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ABSTRACT OF THE DISSERTATION

Dexterous Robotics for Image-Guided Needle Insertion

by

Dimitrious Schreiber

Doctor of Philosophy in Electrical Engineering (Intelligent Systems, Robotics, and Control)

University of California San Diego, 2022

Michael Yip, Chair

Image-guided surgery (IGS) enables accurate and safe minimally invasive treatment of
diseases, including cancer and chronic pain, with needle-like tools via a percutaneous approach.
During a percutaneous IGS, the physician plans, inserts, and adjusts the needle with image
feedback to help them “close the loop” and compensate for the accuracy limitation of free-hand
adjustment and patient physiological motion. When performed with Computed Tomography (CT)
guidance, robots provide high positional accuracy, enabling fewer intermediate control scans
and lower radiation doses. To fit into the clinical workflow, the robots must be simple to set up
and operate within the confined imaging bore while retaining sufficient dexterity to insert and

manipulate the needle. This thesis explores CT-guided needle insertion, focusing on technologies
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required for dexterous manipulation of needles within an imaging bore, considering the interplay
between device kinematics, mechatronics, planning, and control. The clinical problem and
existing guidance technologies are reviewed. From this, abstract and measurable clinically
motivated metrics for in-bore dexterity applicable to general-purpose intra-bore image-guided
needle placement robots are defined and applied to different procedure areas. Two generations
of redundant CT-compatible robots are developed and tested both on bench-top and in-situ. The
designs’ ability to meet clinical requirements is analyzed. Specifically, it is demonstrated that
the redundant linkage design provides dexterity across various human morphology, and that the
transmission, sensing, and the control meets the clinical requirements for target accuracy during
an in-situ evaluation. Finally, methods for automated robot planning and control for intra-bore

needle manipulation from image guidance are explored.
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Chapter 1

Introduction

1.1 Motivation

Interventional radiologists (IRs) perform minimally invasive procedures under real-time
medical imaging guidance, such as ultrasound, fluoroscopy, computed tomography (CT), and
magnetic resonance imaging (MRI). Within Interventional Radiology, CT guidance is the standard-
of-care for biopsy and ablation procedures in the abdominal region for a wide variety of diseases.
In recent years, percutaneous CT-guided procedures have increased dramatically in both type and
frequency due to their decreased complications and recovery time compared to more invasive open-
surgery and laparoscopic surgery, enabled by technique and technological advances [JDC™ 18,
Len18]. This approach allows the minimally invasive diagnosis and therapy of numerous diseases.
These include lung, liver, and kidney cancer and chronic lumbar-sacral spine pain, which in
combination affect approximately one-in-six people during their lifetime [noae,noac]. Physicians
use needle-like tools to diagnose and treat these diseases, including fine needles for injection
and aspiration, core-biopsy needles, and ablation probes. However, despite these strong clinical
advantages, accurately inserting the needle is challenging during these procedures, especially for

accessing small lesions within the abdominal and thoracic region. In United States, approximately



2 million new cases of cancer are diagnosed yearly [noal5] with 600,000 deaths [[Can22] resulting
in direct healthcare costs of over 200 billion dollar [CBG22]. Due to an increasing median
population age [Age] and significantly higher prevalence of cancer in older populations [R1s00,
TDC™ 10|, the incidence is expected to increase nearly 50% by 2050 [Wei21,SSHT09].
Typically, CT-guided procedures involve multiple steps where the IRs alternate between
manually and incrementally advancing the needle-like tool and stepping away from the gantry
to scan the patient. The physician must balance frequency of scanning to understand the in-
body environment with the radiation exposure for both the patient and physician. This trade-off
directly affects tip-to-target accuracy [Lenl8], [YLLT09]. Frequently, the IR withdraws the
patient from the imaging bore for needle insertion between scans for improved ergonomics.
The combination of delayed feedback and freehand control presents a challenge when high
accuracy is required and results in physicians performing a move-and-wait strategy [FS67]]
where they scan the patient, view the scan, make a conservative needle adjustment, and scan
again. These procedural challenges results in the average diagnosis necessitating 1.7 insertion
attempts [ZSS™20] with increased frequency of for repeat procedure [CKS™21,ZSS™20], severe

side-effects, and cost [WSWW11,DTSD"19,IGG"19,MPF" 10, BLE™ 18].

1.2 Navigated Needle Insertion

Clinically, navigation systems that track the needle’s base position providing real-time
needle visualization have received high adoption due to their simple setup [noad, noah] and
demonstrated improvements in clinical outcomes [KBFD21,WTW ™" 14, BLE™ 18, WSH" 114,
BSE™19,SIL™21,WSOB12a]. However, these systems’ performance is limited within the imaging
bore [AHF"15]] and have decreased clinical accuracy in comparison with robotic approaches
[VBWSH21].

Recent work presented many challenges relating to decreased adoption of image-guided



robotics outside of orthopedic and neurosurgery [FTH22] with a strong focus on the procedural
workflow changes required to integrate the device overcoming their added value. Robotics
can improve tip-to-target accuracy and ergonomics while decreasing radiation exposure by
providing real-time visualization of the system state to avoid many of the current move-and-
wait challenges and allowing for the precise adjustment of tools while the patient is within the
bore [CTL'15,LGR"21]. This decreases the potential for organ displacement due to the patient
being moved back and forth from the bore combined with less physiological motion due to a
shorter time between sensing and acting.

A considerable number of robotic platforms have been developed for use for trans-
abdominal and trans-thoracic access, where the robot must ultimately operate well within
the CT bore. Existing robotic platforms have demonstrated excellent needle placement ac-
curacy, including small size systems with low weight and large platforms with a fully ac-
tive workspace with numerous methods of inserting needles [UBM21, SMW 21| and a va-
riety of levels of human-involvement required during the procedure. However, existing sys-
tems fail to offer automatic hands-free device setup, control, and needle insertion within the
imaging bore; resulting in performance compromises, the need for clinical workflow changes
with increased overhead, the loss of existing abilities, or decreased safety in some situations
[AHF"15,SBM16,SES™13,BDSR"18a,SES™ 13, BLE" 18, MBG " 06].

Research robotics have been developed and demonstrated improvements for tip-to-target
accuracy and ergonomics while decreasing radiation exposure by providing real-time visualization
of the system state to avoid many of the current move-and-wait challenges and allowing for the
precise adjustment of tools while the patient is within the bore [CTL™ 15, LGR ™ 21] by enabling
the physician to know the location of their tool in real-time with lower potential for organ
displacement due patient remaining stationary within the bore and a shorter time between sensing

and acting decreasing the likely-hood of physiological motion.



1.3 Clinical Workflow

An image-guided percutaneous surgical procedure has three main phases: Preoperative
Setup, Procedure Planning, and Procedure Execution, described in detail below. The procedure is
performed within an imaging scanners, such as a CT scanner, frequently consist of an imaging
gantry and a couch. The imaging gantry has a bore that the patient resides within during imaging.
This bore can be a physical bore, such as in a CT or MR scanner, or a virtual constraint, such
as in a C-arm fluoroscopy scanner or a medical linear accelerator. The patient rests on a couch
consisting of a base and a table. The imaging gantry is typically stationary for CT scanners, and

the tabletop of the couch moves in and out of the bore.

1. Preoperative Setup Phase — Before the surgery, the physician reviews the preoperative
images to determine a rough plan of the procedure approach, including patient positioning
(e.g., prone, supine, left or right lateral recumbent). These images are typically from initial
diagnostic imaging scans (e.g., CT, MR) used to diagnose the existence of an ailment that

requires an intervention. Frequently, these scans are from days, weeks, or months prior.

2. Procedure Planning Phase — With the patient in position, the physician takes an initial
volumetric scan to provide an accurate view of the patient’s anatomy with which they can
plan their precise needle-insertion approach. They must consider the in-body obstacles (e.g.,
bone, blood vessels, other organs) and the confined space they are working in (e.g., imaging
bore, patient) to avoid collisions between the environment and needle. The physician can
select their preferred visualization (2D slices or 3D rendering) within the scanner software
during this step. If using a robot, an additional, non-trivial challenge involves setting up
the robot to the planned trajectory, assuming it is reachable and stable concerning the

kinematics of the robot.

3. Procedure Execution Phase — the physician inserts the needle into the patient towards

the target point within the patient’s body. Typically, the physician alternates between



making minor adjustments and inserting the needle with intermediate control scans. Upon
complications or after multiple failures of attempting to navigate the needle to the target,
the physician may loop back to Step 2 - Procedure Planning Phase and determine a new
needle insertion trajectory and begin again. Inserting and adjusting the needle requires up to
10N of axial force and 0.05Nm of torque [Wal10,PSV ™16, WHS"08a]. The insertions may
be up to 140mm [WLH™ 14] deep while requiring < 4mm position and < 4° orientation

error [DMGS™17].

A primary consideration is the space within the imaging bore. The space available for
manipulation is limited to the area between the patient, patient table, and the scanner bore.
Withdrawing the patient from the scanner provides more working room. However, this increases
the procedure time and the possibility of a mismatch between the previously captured image
and the current patient state due to patient physiological motion or patient shifting. Working
within the bore allows for shorter and more precise procedures but decreases the physician’s
ergonomics as they must reach between a narrow scanner bore and the patient. Even then, they
must remove their hands and body from the bore between intermittent scanning to avoid radiation.
Surgical robot platforms can enable more ergonomic manipulation of surgical instruments within
the imaging bore and, with the appropriate design, even increase the space available versus a

physician by providing a lower profile.

1.4 Related Works for Robotic Percutaneous Needle Insertion

This related work focuses on several device design attributes significantly affecting clinical
workflow (e.g., device setup, control), value-add (e.g., accuracy, procedure time, general-purpose
applicability), and safety (e.g., failure mode, device energy). The primary focuses are the device’s
kinematic structure and workspace, needle interface, and automation level for planning and

control.



1.4.1 Robot Design: Device Setup, Workspace, and Safety

The surgical robot platform’s mounting location (e.g., floor, scanner couch, or patient)
sets many constraints on the device’s kinematic design, size, and mass. This affects the device’s
setup, workspace, and safety. Setup is frequently time-consuming and challenging and can
require restarting from the beginning due to device self-collisions and environment collissions
[GBL™18,[KBFD21,LTK"06]. Large workspace fully-active systems provide many advantages,
including lower procedure setup complexity, remote teleoperation, and the ability to regulate
cartesian space tip stiffness to limit tissue damage in the case of gross or respiratory patient
motion [KSKKI17,MAM15]. We discuss and compare works focused on these attributes with
multi-organ applicability in the thoracic and abdominal regions. Table[I.I|provides comparison
of several fully-active systems which can adjust the needles angle and position.

Floor-mounted platforms (e.g., Innomotion, Maxio, Virtobot) are frequently fully active
and simple to set up with large active workspaces. However, they can pose a safety risk in the
case of relative motion between the patient on the scanner couch and the robot platform [CTL™ 15,
WKK™17, HMK™ 18, KHK ™20, YWQ™ 10, TATPO™ 11a, EPNT10, EPB™ 14, noag, GHT " 22].
Frequently, these designs use industrial robots with a custom end-effector (EE), [TATPO™ 11a,
WKK ™ 17] which occupy significant space within the scanner bore, have large inertia, and are not
passively backdrivable. This limits the ability of the device to perform in-bore needle insertion,
to adjust for unexpected patient motion safely, results in high energy within the system during
robot motion, and is difficult to remove in case of system failure. Therefore, the needle insertions
are typically performed outside the scanner bore and with the patient under deep sedation with
decreased accuracy, longer procedure time, higher risk of complications, and higher cost than
general or local anesthesia.

Couch-mounted systems (e.g. Acubot/PAKY, I-Sys/Biorob) [DLJ"98,SES™ 13,MFP"01a,
SSNY19,/GSS20,LN00, HFG™03,MGR " 08a, SCP " 03a,|[KKT " 14,CWL ™05, SHvK ™ 17] may be

fully active or partially active with the use of setup joints. These devices are strapped or bolted to
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the couch and passively move with the patient during couch motion for intraoperative scanning.
However, scanner attachment can be challenging and poses a risk of system damage and patient
injury in the case of improper fixation [noaal]. Manual setup joints significantly increase device
adjustability while retaining a low profile and stiffness without backlash but are challenging to
use, especially without gravity compensation for the device’s weight, and preclude the option of
a fully automatic device setup. Instead, they require the physician to carefully manipulate the
device to the correct position by hand while considering potential collisions with the environment.
Many devices in this class use small and highly geared non-backdriveable motors. This limits
their dynamic performance and requires patients to be under deep sedation.

Patient-mounted systems (including Light Puncture Robot, XACT, and Robopsy) are small
and intrinsically compensate for gross patient and table motion improvement [MDG™05,MBP " 08,
MBG " 06,/HBCF16a,WHS ™07, WLP"19a,YJY " 17 WHS"09,LSS " 13,LSL"19,N21|]. However,
they frequently occupy more space in the scanner and possess less dexterity. Additionally, it can
be difficult to balance point pressure application with sufficient stability and rigidity for accurate
needle insertion when mounting to a patient.

Throughout these device designs, in-bore workspace and dexterity analysis primarily
focus on swept volume accessible by the robot’s tip in free-space [MBG ™06, HBCF16a, YJY 17,
JYY " 17], potentially with a single reference human body size [WLP™ 19a] or the ability to reach
target organs and tumors in specific patient cases [BGBE18]]. [SSNY 19] used the orientable needle
insertion transform on a demonstration human mesh surface as a proxy for in-body reachability.
These evaluations are limited in their general purpose applicability and do not consider dexterity

in patients with large body habitus.

1.4.2 Needle Interface

Needle interfaces assist a physician in inserting the needle into the patient while maintain-

ing a target orientation and position. They must be sterile, safe, and replaceable. Many needle inter-



faces exist, including passive guides [DLJ"98,SES ™ 13,SCPT03a,MGR " 08a,BZJ T 08a,KKT" 14|
and active mechanisms [FIST21,YWQ™10,SSNY19,SHOM15a,SWH"09a,SKD"08a,LGR " 21].
Passive guides orient and position the needle at the surface entry point where the physician manu-
ally inserts the needle. They decrease the unintentional application of torques and forces to the
needle, deflecting it and decreasing accuracy.

Active needle drivers enable precise and quick insertion while the physician remains
remote and away from radiation or contagious diseases. Existing active needle driver designs
have utilized numerous mechanisms including limited travel prismatic axis [YWQ™10,SSNY19,
SHOM15al, friction rollers [SWH™09a, SHOM15al], clutching graspers [FIST21,GMGH™ 18a),
BZJ"08a, FKP"20], and rack-and-pinion [LGR*21]] while incorporating aspects such as force
sensing and safety release [SKD"08a]. These active designs have high complexity and limited
replaceability resulting in potential challenging sterilization procedures and limited compatibility
with different needles and probes while providing sufficient gripping force to insert them without

slipping or damaging the probe itself [SAM™02].

1.4.3 Device Planning, Setup, and Control

Device setup and user control methods significantly affect the Procedure Execution Phase
and fall into three main categories: direct joint control, EE control, and automated.

Direct joint control [CSA™ 14, SWH™09a, noab, BGT"21[] has the physician manually
control the robot joints. The system helps a physician perform a static insertion trajectory and
achieve fine adjustment. Stereotactic frames are examples of this in image-guided surgery today.
However, they can be complex and unintuitive to set up and plan for due to their frequently
unintuitive kinematics and joint limitations [SBM16].

Teleoperated EE control [noaf, BWM™04,MBG"06,HBCF16a,YJY " 17,SSNY 19,MBP" 08|
via Inverse Kinematics (IK), either in robot coordinates or image frame, allows a physician to

abstract away the device’s joint motions and make precise needle adjustments. This is the most



common operating model today, especially for small workspace and under-actuated systems,
which require manual setup for rough positioning and do not have to solve large-scale motion
planning problems for device setup. However, with this approach, the responsibility of con-
sidering potential collisions with obstacles in the environment and limitations of the robot’s
dexterity is left to the physician operators, which is cognitively challenging to keep track of given
the variety and complexity of linkage designs across different platforms. More broadly within
the field of robotics, IK algorithms exist that locally consider collision avoidance, and device
dexterity [HS87,BB98,/AGS™ 13, HC21] but have not yet been applied to the problem of in-bore
needle insertion.

