that:

a(q) =An(q), AcR"" qecR™! (4.8)

where 1(q) = [1,4,4°,...,¢"']" is another modal basis. This yields an interpolation map

for local tangent:

0(s,q) = ¥(s)"An(q) (4.9)

The matrix A is the unknown characteristic shape matrix and is determine experimen-
tally through an image-based calibration experiment. For each segment, the associated
actuation line was displaced in increment dg = 0.1 mm until a maximum bending range
(Gmax =~ 80°). At each configuration, a camera oriented parallel to the bending plane was
used to record the image of the segment. Fig. [4.10(a) shows configurations of the distal
segment for various g displacements. The recorded images were subsequently segmented
using thresholding to extract the nodes belonging to outline of the segment. A smooth
cubic spline was then used to fit these vertices, and spline sections belonging to the straight
portion of the catheter were truncated. In Fig. {.10(b), the bent section is shown in green
and the truncated portions are shown in red.

At each arc-length s € [0, L], the angle of the tangent 0(s) was calculated with respect

to X using forward finite different approximation between successive points, as shown in

Fig. . 10(b)).
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Figure 4.10: (a) Configurations of the distal SRMC segment for various q values. (b) Parametrization of the
CS shape.

The experimental data from the calibration experiment was concatenated into an exper-
imental matrix ®, consisting of z joint displacements ¢ (corresponding to z images) and r

tangent locations (6) along the length of segment:

9(s1,q1) 9(517QZ)

‘I)rxz:
0(srq1) -+ 0(srq:)

(4.10)

YT (s1)
= : Anxm {’O(Ql),"‘ »"7(%)1
YT (sy) ) T i

Q

Equation (4.10) is a matrix equation with the unknown A. Using the Vec and the
Kronecker product ® as defined in [150], this equation is cast as a vector equation with

the concatenated columns of A stacked in the unknown vector Vec(A):

Vec(®) = Vec(QAT) = [I'T @ Q]Vec(A) (4.11)
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The solution to the above equation is:

Vec(A) = [I'T @ Q] Wec(®) (4.12)

Finally, the characteristic shape matrix A is determined by parsing Vec(A) for the
consecutive columns of A. Given A, the algebraic expression of 6(s,q) is calculated by
plugging the numerical matrix A from (@.12)) into (.9).

A simulation study of the order of the monomial bases to fit the experimental data
showed that the polynomial coefficients m = 2 and n = 4 provided the necessary precision
without overfitting the data. The mean error between the experimental values in ¢ and
analytical values (calculated using (4.9)) was 0.021 degrees for the proximal segment and

0.057 degrees for the distal segment.
4.5.3 Actuation Compensation and Kinematic Coupling

The calibration experiment described in Section 4.5.2 was performed on the NiTi seg-
ments, directly. Once this steerable tip is extended with the passive catheters and mounted
to the actuation unit, there are losses in the system that introduce errors in the calibrated
model. To capture these losses, we repeated the calibration data collection with the system
fully assembled. Fig. shows the measured end effector tangent angles 6;(q), com-
pared to the expected angle 6 = 6(L,q) at calculated from the calibrated model of the
steerable tip alone.

The system losses due to passive catheter extensions, the springs, and the friction in the
actuation unit are described by the linear equations (4.13)) for the proximal segment and

(@.14) for the distal segment.

6, = 0.0636; —0.049 (4.13)

6, =0.176,,+0.019 (4.14)
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Figure 4.11: Expected bending angle from calibrated kinematics vs measured bending angle due to losses in
the system: (a) proximal segment, (b) distal segment.

There is also the need to compensate for the kinematic coupling between the two
segments. Such compensation was presented in [114] for a multi-backbone continuum
robot. The bending of proximal segment results in the displacement of the distal segment

actuation such that:

dqy
6L,

= —rycos(&) (4.15)
where ry is the outer radius of the proximal segment.

The path planning and catheter parameter optimization presented in section 4.6 rely on
the nominal kinematics model, without compensation. The approach presented remains
valid because the need for actuation compensation stems from the stiffness of the actuation

lines, rather than the length of the active segments. Furthermore, we assume that the

notches design of the segments keep the bending stiffness of the active segments fixed.

4.6 Preoperative Path Planning

4.6.1 Shape Error Minimization

Successful path planning requires minimizing the passive deflection of the catheter tip.

This is achieved by matching the shape of the catheter as closely as possible to that of
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the vasculature using the active joints [qz,CI3,CI4]T (roll and CS bending DoFs) and the
passive flexure bending y. For a given insertion depth ¢, which corresponds to the portion
of vasculature arc-lengths occupied by the catheter {s; € [0,Ly4s]|si < g1}, the shape
deviation between the catheter and the vasculature is calculated using the local position
and tangent errors as shown in Fig. Denoting t and t. as the local tangents to the

catheter and vasculature, and p; and ¢; as the local points on the catheter and vasculature,

we can define these errors as:

Op; = p(si,q) —¢(si), 0y, = arccos(t(s;, q) " t.(s)) (4.16)

With these definitions, the problem is cast as the following nonlinear least-squares

problem:

minimize(i(épi)TW i )W, (8 )) (4.17)

92,9394\ /=
The number of inserted points n is a function of the inserted catheter length ¢; (which
can measured using encoder values or a linear potentiometer), such that n = floor(q; /ds).
The weight matrices W, and W, correspond with the position and orientation error penal-
ties, respectively. Equation is solved numerically using the Levenberg-Marquardt

nonlinear least squares formulation.

s, t (Si7 q)
X X
\
\\
\ﬁ
Vasculature
Outline —>\\
\ Steerable
( b) \ Catheter

Figure 4.12: Tllustration of the least square optimization problem, showing (a) local position error and (b)
local tangent error between the vasculature and the robotic catheter.
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W, 0 0
1 Ttp
W, = 0 W, o, W,= W, (4.18)

prange trange

0O 0 0

Where W, and W, are the weights given to points along the distal and proximal seg-
ments, respectively. The bottom-right zero element in W), is a zero-penalty weight matrix
corresponding with the non-steerable lumen of the catheter. Also, r;, is the orientation-to-

position penalty ratio, and 6, = 10 mm and §,,,, = 1 rad are normalization numbers

range
designating maximal expected errors.

We define a ratio of penalty for errors in the distal and proximal segments using rgeg
such that:

Wo=W,, Wi =re,W, (4.19)

where Wy, k = 1,2 are the weights along the spline of each segment. These weights were
determined by soft step functions that minimize the risk of catheter tip jamming into the
vasculature walls. This is achieved by giving the tracking error at the segment tip a higher

weight than the tracking error at its base. Therefore, Wy € [0, 1] is defined as:

W, = diag (% (1 + tanh (5 (Z—’; - %)))) (4.20)

where ny, is the number of equidistant arc-length points along the k' segment, v; = 1,2,
..., Ny is the vector of indices up to ng, and diag(x) is a matrix having x along its main
diagonal.

A weight selection procedure to determine the optimal rt*p and rjeg was performed by
simulating the performance of the path planner over a range of 0-10 for both variables.
Details of these optimal variables are provided in the results section.

Fig. §.13]is a flow chart illustrating the path following with shape error minimization

algorithm. The path following computation takes 14.5 seconds in MATLAB 2021a with a
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Intel Core 17 processor.

