Needle Insertion Mechanism for
Robot Assisted Biopsy

A Major Qualifying Project (MQP) Report
Submitted to the Faculty of
WORCESTER POLYTECHNIC INSTITUTE
in partial fulfillment of the requirements
for the Degree of Bachelor of Science in

Robotics Engineering,

By:

James Doherty

Project Advisors:

Christopher Nycz

Date: March 2024

This report represents work of WPI underyraduate students submitted to the faculty as
evidence of a degree requirement. WPI routinely publishes these reports on its website
without editorial or peer review. For more information about the projects program at WPI,
see hitp: //www.upi.edu/ Academics/ Projects



Abstract

This projet aimed to investigate the use of robotic phtfom\a to inerease accuracy and improve patient
comes in ultrasound-guided biopsy procedures. The cedure chosen for investigation was per-
ey bt i represcats an iercasing category of inoffice uided procedres perforimed
il physicin 1 present the esigh of an en eflector and procedires or g a seneric rseniatod
arm to serve as a collaborative guide for a physician to take ultrasound-guided biopsies of the kidneys
Surgieal robotics bas ohvlom applction to mare significant procedures the advantages of comprehensive
imaging and st p llow for morc automated movement, which increases dexterity precision, and
ately patent outcomes. Towover, masery-incnsive partaly o fuly seted pmcedm. epresant only
A minority of meica itereentions. Throneh thix project, 1 mtendec to mveatigate the potentin for robotic
assistance in more minor procedures carried out in-office by an individual physician usin aprehen-
sive imaging tools. In the context of more minor procedures, a robot must serve as a minimally disruptive
collaborative tool for its uscr.

he overall system T designed co of an end effector mounted on a generic industrial GDOF
muruhtcd e and an optical tracking system to localze the wrasound probe. The nltrasound probe is
tracked by a single camera mounted in the robot’s end effector: an April tag umumd to the probe allows
for . ransformation be calculated between the probe and the current position of the robotic arm.
Using this transformation along with the kinematics of the robot arm itself, the phy,\\u)uuml identify biopsy
mmu and plan approaches in the 2D image space of the ultrasound probe, and 1 em can use the
inverse ki e of the atn to calenite poses and trajectories i the 30 workapace. The robotic
arm is a small industrial robot unsuitable for surgical use. I chose the industrial arm due to availability;
th\u it hcka many features necessary for collaborative operation. This hardware limitation meant that
ccts of the system’s implementation had to remain theoretical with the ABB industrial arm uscd
Towover, he syston waa desned with the assumption of ts hypothetical replacement with an artieuated
arm more suitable to the application. An external IK and path planning tool is uscd to calculate safe paths
d the workspace, ultimately bringing the robot to » minimum safe distance from the patient from which

hysician could safely bring the tool head up to the patient. The end effector is a guide for the needle
imsertion axis: it is constructed around a set of lincar bearings and contains sensors for lincar position and

s load applied to the biopsy ncedle. While the actuation of the insertion axis is in the hands of the
physician, the axis docs implement force control through the use of a pneumatic cylinder with a variable
flow rate, the purpose of which is to provide both haptic feedback to and to be able to hold
the axis in position if necessary. Overall, this project represents a potential approach for using robotics as
a collaborative tool for ultrasound-guided procedures.
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1 Introduction

Percutancous renal biopsy (PRB) is essential in diagnosing and managing kidney disease. Due to the kidney's

nature as a highly vas

cular organs, the procedure carries an increased

sk of hematoma. Using ultrasound

suidance enables more precise needle guidance, thus redu

ing necessary insertions and trauma to the kidney.

However, current ultrasound-guided PRB procedures present limited insertion paths or require multiple
attending surgeons due to the complexity of operating the ultrasound probe and guiding the biopsy gun.
The development of robot-assisted PR can simplify the procedure’s surgical requirements and allow more
flexibility in procedure planning, needle path, and operation monitoring,