Automated EE control with planning directly in imaging space [PBN"21, GDBNR21]]
enables the physician to select their target needle insertion trajectory from which they guide
the system to a course alignment. Then the robot automatically performs the fine adjustment
based on image tracking, decreasing the physician’s cognitive burden and improving procedural
accuracy [VBWSH21]]. However, the physician is still responsible for the device setup for course
alignment and environmental collision considerations. Existing works have included methods for
environmental and self-collision checking [CAO™ 07, TCO08, TOC05, MBP ™08, HTV " 21] prior
to a commanded motion. However, the physician still must determine the collision-free robot
trajectory themself.

Collision-free motion planning from image-space needle trajectory allows the physician
to select their target needle insertion trajectory and then allows the robotic system to solve the
associated motion planning problem to avoid self and environment collisions while supporting
angulation adjustment during the procedure. This is most relevant in large fully-active workspace
systems, which can perform automated setup, allows the physician to focus on the higher-level
surgical tasks, and decreases the cognitive overhead of introducing a robotic system. Ideally,
the physician is confident in the system’s ability to follow through on this task regardless of

the specific patient and needle insertion location. Previous works on collision-free planning for
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image-guided needle insertion provide methods of planning for nominal trajectory insertions
outside the bore [EFP™16,LXL"16,LQD™19] or in simulation within a scanner bore [BGBE1§]]
without considering dexterity required for needle pose adjustment around the nominal insertion
pose for device kinematics or collision constraints with the imaging bore.

Significant research exists for assisting physicians in determining optimal trajectories
for needle insertion within the patient’s body during the Procedure Planning Phase to per-
form the primary surgical task (e.g., biopsy, ablation, deep brain stimulation) while optimizing
for a variety of objectives (e.g., obstacle avoidance, cranial-caudal needle angulation, needle
deflection, tissue deflection, brachytherapy radiation distribution, ablation zone) from medi-
cal imaging data [SEHC'21]. Many approaches exist for both straight [SES™11,PAVE20,
HCE17,GSY " 14,LKKC12,CMGO09, TKII18,SJA™10,RCNY ™ 14| and steerable needles [ABGOS|
NKS™20, SHVK™17,[DXA ™10, vdBPA ™11, XDAGOS, PA10]. A select few of these methods
integrate this in-body needle trajectory planning with robot planning for out-of-bore inser-

tion [LXL™16,LQD™19,BSK 18] or within a simulated environment for in-bore [BGBE18]].

1.4.4 Scanner Image Feedback

When performing a procedure, the physician’s target is determined within the imaging
space and they perform control in their world coordinate system. This requires a registration
between these two spaces, providing a mapping between target poses for insertion and motions
to achieve the insertion. When performing a manual procedure, the physician performs this
registration and tracking internally, and then decides based on this internal tracking how to
best adjust the needle without realtime feedback. However, both the internal registration and
performing the adjustment by hard are difficult. Therefore, systems and methods [CBCV15] have
been developed to automate the tracking. Automated tracking has been applied both for real-time
visualization and for robot control. This related works focuses on two areas: methods for image-

based device tracking, and methods of using the tracking to guide a robot performing a needle
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insertion. [CBCV15]] provides a more general overview of navigational tools for Interventional
Radiology and Interventional Oncology.

Tracking fundamentally is determining a registration between the image-space and task-
space. Image-space tracking is primarily performed using fiducials (e.g., spheres [CBCV 15,
PKK16,LMWS11, FIM™21,/Qual, bars, arbitrary geometries [HBCF16b, RBF21, LYC™15])
and anatomical surface registration [JSFT06]. Pose estimation of stereotactic rigid bodies
is solved as classical computer vision problem using multiple point fiducial correspondence
[Yan10,DNMKOS8,[FRD " 12] and as surface matching problem [HBCF16b]. The fiducials are
directly segmented using classical [FRD™ 12] or deep learning segmentation techniques [RBF21]]
in both 2D [Yan10,PKK16] and 3D [FRD ™12, RBF21]. For fiducial based methods, the fiducial
arrangement within the rigid body body is critical for good accuracy at the clinically relevant
location [WMO04, PKK 16, WMO04]]. Fiducials typically consist of radio-opaque materials, such
as plastic, ceramic, and metal [You, ORK™ 19]]. Approaches work directly off 3D volumetric
data [DNMKO8, FRD™ 12, HBCF16b, FIM"21] or 2D projecthions [MWX08, PKK16]. 3D
volumetric data is provided openly for CT imaging and 2D data is available from flouroscopic
and C-arm imaging. The use of 2D projections can enable higher-speed tracking with low
radiation dose [MWXO0S]]. Real-time world-space tracking is performed using wireless methods
(e.g., optical [CBCV15,LYC™ 15, Qual] or magnetic tracking [CBCV 15, LMWS11,/CIV, Int])
and hardware methods with encoded arms [Tur]]. This tracked information can help a physician
directly perform the insertion them-self by providing real-time feedback via a graphical 2D/3D
visualization [WSOB12b,[CBCV15,[WSH™ 11b, Qua, Int], laser overlay [WSOB12b,CBCV15], or
robotic guidance.

Robotic needle insertion methods consist of two primary groups: image-space teleop-
eration and visual servoing. Given a registered robot, the physician teleoperates the robot
motions to adjust the needle based on visually observing the most recent image, as described

above (Sect. [1.4.3). Visual servoing methods automate the process of interpreting the im-
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Table 1.2: Fully Actuated Robots for In-bore Abdominal and Thoracic Percutaneous Interventions

Needle

Paper Robot Model Model Imager Sensors
[SHv™17,Shal§]] Yes Yes CT EM
[LWDW19]| Yes No CT Camera
MJYT19] Yes No CT EM
[SFIT05/JSFT06] Yes No CT Camera
[TTPT11] Yes No CT Camera
Ultrasound,
[PMP+03,PSWT00,BWM™03] No No CT, Fluo- -
roscopy
[OVPT20] Yes No CT -
[SKP™17,MPP"06,CHGS19] Yes No MRI -

ages and adjusting the robot. Methods use varying levels of environment modeling (e.g.,
robot, needle) for control and are tested within different imagers (e.g., ultrasound, fluroscopy,
CT, and MRI). Additionally, a variety of secondary sensors (e.g., cameras, magnetic track-
ers, encoders) are used for needle-base pose tracking. Based on their modeling and con-
trol scheme, these range from fully model-free approaches without a robot or needle model
[PMPT03,PSW00,BWM 03], to methods using a robot model without modeling needle tis-
sue interactions [LWDW 19,MJY*19,OVP*20,SKP* 17, MPP*06,CHGS19], to fully-modeled
approaches performing needle steering [SHv ™ 17,/Shal8]]. Model-free approaches improve gen-
eralizability due requring less understanding of the environment but may neglect aspects of
the system (e.g., joint kinematics, bevel-tip needle steering) decreasing performance (e.g., slow
convergence, decreased accuracy). Model-based methods enable faster convergence and improved
control. However, generating these model can be time-consuming or difficult to apply clinically.
An overview of existing works performing image-guided closed-loop needle insertion within an

imaging bore is provided in Table|1.2

13



1.5 Thesis Contributions

This thesis explores the design, development, and evaluation of robots for in-bore needle
insertion, focusing on developing and testing technologies that can ultimately fit into and improve
the existing clinical workflow and resolve existing clinical challenges. We aim to accomplish this
by developing a robot that can insert a needle into a patient with minimal hands-on effort from
the physician while improving their ability to reach the target accurately. This resulted in creating
a platform with a large workspace, high dexterity, and high accuracy with an automated control
method for in-bore device setup and control.

In summary, the contributions of this thesis are as follows:

1. Robot design for in-bore dexterity — developed a low profile and redundant serial link robot
design and controller, achieving clinically required accuracy, minimal in-bore footprint,

dexterity to insert needles across a patient body, and a large active workspace.

2. Mechanism for grasping a needle - developed a solid-state clutching needle gripper that
enables deep needle insertion with short axis length, simple manufacture and replacement,

compatibility with different size needles, and functions as a passive guide when deactivated.

3. Framework for in-bore planning and image-guided control of redundant robot — devel-
oped clinically focused metrics for workspace and dexterity are utilized within a unified
framework incorporating physician-specified task prioritizing for control of a redundant
robot. Additionally, a method for utilizing CT image feedback for controlling a robot
are presented. This framework enables fully hands-free device operation and is used for

simulated design evaluation and control synthesis in-situ experiments.

4. Method for robot design dexterity evaluation - developed a design evaluation method for
robotic systems dexterity during in-bore tool manipulation with retrospective motivating

clinical cases and generalized synthetic cases across multiple patient body habitus. This
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method can help improve robot design to maximize the possible needle insertion trajectories
in patients, resulting in improved safety, ease of use, and a greater breadth of possible

procedures with a single platform.

1.6 Dissertation Overview

This dissertation comprises five chapters. This first introductory chapter, Chapter 1,
described the clinical problem, including an overview of related works and an overview of this
dissertation. Chapter 2 describes the development of our initial teleoperated robot for CT-guided
needle insertion focused upon a specific procedure: needle lung biopsy. This chapter introduces
our chosen kinematic and transmission design for minimal in-bore volume and backlash. Based
on the lessons learned developing this system, a new platform was developed with a more broad
focus: abdominal and thoracic CT guided needle insertion. This work is described in Chapter 3,
covering the design and development of CRANE, a fully active system providing a low in-bore
profile with a large workspace, high accuracy, and high dexterity and deep needle insertion.
Chapter 4 describes a method for automatic dexterous device setup and image-guided control.
Finally, Chapter 5 concludes this thesis with a summary of key results and contributions while

presenting ideas for future directions.
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Chapter 2

Low-profile Table-mounted Robot

Primary lung cancer is by far the leading cause of cancer death worldwide. When
symptoms arise, the five-year lung cancer survival rate is 17% [Amel9]. Early lung cancer
detection through screening with low-dose CT and needle biopsy has been shown to reduce
mortality for high-risk patients. Definitive lung cancer diagnosis requires tissue sampling, often
performed by percutaneous transthoracic CT-guided lung biopsy. Smaller lesions, especially
those under 1cm in size, are challenging to target with current hand-guided methods [TWL™ 17]).

During a needle lung biopsy, the radiologist must localize and target a pulmonary lesion
several centimeters below the skin’s surface. The radiologist moves a patient in and out of a CT
scanner when alternating between viewing the position so f the needle and nodule on the CT
scan in a separate room and manually advancing the needle. The non-real-time 3D scans and the
freehand adjustments often result in the need for multiple punctures [HDBd™ 17]] and restrict the
angles at which the needle can confidently be advanced. This limits the radiologist’s ability to
reach lesions that require an atypical approach to avoid sensitive vessels or bone. Furthermore,
repetitive CT scans have a significant risk of secondary imaging-induced cancer. Robotics can
serve as a technological aid to significantly reduce these risks [KK15].

This chapter presents an the design of a teleoperated robot for intra-bore CT-guided lung
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Figure 2.1: CT-guided robotic system with a low-intra-bore-profile serial-link redundant 7-DoF arm. A
is the cartesian positioning stage. B is the trunnion and rotary axis. C is the robote 4DoF arm.

biopsies (Fig. [2.1). The robot uses a redundant serial linkage design that offers 7-DoF cable-
driven control for minimal backlash and smooth positioning and inserting of biopsy needles. This
robot significantly increases the number of approach vectors to peripheral targets. End-to-end
development from mechanical design to full user interface was required to achieve both low
in-bore profile and intuitive teleoperation.

Thus, we provide the following set of contributions:

1. Low-in-bore profile 7-DoF robotic biospy arm leveraging serial linkage design with outlined

CT-compatible design considerations,

2. Zero-backlash, stiff transmission through the use of belt and cable drives as required for

17



high-fidelity teleoperation,

3. Intuitive teleoperational interface and control for direct image-guided intervention while

the patient remains within the scanner bore,

4. Complete simulation environment in V-REP with full workspace analysis demonstrating

reach, and
5. Fully open-source approach to engage the robotics community.

We present a description and analysis of the robot’s mechanical design, characteristics,
and capabilities. Furthermore, we verify the collision-free workspace through simulation, and
perform experiments to determine the system’s repeatability, teleoperated accuracy. In addition, a
phantom biopsy procedure is performed under CT guidance.

The proposed robot will enable a radiologist to target a lung nodule, precisely adjust and
align the needle’s trajectory with the nodule, and biopsy the nodule. This will reduce the number
of punctures and CT scans required for the procedure. However, given the large workspace
and effective teleoperation of the robot, we also see a potential to use this platform for various
intra-bore applications. Thus, by open-sourcing the platform, we aim to contribute a base platform
solution to the surgical robotics community. Our design overcomes many coupled mechanical,
electrical, user-interface, and systems engineering challenges. This reduces the barrier for other
researchers in surgical robotics working toward 3D image-guided teleoperation or automation

research.

2.1 Related Works

Robotic systems have been developed to address a range of image-guided needle biopsy

applications ranging from liver ablation to prostate brachytherapy [KK15,MCS18]|]. Yet only
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a select few have been designed to address the specific challenges of performing lung biopsy
[SPBT02,/AAP" 15b,KSM"16,BDSR"18b,DJY " 17,MSC15,ZTK " 11].

Prior robotic approaches to lung biopsy can be broadly categorized by their physical
approach to lesions, the number of active joints, their mechanical stiffness, and their controllers.
Both platforms that use industrial robot arms and those with passive setup joints for transthoracic
biopsy have a reduced number of feasible biopsy approach due to their limited reach into the
bore due to their arm size [AKS™13,ZTK " 11, AAP" 15a] and limited active range of motion,
respectively. They may be well suited for smaller anatomies with single approach vectors. Robotic
systems using a device secured to the chest [WHST07, SWH™09b, HBCF16¢|] have limited reach
but may have better precision for positioning instruments as the body shifts.

Other robotic systems [SMH™17, KRS™11, vvDv15, SMR™ 15, RMK™11]], including
recently released commercial lung biopsy systems [Int19,|/Aur19]], offer a bronchoscopic approach
via intraluminal steerable needles [RUM18,FBS™17]. However, they have low diagnostic yield
in peripheral lungs and for lesions smaller than 20mm [MNS12,|GAO™ 14], [HKK 18, Aer16].

The success of these application-specific CT-compatible robotics systems illustrates the
utility of CT-guided needle biopsy robots. However, due to the tight working conditions combined
with stringent material limitations, existing robots have deficiencies in their operating area and
reachable collision-free workspace. This precludes them from general-purpose applications.
The proposed serial linkage robotic system overcomes several challenges by striking a balance
between the high-stiffness industrial robot arm methods and the low-stiffness intra-bronchoscopic

needle approaches.

2.2 Methods

This section describes the clinical requirements for lung biopsy and the considerations

required for teleoperated robot design. This includes the mechanical design, the electrical
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interfaces, kinematics, and user interface for teleoperation.

2.2.1 Clinical Requirements

Clinical requirements for lung biopsy includes the ability to hit 10mm biopsy targets with
an average needle placement depth of 73mm (4.8-139.6 range) [WLH™ 14]. Commonly used
needles range in length from 8cm to 30cm. The average human lungs are 25c¢m to 35cm in length
and 10 to 15cm in width. Vasculature and ribs preclude certain approaches and other approaches
are sub-optimal due to their high risk of heart and diaphragm puncture. This motivates a highly
dexterous robot with a large working volume to enable access to target nodules from several
orientations throughout the lungs without reconfiguration and manual setup. The robot must be
radiolucent to minimize visual artifacts in the CT images.

Teleoperation enables direct “surgeon in-the-loop control”. Humans naturally adjust for
bias resulting from kinematic model inconsistencies with the real robot, as evidenced from the
well-accepted teleoperation of the daVinci Surgical System for laparoscopic surgery (the robot
uses a serial linkage approach). Furthermore, due to the radiologist’s extensive training, they
can compensate for needle deflections which occur due to tissue non-homogeneity and small
initial placement errors. This places smooth and fine adjustability as a higher priority than pure
kinematic accuracy and stiffness.

Furthermore, due to the closed bore CT scanner’s 70cm bore and limited spThe kinematic
structure of the platform is shown in Fig. Kinematically and mechanically, the robot is
composed of two distinct structure. The 3-DoF exo-bore stage is a linear-linear-roll belt driven
positioning platform. Each actuator for this platform resides on the previous joint. The 4-DoF
cable driven in-bore actuator is kinematically yaw-pitch-yaw-linear assembly. The four actuators

for this assembly reside on a trunion which serves as the structure for the stage’s rotary axis.
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2.2.2 Linkage Design

Kinematically and mechanically, the robot is composed of two distinct structures. The
3-DoF exo-bore motion stage is a linear-linear-roll belt driven positioning platform. Each actuator
for this platform resides on the previous link. The 4-DoF cable driven in-bore actuator is
kinematically a yaw-pitch-yaw-translational assembly. The four actuators for this assembly reside
on a trunnion which serves as the structure for the system’s rotary axis.