1) x = L1, Lo, 69 / digitized vasculature /
2) Penalty ratios: 7, rseq v
3) Insertion step size: dgins Select for s € [0. .. s;]:

e Equidistant points c(s;)

v
4’<Whlle qi1 < Lvasc L T‘angent unit vectors tc(si)

\ 4

dirKin (q1,95_4, X, ds)
minimize(Z((spl) Wi (dp,) + Z )TWy(8 )) Qutput : q§—4\

-4 i=1

q1 < q1 + inns

Figure 4.13: Path following algorithm for shape error minimization

4.6.2 Catheter Design Optimization

The catheter design parameters x = [L{, Ly, 8] affect the ability of a catheter to
follow a desired vasculature. To find the optimal catheter design parameters x*, we used
the Nedler-Mead Simplex algorithm to minimize a design error penalty score g(x). This
algorithm computes in 17.72 minutes in MATLAB 2021a. Figure[.14outlines this process.
This penalty score was defined as the sum of normalized errors for an optimal path plan
corresponding with the current catheter design parameters x. Defining max(d,), %) p and
max(d;), 8, as the maximal and average position and orientation errors for the optimal path

plan covering the entire length of the vasculature, g(’x) is defined as:

max(dp) + &, N max (&) + &

g(x) =

Prange Lrange
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Figure 4.14: An overview of the catheter design parameter optimization using the Nedler-Mead simplex

method

4.6.3 Simulation Study

We validated the algorithms of Figs. d.13]and [4.14]in a simulation case study, where we

insert a steerable catheter along the ICA path (Fig. 4.7). We compare three catheter options:

our ad-hoc design @ shown in Fig. 4.4 an optimized version of the catheter without the
flexure @, and a optimized catheter with a flexure @®.

For cases @ and ®, we computed r;kp and r*

seg> and catheter parameters x*. We used
these optimal parameters as input to the path following algorithm (Fig. .13]) and computed

the position and orientation errors along the vasculature. Other inputs to the path planner

include the curve parameterization step size (ds = 0.5 mm), and insertion step size (dgjns =
dg) =3 mm).

Fig. show the robotic catheter following the ICA path (Fig. B.15(a)) and the RMS

error as a function of insertion length illustrates these results (Fig. [4.15(a)) for different

catheter geometric parameters. The parameters and path following performance of each
case are summarized in Table 4.1l

These results show that the use of optimized penalty ratios and catheter design param-
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Figure 4.15: (a) Robotic catheter following the ICA path in simulation. (b) Position and orientation errors
as a function of insertion length for three designs options: (D ad hoc, @ optimized without flexure, and @
optimized with flexure.

Fieg> Ty |X* [mm, mm, rad]|d,, max(d,) [mm]|d,, max(d,) [rad]
@ n/a [22, 18.8, -0.76] 1.70, (4.18) 0.27, (0.62)
@/ [1,0.75] |[10.5,235,-044]| 1.13,(234) | 0.21,(0.38)

®|[1.25, 0.75]| [6.6,13.8,0.07] 0.49, (0.96) 0.09, (0.23)

Table 4.1: Optimization outputs and resulting path following errors for the ad hoc catheter (D and the
optimized catheter excluding ), and including @ a passive flexure joint.
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eters (case @) significantly improves the tracking performance. The addition of a flexure
DOF (case ®) further improves the tracking performance, such that the average position
tracking error is 0.49 mm and the average orientation error is 0.09 rad (5.16 degrees).

To access the ICA during endovascular stroke care, surgeons need to navigate the aortic
arch. A type III aortic arch can be particularly challenging to traverse because of its sharp
curvature. A MATLAB vasculature path was generated using the complete CT scan that
provided the ICA geometry in Fig. d.5] This path was augmented with a sample path
segmented from a trial path as shown on a 3D print of the CT scan as shown Fig. 4.16.

Fig. B.16b shows the vasculature path that combines the ICA with a type III aortic arch.

& R 7 T I\

Figure 4.16: (a) Possible path into the ICA through a type III aortic arch (b) Simulation of optimized catheter
traversing the ICA via the aorta path.

The optimized catheter designed achieved average/maximal position tracking errors of

0.50/1.40 mm and average/maximum orientation errors of 0.09/0.22 rad, in simulation.
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4.7 Multi-Mode Catheter Control

Figure shows the strategy for real-time control of the robotic catheter system. This
controller was implemented using Simulink Real-Time on a PC/104 target computer ((13)
in Fig. #.4). A low-level controller (LLC) runs at 1kHz and uses proportional derivative
integrator (PID) control law to close the error between the current joint values q,, and the
desired joint values qg.,. This controller ensures safe and smooth operation of the device.
The LLC takes input from a mid-level controller (MLC), which specifies the desired joint
values qg.s based on the selected trajectory planner mode. The MLC includes four modes:
joint space control, configuration space control, admittance control, and telemanipulation.

A graphical user interface enables switching between these four modes.

%) @
t 3
{ , Yee
Joint Space Configuration Space Admittance Telemanipulation
Qref 'l»bref QAspring quscr

\ 4
5th Order Inve;rse Kinem'atics [ Admittance Law]
P r with Actuation

olynomial Planne
Compensation l |

Qdes

PID Controller

qC’U/!‘

Figure 4.17: Control approach for enabling multi-mode control of catheters. Each mode corresponds to a
different input source, accounting for different stages of catheter insertion.

4.7.1 Joint Space Control

In this mode, a fifth order polynomial interpolation law is used to ensure a smooth

transition between the current joint positions g, and a reference joint position q,.¢. The
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Figure 4.18: Graphical User Interface for intuitive catheter control and mode switching

polynomial interpolation updates qg,, at 1 kHz, while the reference joint values q,.; are

updated at more interactive rates (0.5-3Hz).
4.7.2  Configuration Space Control

Configuration space control enables the user to set desired bending angles 6, and 6,
for the proximal and distal segments, respectively. The configuration space vector includes
insertion, roll, and the bending DoFs, i.e. ¥ = [g1, 42, 0L, , 61,]. For acommanded reference
configuration v, , a fifth order polynomial planner calculates intermediate joint velocities
dees to close the error from the current configuration t).,,. Differential kinematics and the

calibrated loss matrix are then used to calculate the corresponding joint level velocity (ge;:

qdes = (Acoupling + (AlossJWq)_1)¢des (421)
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where:

00 0 0 1 0 0 O
00 0 0 01 0 O
Acoupling - and  Ajgs = (4.22)
00 0 0 0 0 a O
0 0 ricos(6) O 00 0 a

The coupling matrix A ., piing is constructed using equation The loss matrix A
is constructed from the slopes a; and a; of the linear loss functions calculated in (4.13)) and
(4.14), respectively. The Jacobian Jy, transforms configuration speeds into joint speeds,

using the derivative of the analytical relation 6(s,q) derived for each segment in Section

10 0 0
y o oo .
Vg — :
00 2u o
q3
00 0 Zn
L q4

Finally, the desired joint value (., passed to the LLC, is calculated by integrating ;-

4.7.3 Active Compliance

In active compliance mode, the desired joint values qg,.¢ are calculated as function of
the measured joint values ., (from encoders) and the spring displacements using the

following admittance law:

Qdes = Qeur + (424)
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where dg,, is the corrective joint motion produced by the displacement of i spring from

equilibrium (i = 1 for proximal segment spring and i = 2 for distal segment spring).
dqa; = Ko ((1 = 1) Vinin + 1i Vinax) dt (4.25)

in which K, is the admittance gain, v,,;, is the minimum admittance speed, v;,q, is the
maximum admittance speed, df is the time step, and ¢; is the admittance velocity scaling
defined as:

f= 25 (4.26)

qsi max
where gy, is the measured deflection of the i/ spring and gy, is the maximum allowable

spring deflection.
4.7.4  Telemanipulation

A tripe-axis industrial joystick controller (P3America, series 822) enables the user to
remotely input velocity commands for roll, proximal bending, and distal bending. For each
axis, a precision potentiometer outputs a voltage (0-5V) proportional to the displacement in
that direction. The voltage is shifted and scaled such that 5V corresponds to the maximum
joint speed in the positive direction and OV is the maximum joint speed in the negative

direction. The joint velocity vector ., 1s then integrated to obtain qg,;.
4.8 Intraoperative Catheter Segmentation and Tracking

In this section, an approach for segmenting and tracking the pose of the catheter during
endovascular navigation is presented. The catheter outline is segmented in 2D from the

bi-plane fluoroscopy image stream.
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Figure 4.19: Setup for bi-plane fluoroscopy imaging of our mock vasculature. (a) The surgeon inserts a
contrast agent in the mock vasculature. (b) Lateral view of the mock vasculature. (c) anteroposterior view of
the mock vasculature.

4.8.1 Catheter Segmentation from Bi-plane Fluoroscopy Images

To develop and test our image segmentation algorithm, a mock endovascular inser-
tion was performed in an operating room equipped with a Phillips bi-plane fluoroscopy
machine, as shown in Fig. {.19 A contrast agent (Omni 300) was injected into the
phantom vasculature prototype to obtain an angiogram. A SmartMask filter was applied
to the angiogram to obtain a static roadmap of the vasculature, and the robotic catheter
was inserted into the vasculature against this static roadmap. Fluoroscopy images (AP
and lateral views) of catheter insertion process were recorded for offline segmentation in
MATLAB. Fig. 4.20((a) shows a sample image obtained from this experiment.

The outline of the catheter was segmented and tracked using the following steps: First,
an image of the empty vasculature is cropped to exclude widgets of the fluoroscopy ma-
chine. This image is then binarized into foreground (white) and background (black) pixels
using thresholding in MATLAB (Fig. [4.20(b)). Next, the background pixels (from the

empty vasculature) are subtracted from an image of the filled (i.e. catheter inserted) vascu-
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Figure 4.20: (a) Bi-plane fluoroscopy imaging of the phantom vasculature prototype. (b) Binarized image of
the empty vasculature using thresholding. (c) Background is removed to isolate the outline of the catheter.
(d) The catheter outline is segmented using Canny edge detection and the result is overlaid onto the original
image
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lature. This step serves to isolate the outline of the catheter, as shown in Fig. [{.20(c).
Finally, the catheter outline is segmented using Canny edge detection. A spline is fit
through the corresponding pixels and pose of the catheter is calculated. Fig. #.20(d) shows
the segmented catheter results overlaid on the original image. The segmentation parameters
(cropping coordinates, threshold level, canny threshold) obtained from these two images
(empty and filled vasculature) are utilized to track the catheter in all subsequent images.
Fig. .21fa)-(c) show the poses of the tracked catheter at different insertion depth. The

catheter segmentation and tracking algorithm run at 10 Hz.

Figure 4.21: (a), (b) and (c) show segmentation and tracking of the microcatheter in three poses. (d)
Segmentation of vasculature phantom centerline

The outline of the vasculature is obtained from the binary image of the empty vas-
culature (Fig. f.20(b)) by thinning the foreground pixels using a morphological operator
(bwmorph), calculating the cartesian positions of the thinned pixels, and fitting a smooth
spline. Fig. {.21(d) shows the outline of the vasculature overlaid onto an image of the

empty vasculature. The vasculature outline segmentation runs at 20 Hz.
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4.8.2  Graphical User Interface for Live Image Segmentation

The previous section describes our strategy for off-line segmentation of fluoroscopy
images. For intraoperative online catheter segmentation and tracking, we developed a
custom graphical user interface (Fig. 4.22)) to enables the surgeon to interactively select
the cropping, threshold and edge detection (Canny) parameters for both views (AP and
lateral) to initiate the segmentation process. The image stream will be acquired for the

fluoroscopy machine using a video encoder (Sensoray 2263).

Fluoroscopy Image Acquisition and Segmentation
ARMA Lab, Vanderbilt University

Mode 1 - Crop and Binarize Empty Vasculature Image v Mode 2 - Set Segmentation Parameters v
Threshold < | A | Threshold
Canny J J J J Canny

Threshold: 0.81 Canny Threshold: 0.58994

AP View Lateral View
ol 50
100
100 -
150
150 F 200
> 200 | 250
300
250
350
| 400
350 450 v
500
400 | 5 .
-100 0 100 200 300 400 -100 0 100 200 300 400
X
(1) Draw a rectangle around the region of interest, (2) Right (1) Adjust the Canny Parameters, (2) Switch to Mode 3

click and select "Crop Image", (3) Adjust the threshold and
confirm with the checkbox, (4) Switch to Mode 2

Figure 4.22: User interface for intraoperative catheter segmentation from bi-plane fluoroscopy imaging. The
left side shows the thresholding of the AP view of vasculature. The right side shows the segmented catheter.

4.9 Catheter Pose Filtering

Pose filtering is needed to render the catheter tracking framework robust to noise and
segmentation errors. Filtering-based estimation methods, which model the pose uncer-
tainty as a probability density function and update the model parameters after subsequent
measurements, are most appropriate for solving this sequential pose estimation problem.
Kalman Filters are used to optimally estimate the state of linear systems, in which the

state uncertainty is modelled as Gaussian distribution [[151} [152]. For non-linear systems,

101



the Extended Kalman Filter (EKF) [153]] and the Unscented Kalman Filter (UKF) [[154]
have been used for the first-order and second-order linear approximations of systems,
respectively. Probabilistic distribution such as Langevin distribution [155] and Bingham
distribution [[156] have also been used in the literature to model and filter pose uncertainty.

We chose Kalman filtering to estimate the catheter pose as it is deployed into a vas-
culature of known (pre-segmented) geometry. The equations describing the motion of the
catheter during insertion are non-linear, thus we use the extended version of the Kalman
filter (EKF). Prior works that have used Kalman filter for pose filtering and data fusion

include [157, 158,159,160, 161, 162].
4.9.1 Kalman Filter Algorithm

The Kalman filter is an optimal recursive data processing algorithm that works in two
stages: prediction and correction of the states of a system [151} 163} 164, [165]. We
chose the Kalman filter for this application because it is well suited for applications where
the states change in a consistent manner. Kalman filter combines all available (noisy)
measurements with the mathematical model of the system, and output the best estimate
of the next measurement, in such a way that minimizes the error statistically. Even in the
presence of statistical noise and erroneous measurements, the Kalman filter estimate the
true state values via optimization.