Medical robotics as a field has naturally tended towards a particular category of procedure: those

invol

g large highly accurate imaging equipment, full or partial patient sedation, requiring multiple or
highly skilled medical personnel to perform, and where the existing procedure wses complex or limiting

tools from some of the earliest uses of medical robotics in fields such as the Minerva system for CT-guided

stereostatic brain biopsy to the increasing clinical use of systems such as the DaVinci platform for minimally
invasive procedures in the ventral cavity. Medical robotics is well suited to these applications; high-accuracy
imaging, precisely planned operations, and an unmoving, well-modeled work environment lend themselves

well to robotic precision. Significant work has been done on a particular model of robotic surgery that places

the medical personnel as ‘operators’ while the robot, manipulates the tools. This division of tasks is quite

fitting: it would be much more challenging for a surgeon to achieve the dexterity of a DaVinei manipulator

using traditional laparoscopic tools or precisely biopsying a specific point on an MRI of the brain.
Renal biopsy does not share the characteristics of “traditional’ robotic surgeries. Ultrasound pro-

vides a two-dimensional image highl

ptible to probe location and orientation; the biops

is performed

with just local anesthesia, often by a single interventional radiologist, and using tools no more complex than
a biopsy needle and small probe-mounted needle guide. Tt would be possible to design a surgical robot to
perform renal biopsies using a traditional ‘surgeon as operator’ approach; replace the ultrasound with the
much more rarely used MRI, fully sedate the patient, enable the surgeon to plan in full three-dimensional
detail of the needle trajectory and final biopsy point, and then let the robot collect the biopsy. This theoret-
ical approach would take biopsies with greater accuracy, enable a wide range of insertion paths, and likely
ultimately improve patient outcomes; unfortunately, no doctor would ever use it. The increase in cost and
complexity would negate any improvements; a procedure that can be done ‘in-office’ would now require an

anesthesiologist, a surgical prep team, and an operating theater with an MRI For robotic PRBs to improve

patient outcomes, the procedure must improve on existing methods and acknowledge the requirements that



shaped those methods.

A PRB that incorporates the advantages of robotics must remain in the hands of the surgeon,
with the robot taking an assistive role. The nature of ultrasound imaging and the challenges of the biopsy
are much better addressed by the surgeon’s direct control of the instruments used. If the surgeon controls

the instruments, the role of any robotic system is assistive: therefore, the robot cannot significantly impede

the surgeon’s workflow and must increase rather than dectease approaches to the procedure. Any proposed
solution will, therefore, draw heavily on the concept of collaborative robotics and work with, not against
existing biopsy workflow.

The exploration of robot-assisted renal biopsy has the potential to offer insight into a broader array
of more ‘minor’ procedures in which collaborative or assistive robotics can enable surgeons to enhance current,

practices to improve patient outcomes

1.1 Project Objectives

When identifying project objectives I intended to structure the project in such a way as to identify crit-
ical knowledge at each step before proceeding, it was my intention to avoid implementing wnmecessary or
unrealistic features. While no project is ever neatly lincar the following tasks were mostly completed in

order.

111 Task 1

Identify a procedure workflow and system architecture that allows physicians to access the increased ca-
pabilities of robotic assistance whilst minimizing inconvenience and avoiding introducing new limits to the
procedure. This robot is intended to assist with a already existing surgical procedure and as such should be

de

dgned with consideration for existing practices.

112 Task2

Design and build a manipulator that allows for robotic location and orientation of the biopsy needle while
enabling the physician precise control of the movement of the needle itsclf. Given the physicians attention
will likely be focused on the ltrasound image the manipulator shonld be ergonomically intuitive and capable

of some degree of haptic feedback. Sensors should be i

plemented to allow for aceurate location of the needle

tip and identify any aberrant loading or potential deflection



1.1.3 Task 3

Design and program the control architecture of the system including ultrasound image to workspace coordi-

nate transformation, path planning and obstacle avoidance, responsive force feedback, and effective GUL



2 Background

The purpose of a PRB is to collect a sample of material from the kidney for testing. This procedure is

erucial to diagnosing kidn

¢ disease, with an estimated 58100 performed annually across the US.[5] As with

all biopsy procedures, safety and yield are critical to the outcome. Tn a renal biopsy, yield is measured by

the quantity of glomeruli [6], clusters of capillaries around tubules in the kidney, with an optimal munber of

collected glomeruli for diagnostic purposes being between 10-15, though often 6-10 can prove sufficient (7]

2.1 Biopsy Collection

Historically, renal biopsy was commonly performed with a 15G manually operated core sample biopsy needle.
This device comprises a needle and concentric hypotube; the central needle is a solid core and notchied along
its length. After insertion of the biopsy device, the central needle is extended into the tissue to be sampled,
and the external sheath is then slid forward cutting a specimen that is now trapped inside the notched
needle.