For the serial cable driven joints, the number of idler pulleys increases with order N2,
where N is the number of joints. Therefore, it is beneficial to limit the number of serial cable driven
joints required. This platform’s 4-DoF cable driven intra-bore arm with the 3-DoF positioning
stage provides a compromise between design complexity and system dexterity. This maximizes
the platform’s in-bore performance while minimizing its cross-sectional area. Mechanical benefits

to using the serial cable driven design include:

e Zero Backlash: The use of cables with pulleys (in contrast with Bowden tubes) allows the
arm to have zero backlash and high transparency which provides fine incremental motion.

Additionally, there is no “stiction” which would interfere with fine adjustment.

e High Load Bearing: In contrast with belts, synthetic cables have high load bearing capabil-
ities while still allowing flexible 3D routing and tolerating a small pulley diameter to cable

diameter bending radius (D:d).

o [mproved Dexterity and Volume: The serial link design contributes to the robot’s high
dexterity while minimizing its in-bore profile. Motors are placed out of the bore, where

space is less constrained.

e Reduced Mass: The remote drive significantly decreases the arm’s static loading, as each

joint does not have to hold the following joints’ actuators.

e [mproved Image Quality: There is a significant reduction in imaging artifacts in comparison
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with joint mounted actuators.

For needle placement, the combined 7-DoF design (including 1 needle advancement
access) provides two redundant DoF (a needle is symmetric around its roll axis) which can be
used for external collision avoidance via nullspace control.

A long carbon-fiber tube with the terminal 4-DoF cable driven end-effector reaches into
the bore to place the dexterous end in the general working area. Carbon-fiber is both radiolucent
(due to its low density) and possesses very high stiffness. The out-of-bore stage’s two prismatic
axes enable motion within the frontal plane. The revolute axis enables the trunnion to roll in the
transverse plane.

Linear ball bearing rails with a belt drive are used for the stage’s prismatic axis due to
their high stiffness, accuracy, and low friction, and lack of backlash, respectively. Belt drives
provide an excellent solution for backlash-free motion when space is less constrained, and the
routing path is not tortuous. This decoupling of the intra-bore and exo-bore components enables
our 7-DoF arm to have less than a 50mm x50mm frontal cross section in the bore, increasing the
use-able working space and decreasing the impingement upon the patient’s area. Furthermore,
image artifacts are virtually eliminated (see Fig. [2.9b) due to the few dense materials present in
the bore. The design has 0.3m travels in both the robot’s x-axis and y-axis.

Maxon RE339152 (24V, 10900 free RPM) motors connected to Maxon 370805 planetary
gearbox (3.4Nm rated torque, 479:1 ratio) with US Digital E4T 500 count encoders on the motor
shaft are used for all axis. This results in 3.7¢ — 4 degrees per count encoder resolution at the
output shaft.

The robot end-effector is manufactured using a combination of Selective Light Activation
3D printing, continuous fiber reinforced Fused Deposition Modeling 3D printing, laser-cut acrylic
plates, and turned pulleys. The robot base is constructed of plastics (Delrin, PTFE, Acrylic-
like materials, nylon), composites (carbon and glass fiber composites), and minimal metallic

components (steel bearings, rods, bolts).
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2.2.3 Linkage Analysis

The up-to-10N loads applied when inserting and sampling a tissue during a lung biopsy
result in elastic deformation of the robot’s remote 4-DoF joint and cables, and may cause brinelling
of the idler pulleys’ bearings. Tested lung biopsy forces are measured below 4N, but, they may
be as high as 8N [WHST08b]]. Assuming needle loading primarily acts as thrust load and torques
applied to the needle, and consequently the insertion joint, are minor, the maximum joint torques

for the three revolute joints on the 4-DoF arm can be bounded by:

Tgy = m)?x[sin(x) (0.16m)(8N)]

Tys = m;,lx[sin(y)(0.0Sm)(S)N)] 2.1

Tge =0

Therefore, the maximum applied load from the needle biopsy is 1.28Nm, 0.64Nm, and ONm for
joints 4, 5, and 6 respectively.

The 4-DoF cable driven arm’s idler pulley bearing load ratings primarily limits the robot’s
load tolerance. The R2-5 stainless steel bearings (McMaster Carr P/N 57155K347) have a static
load rating of 177.8N. For the 4™, 5 and 6™ joints, this corresponds to maximum joint torques
at the lowest load rating configuration of greater than 2.49Nm, 1.25Nm, and 1.25Nm, respectively.
Pulley force increases at higher deviations from straight for joints 5, 6, and 7. Joint 7 has a
bearing limited force rating of 177.8N. Therefore, the arm has a sufficient load rating to perform
a core needle biopsy. The gravity torques (< 0.011Nm) applied to joints of the cable driven arm
are negligible compared to the torques due to needle insertion.

Cable stretch is, in general, a concern for precise control of serial linkage cable driven
actuators. Disturbances due to cable stretch, unlike backlash, are linear. Nonetheless, it is still

beneficial to minimize. The properties of several cable materials are summarized in Table We
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used Dyneema SK99 cable due to its ease of sourcing, high stiffness, low D:d ratio, acceptable

creep, and UV resistance.

Table 2.1: Comparison of Cable Materials

Material Tensile Modulus Tensile Strength D:d Creep Image Artifacts Sourcing

SK99 155 GPa 4.1 GPa 5:1  Fair Low Easy
DM20 94 GPa 3.4 GPa 8:1 Great Low Difficult
Vectran 103 GPa 3 GPa 8:1 Good Low OK

SS 210 GPa 2 GPa 18:1 Great High Easy

The linkages themselves are made of 3D-printed carbon-fiber-reinforced plastic. Finite
Element Analysis (FEA) simulation of the base joint (which observes the highest deflection) is
presented in Fig. using MarkForged’s carbon fiber material properties. The FEA shows that
the link deflection is negligible in comparison to the cable deflection.

To determine the worse-case deflection scenario, we consider a maximal deflection when
the force is applied perpendicular to the outstretched arm (joint 4 with joint 5 straight). Due to

negligible link deflection, the stiffness for this configuration is calculated as follows:

AL

where AL, the change in cable length, is calculated using the definition of Young’s Modulus, Lg is
the static length, F' is the force applied to the cable, A is the cross-sectional area of the cable, and
E is the cable’s Young’s Modulus. Using a first order approximation for tip deflection motion,
this results in an end-effector stiffness of at least 1.55N/mm, or at most 0.64mm of movement for

each 1N of additional force.
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Figure 2.2: Finite Element Analysis deflection simulation with 2Nm applied torque for a single (base)
linkage of the multi-linkage biopsy arm that extends into the bore.

2.2.4 Robot Kinematics

The kinematic structure of the platform is shown in Fig. [2.3] The robot’s kinematic chain
is described using Modified Denavit-Hartenberg (DH) parameter. The DH parameters define the

pose of the next frame by origin

Cntl =Cp+ax,+ erH—l (2.3)
and orientation
1 0 0 cos(0) —sin(0) 0
Ryi1 =R, [Ocos(a) —sin(a) | | sin(0) cos(6) O (2.4)
0 sin(a) cos(o) 0 0 1

where R, is the n-th frame’s orientation and c, is the n-th frame’s position. For this robot,
n C {1,...,7} is the robot’s reference frame for the joints and n = 8 is the end-effector frame.
The modified DH parameters for this robot corresponding to the kinematic diagram
presented in Fig. [2.3] and are provided in Table 2.2} the actuator-to-joint mixing matrix that
converts unit steps in the actuator to unit steps in joint angles is presented in Table 2.3] In

this table, ¢; and m; correspond to the i-th joint’s configuration and actuator’s configuration,

25



.. End-Effector

i |
1
‘\

Figure 2.3: Kinematic diagram of the distal end of the robot, illustrating needle and base coordinate
frames. A backend motion stage enables Cartesian positioning of the base joint.

respectively. The actuator-to-joint mixing matrix accounts for the pulley reductions of the 3-DoF
stage’s belt drives and joint coupling for 4-DoF cable-driven arm due to the varying amount of

cable wrap as coupled joints move.

Table 2.2: DH parameters where p is prismatic and r is revolute. All angles and distances are in radians
and meters, respectively.

Frame Type a;_ o D, 0,

1 p 0 T @ 0

2 p 0 -3 @ 0

3 r 0 0 0 q3

4 r 0 70 qa+75
5 r 8e-2 70 qgs

6 r 8e-2 70 g6 — %
7 p 557e-2 —% 274e—2+q7 O

8 - 0 0 1.15e-1 z

2.2.5 Embedded System Controller

Low-level motor control is performed using synchronized Proportional Integral Derivative
(PID) controllers on a DEO Nano SOC FPGA development board with a custom motor control

PCB for 8-axis brushed DC motor control (MAX14870 driver IC) with current sensing (INA169
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Table 2.3: Actuator-to-Joint mixing matrix, where p is revolute and r is prismatic.

Joint Type my my ms3 my ms me my

q1 p 5.73e-3 0 0 0 0 0 0

q p 0 5.73e-3 0 0 0 0 0

q3 r 0 0 024 0 0 0 0

q4 r 0 0 0 0.45 0 0 0

qs r 0 0 0 -0.35 0.45 0 0

g6 r 0 0 0 0.94 -0.62 0.79 0

q7 p 0 0 0 -5.26e-3 3.23e-3 -8.73e-3 6.35e-3

amplifier). The DEO Nano SOC development board is a combination of a dual-core ARM Cortex
A9 Hard Processor System (HPS) with a Cyclone V FPGA, interconnected through shared
memory. Motors directly interface with the FPGA for encoder pulse counting, PWM generation,
and current sensing. Additionally, a watchdog timer and emergency stop are implemented through
the FPGA. High-frequency PID position motor control (1kHz loop rate) is implemented through
the HPS and communicates with the FPGA using Direct Memory Access. The HPS hosts a
TCP/IP web server to allow the remote master PC to update the motor position setpoints and
disable/enable the robot. This physically separates the high-frequency, latency sensitive control

from the low-frequency, high-level control.

2.2.6 User Interface

A kinematic simulation of the robot and collision simulation of the CT bore are developed
using Coppelia Robotic’s V-REP [RSF13a]. A Python backend communicates with the simulator,
interfaces with various peripheral devices, and brings the physical robot system together such
that the simulator matches with the physical robot and the peripheral devices can be utilized to
control either the simulation alone or the synchronized simulator and robot. The 3DConnexion

SpaceMouse is used as the input device to update Frame 6’s position p[n] and rotation matrix
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Figure 2.4: Experimental setup for the robot with Optitrack system and marker for benchtop tests (green
box), robot and controller (blue box), and simulation with input device (red box).

R|n] as follows:

pln+1] = pln|+in| (2.5)

R[n+ 1] = euler2mat(y- r[n])R[n]. (2.6)

v € (0,1] is a velocity scaling constant which can be dynamically adjusted using two auxiliary
buttons on the 3DConnexion mouse, v[n] € R? is a discretized linear force reading from the
4

3DConnexion mouse in the [x,y,z]” axis, and y- 7[n] € R? is an y-scaled and discretized rotational

velocity reading from the 3DConnexion mouse around [roll, pitch,yaw]” axis and converted into
a rotation matrix via euler2mat(-). Inverse kinematics is calculated using a damped-least-squares
method, available through V-REP, to solve for the joint configuration. This discrete time system
is sampled at 400Hz. The final joint, needle insertion, is advanced and retracted using the control
computer’s keyboard in 0.1mm increments.

For visual feedback, the radiologist who is teleoperating the robot, views the CT images
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on the computer present in the standard imaging suite for CT scanners. Additionally, a 1.6mm
diameter video endoscope (Misumi MD-V1001L-120) is mounted parallel to the needle, and is

displayed to the user to provide a first-person needle insertion view.

T Scanner |

Model '

Figure 2.5: V-REP simulation environment shows the working space afforded by the serial linkage
design that extends into the bore.

2.3 Experiments

Experiments were conducted to show the performance and effectiveness of the system.
Through simulation, the large reachable workspace on a human model in a CT bore is shown. A
repeatability test is conducted to measure the precision of the system. Finally, the effectiveness of
the system’s teleoperational control is shown through a repeated needle targeting experiment and
a in CT bore biopsy puncture of a phantom lung. The hardware test setup for the lab experiments

are shown in Fig. 2.4] Due to limited parts on hand, the platform used in the hardware tests had

shorter translational stage travels.
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The following section describes experiments conducted to validate the system. The
motivation is to evaluate the robot for needle biopsies which generally require high precision, and
with closing-the-loop through a human teleoperator for accuracy in targeting lesions. Here we
explore the workspace reach, precision and repeatability tests on benchtop target tests, and finally

intra-CT bore biopsy sets using a phantom. The hardware test setup is shown in Fig.

2.3.1 Collision-free workspace

V-REP was used to evaluate the collision-free workspace of the robot design. A virtual
environment with a 65cm CT bore, a human adult dummy, and the robot are built as shown in
Fig. Over one million (N = 1.77€6) joint configurations for the first six joints were evaluated
to determine the reachable collision-free work-space afforded by the robot’s in-bore kinematic
design with a cartesian positioning base stage. The final insertion joint is excluded since it is used
for needle insertion once reaching the target pose. The end-effector pose, and the overall robot’s
collision state (either self or environmental) are recorded for each point. In-collision points are
removed. End-effector poses within a Smm radius of each vertex of the Polygon File Format
(.PLY file) robot model of the dummy are binned and counted. The percentage of the populated
cell are translated to the plots shown in Fig. [2.6] Manual analysis of the lung region, which
resides in the dark red region of Fig. further highlights the dexterity of the robot. The two

cones represent two extremes of the reachable workspace.

2.3.2 Precision

We tested system precision through a repeatability test. This illustrates the system’s
mechanical repeatability and tolerances. The robot repeated a sequence of 64 unique end-effector
points, equally spaced through the robot’s joint space, five times. At each point, the pose of the

end-effector is recorded using an OptiTrack V120-Trio. The 12 deviation from the mean position
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Figure 2.6: Heat map of the reachable workspace on an adult human in a CT bore. Hotter colors
corresponds to higher dexterity. The cones show the angles of needle insertion possible for the example
vertices.

and orientation (roll, pitch, yaw) for every configuration results in a standard deviation of 2.43mm
and 2.95 degrees for position and orientation respectively. The contributed video illustrates this

test.

2.3.3 Teleoperated Accuracy

Using the needle and visual feedback from the endoscopic camera, the operator controls
the robot to puncture 16 bull’s eyes on a four by four grid. The punctured paper target was
scanned, and puncture distance from the bull’s eye center is measured using the measuring tool
within the GNU Image Manipulation Program [[Gim19]]. The target is shown in Fig. The
mean positional error from the center of the bull’s eye is 0.73mm with a standard deviation of

0.30mm.

31



2.3.4 Teleoperated CT-guided Needle Insertion

Figure 2.7: Test set up for the paper puncture target tests to verify teleoperational accuracy.

The biopsy task was conducted inside a sliding stage CT scanner (GE 750HD) at the
University of California San Diego’s Thornton Hospital. Scan settings of 120 kVp, 40 mAs per
slice, 0.4-second rotation time and a CTDI,,; of 0.89 (similar to numbers reported in [TTC™09])
were used. Testing was performed on a custom lung phantom, based on the design presented
in [SK92a]. The lung phantom consisted of a 7.25” x 5.25” x 2” synthetic foam sponge placed
inside a sheet-aluminum ribcage. Two nodules were emulated with 1cm diameter clay balls and
placed into the sponge. Targets were marked on top of the sponge to give rough position estimates
for the nodules. Agar was cast in place over the ribcage and sponge. The entire lung phantom is
held inside a 12” x 12.5” x 6” acrylic box.

An experienced radiologist teleoperated the robot using the 3DConnexion SpaceMouse
to the target point (Fig. [2.8).For visual feedback, a combination of CT image data, an external

webcam viewing the robot, the needle mounted endoscopic camera (Fig. [2.8), and the kinematic
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I% copic camera view

Figure 2.8: Photo showing a biopsy task where the robot was operated by a radiologist. The endoscopic
camera view (inset) gives an additional perspective for the radiologist to ensure a precise needle insertion.

rendering provided in V-REP were used. Both targets were successfully reached on the first

puncture attempt. The contributed video illustrates this test.