To solve a linear estimation problem using Kalman filter, the following steps are re-

quired [[163]]:

1. Define all components of the difference equation (4.27)) and the observation vector

@.28):

X = Ax;_1 +Bug +wi_g (4.27)
z;, = Hx; + v, (4.28)
* x - State vector (n X 1) containing the variables of interest
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e A - State transition matrix (n X n)

* u - Input vector

* B - Input Matrix

* w - Gaussian process noise with mean = 0 and covariance = Q

* z - Observation vector (m X 1) containing the measured variables

¢ H - Observation matrix (m X n) which describes how the measurements z are

related to the state vector x

¢ v - Gaussian measurement noise with mean = 0 and covariance = R

. Define the initial state estimate X and process covariance matrix P

. In the Prediction stage, project the current state and covariance forward to obtain an

a priori estimate:

* Project the state ahead:

%, =A%, +Buy, (4.29)

* Project the process covariance matrix (P) ahead. The process covariance matrix
P is a measure of the variance of the error between estimated state and measured
state:

P, =AP, AT +Q (4.30)

. In the Correction stage, incorporate a new measurement to get an improved a poste-

riori estimate

* Compute the Kalman Gain:

K; =P H (HP,H' +R)™' (4.31)

103



* Update the state estimate:

X = ﬁ]: + Kk(Zk - Hﬁ]:) (4.32)

* Update the covariance:

P, = (I-KH)P, (4.33)
5. Repeat step (3) and (4) for each new iteration k.

The matrices Q and R are the process noise covariance matrix and the measurement
covariance matrix, respectively. Fig. 4.23]illustrates the effects of both covariance matrices
on the filtering process. When Q is large, the Kalman Filter prioritizes the measured data
over the model. Large Q corresponds to a larger state covariance matrix P, and thus a larger
Kalman gain K.

R determines how much we trust the mathematical model, over new data input. When
R is large, the Kalman gain becomes smaller (K — 0), thus the Kalman filter gives lower
weight to new measurements and higher weight to the predicted state X, . With low values
of R, the Kalman gain gets closer to unity, and thus the filter follows new measurement

inputs more closely.

Increasing Q
( . -, . . -y .
Prioritize Prioritize
Mathematical New
L Model Measurement:

Increasing R

Figure 4.23: Effects of process covariance Q and measurement covariance R on Kalman Filter operation.
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4.9.2 Extended Kalman Filter

For systems represented by non-linear models, the EKF can be applied to linearize the

Kalman filter equations about the current mean and covariance. The projection equations

#29) and (4.30) respectively update to:

& =% ) (4.34)

P, = AP, Al +Q (4.35)

where f is the non-linear function relating the current state x; to the previous state x;_ and
input signal ug, and Ay is the Jacobian of partial derivative of the function f with respect to

the states x, evaluated at f(l: :

4.9.3 Catheter EKF Formulation

Figure 4.24: Catheter motion state variables
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The state vector describing the motion of the catheter during insertion into the vascula-
ture is given by:

X = [, vk, 6] (4.36)

where x; and y; are the cartesian coordinates of the catheter tip and 6y is the end effector
orientation measured from the X axis at time step k. These variables are illustrated in Fig.
4.24) with r(s) = [x(s),y(s)].

The tangent vector coordinates given by and its relationship to the cartesian

position r(s), derived using backward difference approximation ([166]), is given by (#.38)):

Ek—l = COS(Gk_])i+ sin(Gk_l)j 4.37)
" dr  rp—Tr)_
k1= 15 (4.38)

Plugging into (4.38) and solving for ry yields:

X, Xg—1+cos(0;_1)ds
. k _ k—1 (6k—1) (4.39)

Yk Vk—1+sin(6;_1)ds

The orientation of the catheter tip is given by (.40). The local curvature k(s) is known
a priori from the segmentation of the empty vasculature (e.g.: Fig. #.21[d)). This formula-
tion assumes that the vasculature remains stationary during catheter insertion and that the

rate of change in curvature is negligible for the insertion speed and filtering frequency.

6, =6_1+ K(s)ds (4.40)

Thus, the state vector is obtained by plugging (4.39) and (#.40) into (4.36)):
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cos(6_1)ds
xp = f(Xk—1,0x) = Xp—1 + | sin(6_)ds (4.41)
K(s)ds

where uy, = [ds, k(s)]” is the control input.

The state Jacobian A for the catheter system is given by:

(1 0 —sin(6,_,)ds

of; af; of;
dx—1 Oy 96y
= — = o of i =

A= (1) = | 72 S 5o 0 1 cos(6_1)ds (4.42)

o ofs o
dxp—1 Iy 96

where f = [f;,f,f3]7 is as defined in (#4T).

The measured states or observation vector z; = [xg, Vi, Gk]T is the output from the
catheter tracking using fluoroscopy image segmentation (e.g. Fig. [H.21(a)-(c)). The

observation matrix linking z to the state vector x is H = I33.
4.9.4 Catheter EKF Implementation

We implemented the catheter EKF formulation in MATLAB to follow two paths: a)
an arbitrary hand-drawn curve and b) the outline of ICA lateral projection segmented
from fluoroscopy imaging (Fig. {.19)(b). The known path information includes a set of
cartesian positions (X¢,ve, Yeurve)> the local tangent angles (8.,.) calculated using forward
different approximation, the arc lengths s.,. up to each point, and the local curvature
Kcurve calculated using the angle and arc length information (x = d6/ds).

The chosen rate of insertion was 3 mm per step, which match the insertion rate used
for autonomous insertion in Section d.10.3] At each step k, the ground truth state Xy, is

calculated by cubic spline interpolation of the known curve information, at query point sy.
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The model X,,,4¢; is calculated using (4.41) and the measured states z; are calculated by
adding gaussian noise to the true states X, . Finally, the EKF states x; are calculated

using the prediction stage equations ((4.34) and (#.33))) and the correction stage equations

(@.31), @.32), and (@.33)).

6
4.5
ot S IEEk
35} E
. w2 © Lyeas ||
——ZTEKF
? 25 a 0 L L L
g . 0 2 4 6 8 10 12
B B s [mm]
1.5}F 4 2
A
1k
& —True — 3r T
0.51 . [ Model g
o Measured g ot -
or |——EKF _ [~ Ytrue
L L s L L > = Ymodel
0 1 2 3 4 5 6 1 © Yumeas []
( a) X [mm] ——YEKr
- 0 1 L
[ —Raw Data Error = 0.33405 mm 0 2 4 6 8 10 12
|— Kalman estimation error = 0.10416 mm| S [mnl}
0.8 1
el 2 1
506
: =l '
5 0.4 % 0 —Oirue
——Ornodel
0.2 1 AF 0 Omeas
——0Kr
0 L L L L ) -2 L L L L L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(b) s [mm] (C) s [mm]

Figure 4.25: EKF results on arbitrary trajectory (a) Trajectory, (b) RMS error, (c) EKF states

Figure #.25] shows the EKF results on the arbitrary curve. The process covariance

matrix Q and the measurement covariance matrix R were set as:

(0.01)> 0 0 (025?% 0 0
Q=| 0 (0.01)? 0 ; R=1 0 (0252 0 (4.43)
0 0  (0.0175)? 0 0  (0.0873)?

where each element in the diagonal is the variance (or squared standard deviation) of the

2 mm?, and

uncertainty (in the model or in the measurement) of each state, with units mm
rad?. With these EKF parameters, the tracking error was reduced by 68.8% when compared

to raw (noisy) measurements without filtering.
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Figure 4.26: EKF results on ICA trajectory (AP view) (a) Trajectory (c) EKF states.

Figures [4.26] and show the EKF results when following the projected ICA path.
The process covariance matrix Q was the same as in (@.43) since the model is the same.
The measurement covariance matrix R was updated with increased uncertainty, to match

the scale of the ICA curve.