While manually operated biopsy needles were historically used, modern PRBs typically use a spring-
Toadled biopsy device. These devices, commonly called ‘biopsy guns, use a preloaded spring to increase the
speed and force with which the external sheath collects its sample. Cozens et al. measured an improvement

of biopsy success rate to 97% through the use of spring-loaded biopsy needles compared to non-sprung.

collection methods [§], the quality increase is attributed to the speed of the cnt reducing crush ay

acts
in the collected core. Needles on spring-loaded biopsy guns are often of a smaller gauge with 18G being
commonly used, though depending on circumstance anywhere between 14G and 18G needles can be used
[9]. Taking a core biopsy is almost always needed for diagnostic purposes. Alteratively, when performing
focal renal biopsy (biopsy of specific masses in the kidney typically for diagnosis of potential renal cancers)

both core and fine needle samples are taken [9].

Despite the advantages, using these larger antomated devices presents some complications as their

size and weight often require two hands to use suitably. Consequently, most institutions have two doctors
perform the procedure [10], and some use a fixed trajectory needle guide affixed to the ultrasound probe

(1]



Figure 1: A example of a common 14G spring loaded biopsy needle. (MC1410, Bard, Franklin Lakes, NJ,
USA)

2.2 Ultrasound Guidance

Medical ultrasound uses a transducer mounted in a probe to non-invasively image a patient. The imaging
is live, producing a 2D slice of the imaged tissue with density represented by image intensity. Unlike more
comprehensive imaging methods such as CT or MRI scans, an ultrasound is typically lower resolution and,
due to the free movement of imaged tissue and probe, challenging to relate to 3D imaging. The comparative
strength of ultrasound is that it is a simpler and cheaper procedure that allows for easy live monitoring of
an operation.

When performing a PRB guided by ultrasound, the needle is typically

serted ‘in plane’ with the

ultrasound probe so that its entire length is visible in the ultrasound image. Figure 2 contains an example of
a typical insertion, the needle being visible as a bright line. When performing a guided biopsy, best practice
often calls for moving the probe independently of the needle to allow the surgeon to understand the needle’s
position relative to the kidney and other obstructions.

Ultrasound-guided percutancous renal biopsy is a procedure that uses the ultrasound probe to
allow a physician to guide the biopsy needle into the kidney more accurately. The introduction of ultrasound
suidance to PRB procedures in the early 20005 saw significant increases in Glomuli collected and decreases
in minor and major complications. [10] At the time of introduction, ultrasound-guided percutancous renal

biopsies Iy p cd by N ly require two or surgeons,

one to operate the ultrasound probe and another to handle the biopsy needle. As the procedure has evolved,
a shift has been made to interventional radiologists, who are typically solely responsible for ultrasound
operation and needle management,

One of the challenges of ultrasound guidance is keeping the needle in the plane and thus visible
to the probe. A solution o this problem can be found in probe-mounted needle guides. These simple

mechanical devices can be attached to the edge of ultrasound probes and allow for needle insertions at
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Figure 2: A figure reproduced from Chancharoenthana et al.  study of unique kiduey biopsy sampling
trajectorics [1]. This figure combines the ultrasound image visible to the surgeon, the external view of probe.
and needle, and a diagram of the kiduey and intended needle depth. The images in the left hand column
xepresert the unique shallow angle approach being tested, while the right hand colunn demonstrates a more

pproach.

fixed angle relative to the probe’s central axis. Figure 3 contains an example of a common model of one of
these mannal needle guides. A study released in 2017 observes that the adoption of probe-mounted needle
ease in material collected and a decrease in

suides resulted in an in inor complications. [12] The study

also notes that the manual guides cnabled the move of renal biopsy to a single-operator procedure. Using,
needle guides while allowing for reduced surgical staff comes with certain limitations, notably a narrow band

of angles easily achievable by the guide and preventing free movement of the probe during insertion.