2.3.5 CT Image Interference

CT scans were performed to check for artifacts in the CT images due to metal in the
end-effector. Sample images are shown in Fig. [2.9a and [2.9b| where the needle was positioned

vertically to show it on an transverse slice, showing no significant artifacts coming from the

o
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Figure 2.9: CT scans from the teleoperated experiment. In (a), the phantom where the ribs and lungs are
made from aluminum and sponge, respectively. In (b), the approach towards a needle biopsy of a nodule
inside the phantom lung. (a) and (b) were taken at different z-depths.
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robotic system.

2.4 Discussion

This chapter presents a teleoperated 7-DoF, low-profile, and highly dexterous robotic
needle placement platform for efficient and accurate needle biopsy of the lungs. The kinematic,
transmission and mechatronics designs are the basis for our future system.

Through cable and belt drives, backlash is minimized. The system is designed with the
flexibility and intra-bore compactness such that not only lung procedures can be performed, but
most other image-guided interventional procedures may find it useful. Simulation of the platform’s
collision-free workspace illustrated full access to the lungs from multiple orientations, repeata-
bility with a standard deviation of less than 2.5mm and 3 degrees, and minimal shadowing and
artifacts in the CT scanner. Under teleoperation, where the human closed-the-loop, mean position
error of less than 0.75mm was achieved. Finally, the system is provided fully open-source to re-
duce the considerable development time for other researchers to engage in CT-guided robot biopsy
research. Complete and detailed mechanical analysis, electrical design, user interface and systems
design are available at https://github.com/ucsdarclab/Open-Source-CT-Biopsy-Robot.

While the kinematic design promises excellent dexterity and the cable-driven design has
low backlash, the existing design has several limitations. Mechanically, the lack of a Z-axis
requires manual adjustment of the device’s setup height relative to the phantom. Additionally, the
in-bore rotary joint’s cable routing limits significant angulation adjustments. The short needle
insertion axis defines the maximum depth for needle insertion. However, a more extended depth
with a dedicated insertion axis would limit space within the imaging bore. This limits needle
insertion accuracy. The existing actuators have a high gear ratio resulting in high reflected inertia
and a non-backdriveable system, resulting in difficult device removal in the case of failure and

low maximum speed. Finally, accuracy and stiffness at the tip are relatively low due to the lack of
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end-effector and joint sensing and control.

The next chapter presents an improved device design and controller to address these
limitations. A Z-axis is included to improve device setup and control. Cable routing is optimized
for greater in-bore joint travel ranges and design dexterity. A novel needle gripper is developed to
enable deep needle insertions with a limited travel insertion axis. Additionally, low gear ratio
motors and passive gravity counterbalance supports a highly dynamic system that is passively
safe, easy to set up, and manually removable in the case of failure. Finally, joint and end-effector
position sensors are included in the hardware design and used for multi-level closed-loop control,

providing high accuracy.
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Chapter 3

Large-workspace Dexterous Robot

Within the field of Image Guided Surgery, Intraoperative CT guidance is used to guide the
physician to both diagnose and treat numerous diseases, primarily where there are complex 3D
anatomical constraints and small, deep, target nodules that reside typically 10 cm or more below
the surface of the skin [TTCT09,)RACF " 18]. Three of the procedures most frequently treated via
this approach are biopsies and ablations of lung, liver, and kidney tumors: all in the abdominal
area.

During an intraoperative CT-guided procedure, the physician must localize and success-
fully insert a needle-like probe into a target. Typically, the physician alternates between advancing
the needle a fractional distance to the target, stepping away, and scanning the patient to receive an
update on the needle and tumor’s position. When advancing the needle, the patient is withdrawn
from the scanner bore to allow the physician to place the needle ergonomically. The combination
of the non-real-time nature of CT scans, the lack of tool tracking, and the freehand adjustments
result in the physician needing to cognitively visualize the 3D trajectory and estimate the amount
of fine needle adjustment required to hit the target, all without visual feedback. This results in an
increased number of scans needed to hit the target precisely, greater variability in and lengthier

procedure times, and a potentially need to withdraw and re-insert the needle. These factors result
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in decreased safety with clinically relevant side effects [HDBd™ 17, AWB™ 15]], decreased positive
predictive value [WJTT16] and increased radiation dose [Teal3|]. Furthermore, small, deep lesions
are especially difficult to reach as slight angulation errors result in significant tip positioning
errors [TWL™17]]. Robotics offers a potential solution to these issues by providing increased
accuracy for needle trajectories and removing the tedious back-and-forth procedure flow, allowing
physicians to precisely insert the percutaneous devices along more cranial-caudal trajectories
rather than the in-plane trajectories currently selected [KK15]]. Existing robotic platforms have
dexterity, workspace, accuracy, device setup, or instrument compatibility limitations.

This chapter introduces the CT Robot and Needle Emplacer, CRANE (Fig. [3.1)), a needle-
manipulation system design providing dexterity, workspace, and accuracy within an imaging
bore of a scanner. CRANE’s novel design demonstrates a fully active, serially linked, redundant
kinematic approach with closed-loop tip pose control with a new needle-grasper which allows
for large dexterity within imaging bores with high accuracy while accommodating insertion and
retraction of a variety of needle-like surgical tools.

We provide the following technical contributions:

1. Low profile, redundant, and dynamic serial link design with high dexterity and actuator

bandwidth.

2. High tip accuracy achieved through multi-level control to compensate for errors in individ-

ual system components. An analysis of errors is presented.

3. Development of a novel disposable and sterilizable clutching needle driver using an SMA

actuator providing a simple needle grasping mechanism.
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Figure 3.1: Needle insertion within imaging bores provides direct volumetric visualization of the
anatomy and tool, improving the accuracy of needle insertion procedures such as retroperitoneal biopsy
and lumbosacral spine nerve block. However, this enclosed environment limits the space for manipulation
and line-of-site visibility for devices. CRANE overcomes these challenges with its cable-driven serial
link design and integrated planning-control method to enable fully in-bore dexterous needle manipulation
without requiring manual setup.

3.1 Related Works

Needle insertion robotic platforms for use within imaging bores have been developed for a
wide range of applications across the human body, ranging from leg-bone biopsy to brain surgery.
Of these applications and platforms, this overview focuses on systems applied to the torso and
chest region, frequently the most restrictive of anatomy with regards to in-bore space as patient
chest and abdomens are the largest area of the anatomy. Additionally, procedures performed
within this region have a large number of anatomical obstacles, including the rib cage and large
blood vessels, and face significant anatomical motion due to lung motion, large blood vessel
pulsating, and the digestive system.

Needle insertion platforms for use around patient torsos within imaging bores can be

broadly grouped into two clusters based on if they are mounted to the patient or mounted to the
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floor and scanner bed. Within each of these categories, systems can be fully active or rely on
passive setup and joints.

Patient-mounted systems are typically smaller, and under-actuated [WHST082,GMGH™18b,
HKM ™ 17,MBG™06,[YJY ™17, WLP™ 19b]; however, a select few are fully actuated [BZJ"08b,
HBCF16c|xac]. These systems naturally move with the patient, which provides benefits through
inherent system motion with patient respiration. Bore mounted systems [SWA 98, KFP " SES™,
SCD ™97, MFP"01b] with passive setup joints or a mixture of passive and active joints provide a
compromise between the challenges of patient setup while maintaining a fairly low bore profile
and retaining high system stiffness. However, they have limited ability to compensate for gross
patient motion due to pain or coughing and target motion within the body due to physiological
motion. Additionally, for both patient-mounted systems and those utilizing passive setup joints,
the manual positioning and attachment to the patient or manual understanding and positioning of
the setup joint can be challenging, add time and complexity to a procedure, and preclude certain
superior needle insertion trajectories if a setup pose can not be found.

Fully active systems (either floor [YWQ™ 10, HKM ™ 17,TATPO™ 11b, KKF 04, FDP 02,
JWNKGBKIBSHK 7] or table mounted [MvK ™17, SHOM15b, SCPT03b, MGR ™ 08b, FIS™ 21|,
BZJT08b]) provide numerous advantages, both in resolving the aforementioned issues (de-
creased setup complexity, ability to regulate tip stiffness decreasing tissue damage due to res-
piratory motion) with patient-mounted systems and those utilizing passive setup joints and
beyond, including the ability to minimize physical contact with the patient decreasing a rising
concern with the COVID-19 pandemic. Systems using large industrial arms with a custom
end-effector [TATPO™ 11b|] provide high stiffness at the cost of a larger system size with less
intra-bore dexterity and workspace available and limited ability to remove the system in case of a
system failure manually. These systems operate outside the bore rather than within due to space
considerations.

These aforementioned systems use a variety of methods of interacting with the needle,
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ranging from passive needle guides [SWA ™98, KFP", KKF"04, SES™, SWA ™98, MFP01b,
FDP 02, SCPT03b, MGR"08b, BZJT08b] to a variety of active mechanisms including fixed
travel insertion [YWQ™ 10,SKD™08b,[SSNY 19], rollers [SPB™02], clutches [FIS™21, FKP™20],
graspers [GMGH™18b], and one-time use gear-wrapper guides [xac]. These designs have
limitations in their compatibility with needles and probes, high complexity, potentially challenging
sterilization procedures, and have demonstrated damage to fragile ablation probes [SPBT02]. A
fully active and low-profile system presented in [SSNY 19] demonstrated large workspace, high
dexterity, and high physician-in-loop accuracy. This design focused on moving actuators outside
of the bore via a cable-drive transmission coupled into the scanner via a thin carbon-fiber tube.
However, due to the long kinematic chains, long travels of cable-driven joints with numerous
pulleys, and lack of joint and tip sensing, robot state estimation and system accuracy are low.
Additionally, the joint ranges are limited due to non-optimal cable routing, and the maximum
active needle insertion depth is only SOmm.

CRANE supersedes this design with an entirely re-engineered system which greatly
increases the workspace by adding a vertical axis, optimized cable routing providing over 40%
higher cable-driven joint travels, and unlimited needle insertion length via a clutching needle
grasper. These previous travel and insertion length values were limited upon physician-user
evaluation. Furthermore, this new system provides high end-effector accuracy through multi-loop

controllers and multi-level joint and end-effector sensors and improves safety.

3.2 Methods

The CRANE platform design focuses on dexterity, accuracy, and safety through its fully
active design with precise transmissions, redundant sensors, and a fail-passive design (illustrated
in Fig. [3.2) and with system specifications in Table. [3.1I). In the following sections, we will

describe the analysis and modeling of the mechanics of the design, as well as supporting electrical
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and software system architecture.

Table 3.1: CRANE’s design specifications highlighting the dexterity, accuracy, and safety

Specifications Category Values
Positioning Joints 8 Dof
Degree of Freedom Needle Gripper 2 Dof
Needle Insertion Mechanism  Length 180mm
Accurac Positional < lmm
y Angular <1°
Communication Embedded ubr
Desktop TCP/IP
Motors Opt. encoder
Sensing In-bore joints Magn. encoder
End effector Magn. tracker
Opt. encoder < 0.01°
Sensor resolution Magn. encoder <0.1°
Magn. tracker < 0.1mm
Needle < 1.0N
Backdriving force Trunnion joint < 0.91Nm
In-bore joints < 0.35Nm
Linear joints < 60N

3.2.1 Clinical Requirements

CT-compatible biopsy robots need to follow certain clinical requirements, guiding the

design of these systems:

e Forces: a maximum of 10N needle insertion force with 0.06Nm torques to adjust needle
orientation while moving through tissue [PSV ™ 16,[Wal10,WHS " 08a]. This requirement is
achieved through the use of a rigid base structure, high strength plastic in-bore joints with

high strength synthetic cables and a strong needle grasping mechanism.

e Workspace: the system should be able to insert needles across the human body in different
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configurations without colliding with the patient’s body or the scanner bore. This require-
ment is achieved by having low profile in-bore components for the system with large travels
outside the bore. This design significantly improves robot dexterity over previous robotic

systems [SSNY 19].

e Precision: Abdominal needle insertion procedures typically require < 2mm position and <
2° angular accuracy. Here, this requirement is achieved through a low-backlash transmission
with joint level encoders, closed loop end-effector control, and validated via trajectory

tracking tests.

e Needle Interface: Physicians use a variety of needle-like probes during their practice, and
these needles should be quick to attache and remove. This requirement is achieved through
a novel, disposable, removable, and sterilizable mechanical needle interface using helically

wrapped Shape Memory Alloy actuators

e [mage Artifacts: the system should not cause major imaging artifacts. This is achieved
through the use of plastics, composites, and ceramics in the bore with minimal use of

high-density materials within the scanning area.

3.2.2 Mechanical Design and Analysis

Needle insertion requires manipulation with three Cartesian position constraints and two
Cartesian orientation constraints (excluding roll around the needle’s primary axis). Therefore, the
device must have at least 5 degrees of freedom (DoF). Additionally, the robot’s joints and links
must avoid obstacles (e.g., scanner gantry, patient, self-collision) while inserting and manipulating
the needle. In total, CRANE has 8-actuated joints for a 5-DoF problem space with three redundant
joints. This enables CRANE to reach around the patient’s body to insert a needle while avoiding

collisions and singularities.
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The mechanical design maximizes in-bore dexterity and active workspace while retaining
a low profile with a smooth and low backlash transmission. The system accomplishes this by
splitting the mechanics into two subsystems shown in Fig. [3.2} a large workspace out-of-bore
base and a small intra-bore end-effector. The gross positioning stage is active, resides outside
the scanner bore, and provides large-scale linear motion enabling automated device setup. The
end-effector provides orientation control and final needle insertion within the tightly constrained
space between the scanner bore and patient. Highly efficient transmissions with low gear-ratio
motors enable precise motion and backdriveability. The in-bore joints are cable driven for a low
profile within the scanner driven by remote low gear-ratio low-backlash coreless motors outside

the bore.

Gross Positioning Stage

The gross positioning stage comprises serially linked linear stages providing X-Y-Z
cartesian motion with a large workspace (400mm in each axis), high precision, low friction, and
low inertia with constant-force spring for Z-axis gravity compensation. The linear stages utilize
ballscrews (Misumi BSST1204 with 4mm pitch, Misumi C-BSS1210 with 10mm pitch), coreless
motors (Maxon 2260.886-51.216-200) with high-resolution encoders (US Digital E5-5000), and
recirculating ball linear rails (Misumi SSXW33) with a composite foam-aluminum sandwich
structure providing high stiffness and damping. The gross positioning stage’s Z-axis (joint 2) is
gravity counterbalanced via constant force springs (McMaster 9293K69). The first three joints
can achieve linear velocities of 0.166 m/s, 0.166 m/s, and 0.332 m/s, respectively. Stiffness and
backlash are measured at > 100N/mm and < 0.1mm using a dial indicator (Shars, 0.0005’) and
Z-style load cell (500N range). These values far out-perform clinical requirements for target

procedures. Therefore, the base motion stage is neglected from the system stiffness analysis.
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Figure 3.2: Experimental setup for bench-top system evaluation, highlighting the robot platform: the
gross positioning stage enables the platform’s large workspace and houses the actuators for the in-bore
joints, and the redundant cable-driven in-bore joints enable orientation control and reaching around
obstacles. The clutching needle insertion axis allows deep needle insertion with a short robot stroke.
Together, this provides CRANE with a large workspace and the capability to perform dynamic motions
while remaining backdriveable and having a minimal in-bore cross-section.