2?2 0 0
R=1] 0 (2)? 0 (4.44)

0 0 (0.175)?

The resulting tracking error was reduced by 65% when compared to raw measurements
without filtering. Future works will integrate this EKF formulation with fluoroscopy image

segmentation for in-vitro pose tracking and filtering.
4.10 Validation Experiments

We conducted a series of experiments to validate real-time control of the robotic catheter

system. These experiments include branch selection in joint control mode, channel navi-
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Figure 4.27: Path rms error on ICA trajectory with and without EKF
gation and compliance comparison in admittance control mode, and automatic catheter
insertion and self-steering in configuration control mode.

4.10.1 Branch Selection

In Fig. 4.28] we used the robotic catheter in joint control mode to navigate a mock
planar vasculature (polyurethane tubing, ID 3.175 mm). The robot was able to steer into

both branches of the 60° bifurcation.

( N\ A

@)){ (b)

Figure 4.28: Insertion and branch selections (a) left and (b) right using the robotic catheter in joint control
mode.
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4.10.2 Active Compliance

We validated our active compliance approach with two preliminary experiments. In
the first experiment, we inserted a catheter into a channel of unknown geometry while
applying admittance control to minimize the load on the backbones. We showed that the
catheter can actively comply with an unknown constraint as shown in Fig. {.29(a). By
stopping the active compliance and pulling the robot sideways through the channel (which
was cut open in its inner radial wall), we can show the extent of active bending of the
catheter. Fig. 4.29(b) shows that the catheter has actively bent 81° while experiencing 43°

of passive bending due to friction and mechanical losses in our actuation unit.

'/\
(c)

Figure 4.29: A demonstration of active compliance: (a) The robotic microcatheter is inserted into a curved
channel mimicking a curved vessel, (b) the catheter after it was removed through a side slit in the tube and
overlaid on the tube. (c) Comparison of our catheter under active compliance (right) vs. the Medtronic
Phenom 21 (2.3 Fr (0.76mm)) (left).

\

In the second experiment, we show a comparison of our catheter under active compli-
ance and being pushed against a 2.3 Fr Medtronic Phenom micro-catheter (Fig. {.29(c).
This result shows that our catheter prototype has similar compliance to commercial micro-
catheters. We also measured the minimal tip force needed to trigger active compliance of
our catheter and showed that it is close to 0.01 N (1 gram). We plan to improve actuation
unit by reducing friction and optimizing spring selection (stiffness). While the springs can
be used for force sensing (Hooke’s law), for added precision, we plan to integrate load cells

for sensing the actuation effort.
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4.10.3 Autonomous Insertion and Steering
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Figure 4.30: (a) Robotic catheter following the 2D ICA path in simulation. (b) Position and orientation errors
as a function of insertion length.

The goal of this experiment was to validate the results from the path planner (presented
in Section [f.6) on the physical system, and to demonstrate autonomous insertion and
steering within a 2D vasculature model. We created this 2D model using a lateral projection
of the 3D phantom vasculature, obtained from bi-plane fluoroscopy imaging (Fig. 4.19(b)).
This phantom was fabricated by laser cutting the walls of 2D path into an acrylic plate
(12.7 mm thick), along with an acrylic cover (2 mm thick). The phantom was mounted on
a grid plate and held stationary during catheter insertion.

The trajectory planning algorithm (Fig. 4.13)) was use to calculate the joint values and
corresponding catheter configurations that minimize the shape error at each insertion step.
This path planner uses the nominal model of the catheter (i.e. just the NiTi tip, without
system losses), derived via calibration in Section [4.5.2] Inputs to this algorithm included
the geometric parameters for our latest catheter prototype (L; = 13 mm, L, = 16 mm,

0, = —0.48 rad), the penalty ratios (r;, = 0.75, rye = 1), the curve parameterization step
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size (ds = 0.5 mm), and insertion step size (dg; = 3 mm). The joint limit imposed on the
nominal model of the catheter were || ¢5 || < m/2rad, || ¢3 [|[< 1 mm, and || ¢} ||< 1 mm.

Figure 4.3T(a) shows the optimal configurations of the steerable catheter as a function
of insertion depth. These were output from the path planner (dashed curves) and input into
the real-time system (solid curves) in configuration control mode. Fig. 4.31b) shows the
actuation level motion that achieves these configuration. The dashed lines represent the
theoretical actuation calculated from the nominal model. The solid lines show the actual
joint values needed to achieve these configurations. These joint values were calculated
in real-time using the configuration to joint level mapping with actuation compensation,
derived in (4.21)). The physical joint limits on the actuation unit are —6 mm < g3 < 10 mm
and || g4 ||< 5 mm.

3
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Figure 4.31: (a) Catheter configurations that minimize shaper error during insertion. (b) Joint level motion
that achieves these desired configurations. (*) indicates nominal model, without system losses.
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Figure [4.32] shows video snapshots of the autonomous catheter insertion and steering.
The catheter was able to follow the general shape of the vasculature and steer itself using
the pre-planned optimal configurations. However, the catheter deviated from the centerline
with larger position errors than predicted from our simulated trajectory following (Fig.
4.30). Our simulation assumes a 1-to-1 mapping between the insertion motion ¢; measured
at the motor level, and the insertion length s within the vasculature. However, on the
physical system, the insertion motion does not fully translates to insertion length within the
vasculature. There are motion losses due to a large portion of the catheter (i.e. the passive
catheter extension) floating unconstrained between the actuation unit exit and the vascula-
ture entry point. To overcome this limitation, we plan to integrate a linear potentiometer at
the entrance of the vasculature for more accurate measurement of the insertion motion. In
addition, we plan to update the pre-operative path plan based on intraoperative information
obtained from fluoroscopy imaging. In future works, we will integrate a calibrated statics
model of the catheter and use active compliance to minimize interaction forces with the

vessel walls.

Figure 4.32: Video snapshots of autonomous catheter insertion and steering in 2D ICA model
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4.11 Conclusions

Since 2015, mechanical thrombectomy (MT), i.e. the endovascular retrieval of blood
clots using stent retrievers and/or aspiration catheters, has become the recommended stan-
dard of care for patients who present with acute large vessel occlusion strokes. However,
the recent awareness to the importance of early revascularization via MT stands in contrast
to the current availability of this intervention. The widespread availability of MT is hin-
dered by the skill barrier associated with the complexity of navigating and steering through
thin, tortuous, and branched vasculature using passive guidewires and catheters.

In this chapter, we introduced our envisioned system for a multi-articulated, actively
steerable catheter for future robotic assistance in neuro-endovascular surgery. First, we
presented the design, kinematic modelling, and image-based calibration of this robotic
catheter. Next, Anonymized CT scans of a patient head and neck were utilized to extract
a model of the internal carotid artery (ICA). We proposed a path planning algorithm that
computes the joint values that minimize shape deviation at each stage of insertion within
a vasculature model. The preoperative path planning problem was casted as a non-linear
least squares minimization of the shape error between the catheter and the local vasculature
and solved in MATLAB using Levenberg-Marquardt formulation.