2.3 Changing Clinical Practice

Renal biopsy as a procedure was typically performed by or under the supervision of nephrologists; however,
the increasing trend is for PRBs to be completed by radiologists. The mumber of PRBs performed by
nephrologists fellows has been in steady decline since 1984 [13] though this is not duc to decreasing relevance.
as the procedure has been increasing in frequency over the same timeframe, Instead, PRBs are more
commonly performed by interventional radiologists

While such changes in clinical procedure are generally harmless and reflect the increasing frequency

of guided pereutancous biopsy in general, in the case of renal biopsy, the change has coincided with a decrease

in successful outcomes. A study by Arkana Laboratories of rates of ‘missed biopsies (procedures in which



Figure 3: A prototypical example of a probe mounted ‘manual’ needle guide. (Protek™ 1-535-7461, Aspen
Surgical, Caledonia, MI, USA)
insufficient glomeruli were collected for diagnosis) demonstrated a general increase in miss rate from 2% to
14% in 2020, with some centers producing a miss rate as high as 50%[14]. The study attributed this increase
to the change in operators. The study concluded that as that trend is unlikely to reverse itself, new methods
of training or operation are required to increase the success rate when performed by less specialized medical
personnel.

The change in operator has also come with an increase in post-operation complications. A study
in 2003 found that while Interventional Radiologists did not, on average, take more samples during a biopsy,

they saw a significant increase in post-op complications compared to nephrologists.[13]

2.4 Potential benefits of nontraditional needle trajectories

Recent A has indicated some benefits to al procedures sy requiring
different geometries of ultrasound probe and biopsy needle relative to the sampled kidney. A study in 2014
achieved significant, increases in Glomuruli collected and a slight decrease in hematoma by sampling from
the middle of the kidney with an approach angle of approximately 30 degrees.(1] While the paper concludes

that this new approach can be adopted surgically without significant change in training, it is worth noting



that the shallower angle is not achievable with the manual US-mounted needle guides,

While the 2014 study was relatively small and does not appear to have been replicated, other
studies reveal the significant difference in outcomes caused by relatively minor changes in approach angle
and targeted kiduey operation. A 2019 study published in the Journal of the Canadian Association of
Radiologists found significant increases in glomeruli collected and hematoma rates from changes in approach
angle of 20 degrees o less.  [16] This study was focused on a narrower range of angles associated with

the more traditional high-angle biopsy approach, so it does represent needle trajectories compatible with

probe-mounted needle guides. However, the significance of minor angle changes does suggest that there are

increases in proced 0 be achieved by providing surgeons with increased capability for procedure

planning and finer control of needle trajectory,

2.5 Prior Research

To inform my work on this project, I began with a study of current literature covering the use of robots for

biopsies, along with the solutions for integrating ultrasound guidance with robotic systems. T am certainly
not the first to identify the potential benefits of robot-performed or assisted biopsics, and many others have
done impressive theoretical and practical work on this problem. My work is informed by and builds upon

other's approaches, bt represents a unique application of current approaches to a specific procedure. This

paper will present another approach to the task and expand the corpus of knowledge around this subject,
Robotized biopsy marked the first introduction of robots to the surgical suite in the mid-1980s,

performing CT-guided neurosurgery. The first robotized biopsy was completed in 1985 at Memorial Medical

Center using a modificd industrial arm to achicve and then hold a predetermined orientation as it was used

to orientate drills and biopsy probes [17]. Following initial successes, relatively few innovations were made
in robotic biopsy: the introduction of MRI guidance (18], and robotic spinal biopsy [19] some of the most

notable. The lack of growth in robotic biopsy use beyond applications with extreme precision and rigidity

can be attributed to the limitations of contemporary techmology. Changing technology and the growth and
success of surgical xobotics led to rapid innovations in robotized biopsy in the late 20005 and 2010s [20].
A review of existing biopsy robots in the Current Robotics Reports [21] recognizes specific challenges and
trends. Most notable s the observation that most work on robotic biopsy focuses on either breast or prostate

biopsy, focusing on diagnos

g cancers in both organs. Other observations made from the review include
the use of high DOF serial chain actuators to increase workspace. Additionally, while some procedures may

make the insertion under ultrasound monitoring, most robotized biopsy relies on pre-procedure MRI or CT



scan imaging. A significant observation of robotic biopsy is that while many prototypes use autonomous
needle insertion, they are primarily in the prototype or carly design stage. In contrast, those designs in
clinical trials or surgical use have passive or, at most, semi-active needle control. It is unclear as to the exact
reason for this; however, personal conversations with industry-side engineers have suggested surgeon control
of needle insertion being necessary to receive regulatory approval. However, without developed standards or
guidance from organizations such as the FDA [22], active needle control is not prohibited but likely would

require a clear and specific us

-

e,

Figure 4: The Mona Lisa Prostate biopsy robot. The upper section is the robotic needle guide responsible
for aligning the biopsy needle for surgeon isertion. The lower tube-like scction contains the endocavity
ultrasound probe. (SR’obot Mona Lisa, Biobot Surgical, Singapore)