End-effector

The distal end-effector enables dexterous needle manipulation within the tightly con-
strained space between the scanner bore and the patient. The end-effector has 5-DoF: 4 revolute
joints for orientation control and a final needle insertion mechanism (described below) with a
prismatic joint. 2N cable transmissions couple the proximally located motors to the distal 4-DoF
in-bore joints through a thin tube. The 4-DoF in-bore joints comprise three revolute joints and the
prismatic needle insertion joints. Through a series of cable-driven joints, the motor volume and
weight for the last DoF are isolated from the joints themselves, enabling a more compact design
and thus greater workspace coverage, while low-gear-ratio motors can then be used to provide low
reflected inertia to enhance backdriveability. The motors for the in-bore joints of the end-effector
are housed within a rotating trunnion. The trunnion provides the end-effector’s Sth-DoF and is
actuated via a belt drive coupling with a hollow shaft for electrical wire pass-through. Idler pulleys

(Fig. are placed coaxially with actuated joints to reroute cables to further distal actuated joints
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Figure 3.3: The robot end-effector is cable-driven. While cable drives provide low hysteresis and
friction, they have limited stiffness, resulting in tracking errors. Joint mounted encoders enable direct
sensing of the joints’ position allowing controller compensation for cable stretch. The SMA actuated
clutches temperature is sensed via thermistor, enabling closed-loop temperature control. The two moving
and station clutches enable long travel active insertion or passive needle insertion with a simple and
fail-passive mechanism which can be easily replaced for sterility and different size tools.

to maintain pulley-cable contact and minimize cable loop length change throughout the joint
range. Gravity torques are minimal (~ 0.01Nm) due to the link’s low masses. Fiber reinforced
plastics and synthetic cables are utilized for the in-bore components to minimize deflection and
artifacts in the scanner images.

The joints are manufactured with Carbon Fiber Reinforced Plastic, ZrO; ceramic bearings,
bushings, 1.25mm diameter Dyneema SK99 synthetic cables, and minimal metallic components
to prevent imaging artifacts. Through optimized cable routing, including decreased pulley-to-
pulley clearances and improved pulley positioning, the cable-driven revolute joint travels reach
200 degrees and are limited by self-collision with neighboring links. Capstan drive pulleys are
connected to a 44:1 geared Maxon motors via GT2 timing belts with a final drive reduction of
219.7:1. The capstan to joint drive ratio reduction is 2.27:1, providing a final drive line reduction
of 219.7:1 and resulting in a maximum independent joint velocity of 5.16rad/s. Such velocity
greatly exceeding the requirement for a needle manipulation robot to compensate for anatomical

motion; the 3.36N/m joint torque provides sufficient end-effector force in all configurations.
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Needle Insertion Mechanism

Humans perform needle insertion stepwise, iteratively performing short insertions and
grasping the needle. On CRANE, the needle insertion mechanism mechanically imitates this
insertion strategy. The needle linear-insertion joint’s length is short to allow operation in tight
space between the scanner bore and patient who has large body habitus. Although the insertion
joint’s length is shorter, the maximum needle insertion length is increased from the addition of
a novel needle insertion clutching mechanism. Together, this enables deep insertion within a
constrained space. The needle insertion mechanism includes the cable-driven prismatic insertion
axis, two-needle grippers, and a guide bushing for precise long-travel needle insertion with a
limited travel prismatic axis. The two-needle grippers (Fig. [3.3) are placed coaxially within the
needle insertion mechanism. One functions as a stationary brake to prevent needle motion, and
the other on the final prismatic needle insertion link. The guide bushing additionally serves as
a mount for the Ascension trakSTAR magnetic tracker and the CT alignment marker used for
end-effector pose sensing (described in Sect. 4.1.1)).

The needle grippers use a Shape Memory Alloy (SMA) wire helically wrapped around
a flexure and actuated via Joule heating. Temperature is measured with a thermistor bonded in
place with thermal-epoxy in direct contact with the SMA wire for clutching status. When room
temperature, the gripper is deactivated and acts as a guide. When heated, the wire contracts due
to a crystalline structure change in the Nitinol from Martensite to Austenite. This length change
applies a compressing the flexure into the needle. Experiments for measurements of slipping

force, activation and cooling times, and lifespan were empirically tested (discussed in Sect. [3.3.1).

Statics Analysis

Because of the long and thin arm section required to reach the patient within the scanner
bore, stiffness analysis is performed. The EE’s links are constructed from carbon fiber reinforced

plastic (CFRP). FEA analysis, illustrated in Fig. shows Kjink = 2.77N /mm of tip deflection
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due to link deflection in a nominal configuration and a minimum 2 x factor of safety for all links.
This configuration is used for both linkage and transmission analysis due to maximal loading,
both for the links and the cable transmission, with minimal passive joint loading.

Additionally, the cable transmission for the in-bore joints can exhibit deflection due to
external forces and internal non-idealities, including friction, creep, and hysteresis. Static cable
stretch is evaluated to determine its effect on system accuracy and stiffness. Cable stretch [Miy17]]

can be modeled as:

_ FL

AL =
AE

3.1)

where AL is the cable length change, E is the cable’s Young’s Modulus, Ly is the cable’s nominal
length, F applied force to the cable, and A is the cable’s cross-sectional area. From this, angular

deflection on cable-driven revolute joints can be calculated as:

A= — 2
0 2nr (3.2)

where A6 is the joint angle change due to cable stretch and r is the terminating capstan pulley’s
diameter. Transmission deflection due to cable-stretch results in Kcypje = 1.55N /mm end-effector
stiffness when evaluated at the configuration shown in Fig. 3.4

Modeling these two components as series springs, the combined system stiffness at the

given configuration is:
KlinkageKcable
Klinkage + Keable

Ksystem = = 0.99N /mm (3.3)

The end-effector deflection resulting from linkage and transmission deflection due to needle
insertion forces motivate the addition of sensors to directly track robot end-effector and joint state.
Magnetic tracking of the end-effector enables the detection of link deflection, and joint-mounted
magnetic encoders enable the detection of true joint position despite cable stretch. Feedback

controllers (described in Sect. [3.2.5)) are applied to compensate for these errors.

47



URES {rnm}
3.633e+00
._ 3.270e+00
_ 2.907e+00
_ 2543400
_ 2.180e+00
L 1.817e+00
_ 1.45%e+00
_ 1.090e+00
F.267e-01
3.633e-01

1.000e-30

Figure 3.4: The long cantilevered tube for in-bore joints causes deflection illustrated by FEA modeling.
This error, not observed by the joint encoders, is tracked and compensated for using a 6-DoF magnetic
tracker and end-effector feedback control.

The transmission’s static load rating is also analyzed to evaluate the design’s ability to
exert the forces required for needle insertion and provide sufficient stiffness. The end-effector’s
idler pulleys are the weakest component. Pulley wrap angles and the associated transmission load
ratings change depending on the robot configuration. Configuration-dependent pulley load can be

calculated as

Fu— Fusin (g) (3.4)

where Fy is the normal force on the idler pulley’s bearings, F: is the cable tension, and 6 is the
pulley’s wrap angle. The pulley wrap angle is represented as 6 = 0join¢ + Ooffser Where Ojoin 18 the
current joint angle and s 1S the cable wrap angle at the robot’s nominal configuration which
is varies based on the idler due to the robot design. At a configuration, a joint transmission’s load

rating is modeled as T = rj, Finin if a revolute joint or directly as Fiy, if a prismatic joint. rj, is the
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Figure 3.5: Kinematics diagram for the in-bore joints of CRANE. The base joints (outside of the image)
are modeled as virtual-joints coinciding at the first in-bore joint and provide gross positioning providing
cartesian linear motion. The idler pulleys enable cable pass-throughs and are located on all intermediate
joints and links. The pulleys labeled on link 5 provide support for the drive cables for joints 6, 7, and 8.

joint pulley radius and F;, is defined as:

F
Fipin = min_— rq- (35)
q€Q,ieN SIn (—’)

for each joint angle, g, in the joint’s range, Q, and every joint, , in the cable-driven end-effector’s
joints, N = 4. F; is the rated pulley load. The pulley load rating was evaluated throughout the
joint range using the idler pulley’s bearing load ratings (R2-5 bearing, 117N static radial load).
The transmission is rated for 2.5Nm, 1.25Nm, 1.25Nm, and 50N for the revolute and prismatic

cable-driven joints from proximal to the distal end.
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3.2.3 System and Software Architecture

The system architecture (Fig. focuses on safety and extensibility. Real-time Embed-
ded Computers (FPGAs and microcontrollers) run high frequency and jitter-sensitive control,
allowing for independent development and upgrade of the high-level control system. The Desktop

Computer hosts the user interface and high-level robot control, including kinematics and path

planning.
Realtime Embedded Computers Actuator Electronics Robot Arm
~
r Control i rolle [ Motor briver_}—a.
Motor Controller Gripper Controlle Motor
« Trajectory Interp. « Temperature oo ] g
« Position Control Control Fﬁ
« Watchdog Timer « Watchdog Timer SMA i
(__ Thermistor ) :EL]
A e I I
: .. GPIO
Ethernet : s
v Desktop Computer 12C ".x.
o ) Limit Switch
GUI Controls Visualization Operation Log H
« Startup Calibration . i . N
+ Robot Controller System FSM J State Changes
« Control Mode . Jo!m State Filter /9 . Se{.pmn!s
L GUl « Joint Controller « Calibration Error usB
« EE Controller x4 « Tracking Error Dl EE Pose Sensor
° Haptic Pen

Figure 3.6: The Desktop Computer provides the User Interface and high-level intelligent high-level
trajectory planning. Embedded Computers provide hardware sensing and control for safety-critical
features and interfacing with the high-level control computer. The system is set up in a distributed
architecture providing hard-real time control for higher rate components with more relaxed constraints
for high-level interfacing to ease development and algorithm evaluation while retaining system safety.

User Datagram Protocol (UDP) over Ethernet with a dedicated network switch provides
an extensible interface between computers. There are two primary electronic subsystems: Motor
Controller and Gripper Controller. These components interface with the primary control com-
puter, which performs high-level system coordination and user interface. The centralized motor
control motherboard, system power supplies, a network switch, and external interfaces, including
emergency stop, power switch, AC input, and RJ-45 ethernet connection, are housed in the robot’s
base. Watchdog timers and error detection algorithms are implemented on the real-time embedded
computers and automatically disable power to the motors and needle grippers in case of significant

tracking errors or low update rates, for instance, due to disconnection or software failure from

the Desktop Computer. When combined with the mechanical safeties, this makes the system
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fail-passive. Redundant position sensors, including magnetic joint encoders and limit switches,
are located on all axis and connected to the Desktop Computer via an ARM Cortex M7. A custom
ARM Cortex M3-based control board manages the needle clutches. Shaft-mounted magnetic
encoders directly sense joint positions. An Ascension trakSTAR magnetic tracker provides direct
tip position and orientation sensing for the robot’s end-effector’s tip near the needle insertion
point on the human and directly interfaces with the Desktop Computer over USB.The Realtime
Embedded Computer’s Motor Controller runs 1khz synchronized motor position control with
synchronized velocity and acceleration limited trajectory interpolation.

Robot Operating System (ROS) forms the basis for the multiple processes on the Desktop
Computer via a standard messaging system. The Desktop Computer runs the less-jitter sensi-
tive software, including robot kinematics and planning, image guidance, and user interaction.
The device’s multiple user interface options provide flexibility depending on the situation and
physician’s preference. Control methods range from full automation given their Target Needle
Insertion transform to manual joint control. The primary User Interface interface is a Qt5-based
graphical user interface that handles system initialization and setup, direct joint level control,
and end-effector control. The joint control node GUI allows the user direct joint control via
on-screen buttons and visual monitoring through plots of each joint motor; both the end effector
(EE) control node GUI and Touch Haptic Control node allows the user to set a desired EE position

and orientation via button press or hand motion.

3.2.4 Kinematics

The robot’s kinematics chain is described using the Modified Denavit-Hartenberg (DH)
parameters, shown in Table [3.2] The DH parameters define the position of the next frame relative

to the previous frame

Cnt1 = Cn+axy +dzni1 (3.6)
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and orientation relative to the previous frame

1 0 0 cos® —sin® 0O
R,i1 =R, |0 cosa. —sino| |sin® cos® 0 3.7
0 sinot cosQ 0 0 1

where R, is the orientation and ¢, is the position of the nth frame relative to the robot’s base
frame, B and g, is the position of the nth joint. For this robot with 8 revolute and prismatic axes,
ne{l,...,9} with n =9 as the robot’s end-effector frame and n = 1 as the robot’s base frame.

The robot base to tip, also referred to as end-effector (EE), transform is defined as
BTH = fk(q) for g€R® (3.8)

define the joint positions, fk(q) is defined by chaining together the link transforms described by
the DH convention, B is the robot base coordinate frame and the default coordinate frame for
transforms if unlisted, and ATBC describes a 4 x 4 homogenous transform € SE(3) from coordinate
from A to coordinate frame B relative to base frame C.

The motor and joint positions, 8, € R3, are related as
q=16 (3.9)

where L is the 8 x 8 coupling matrix. In the case of joint mounted actuators or an uncoupled

transmission, L is diagonal and corresponds to the simple gear-ratio of the transmission, as in

Table 3.2: Modified DH parameters for CRANE where p is a prismatic joint and r is a revolute joint

Frame Type a (meters) o (rad) D (meters) 0 (rad)
1 p 0 — % q 07(
2 0 - % q2 - %
3 p 0 ) q3 -3
4 r 0 0 0 qa
5 r 0 ;i 0 gs+ 1
6 r Te-2 3 0 q6
7 r Te-2 7 3e-2 g1 —%
8 p le-2 -5 qs 0
9 0 0 6e-2 Z
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our g € {1,...,4}. In coupled situations, L is upper triangular. Due to manufacturing tolerances,
L is constructed during a calibration step from data row-wise and calculated as a least-squares

linear-regression problem as
Li.=q.0" where 6 =07 (007)" (3.10)

for each row i of L with g; , being a time series of m samples a single joint’s angle and 6 € R8>m
being a time series of all motor angles being used as inputs for the coupling matrix for 8 output
joints. Here, joint g € {1,...,4} are calibrated individually as scalar terms and ¢ € {5,..,8} are
calibrated together as a matrix.This matrix can be calculated analytically from the system design
or empirically off observed data, but by doing it empirically, errors between ideal and actual

kinematic parameters are reduced.

3.2.5 End-effector and Joint Control

The estimated joint state, ges, 1S constructed via a complementary filter between the

motor’s velocity, 8, and the magnetic joint encoders position, gmeas, as
dest = OCLémeasAT + (1 - O‘)Qmeas (3.11)

for a sampling time, AT, and weighting parameter, o, corresponding to the changeover frequency
of the filter between the two sensors. The complementary filter helps to reduce errors resulting
from high frequency noise in magnetic joint encoder readings and the coupling matrix equation’s
errors due to the cable-transmission’s spring-stiffness.

This joint angle estimate, ges 1s used to update the motor set-point position, B¢ following
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a PD control law in the joint space

d
Ocet < Oet + A0 for AO=L""! (erq —|—Kd§> (3.12)

where €5 = @set — Gest» gser 18 the joint angle setpoint, and K, K; are the proportional and

derivative gains. EE pose errors are calculated for position and orientation as

€pos = Xtarg — Xmeas> and
(3.13)
€ori — Z(Ztargzmeas)(ztarg X Zmeas)

where

T
1 Ztarg<meas

Z(Ztarg; Zmeas) = COS ™ (3.14)

HZtargH2HZmeaSH2

Xtarg and Xmeqs are target and measured translation vectors of the target tip transform, BTTpt, and
measured tip transform, BTTpm. Ztare aNd Zmeas are the Z axis vectors of the rotation sub-matrix of
BTTpt and BTTpm. The target transform described by BTTpt is provided from the User Interface.
The measured tip transform in the robot base frame is calculated as BTTpm =B, Tr Tt where
TrTTp is the magnetic tip tracker’s pose in the tracker’s base frame. The transform from the robot’s
base frame to the tracker’s base frame, BTy, is found by solving a least squares transform between
TrTTpm and BTTp based on a initialization sequence. As needles are symmetric, the orientation
error does not include rotation around the EE’s z-axis.

The joint angle update is calculated as

Gset < Gest +Aqg  where
(3.15)

Aq — KposJT ep()s + KOI‘IJT 'eori

pos ori

where the current end-effector position and orientation Jacobians, Jyos € R3*® and J,; € R3*8,

come from the forward kinematics and is evaluated near the current joint angles ges; and J7
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is the psuedoinverse calculated via the Levenberg-Marquardt algorithm. Ko and Ky are the

proportionality control constants for the end-effector controller.

3.3 Experiments

3.3.1 Trajectory Tracking

The system’s accuracy was evaluated by performing a virtual Remote Center of Motion
trajectory where the robot revolved around a virtual needle tip location using the experimental
setup shown in Fig. [3.2] Here, the robot’s end-effector follows a cone trajectory simulating the
workspace a physician would use during an actual procedure. The Ascension TrackStar magnetic
tracker was used for accuracy measurement. The mean resulting accuracy, shown as a time series
in Fig. across the trajectory was 0.27mm and 0.71°.