The design of multi-articulated catheters for cerebrovascular interventions is especially
challenging due to vessel size, vessel tortuosity, and the requirement for an open bore.
Regardless of the particular embodiment of a catheter, there is a need for an approach that
identifies the ideal catheter design parameters for a given target vasculature. We used the
error metrics from this path planner as a design penalty score and computed the optimal
catheter design parameters that minimize this score for a given vasculature anatomy. We
also explore the potential benefits of adding a passive flexure joint between two planar-
bending continuum segments. A simulation study compared the ad-hoc catheter to the
optimized catheter with and without flexure. The results from this study suggest that the

optimized catheters with and without a passive flexure are able to follow the path with
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minimal passive deflection of the distal end of the catheter. The initial results suggest
the possible utility of this approach for the development of a library of catheters that
may be designed a-priori for anatomical regions while taking into account across-patient
anatomical variabilities. For clinical-deployment, the same methods can be used to select
the best catheter candidate from a library of catheters.

We implemented a multi-mode control scheme for real-time control of the robotic
catheter, using Simulink Real-Time on a PC/104 target computer. In addition to the low-
level control loop that uses a PID control law to close the error at the joint level, we
implemented a mid-level controller that enables the user to control the robot in joint space,
configuration space, using admittance control or using telemanipulation. In the future,
we plan to integrate a high level controller that will be based on position feedback from
the real-time segmentation of the bi-plane fluoroscopy image stream and path planning
predictions based on the measured insertion depth.

We experimentally validated the robotic system through a series of experiments, includ-
ing branch selection, insertion into an unknown channel under active compliance, compli-
ance comparison with existing passive catheters, and autonomous deployment within the
2D vasculature. These experiments informed future improvements needed to optimize our
robotic catheter, and confirmed the need for intraoperative update of the path plan using
bi-plane fluoroscopy imaging.

We proposed an approach for segmentation and tracking of the catheter outline from
bi-plane fluoroscopy images. This approach was implemented offline with pre-recorded
fluoroscopy images of the mock vasculature. For future online segmentation and tracking,
a graphical user interface was designed to enable the surgeon to initialize the cropping and
segmentation parameters.

We formulated and implemented an Extended Kalman Filter (EKF) model for pose
filtering of the catheter during tracking. This formulation was tested in simulation with

artificially noisy (gaussian) measurements, and reduced the RMS error by 60%. Future
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works will integrate this EKF formulation with fluoroscopy image segmentation measure-
ments for in-vitro pose tracking and filtering.

In this chapter, we have presented the design and proof-of-concept of various sub-
systems needed for our envisioned catheter deployment strategy (Fig. {.2). To achieve
our main goal of robot-assisted endovascular intervention, a significant research effort is

needed for successful integration of these different sub-systems.
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CHAPTER 5
TOWARDS SMART ASPIRATION CATHETERS

5.1 Introduction and Motivation

Patient outcomes following endovascular treatment for cerebral ischemic stroke depend
heavily on the ischemic time (time from onset of blockage to recanalization) and on the
extent of recanalization of the cerebral vasculature. In a recent study by Kunz et al.
[80], based on data from the HERMES meta-analysis [43]], it was shown that each 10
minute delay in ischemic time correlated with 40 days of added patient disability and
$10,000 of added economic burden. “First pass effect” is the achievement of complete
revascularization from a single thrombectomy device pass. It has been associated with
faster revascularization (i.e. reduce ischemic time), lower mortality, reduced disability
rate, and fewer procedural adverse events [81]. However, with the current thrombectomy
technique, first pass recanalization is achieved in only 25% of cases [82]]. Clot retrieval is
abandoned after several time-consuming failed attempts when further benefits of restoring
blood flow are outweighed by the surgical risk and the cumulative ischemic burden already
suffered by the patient.

First-pass failure is partly due to sensory deficiencies hampering the surgeons’ percep-
tion. The perception barriers are: 1) lack of simultaneous visualization of clot location and
catheter tip in real-time, and 2) lack of sensory feedback about the level of engagement
between the catheter tip and the clot. Surgeons currently rely on subjective measures (e.g.
lack of blood return in the aspiration catheter [80]) to infer engagement with the thrombus.
After aspiration for 2-5 minutes with the clot engaged, the surgeon removes the catheter.
If unsuccessful, the process of catheter preparation, endovascular navigation, and suction

must be repeated.
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In this chapter, we begin to investigate the feasibility of an indirect intraoperative
sensing approach with two unprecedented capabilities: 1) estimate the distance between the
catheter tip and the blood clot, 2) inform the surgeon about the quality of the engagement of
the catheter tip with the clot. The proposed technology has the potential to offer a low-cost
rapidly deployable sensory solution that is compatible with existing catheter technology.
While our focus application is for stroke care, this indirect sensing method could be applied
to the endovascular treatment of aneurysms, arteriovenous malformations (AVM), and
arteriovenous fistulae.

To the best of our knowledge, our proposed adaptation of stochastic modeling and
machine learning to estimate distance to clot and to classify quality of catheter engagement
has not been investigated in the literature. Ultrasonic sensing for flow velocimetry has
been developed and explored for the past two decades [76l]. The presence of the ultrasonic
piezoelectric elements at the catheter tip prevents miniaturization while retaining a hollow
and flexible tip. Such catheters have been used for cardiac applications [[77][78]. Miniature
intravascular ultrasound (IVUS) ablation and imaging catheters (e.g. Boston Scientific’s
Ultra-ICETM) lack the necessary tip flexibility and a working bore.

The goal of this research effort was to investigate an indirect sensing method to esti-
mate the proximity and engagement between the distal tip of an aspiration catheter and a
blood clot during neuro-endovascular surgery. The driving hypothesis is that this sensory
feedback can increase the probability of successful clot retrieval. To achieve this goal, we
plan to 1) investigate the pressure loss during pulsatile vacuum excitation as a function of
distance between the catheter tip and a mock clot lodged a vasculature model, 2) investigate
the effect of pulsatile vacuum excitation on catheter-clot engagement, and 3) investigate
and develop a classification frame works for engagement quality (good vs bad) based on

the pressure loss.
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5.2 Methods

Aspiration thrombectomy refers to the endovascular retrieval of a cerebral blood clot
using suction force applied via an aspiration catheter. The aspiration catheter is deployed
from the femoral access in the leg to the site of occlusion in the brain, as shown in Fig.
M.T)(a). Once engagement with the clot is inferred, the surgeon apply a constant suction
force using a vacuum pump (e.g. Penumbra pump) or more commonly a 60 mL Vacloc
syringe. Prior works [167, 168] have experimentally determined that the vacuum level
applied during aspiration thrombectomy ranges between —0.91 x 10 Pa to —0.78 x 10°
Pa. The vacuum lines are filled with saline to prevent accidental injection of air bubbles into
the blood stream. We replicated this setup ex-vivo and enhanced it with sensing modalities,
with the eventual goal of providing predictive information to the surgeon during aspiration

thrombectomy.
5.2.1 Experimental Setup

Figure [5.1] shows our experimental setup for smart aspiration thrombectomy. We re-
placed the manually suction force with an oscillating suction force applied using a linear
actuator. This sinusoidal motion is commanded using Simulink Real-Time deployed on
a PC/104 target computer. A pressure sensor (Honeywell, 26PCCFB2G, +1.03 x 10°
Pa) measures the applied pressure at the proximal (extracorporeal) end of the aspiration
catheter. The setup also includes a linear potentiometer that measures the catheter insertion
into the vasculature. The data from both sensors are logged to the PC/104 computer via
16-bit analog inputs.