Prostate Biopsy is one of the most explored robotic biopsy procedures due to certain favorable
conditions that provide significant potential for robotic intervention, and the high mumber of procedures
performed across the US. A prostate biopsy is traditionally performed with a minimally invasive technique
involving the insertion of an ultrasound transducer and biopsy ool through the rectum. A biopsy tool is

h

inserted coaxially to the ultrasound probe and is used systematically to collect a spread of samples wi

the patient under a local anesthetic (23]. An MRI may be taken of a patient before the biopsy and can be
used to identify specific tumors or other sites of interest. Tn addition to a diagnostic MRI scan, performing
the biopsy under MRI guidance is possible to enable alternative transperineal or transgluteal approaches or

targeted transrectal biopsy when needed (23] The circumstances of prostate biopsy are well suited to robotic

assistance, the minimal deformation of tissues while probing, and the lack of other organs around or near the

insertion paths. The most common robot for prostate biopsy is the MonaLisa platform produced by BioBot

Surgical Ltd; the Monal ~operation MRI and transrectal probe manipulated

platform, figure 4, uses a p

by the robot to construct a live model of the prostate area and align a needle guide with depth stop for

transperineal biopsy collection [24]. T wonld be remiss not to mention the work done at WPI on active



MRI-guided prostate biopsy (figures 5, 6) using needle rotation to correct for observed needle deflections
from the planned insertion axis [2]. This thesis paper provided particular inspiration in designing procedure
workflow and the potential for needle axis force measurements to identify membrane punctures or areas of

differing der

ty, such as cysts or tumors.

Figure 5 Labelled image of MRI safe prostate biopsy obot reproduced from Wartenber
4DOF piczo electric motor driven robot. was originally developed by Fischer et al. [3]
entirely manual needle guide providing only axial alignment without any depth measur

thesis [2]. This
The robot has an
ment or control,

Though examining prostate biopsy robots is informative, some eritical differences from renal biopsy
must be understood. The rectal ultrasound probe performs radial scans, meaning that a single-axis lincar
nsertion movement is sufficient to construct an array of ‘sliced ultrasound images; the radial scan, along
with limited access, limits active ultrasound procedure monitoring to out-of-plane scans to control insertion
depth. The linear ultrasound transducers used for renal biopsy also collect 2D images, but the scanning
method involves 6DOF movement both to comply with the shape of the patient and to keep the kidney in

the picture; this freedom of probe movement also extends to procedure monitoring with insertions typically

performed in-plane with out of plane scans to confirm position and depth. This difference in ultrasound
procedure makes it much simpler o control rectal probe movements with a robot than to perform the same.

controlled scan and MRI matching in a renal procedure.

Breast Biopsy s the other area that has seen the most significant development of robotized biopsies.
While breast biopsies can be performed using MRT or mammogram guidance, they are most often performed

using simple ultrasound

the same linear or ar ultrs probe nsed in Renal biopsies.
Ultrasound-guided breast biopsies can be achieved with or without pre-operation MRIs.[25] Much of the
research into robotic breast biopsy focuses on MRI-guided procedures and the development of compact MRI-

safe robots. The Stormram 3 robot presented in a paper from 2017(26] is an example of this approach. While

10



Figure 6: Labelled render of the active needle control manipulator developed by Wartenberg in his thesis
[2]: This is an example of a fully active needle guide containing both depth measurement and insertion force
detection along with full robotic control of the needle insertion.