Two evaluations of the system’s trajectory tracking accuracy were performed. In the
open-loop test, all joint and end-effector controllers were disabled. Joint angles were purely
calculated off the ideal coupling matrix, M, without compensation for cable stretch and hysteresis
in the in-bore transmission. EE measurements were replaced for the J~! controller with predicted
EE positions based on the forward kinematics of the calculated joint angles from the motor. With
controllers disabled, position and orientation errors are increased due to the mixture of joint
tracking errors, system deflection, and manufacturing errors. Closed loop control using direct
end-effector tracking enables the system to accurately reach targets despite these challenges. Of

note, errors during open-loop motions are surprisingly low given the long serial kinematic chain.

Needle Gripper: Slipping Force and Speed

Performance regarding clutching force, cycle time, insertion force, and thermal transfer to
the needle are evaluated. The needle clutch is 3D printed in a nylon-carbon composite material

on a Markforged 3D printer. The two clutches are designed to grip a 15-gauge needle. Slipping
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forces were measured using spring scales (0 —SON and 0 — 5N ranges). Activated slipping forces
are 18N and 20N. Deactivated slipping forces are at 1N and 2.25N.

Additionally, a step-response test was performed. The results, reported in Fig. show
short on and off times, implying the possibility for rapid clutching for deep needle insertion and

clutch deactivation for safety.

3.3.2 Teleoperated CT-guided Needle Insertion

The biopsy task was conducted inside a sliding stage CT scanner (GE Revolution) at the
University of California San Diego’s Thornton Hospital. Scan settings of 120 kVp, 300mAs per
slice, 0.5-second rotation time were used. Testing was performed on a custom lung phantom,
similar to the designs presented in [SK92b||. The lung phantom consists a plastic resin rib cage
with a volume of 12” x 117 x 7” containing a dry preserved pig lung. The remaining space in
the rib cage is filled with gel-candle wax to simulate fat and wrapped with two durometers of
silicone sheet to simulate muscle and skin. Several different size silicone nodules are planted into
the lung to simulate tumors.

An experienced radiologist teleoperated the robot using from the control room (note
their silhouettes behind the glass) using our EE control GUI to guide needle to the nodules with
CT image data, external camera and Coppeliasim simulation of the robot were used for visual
guidance. The needle insertion vector had less than 1.2° error from nominal. Interference was
not observed between the robot, magnetic tracker, and scanner. Streaking artifacts within the CT

image due to the robot’s end-effector are minor.

3.4 Discussion

This chapter presents a teleoperated 10-DoF, low-profile and highly dexterous robotic

needle placement platform for efficient and accurate needle insertion across the human abdominal
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region.

System backlash is low and through closed-loop control. End-effector error is greatly
decreased providing the performance required for effective needle insertion in robotic applications.
Repeatability with a trajectory tracking positional accuracy of 0.27mm and orientation accuracy of
0.7°. Minimal shadowing and artifacts are visible in the CT image. A novel clutching mechanism
is included which enables long-needle insertions in an easy-to-manufacture and sterilizable
assembly.

The control scheme presented in this chapter requires the physician to manually set up
and control the device within its coordinate system. The following chapter explores collision-free
path planning within the CT scanner for automatic device setup and alignment between the CT

scanner and the robot’s coordinate systems to support direct image-guided robot control.
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(a) Illustration of RCM trajectory
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Figure 3.7: Open-loop evaluation is performed using motor position control without feedback from
joint encoders or end-effector controller. Close-loop control runs position control using joint encoders
for feedback and direct end-effector position measurement from a magnetic 6D tracker, matching the
accuracy of the tracker itself. Open-loop accuracy is surprisingly good given CRANE’s long and low
profile kinematic chain. Closed loop control provides far higher accuracy, partially enabled by the low
backlash, friction, and hysteresis transmission.
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(a) Thermal image (b) Step response

Figure 3.8: (a) shows a thermal image of a clutching needle driver on the robot end-effector with one
clutch activated. (b) shows step response collected from the clutch with Joule heating and air-blast
assisted cooling. The clutch is able to be rapidly activated and deactivated, enabling rapid insertion
resetting during a procedure and quick passive removal in case of emergency shutdown.

on CT SYSH#THCTOEREVD, ATED UCED Tharman Hoepital
[:3 Acc NumTELE OPERATED
TELE OPERATED
TELE OFERATED

Jul 30 2021
OFOY 38 08 512
BTNDIAREN

4

Figure 3.9: Left: CRANE within a CT scanner, remotely teleoperated by an experienced radiologist and
technician, visible behind the glass window. Right: CT image of robot being teleoperated to reach lesion
in the central right lung of the phantom.
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Chapter 4

Automated Needle Alignment

Robots can eliminate the multiple punctures and procedures required while enabling
physicians to treat small early-stage cancer via a minimally invasive approach. However, existing
robotic platforms have a complex and lengthy setup, limited applicability and large size, imag-
ing artifacts, insufficient accuracy, and limited needle compatibility have limited their clinical
application. Our robotic platform, CRANE (introduced in Chapter [3), tackles these main limiting
issues via its novel mechanical design coupled with planning method while retaining the accuracy
of previous systems. However, the method used for device control requires manual physician
setup. This can be incredibly challenging, given the system’s redundant joints.

This chapter presents an automated method for in-bore robot planning and control, en-
abling physicians to use the device without requiring innate knowledge of the device’s kinematic
structure. For this to work, the device must have a sufficient dexterity to place needles across the
patient’s body. Therefore, the device’s dexterity is additionally evaluated. The contributions of

this chapter are as follows:

1. In-bore planning and control of redundant robot — clinically focused metrics for workspace
and dexterity are utilized within a unified framework incorporating physician-specified

task prioritizing for control of a redundant robot. This framework enables fully hands-free
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device operation and is used for simulated design evaluation and control synthesis during

in-situ experiments.

2. Design evaluation of needle insertion robots — the robot’s ability to perform a generalized
synthetic cases load is tested. Synthetic cases cover a variety of human body shapes and
sizes and are created based on observed clinical cases. This method can be used to help
improve robot design to maximize the possible needle insertion trajectories in patients,
resulting in improved safety, ease of use, and a more considerable breadth of possible

procedures with a single platform.

3. Closed loop robot control from CT images — method for automatically tracking and closed-
loop control to align a robot to a target pose based on CT-scan feedback. This method
improves the robot’s end-effector pose tracking and needle placement accuracy and is tested

in-situ.

4.1 Dexterous Trajectory Planning and Control

This section describes a method enabling the robot to safely and dexterously manipulate a
needle within a scanner while avoiding collisions with the environment, enabling the physician to
be hands-off during device setup. This is accomplished via a hierarchical planning and control
scheme for two phases of the procedure: Automated Device Setup to T?n during Procedure
Planning Phase and fine adjustment of the robot’s configuration around T?n during Procedure
Execution Phase. For device setup, an optimal Dexterous Device Setup Configuration, g*, for T{’n
is determined. Then, a collision-free configuration space trajectory, Q : {qo,ql yen ,qn,I,q*}, is
determined using a sampling-based motion planner ( BIRRT implemented in OMPL [SMK12]).
Once Q is executed, a Local Controller is used for servoing the end-effector in the case of small

adjustments of T,.
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Table 4.1: Mathematical symbols for Automated Robot Trajectory Planning

Symbols Definition

q.0 joint and actuator configuration
trajectory of joint configurations

o expressed as a matrix

X set of poses

B set of obstacles

D dimension of a configuration, i.e.,
the DoF of the robot

T.R,t transformation matrix

comprising rotation matrix and
translation vector with rotation
sub-matrix and translation sub-
vector

rotation matrix via Rodrigues’ for-

ROTMAT(n, y) mula around n axis an angle of y

C Configuration space (C-Space)
ds(q) distance to obstacles B in
59 Workspace
task orientation difference between
do(TtamTcur) poses
dy(T tar, T cur) position difference between poses

zenith angle for conical RCM ad-

justability evaluation

FK(q) Forward Kinematics pose

J(q), It (), ) J acob.ian mat.rix, damped. inverse

Jacobian matrix, and damping term

f wrench

pose error tolerance consisting of

position and orientation

pose error vector comprising posi-

tion and orientation

c(q) configuration cost function

MK actuator to joint space matrix and
’ actuator controller gains

T actuator torque

Aqdi

87 8[]7 80

e.ep.e,
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4.1.1 Coordinate Systems and Transforms

This system has three reference coordinate systems: the CT scanner, the magnetic tracker,
and the robot. Homogeneous transforms provide relationships between coordinate frames,

represented as

. |R 1
aTh — € SE(3) @.1)
0

providing the transform from c to b relative to basis vectors a for rotation matrix R € SO(3) and
translation vector t € R3. Typically the basis vectors a are excluded from the transformation
notation and assumed to be their system’s base coordinate system. Transformation matrices
represent both transforms between coordinate systems (as an operator) and poses within a
coordinate system.

The CT scanner and magnetic tracker are both sensors used as inputs to our system, with
the robot as the primary coordinate system used internally. The transformation matrices below
define poses relative to the three fixed reference coordinate systems relevant to our system.

Key poses defined relative to the CT scanner base frame, T*, are:

° Tf,tl’ defines the Target Needle Insertion pose. This is typically on the patient’s skin and
serves as the Remote Center of Motion (RCM) location for adjustments made after insertion.

This is created based on input by the physician using the GUI.

. ngi defines the pose for the spherical CT-visible fiducials, fd;, within the CT scanner frame
and embedded in the magnetic tracker mount used for referencing the robot and scanner’s

coordinate system. These are located during the calibration step within the CT images

(described in Sect. {.1.1).
Key poses defined relative to the magnetic tracker base frame, T™, are:

o TMb  TM° . define the pose of the magnetic tracker mounted to robot tip and phantom;

measured by the Ascension trackStar magnetic tracker at 100Hz.
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. T}‘(}Erkb, is the static transform to each CT-visible fiducials relative to the magnetic tracker

used for referencing the magnetic tracker and scanner’s coordinate systems.
Key poses defined relative to the robot base frame, T? , are:

° TEE defines the robot’s EE pose calculated via the Forward Kinematics function (defined
in Sect. 4.1.1)). This pose is attached to the needle insertion mechanism’s needle guide, and

the Z-axis is coaxial with the needle grippers and needle guide directed distally to the robot.

e TEE is the static transform from the robot’s EE to the magnetic tracker mounted on the

robot needle guide.

The transforms between the three coordinate base frames are calculated in a pre-procedural

b

mb> between the magnetic tracker’s base and the robot base, and st’

calibration step providing T
between the scanner’s base and the robot base (described in Sect. 4.1.1)).
Forward Kinematics

The robot’s kinematics chain is described using Modified Denavit-Hartenberg (DH)
Parameters which attaches coordinate systems to each joint of the robot and defines the transform

between these coordinate frames as Tﬁfl (¢i) = Tx(a,a;)T,(0;,d;) where

1 0 0 a;

Ty (0;,a;) = 4.2)

sin(0; cos(0; 0
T,(0,,d;) = (@) (©) (4.3)
0 0 1 d;
0 0 0 1
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and g; is substituted into d; for prismatic joints and ¢; is substituted into 0; for revolute joints.
The forward kinematics function FK(q), defines the robot base to end-effector (EE)

transform by chaining together the transforms described by the DH convention:

8 .
FK(q) =T =T [[Ti ' (q) (4.4)

i=2
with DH-parameters provided in Table 4.2

Table 4.2: DH-parameters for CRANE where p is prismatic and r is revolute. All angles and distances
are in radians and meters, respectively.

Frame  Type a;_i o1 D; 0;

1 p 0 0 q1 0

2 p 0 —3 92 -3

3 p 0 -5 —3

4 r 0 0 0 qa

5 r 0 i 0 gs+7%

6 r Te-2 3 0 q6

7 r Te2 % 3e-2 q7— %

8 - le2 % 2e-24+qgs O
Magnetic Tracker, Scanner, and Robot Calibration

b

The robot to magnetic tracker calibration, T and robot to scanner calibration TEb,

mb>

transforms are calculated based on a calibration procedure to minimize a least squares error.

N
min Y ||P,~T¢P (4.5)
=0

TPcSE(3);

2

where TV is the calibration transform between robot base frame and the target base frame.
P={po,...,py} and P={p,,..., py} are the augmented Cartesian calibration point sets for N
T

sample points and p, p = {x y z 1}

For T?nb, a calibration trajectory is performed using the robot’s linear base joints, Qy, €
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(b) Ribs Fiducials

Figure 4.1: The robot and phantom are localized within the CT scanner based on multiple rigid body
fiducials, visualized here as part of the alignment process. The fiducials have a high Hounsfield Unit (HU)
value of 5S000HU. (a) shows an example arrangement of the fiducials and magnetic trackers mounted
to the phantom and robot via a nylon container (60HU). (b) shows an arrangement of the fiducials and
magnetic tracker mounted to the phantom body with the tip magnetic tracker touching a fiducial.
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RN>*3_ Each sample p; = tgk for Tk = FK(qi)TtF;E and p; =tk for the corresponding timestep
T™b For be, a single CT scan is taken and processed to localize the fiducials within the

mtrkt,i

scanner’s coordinate system. Each sample p; = tgq for Thq = TﬁleﬁgkaIfﬁfgkb fori € {1.N}

and p; are the measured positions of the fiducial’s centroids found within the CT image.

4.1.2 Dexterous Robot Setup Problem

A Dexterous Robot Setup Configuration is one for which the robot can feasibly insert
a needle into the patient and manipulate the needle around the nominal T?,. This is defined
based on several metrics, including joint limits, workspace singularities, and collisions with the
environment, all of which affect the system’s ability to perform the insertion successfully. The
C-space C C RP where D is the robot’s number of joints defines the possible robot configurations

and contains the following important sub-spaces for our optimization problem:

1. Feasible C-space, (feas, can apply sufficient forces and moments to insert and adjust the

angulation of the needle.
2. Collision-free C-space, Cgoal, Where FK(C) is sufficiently close to T?n.

3. Collision-free C-space, (free, Where the robot is sufficiently far from a collision with

obstacles, including environment and self-collisions.

4. Adjustable C-space, (g, Where the robot can perform an RCM adjustment around the

Target Needle Insertion pose for a defined conical region.

For our needle insertion task, we define (fe,s comprising non-singular configurations
where the system can manipulate a needle with sufficient force. The Jacobian matrix, J(q) € R6*¢

and denoted as J, relates EE twists, v € R® and joint velocities, g € RP as well as relating EE
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wrenches, f € R®, and joint torques, T € RP:
v=Jgandt=J'f (4.6)

The space and body Jacobians, J* and J°, represented in the robot’s base coordinate system and

EE coordinate systems are used throughout this section. Using these relationships, Cfeas 15:

Creas = {9 € ClJ* Freq < Tmax } (4.7)

where f., € RS is the required force and moment to insert and manipulate the needle represented
as a wrench in the EE frame and Tpx € RP is the robot’s maximum joint torques.

Furthermore, we define Cyoa1 as configurations with the robot’s EE near the Target Needle
Insertion pose T?n. The function d,(T tar, Tcur) computes the vector difference between the
position vectors of two poses and d, (T o, T cur) computes the axis-angle difference between the

Z-axis of two poses:

dp(Ttara Tcur) = tar — Leur (4-8)
z'z
do(T tar, Teur) = cos ™' (—) (zx2) (4.9)
12122l

where Z = Ryyg ;] and 2 = Ry |;) are the Z-axis vectors of the rotation matrix from their corre-

sponding poses. Using these difference functions, Cyoq 18:

Cgoal = {q S Cfeas’ ||d(,(FK (q) ) T?H)HZ <g&
(4.10)

and [|d,(FK (q), T,) |2 < &)}

where €, is a predefined position error tolerance and €, is a predefined orientation error tolerance.

The obstacle-free C-space is the set of robot configurations in which the robot’s links are
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sufficiently far from obstacles, B, (e.g., scanner, patient, self-collisions):

Cfree == {q € C|dB (Q) > £d} (411)

where dp (q) is the minimum distance from the robot to obstacles and €, is a specified minimum
distance to collision for environment padding.
Finally, we define G,4j comprising the region of the configuration space where the robot

can perform an RCM adjustment of the needle in a conical region around the current configuration:

Cadj = {9 € Cooat N Civee| 3G € Greas s-t.

CONNECTABLE(g,q),
|do(T rem, FK()) |2 < €o, 4.12)

Iy (T e FK(@)) 2 < .