The intracorporeal portion of the setup consists of a mock vasculature filled with water
and sealed at its distal end with mock blood clot. Its proximal end is sealed with an
introducer sheath (e.g. Glidesheath slender), through which an aspiration catheter (e.g.
Medtronic React 68) is inserted. This setup mimics the clinical practice of using an intro-

ducer sheath to keep the femoral artery sealed during endovascular interventions.
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Figure 5.1: Experimental setup for smart aspiration thrombectomy: An aspiration catheter is inserted into a
mock vasculature () via an introducer sheath 2) and system is filled with water to replicate the clinical setup.
A glass syringe @ is used to apply a negative pressure, at the distal end of the catheter. The syringe barrel is
fixed and plunger is actuated using a linear actuator. The motion profile of the syringe is controlled using a
PC-104 target computer @. A pressure sensor (3) measures the vacuum applied by the syringe at the distal end
of the catheter. A linear potentiometer (&) records the insertion of the catheter. A camera is used to measure
the catheter-clot distance 7.

The blood clot in our setup is simulated by plugging the water-filled vasculature with
a metal rod. Eventually, once the system is fully characterized and optimized, we will
replace this rod with more standard blood clot models (e.g. [169, 170, 171]]). We have
started investigating the use of coagulated porcine blood as clot phantoms, as shown in
Fig. [5.2] While this phantom is adequate for our needs, we opted for a less biohazardous
model for the initial investigation. Future works will also explore methods for repeatable

positioning and adhesion of the blood clots within the phantom vasculature.

(a)

Figure 5.2: Blood clot fabrication using coagulated swine blood: (a) clots coagulated inside different diameter
Tygon tubes, (b) a sample clot tested for consistency by clinical collaborator
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Figure [5.3] shows the various vasculature phantoms explored for this application. The
rubber tubbing model (a) is softer than arterial vessel, and is thus not a good phantom
option. The branched commercial model (b) mimics the texture and geometry of blood
vessels and will be the vasculature of choice once the system is optimized. For initial
testing, we opted for the Tygon vasculature model (c), as it has a texture similar to the
commercial model and can be kept in a straight configuration to minimize friction effects

that can mask traction forces experienced by the clot.

Figure 5.3: Vasculature models for smart aspiration thrombectomy. (a) commercial branched model with
aneurysm, (b) Tygon tubing model (ID 3.175 mm), (c) Rubber tubing model (ID 3.175 mm).

We also explored different actuation options for pulsating the syringe. Our first proto-
type was a low-cost slider-crank mechanism (see Fig. [5.4(a)) actuated by a servo motor
(Jameco Electronics, HN-GH12-1926Y). The motion of the syringe plunger was measured
using an optical encoder (Moticont, OEM-030U-01, 30uum resolution) mounted externally
and logged on the PC104 via an analog input. The frequency of the oscillation was set by
the voltage input to the motor (directly from a power supply) and its amplitude was set using
an adjustment feature in the crank mechanism. While this actuation method was functional,
we needed a more robust and repeatable way of commanding the syringe motion.

In our second prototype (see Fig. [5.4(b)), the syringe was actuated using a high speed
linear actuator (Firgelli Automations, FA-RA-22-12-2). The sinusoidal motion of this
motor was controlled in real time using a PID control law on the PC/104 computer. The
current required for this motor (5A) exceeded the limits of the PC/104’s servo amplifiers

(LSC 30/2, Iyax = 2A), so we connected the analog output from the PC/104 to an external
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amplifier (Dimension Engineering, Sabertooth 2 x 5) to drive the motor. The syringe
motion was captured by the same Moticont optical encoder. Unfortunately, the backlash
in this motor exceeded the commanded range of motion of the syringe, which resulted in
unreliable syringe position measurements.

Figure @c) shows our current actuation method, which is a precision lead screw with
a ball bearing carriage (McMaster, 6734k34) connected to a DC motor (Maxxon group
369848). This motor and its internal encoder interfaces well with the PC/104, and removed
the need for the external encoder and external amplifier. We also opted to use replace the
Vacloc syringe with a glass syringe (Zoro, G4824206), as we noticed motion losses at high

frequencies due to the rubber interface between the plunger and the barrel.

Figure 5.4: Actuation methods tested for pulsatile excitation: (a) Low-cost slider-crank mechanism, (b) High
speed linear actuator, (c) Precision lead screw.
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5.2.2 Data Collection Procedure

Using the setup shown in the Fig. [5.T]and a tygon tubing vasculature model, we applied
a pulsating vacuum using the syringe and collected sensor data for different experimental

conditions. This experiment was done in the following sequence:

1. The vasculature, aspiration catheter and syringe system are filled with water to create
a closed system. Multiple syringes and 3-way valves are used release any air bubbles

from the loop.

2. The aspiration catheter is placed at a set distance from the clot. This distance was

recorded using a camera, with a ruler in the frame for scale.

3. The syringe is commanded to pulsate at a set frequency and amplitude for 10 seconds.

The commanded profile is a time-base sinusoidal function:

Gaes = Asin (27tft+ g) —A 5.1)

where A is the amplitude and f is the frequency. The syringe motion starts at its home
position and its motion ranges from 0 to —2A, thus generating a negative pressure

(vacuum) on the system.

4. The syringe motion, the pressure data, and catheter insertion data are logged into the

PC/104.
5. Steps 2-4 are repeated for different catheter-clot distances and motion frequencies.

5.3 Results

Using the presented data collection procedure, we commanded the syringe to move

with A = 0.1 mm and frequencies 4 Hz, 6 Hz and 8 Hz, successively. The catheter was

124



positioned at different distances from the clot, ranging from 10 mm to O mm. We recorded
sensor data for each of these experimental conditions.
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Figure 5.5: Pressure profiles as a function of syringe displacement and catheter-clot proximity, for three
oscillation frequencies (4Hz, 6Hz, 8Hz)

Figure [5.5] shows the resulting pressure profiles as a function of syringe motion and
catheter-clot proximity. These plots show that the pressure traces are ordered as a function
of catheter-clot proximity. We also notice a slope increase in the pressure profiles as the
frequency of syringe oscillation increases. Further analysis is required to interpret the
trends observed from this data. The data should be used to obtain a statistical model of
the system and tune a support vector classifier. In addition, a computational fluid dynam-
ics model for the pulsatile flow and pressure transmission model should be investigated.
Nevertheless, these preliminary results suggest that there may be a path forward in using
pulsatile pressure excitation as a tool to measure catheter-clot proximity during aspiration

thrombectomy.
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5.4 Conclusions

In stroke care, early and complete revascularization are the strongest indicators of good
clinical outcome for the patient. With the current clinical standard, first-pass recanalization
is only achieved in 25% of cases. This is partially due to sensory deficiencies hampering
the surgeon’s perception about the clot location relative to the aspiration catheter tip, and
the level of contact between the catheter and the clot. The overarching goal of this research
effort is augment the current aspiration thrombectomy setup with sensory feedback and
quantitative metrics to gauge catheter-clot proximity and engagement.