VTrcm S chm}

Robot configurations g and g are CONNECTABLE if a simple Local Planner can provide a
collision-free trajectory, Q@ = {q,..,q}, between them. Here, the Local Planner is a gradient
descent IK method with a nullspace objective. Trcy, is a pose within X, where Xiem € SE(3)
are the space of homogeneous poses within a conical orientation adjustment of T?n. Xiem 18
constructed using ROTMAT(n,y) which defines the SO(3) rotation matrix from an arbitration

rotation angle, Y, around an arbitrary axis, n, via Rodrigues’ Formula as:

Xeem = {T T3, where
R,4j = ROTMAT(x,3)ROTMAT(z, ) and (4.13)
tagj = 0V € [0,Ayqj] and Vy € (0,27}
where A,g;j is the zenith angle of the conical region, T ,q; is the transform used for RCM angle ad-

justment defined with with rotation submatrix R,qj and translation subvector #,4j. ROTMAT(x, )
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and ROTMAT(z,y) are the rotation matrices around the x and z axis for RCM orientation ad-
justment, and the translation #,q4; is zero due to the RCM motion constraint. Only angulation
adjustments are evaluated as the needle is inside the body, and translation would result in signifi-
cant forces being applied to the tissue.

Using the defined C-space, g* corresponds to minimizing a corresponding cost function:

q" = argminc(q) (4.14)
q< Cadj

where ¢(q) can be defined arbitrarily. Our ¢(q) focusing on maximizing dexterity and distance to

collision while minimizing joint motion is defined as:

P P el N S | (4.15)

W(q) dB{bor} (q> dB{pat} (q) dqo (q)

where o, By are the optimization priorities, w(q) = ‘Jl[)mﬁ]JF&TB]‘ is a modified version of
Yoshikawa manipulability index [Yos85] for the configuration calculated using the rows of
the body Jacobian corresponding to roll and pitch orientation axes. Other common dexterity
indices [KB87, Asa83] can also be applied. dp(por} is the minimum distance-to-collision between
the robot and the scanner bore, dp(,,) 1s the minimum distance-to-collision between the robot

(excluding needle insertion mechanism) and the patient, and dg, (q) is the distance from the

evaluated robot configuration to initial robot configuration.

Dexterous Robot Configuration Generator

A general-purpose global optimization algorithm [noai] with g € (i, directly turned into
an inequality constraint is used to determine g¢*. Eq. (4.14) and C,q; are directly evaluated in the
main optimization function. The obstacles set for our optimization is B = {robot, scanner bore, patient body}.

=
For a redundant robot, the joints can be partitioned as g = {ZI &1 for the non-redundant

70



joints, ¢, and redundant joints § with respective non-redundant C-space C C C and redundant
C-space CccC. Correspondingly, J can be reorganized into redundant and non-redundant block

matrices:

J= {j j} (4.16)

where J € R%*® corresponding to the non-redundant joints and J € ROxD—6 corresponding to the
redundant joints.

The function IKCONFIGURATIONLOSS(T?,, q,) jointly evaluates the optimization objec-
tives c(q) and if ¢ € Cygj. IKCONFIGURATIONLOSS(T',, ) returns c(q) and g if g € Cyq; or oth-
erwise returns a large cost, Cipfeasible- and, initial joint configuration, q,. IKCONFIGURATIONLOSS
evaluates a nominal robot configuration’s dexterity. The nominal configuration is determined by
fixing g to the configuration determined by the global optimizer to resolve redundancy and solving
for g using J with a gradient-descent-based IK formulation. For CRANE, § = {q1,92,93,94.97},
q ={qs,q6}, and gs is excluded.

IK is implemented following the Levenberg-Marquardt algorithm for stability near singu-
larities J© = (J TT4+M ) - J" with damping term A. The pose error between two SE(3) poses
is calculated as the cartesian position error and axis-angle orientation error between the pose’s
R, vectors. During the Solve IK portion of IKCONFIGURATIONLOSS, a nominal IK solution
is found for g with J, providing a full robot configuration, g, when combined with g from the
general-purpose global optimization algorithm.

During Evaluate Adjustability of IKCONFIGURATIONLOSS, the nominal joint configu-
ration is evaluated for RCM adjustability as defined in Eq. (4.12). CALCLOCALTARGETS(-)
creates a set of adjustable angle target poses X,q; around T?n satisfying the RCM constraint by
rotating the nominal insertion pose. During this evaluation, the full Jacobian, J, is used with a
nullspace objective to remain near the previously determined nominal robot configuration. For
each step of the gradient-descent, gy, 1s evaluated for if it remains within Cee,s. This evaluation

implicitly checks the path between Treer and T'iocq is collision-free due to the limited step
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size of the gradient step. cinfeasible Specified as a large value for in-collision configurations and
is selected sufficiently large that it is greater than any cost from ¢(q). Depending on the cost

function weighting, different robot configurations are optimal (Fig. 4.2).

Algorithm 1: IKConfigurationLoss

Input: T,,,: Target Needle Insertion transform, g: initial oint configuration

Parameters: c(-): cost function for a configuration; FK(-): forward kinematics
function; J(-): space Jacobian ; J(-): non-redundant space Jacobian; €:
position error tolerance for IK solution; €,: orientation error tolerance
for IK solution; K. end-effector task gain matrix; K. null-space task
gain matrix

Output: IK configuration loss ¢(q), IK configuration ¢

// Solve IK

99

do

€ <— [dp(TlaraFK(q)) dO(TlaraFK(q)ﬂ
G g+TKee

while HepH2 > €, and |ley|, > €,

// Evaluate adjustability

if q Q Cfree then return Cinfeasibles 90

Xuaj < CALCLOCALTARGETS (T 14y)
foreach T',cq; € Xoqj do

9iocal < 94
10 do

11 e < [dp(TlocahFK(q)) do(TlocalaFK(q))]T

12 9iocal < Diocal +J*Kee + (I - JTJ)KC<q - qlocal)
13 if q1,c01 & Creas then return c;, reqsivie, 4o

14 while Hesz > ¢, and ||e,|, > €,

15 return c(q), q

N -

T

w

(2 I N

N-IE- RN

Local Controller

o . . ~b
The local controller minimizes the distance between T2, and estimated EE pose, Tg.

calculated from the measured tip-mounted magnetic tracker’s pose for feedback to compensate
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UUUTSUUE (=100 ms)
main: 1 (1 ms). non-hreaded: 0 (0 ms). running threads 0 (0 ms)
01 ms)

Calculations 1. detections
Calculations: 0 (0 ms)

Calculations. 0, deteciions: 0 (0 ms)
Calculations: 0. detections: 0 (0 ms),
Calculations. 0 (0 ms)

Calculation passes: 2 (0 mg

(a) Prioritized patient avoidance, § < 0.5

fe), nor-thrsaded: 0 {0 m), running thre,
& 1. detections: 0 (0 ms)
5 0(0ms)

s:0.detecions: 0 (0 ms)
s: 0. detectians: 0

£0(0ms)
|passes:2 (1

(b) Equal priority patient and scanner avoidance, & 0.5
Figure 4.2: Solution of multiple joint configurations for a T{’n based on optimization weights and
utilizing CRANE’s redundant in-bore joints. CRANE provides multiple solutions for a Target Needle
Insertion pose, considering physician preferences on obstacle avoidance while ensuring a well-conditioned

dexterous solution.

for system mechanical deflection (described in Sect. [3.2.2)). This is calculated as:

A~ b
Tee = TopTioy THE (4.17)
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Algorithm 2: calcLocalTargets

Input: Tp: nominal transform € SE(3)

Parameters: A,.,ip: max zenith angle off nominal insertion axis for adjustability
evaluation; N: number of target vectors to evaluate in radial direction;
M: number of target vectors to evaluate in the zenith direction

Output: X,q; € SE(3) x NM: target poses for adjustability evaluation

1 ARzem'th — ROTMAT(X, Azenith/M>

2 AR, 44iq1 < ROTMAT(z,21/N)

3 X adj < 0

4 Tiocal < Thom fori=1to N do

5 Riocal < ARzenitthocal

6

7

8

9

Xadj — Xadj U {Tlocal}
for j=1t0Mdo
Rlocal — ARradialRlocal
Xadj — Xadj U{T10cal}
10 return X ,g;

Additionally, the local controller minimizes the distance between the estimated joint configuration,

g, and g* via a nullspace controller. Specifically, the joint configuration setpoint, q,,,, is updated

following:
-
~Ab ~b
€ [dp(T?anEE) dO(TltJnaTEE) (418)
Gy < 4+ Kee+(I1-T'T)Ke(q" ~ @) (4.19)

, ~1
where J' = (J TT4+M > J" with damping term A evaluated at the estimated joint configuration,
K. and K. are end-effector and null-space task gain matrices, g, the target pose described by T%E
defined above and with T?n provided from the User Interface. The estimated joint configuration,

q, is described in the following section.
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Robot Joint Control

-
The robots joint configuration estimate, g = [‘Alb ‘Alc} , 18 calculated as:

M.0
g brb (4.20)

aM O.AT + (1 —a)g,

for motor position, 0, motor velocity 0, sampling time, AT, and weighting parameter, o, setting
the complementary filter’s changeover frequency. The base joint positions gy, are calculated based
on the gear ratios and can be directly used for control due to the transmission’s high stiffness. The
in-bore cable-driven joint configuration, g, is estimated using a complementary filter between
the joint mounted magnetic encoders (AMS AS5048B), g., and motor’s velocity, Gc, (Maxon
ENX encoder, Maxon ESCON 50/5) to compensate for errors in the coupling relations M. due to
the cable transmission’s stretch and hysteresis, and the joint encoder’s noisy readings.

Motor torque setpoints, T, are calculated based on the error between the target joint
configuration, g, and the current joint configuration estimate, g, as:

d\, .
Tser = (KﬁKaE)M (4~ ) (4.21)

where K, and K are the actuator-space proportional and derivative gains.

4.1.3 Experiments
Simulated Dexterity Analysis

CRANE’s kinematic and static dexterity is evaluated across several simulated environ-
ments. This analysis enables the evaluation of kinematic designs for in-bore surgical manipulation
considering the limited space and variety of patient body habitus and insertion points that may

be encountered clinically. Two environment styles are tested: retrospective clinical cases for
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needle biopsy in a scanner and comprehensive simulated cases. CoppelliaSim [RSF13b] with
PyRep [JFD19] bindings provides distance-to-collision, dp(-), calculations.

(a) CT scans of clinical cases

(b) Simulated Case Environment

Figure 4.3: Six clinical cases DICOM scans are used for retrospective dexterity analysis by creating a
virtual reconstruction of the procedures within a virtual environment. (a) shows single axial CT slices of
each clinical case with needle inserted. Several needle insertion trajectories are out-of-plane providing
limited visability in the slice. (b) shows a single representative setup of 3D CT scanner room with the
patient placed in bore and robot reaching the target needle insertion pose performed by the physician
and determined from the CT scan. The patient body is filled in based on height and weight information
combined with direct mesh matching. CRANE has sufficient workspace and dexterity to perform these
clinical cases matching the needle insertion performed by a physician.
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(a) Workflow for comprehensive evaluation

d

(b) Female, +0c (c) Female, +1.5¢ (d) Female, +3c

) & 1 | 3

(e) Male, +0c (f) Male, +1.5¢ (g) Male, +30

Figure 4.4: (a) shows the evaluation workflow. An environment (including the robot, an imaging bore,
and a target patient) is setup. Visible vertices areas are selected as candidate needle insertion positions
with the nominal trajectory specified as the vertex normal and additional nearby orientations around the
nominal normal vector. (b-g) show results of evaluation of robot dexterity across multiple generated
human morphologies. Bright areas denote high dexterity, while darker areas denote low dexterity.
CRANE provides high dexterity across a wide variety of patient sizes and is able to reach across the
abdominal and thoracic regions even in substantial body habitus patients.

Retrospective Clinical Cases The volumetric CT scans (DICOM format) of six transthoracic
CT lung biopsy cases (Fig. 4.3)) from UCSD Health were segmented and integrated into a Coppel-
liaSim environment. The environment consists of collision meshes, B = {robot, scanner bore, patient body},
and Tffl’. Furthermore, a synthetic patient body is generated using STAR [OBB20] based on the
patient’s body habitus to fill in the portion of the patient’s body not visible in the clinical scan.
This experiment evaluates the system’s ability to reach Tflll’ for the Automated Device

Setup method, while satisfying the prerequisite optimization constraints. Tfrl,’ is attached to the
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segmented patient body which is placed within the scanner such the the DICOM’s isocenter aligns
with the scanner bore’s isocenter. An individual Ttsrll’ € Xagj 1S REACHABLE if a dexterous config-
uration was found by the Automated Device Setup method and determined by ¢(g*) < Cinfeasible-
All six retrospective cases were reachable. This illustrates CRANE’s ability to automatically

setup for dexterous needle insertion within a clinical environment.

Comprehensive Simulated Clinical Cases Motivated by the retrospective clinical cases, a
comprehensive test was created to enable the general purpose evaluation of an in-bore needle
insertion robot’s dexterity. Different sizes of human bodies were generated using STAR [OBB20]
to +3/ — 0o BMI for U.S. males and females. Larger patients result in less in-bore space and a
more challenging environment. These human bodies are placed within the scanner bore following
the procedure described above in Sect. [4.1.3] This test results in visual plots of a robot’s ability to
dexterously insert needles across a variety of patient bodies at various angles.

For each environment’s human body mesh € B, a set of T?}l’ , X, 1s created from the mesh

vertices and surface normals, {V, N}, of the simulated patient; defined as:

X = {T|t = v, R=ROTMAT(3,§)
(4.22)

V{v, n} € {V, N}

.
whereS:mxzandézcos”(‘ 2

el Z”2> and z is the Z-axis unit vector. Physicians typically

insert needles in an orthogonal fashion to the patient’s skin to prevent slipping and needle bending
from tissue boundary layers. Therefore, the surface normal vector is used as a the nominal
insertion vector. However, off-normal insertions are also performed clinically. Therefore, off-
normal insertion angles are additionally evaluated around the nominal surface normal (shown in

Fig. 4.4), providing a set of insertion poses for an individual vertex connected pose T € X as:

Xadj = CALCLOCALTARGETS(T, 15°, 15, 15) (4.23)
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Given this set of Target Needle Insertion points for a single vertex, v, the robot’s ability to perform
the insertion dexterously is evaluated using the Automated Device Setup method (described in
Sect. | and returning ¢. An individual T5> € Xadj 1S REACHABLE if a dexterous configuration
was found by the Automated Device Setup method and determined by ¢(g*) < Cinfeasible-

As shown in Fig. CRANE can dexterously insert needles across patients with a
wide variety of body sizes and morphology. Large patients decrease the accessible dexterous
region and are primarily limited by the length of the robot’s final EE insertion axis, shorter than
many needles used during clinical procedures and therefore not a significant limitation. This test
shows that CRANE’s low profile design and the redundant kinematic chain enable the dexterous

insertion of a needle for clinical cases.

Needle Insertion Experiment

Multiple needle insertions were performed using CRANE on a custom lung phantom
based on a preoperative CT scan from which T and environment obstacles, B are constructed.
The custom lung phantom comprises a resin plastic rib cage, a preserved and dry pig lung, and
multiple flexible polymers approximating skin, fat, and tumors. The experimental setup is shown
in Fig. A preoperative scan is performed from which Tfr? and environment obstacles, B are
created, and a collision-free motion plan, Q, from the initial robot configuration g, to g* is
calculated and executed within a virtual imaging bore (70cm diameter). The needle is inserted to
the tumor, and a post-operative scan is performed. The phantom body segmentation is determined
using the Marching Cubes algorithm [LC&7a] with a threshold of —200HU and a model of the
CT scanner bore. Three tests were performed using different T towards a single tumor within
the phantom (resulting scans shown in Fig. [4.5)). Table 4.3 shows the results from this experiment
which achieved high accuracy. The Position Error and Angle Error are calculated as the L2 norm
of the position and orientation components of the position and orientation error between between

the T?}l’ and T%}E as defined in Eq. TE% is manually determined from the post-operative scan
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using 3DSlicer [FBKC™12].

Figure 4.5: This figure shows multiple visualizations of a post-operative CT scan of the phantom
following the ’single-shot” needle insertion to evaluate the system and automatic setup technique’s
accuracy and efficacy without intermediate control scans. The scan was segmented to highlight the
bone (dark yellow), tumor (green), and needle (light yellow). All three needles intersect the target,
demonstrating the feasibility of the single-shot approach.

Table 4.3: Accuracy results from automated single-shot needle insertion illustrating high accuracy for a
full depth needle insertion with single planning scan

Trajectory 1  Trajectory 2  Trajectory 3

Angle RMSE (deg) 2.0 1.8 1.9
Position RMSE (mm) 3.4 2.4 3.8

4.2 Image Feedback Control

When performing image-guided surgery, physicians determine the trajectory in image
space, then relate the trajectory to the physical space in which they manipulate the needle.

Physicians typically alternate between scanning the patient and advancing the needle. They may
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adjust the needle’s pose between scans to improve targeting. There are two main components:
image-world registration and control law for adjusting the needle.

Here, we perform tracking and closed-loop control within a Computed Tomography (CT)
scanner’s image frame on our CT needle insertion robot [SYJ22||. The needle is incrementally
advanced with intermediate CT control scans and robot adjustments to minimize the needle base
pose error determined with image-space tracking. This section consists of the following primary

components:

1. Closed-loop robot end-effector control based on CT image frame error determined from

automatically tracked Coordinate Reference Frames (CRFs) attached to the robot
2. Experiments evaluating guidance method and system level performance in-situ

Our previous work uses a manual pre-operative scanner-device calibration, automatically
creates a dexterous path plan, and then performs a ”’single-shot™ full-depth insertion without
incremental control scans. The closed-loop approach resolves the potential pre-operative align-
ment and robot end-effector tracking error, and automated fiducial tracing improves accuracy
while decreasing procedure time and the likelihood of human errors [SSJ*17,Ins, LCP*14]. This
tracking method, procedure setup, and closed-loop control method are described in the following

sub-sections.

4.2.1 Tracking Method

CREFs are sets of fiducials attached to a rigid body that enable pose tracking. A CRF is
attached to the robot base and another CRF is attached to the robot’s EE (labeled in Fig. [4.7).
Both CRFs are automatically localized within the CT scanner. Each of our CRFs comprises
four high Hounsfield Unit (HU) spherical fiducials (Beekley CT-SPOT 120) attached to a rigid
body with known geometry. The fiducials have a high Hounsfield Unit (HU) value of S000HU,

allowing thresholding-based segmentation from the environment.The CT tracking method uses a
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CT scan as input and provides the CRF’s pose in the scanner frame, Ti}:arker € SE(3), as output.

The method comprises three steps (corresponding to Fig. {.6):
1. Surface Extraction
2. Fiducial Recognition
3. Marker Transform Calculation

The rigid body CREF tracking algorithm is implemented in Python using SimpleITK [LCIB13,
YLIB18§], scikit-image [Scif], and Open3D [ZPK18] libraries.

Given a CT scan volume in DICOM format, a mesh, B, is created via the Marching
Cubes algorithm [LC87b] with a threshold of HU3000. The Marching Cubes algorithm provides
direct 3D segmentation of the environment with sub-pixel localization. The 3000HU threshold
is selected to provide separability between fiducials and the environment. B comprises vertices,
V, and edges, E. B is clustered into sub-meshes B; based on edge-connectivity via Open3D’s
CLUSTER_CONNECTED_TRIANGLES. For each sub-mesh B; € B, a sphere is fit to its vertices V;

to minimize the least-squares error (shown in Fig. [4.6d), defined as:
N
FIDUCIALFITRMSE = I&l’lipjzo}r— x=Vij|],] (4.24)

where x and r respectively denote the center and radius of the of the fit sphere, and V; ; =
{x y Z} are the vertices from the sub-mesh [[Co093]]. Sub-meshes within a diameter tolerance,
|d — dnom < €4/, and of sufficient fit quality, FIDUCIALFITRMSE < g are recognized as candi-
date fiducials. The 3000HU segmentation with our fiducial threshold results in a dpo = 3mm,
€4 = 0.5mm and &5 = 0.25mm. The center coordinates of these candidate fiducials are stored
as a set, Feandidate € RV*3, for transform calculation, where N is the total number of candidate
fiducials found in the CT volume. Each CRF’s pose, T;"E and Tf,b, is determined by solving the

simultaneous pose and correspondence point-set registration problem to determine a rigid body
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transform and correspondence from the known CRF geometry Fypown € RM>3 o the tracked
locations F ¢yndidate Which minimizes a least squares error. Fynown are the coordinates of the
spheres within the marker based on its design. M is the number of fiducials in a rigid body marker.
This transform is determined using the random sample consensus (RANSAC) algorithm [FB81]
and the Fiducial Registration Error (FRE) [Fit10,FWM98| Fit09]] quality-of-fit metric. RANSAC
provides robust fitting with tolerance to outliers. Within each iteration of the RANSAC algorithm,
several candidate fiducial center coordinates are randomly sampled Fgampie from Fi,own. The

transform TP which minimizes the FRE is determined between Fpown and Fgample [AHB87):

1 ¥
min 3" ||~ T¢P| (4.25)
ToesE(3) M ,;’) P
where T? is the transform between robot base frame and the target base frame. P = {py,...,p,,} and P =

{Po;---, Py} are the augmented Cartesian coordinates from Fypown and F sample and p, p =

-
[x y z 1] . RANSAC terminates after 10e4 iterations or if FRE < 0.25mm.

4.2.2 Procedure Setup

We perform an initial preoperative scan CT scan for the robot to scanner calibration and
environment understanding. The CT scanner provides volumetric images of the environment and
is used for tracking the robot. From this scan, the robot base pose, Tls,b, and the robot end-effector
pose, TEI;E, are directly tracked based in the scanner frame using CRFs following the procedure
described Section Using this initial scan, the user provides the Target Needle Insertion pose

T$®. We calculate the Target Needle Insertion pose relative to the robot’s base frame T2, as:

-l
Th = (1) T3 (4.26)
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(a) Robot Photo

Y-

(c) Surface Extraction (d) Fiducial Recognition (e) Marker Transform Calculation

Figure 4.6: CT fiducial tracking enables robot control within the image space. An example workflow with
the intermediate steps for tracking CRF attached to the robot end-effector is shown here. (a) shows the
physical CRF, while (b) shows a CT scan view of the CRF. The CT scan includes coverage of the fiducial
marker from which the (c) surfaces are extracted. The fiducials candidates are individually recognized
using a sphere fitting algorithm (d) from which fiducials are clustered, and the marker is tracked (e). (e)
shows the tracked and reprojected fiducials (in light and dark blue) with significant overlap demonstrating
minimal FRE. The fiducials are highlighted in each sub-figure with dashed blue circles.

This defines the initial target EE pose for the robot’s internal EE controller, T g:
b ~b
Tige < T (4.27)

The robot is setup to T?EE. This defines the robot’s initial end-effector target within its coordinate

system.
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4.2.3 Closed-loop Control

The closed-loop control method minimizes the distance between T?n and TEE by updating
T %% For each step of the closed-loop method, a CT scan is performed. From this scan, T;b and
T%t;: are directly tracked using robot mounted rigid body fiducials. The tracked EE pose relative

b .
to the robot’s base frame T g is calculated:

A ~sb\ L 4
e = (1) T (4.28)

The end-effector pose error transform bTEIE in the robots base frame is calculated:
V= (The) 10 (4.29)
From this, the robot’s internal end-effector controller’s target pose is updated:
Pl — TheeT (4.30)

The user determines whether to perform another iteration of the closed-loop method or conclude

the needle insertion. If they perform another iteration, this method is repeated.

4.2.4 Experiments

Testing is performed to evaluate image tracking performance and closed-loop control
system performance. The experimental setup (e.g., robotic platform, scanner settings, and
interfacing), evaluation metrics, and results are presented below.

We used scan settings of 120 kVp, 200mA, and 0.5-second rotation time on a GE Revolu-
tion scanner at UC San Diego’s Thornton Pavilion. CT scans in DICOM format are uploaded to

our PACS server [WTE™07] and downloaded via the Secure File Transfer Protocol (SFTP). Scan
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processing is performed utilizing Simplel TK [YLIB18,LCIB13|], Open3D [ZPK18|], Numpy [Arr],
and scikit-image [Sci] with user interaction through a Jupyter Notebook [KRP™16] following the
procedure described in Sect.

Testing is performed using the multi-DoF CRANE robot (described in Chapter [3)) to
insert needles into a static lung phantom comprising a plastic rib cage, a preserved and dried pig
lung, and multiple tissue layers. High-rate EE feedback control using the Ascension Trackstar
magnetic tracker was disabled. An open-loop and closed-loop needle insertion was performed.
For both experiments, an initial pre-operative CT scan was performed with the base and EE
CREFs in-field. For the open-loop experiment, a single-step of the image-feedback is performed
given the calculated EE pose error. Following the initial alignment, the needle is incrementally
inserted with intermediate scans to monitor the needle’s progression. However, the robot is not

controlled to minimize the CRF pose error. For the closed-loop experiment, several steps of the

closed-loop image feedback method (described in Sect. 4.2.3)) are performed to align TEE with

~b . . . . . . .. )
T, in free-space prior to insertion. Control is not applied once the needle is inserted into the

phantom to prevent the application of torsion and shear on the tissue. For both open-loop and

closed-loop approaches, CRANE is controlled such that T?EE matches T?n (defined in Eq. 4.27).

FRE and EE Pose Error [TTP™ 11,ISO00] are evaluated for each scan. FRE is calculated following

Eq. 4.25] EE position and orientation error are calculated as dp(f't)n, T?EE) and dO(T:)n, T?EE)

(defined in Eq. 4.8 and Eq. 4.8)), respectively.

FRE results for all scans are presented in Fig. 4.8] showing low error and variance. All
FRE errors are below scan voxel resolution, demonstrating sub-voxel localization accuracy for
the tracking method and accurate manufacturing of the CRF. During the open-loop insertion, a
single adjustment based on the image error is applied as the EE CRF is visible in frame. During
closed-loop control (following Sect. 4.2.3)), the end-effector error (Eq. §.29) decreased when
image-based feedback control was applied (shown in Table #.4). During insertion, CRF error

increase is minor. Fig. shows final CT scan slices highlighting the needle tip for both the

86



closed-loop and open-loop insertion. The needle tip deviation from the tumor’s center is 7.2mm
and 24.2mm for the closed-loop and open-loop insertions. However, as Tf},’ was not specified to
intersect the tumor’s center, this is may not be a true representation of the methods accuracy. It is
noteworthy that the error increases during the needle insertion when control is not applied. This
also is a potential source of needle tip positioning error at full insertion depth. The closed-loop

control method decreased needle-base pose error prior to and during insertion into the phantom.

Table 4.4: EE pose error, calculated from image-space tracking of CRFs, is significantly lower with the
closed-loop method compared with open-loop.

Method Scan  Description Position (mm) Orientation (deg)
Open-loop 0 Setup 102.4 96.9
- 1 Control 17.0 6.5
- 2 Partial Insertion 17.0 6.2
- 3 Full Insertion 17.0 6.4
Closed-loop 0 Setup 100.1 96.8
- 1 Control 1 16.3 6.8
- 2 Control 2 0.3 1.1

- 3 Control 3 0.4 0.3
- 4 Partial Insertion 1 0.7 0.6
- 5 Partial Insertion 2 1.5 0.8
- 6 Full Insertion 2.0 1.0

4.3 Discussion

This chapter presents a framework for automating device setup and control within in-
bore image-guided needle insertion procedures. Metrics and requirements for dexterous in-bore
needle insertion are defined and applied for device planning, control, and design evaluation. The
framework is designed for use with and tested on the CRANE device. This contrasts with previous
works in this space and our previous chapters relying on the user to set up and teleoperate the
device manually. The presented metrics and method for planning and redundant robot control

within an imaging bore can be applied more broadly to other system designs, contributing several
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Figure 4.7: The CT tracking and control method is evaluated in-situ using the CRANE robot. This figure
highlights the Base and EE CRFs used for tracking and control within the (a) physical world, (b) CT
scanner image, and (c) 3D environment representation. In (b), the Base CRF is not shown as it is within a
different axial slice than the EE CRFE.

critical considerations for image-guided in-bore robot design. Additionally, a closed-loop CT
image-feedback control method is developed and tested in-situ on the CRANE robot. The closed-
loop image-feedback method automatically tracks and calculates end-effector pose angles to

adjust the robot based on scanner feedback. The method demonstrated minimal image-space
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Figure 4.8: FRE provides an understanding of the tracking accuracy for a CRF. This figure shows FRE
for all scans in the open-loop and closed-loop needle insertion experiments. FRE is consistently low at
each control scan. This demonstrates that the CRFs are accurately tracked within the scanner throughout

our experiments.

fiducial tracking and robot control errors during in-situ evaluation while significantly improving

the CRANE system’s in-bore accuracy.
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(b) Closed-loop

Figure 4.9: Comparison of needle insertion accuracy using (a) open-loop single-shot insertion without
EE pose corrections versus (b) closed-loop EE control. The bone, needle, and tumor are segmented in
each slice as dark yellow, bright yellow, and green. The closed-loop method improves device image-space
accuracy and enables the needle to reach the tumor. This demonstrates that the closed-loop CT guidance
method can correct errors unresolved by the device’s underlying controller.
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Chapter 5

Conclusion and Future Directions

Computed Tomography (CT) guided biopsies and ablations frequently require multiple
needle insertions and repeat procedures, increasing patient risks, costs, and hospital stay lengths.
Robots can eliminate the numerous punctures and procedures required while enabling physicians
to treat small early-stage cancer via a minimally invasive approach. However, prior robotic
platforms have a complex and lengthy setup, limited applicability and large size, imaging artifacts,
insufficient accuracy, and limited needle compatibility, limiting their clinical application.

This thesis explored the design and development of systems for robotic in-bore needle
procedures. The component technologies for an entirely hands-off in-bore needle insertion are
demonstrated.

A kinematic architecture and cable-driven transmission design is introduced for dexterous
in-bore needle insertion. Using this design, two generations of device design are presented
and evaluated both on-benchtop and in-situ. The initial device design focused on CT-guided
lung biopsy and served as a proof-of-concept for the transmission design and complete system
architecture. Benchtop testing demonstrated low backlash, the device performed well under
teleoperation, and the kinematic design with minimal in-bore cross-section afforded a great

working range. In-situ testing revealed the design minimized imaging artifacts due to the remotely
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placed actuators. The small size and scanner couch mounting also afforded simple device setup
and transport. However, it also brought to light several limitations with the prototype: the limited
joint ranges and lack of a Z-axis resulted in challenging device setup, the limited travel insertion
axis prevented deep needle insertion, and that high accuracy in addition to precision is important
to limit the number of scans required for device control.

Based on the lessons-learned, a second-generation device, CRANE, was developed with a
broader application goal: general purpose needle-insertion within the abdominal and thoracic
region inside a CT scanner. This design provided more extensive joint and axis travel through
a scaled and optimized transmission design, the addition of a Z-axis, multi-level closed-loop
control to provide high device accuracy, and an infinite travel insertion mechanism achieved via
clutching needle insertion. When tested in situ, this resulted in far easier device use. However, a
primary limitation is that while the device is fully actuated, setup is still a manual process with the
user specifying the nominal configuration and teleoperating the device in robot rather than image
space. This is incredibly challenging given the device’s redundant joints, requiring user expertise
of how to setup the joint to provide a large workspace while avoiding workspace singularities and
collision.

Therefore, a planning and control method was introduced to automate device setup and
nominal robot configuration for needle insertion to provide high dexterity for clinically relevant
metrics. These metrics and this method were applied to both simulated device design evaluation
and real-world needle insertion experiments. This approach relied on manual image to robot
alignment, which is time-consuming and error prone. Finally, a closed-loop image guidance
method was proposed and tested for high image-space accuracy with automatic robot tracking
using the scanner and tested in-situ.

The presented approach shows significant promise for future clinical testing, which must
be performed. Despite the potential, several critical limitations of the existing robot design and

testing must be addressed before clinical use. Limitations of the current robot design include high
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system complexity due to parallel electronic interfacing and a large base platform that requires
mounting to the floor rather than the scanner couch. Additionally, a more traditional UI for
DICOM viewing should be incorporated. Limitations of the current in-situ evaluation include a
small study size with a single user and testing within a static environment. Future work will focus
on translating this system to clinical testing (e.g., statistical user studies and animal testing) and
resolving the above-mentioned limitations.

The work presented in this thesis investigates several points for automated device setup
and control for in-bore needle insertion. It will hopefully support the development of more

accessible and accurate clinical robotic systems for interventional image-guided surgery.
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