In this chapter, we have conducted a preliminary feasibility study for the proposed
smart aspiration setup. We have developed a low-cost apparatus that supports controllable
vacuum excitation and sensing. We have explored different phantom vasculature model
and fabricated mock thrombus from coagulated porcine blood. Using this platform, we
have collected experimental data with different sinusoidal vacuum excitation profiles. Our
results suggest that there may be a relationship between the catheter-clot proximity, the
pressure profile, and the excitation frequency. A significant research effort is still needed
to extract this relationship, including a statistical model of the system and a computational

fluid dynamics model to characterize the pulsatile flow within the system.
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CHAPTER 6
CONCLUSIONS

6.1 Summary of Findings

Thanks to their distal actuation and high dexterity, continuum robots are able to perform
navigation and manipulation tasks that would be too challenging for conventional rigid-link
robots. This dissertation explored the design and sensing requirements for using continuum
robots in confined spaces and near human anatomy. We focused on two applications
that vary in scale but share the need for continuum robots with integrated sensing and
adaptable behaviors. On the macro scale, we investigated continuum robots for human-
robot interaction in confined spaces. On the sub-millimeter scale, we proposed a robotic
catheter system and perception augmentation to improve stroke interventions.

The deployment of continuum robots in confined spaces for collaborative manufac-
turing can help alleviate the physiological burden on workers and reduce the incidence
of work-related musculoskeletal disorders. As a means for enabling such interactions,
Chapters |2 and [3| presented continuum robots with adaptable behaviors and integrated
sensing for increased safety and optimal task execution.

Current continuum robots designs are limited to a constant cross-sectional diameter.
The ability to actively change the diameter of continuum robots would expand the repertoire
of kinematic redundancy and enable kinematic parameter adaptation to optimize perfor-
mance. In Chapter 2] we explored this alternative design option by integrating circular an-
gulated scissor linkages into the structure of continuum robots. We presented the kinematic
analysis of this design, along with an exploration of admissible design parameters values
for a given continuum robot segment with a desired maximum curvature. We proposed a

strategy for using this additional degree of redundancy to minimize joint forces and avoid
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joint limits. The simulation results showed diameter adaptability can significantly reduce
the joint forces, while preserving workspace. The contributions from this chapter are a
first step towards continuum robots with situational awareness that will utilize adaptable
behaviors for optimized task execution.

Safe human-robot interaction requires robots endowed with perception. In Chapter [3]
we presented the design of a multi-modal sensory array for continuum robots, targeting op-
eration in semi-structured confined spaces with human users. These sensors integrate into
the body of continuum robots and endow them with proximity sensing, contact detection
and localization, force sensing and mapping capabilities. We presented the characterization
and calibration of the sensing modalities within this array, along with the communication
protocol and multiplexing scheme used to allow an interactive rate of communication
with a high-level controller. We integrated these sensors on an industrial manipulator and
within the structure of a continuum robot, and demonstrated active mapping of a mock
confined space and human-robot interaction. We believe that this technology is a significant
step towards a novel class of continuum robots that can be deployed in confined spaces,
intelligently interact with their environment, and safely assist a co-located worker.

Endovascular interventions for ischemic stroke requires dexterous manipulation of catheters
and guidewires. Robot-assisted steerable microcatheters can facilitate navigation along
tortuous vasculature and bifurcation selection, thereby reducing the surgical skill demands
and expanding the availability these interventions. In Chapter 4, we proposed a novel
multi-articulated robotic catheter that meets the size and steerability requirements for neu-
ronavigation. We presented the design, non-linear kinematic modelling, and image-based
calibration of this system. We segmented a 3D model of the internal carotid artery, which
we used to create virtual and physical phantom vasculature models needed for path plan-
ning and system evaluation. We proposed a path planning algorithm that uses pre-operative
CT information to compute the joint values that minimize shape deviation between the

catheter and vasculature path. An optimization of the catheter design parameters including
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the continuum segment lengths and the angular offset of their respective bending planes was
carried out using an algorithm based on the Nedler-Mead Simplex method for minimizing
a path-specific design error score. A simulation study showed the effectiveness of this
algorithm, by comparing the path following errors for the baseline ad-hoc catheter design
against the optimized catheter design.

The steerable catheter is actuated using a custom-designed 4-DoF actuation unit with
series elastic elements for active compliance and safety. A multi-mode control algorithm
was implemented for real-time control of this system, using Simulink Real-Time on a
PC/104 computer. We performed a preliminary validation of this robotic system through
experiments demonstrating branch selection, insertion in an unknown channel under active
compliance, and autonomous deployment within a 2D vasculature model.

For future image-guided steering and intraoperative updates of the path plan, we pro-
posed a method for segmenting the vasculature path and tracking the catheter using fluo-
roscopy imaging. We also presented a formulation for Extended Kalman Filter for future
catheter pose tracking and filtering.

In addition to manipulation challenges, neuro-interventionalists also face sensory limi-
tations during endovascular procedures. Using bi-plane fluoroscopy imaging, the surgeon
has a vague, but unprecise, knowledge of the relative position between the catheter tip and
target clot. This perception barrier is partially responsible for the high failure rate (75%)
of first-pass recanalization attempts. In Chapter [S| we explored the feasibility of using
pressure data from an oscillating vacuum as a predictive metric for catheter-clot proximity
and quality of engagement. We developed a low-cost testing apparatus that supports this
controllable vacuum excitation and testing. We collected an initial set of data that seem to
indicate a relationship between the catheter-clot proximity and the commanded excitation

profile.
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6.2 Future Research Directions

The contributions of this work will allow future continuum robots to operate more
safely around workers and to use sensing combined with imaging to actively steer within
blood vessels. For the manufacturing-related application of sensing, we have established
the feasibility of a novel multi-modal sensory array that endows these robots with contact,
force, and proximity sensing along their lengths. Future research questions relate to the
optimal use of this sensory array for environmental mapping and localization. The motion
profile of the continuum robot during mapping affects the precision of the environment
mapping because the time of flight sensors have pre-determined sensory error map as
determined in Chapter [3] With this distributed sensing along a continuum robot, one
then may ask the question of how to use redundancy resolution to maximize mapping
information while minimizing the measurement noise. Furthermore, the uncertainty in
the shape of the continuum robot affects the mapping accuracy and one needs to consider
in the control strategy of these robots how to include this information as part of the motion
optimization scheme for these robots.

For the ischemic stroke work presented in this dissertation, there are several open-ended
research problems that remain. Although we have shown sub-system design and proof-
of-concept results, our overarching goal of robot-assisted endovascular intervention will
require a significant research effort for successful integration. Bi-plane image segmentation
and pose filtering need to be merged into the control algorithm of the catheter. There
are two ways to merge the fluoroscopy information with the controller: 1) implement 3D
reconstruction from 2D biplane fluoroscopy imaging, or 2) implement a controller that
fuses error information from the two image planes to deduce a local correction of the
catheter motion in 3D. This may be achieved via two local controllers that operate in each
image plane and then are weighted based on a 3D projection map that takes into account
the 3D kinematics of the catheter. In addition to this challenge, the 3D tracking of the state

of a catheter that may be subject to twisting motion remains a challenging problem. One
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may consider in the future the use of helical radiopaque markers to be embedded on the
catheter body to give local rotation information about the axis.

The ways in which active compliance and assistive virtual fixtures for catheters en-
dowed with active compliance remains an open research question. The extent to which a
user may be left to their own devices to steer a catheter v.s. using semi-automation remains
to be explored in future user studies.

Finally, we have explored the possible use of oscillatory vacuum as a way to estimate
the distance from the clot and to verify the quality of clot engagement. We have explored
the excitation frequency ranges of 0.5 to 12 Hz and found dependence of the results on the
excitation frequency. Our preliminary results weakly suggest that this approach may work
provided the type of oscillation is adaptive as a function of distance, and that the system
inducing the oscillation has the necessary mechanical bandwidth to achieve very accurate

motion control at a reasonable frequency of oscillation.
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