the work is impressive, it does not provide much insight into my work, as the complexity of MRI guidance

would be impractical for most renal biopsics. The approach outlined by Chen et al. using optical mapping of

local tissue to localize an MRI or other pre-operation image to the workspace is of more interest.[27) Though

this paper does not present a complete surgical system or workflow, topography matching is notable as it

allows the procedure to be performed outside an MRI and with a completely uncoupled ultrasound probe.
Some methods for ultrasonnd-guided breast biopsy have been prototyped with robot control of the US probe
by mounting it to a gantry or articulated arm.[28) There are some interesting ideas, such as using the probe
to manipulate the breast and bring a tumor in line with a fixed needle,[29] but otherwise, the work done
on robot-controlled probe designs lack answers to the problems of conforming the probe to tissue or address
how the surgeon is supposed to work with their only exploratory tool mounted to a robotic arm.
Approaching the research from the other direction, an examination of robotic ultrasound systems,
siguificant work has been done on teleoperated ultrasound systems to allow a remote specialist to manipulate
& probe and perform an examination where it is impossible to examine a patient in person. The significant

challenge in designing teleoperated ultrasonnd systems is maintaining gentle contact between probe and

1



tissue and conforming to curving deformable geometry. As such, many early designs were limited to specific
areas of anatomy, such as the carotid or central abdomen [30] seen in Figure 7, and 8 respectively. The
increasing capabilities for force-sensitive arms present opportunities to address these issues when combined

an an area.[31]

with optical scanning to conform to a surface under teleoperation or even antomaticall
One of the most used teleoperated ultrasound platforms s the ESTELE platform produced by Robosoft seen
in Figure 9. The ESTELE platform consists of a frame through which an assistant positions the probe and

[32). “The division of labor allows the more complex task of positioning the

spherical wrist controlled remotely
probe and maintaining pressure to be performed manvally while granting the physician the control needed

to perform an ultrasound exploration.

Figure 7: Tmage of early robotic ultrasound system developed by Abolmacsumi et al. for ultrasound scanning
of the cartoid artery |

Figure 8: Image of the TER system developed by Vilchis et al. for ultrasound scanning of the abdominal
cavity. Tn operation the robot is held in place over the patients abdomen while the probe is rotated by the
robot.



Figure 9: Tmage of the Estelle teleoperated ultrasound system. (ESTELLE, Robosoft Engineering, Anglet,
ance) When in use a surgical assistance positions the robot by use of the black frame, while a surgeon can
telcoperate the marked degrees of frecdom.

The PAKY needle guide developed at Johns Hopkins in 2006 is an carly robotic system worth
discussing (3] Though other methods have superseded the x-ray-based “Superimposed Needle Registration,”
the concepts of operation focusing on collaborative surgeon assistance are still noteworthy. The PAKY system
used a passive 7dof arm and an active 2dof wrist. The passive arm was lockable and used to locate the tool
over the insertion point with a laser dot for alignment. Once the arm was correctly positioned, the robotic
wrist could achieve the correct orientation with a needle guide aligned with the needle target. The design of

this system focused on surgeon accessibility and maintaining a simple workflow.

In 2011, & clinical study investigated the use of teleoperated ultrasound in renal biopsy.[34] An
ESTELE platform allowed a remote ultrasonographer to examine the kidneys and guide a nephrologist to
perform the biopsy. The ultrasound probe was held in place by an assistant or mounted to a passive arm
while the biopsy was performed; this allowed the nephrologist to use both hands on the biopsy tools as
the ultrasonographer manipulated the probe and provided verbal guidance. This procedure does remove
the insertion angle restrictions by separating the responsibility for probe and needle; however, this solution
certainly does not increase aceuracy. The insertion point was selected using a finger to produce a shadow on
the ultrasound, then inserting the tool ‘near the finger.” Actoss the four procedures performed, all samples
collected were suitable; however, operation time was increased by 5%, and patient feedback highlighted the
inconvenience. Ultimately, while an interesting study, the increased time and complesity, all while requiring

more than one physician, suggests that this is not a direction worth further exploration.



3 System Architecture and Workflow

The fist step to this project is gathring requirements and malking critical decisions regarding system archi-

tecture. The selected architecture then informs dec

ions regarding the procedure workflow. T used weighted

objective tables to evaluate potential options to di

inguish between significantly different approaches with

varying strengths,

3.1 Workspace Definition

Before making architectural decisions, T must define the 1obot’s workspace. T decided to attempt to preserve
the existing ‘common’ layout for renal biopsies for multiple reasons. Primarily, the current placement of
patient, surgeon, and ultrasound has been optimized for ease of procedure; in addition, avoiding significant

changes to the surgical space fulfills the design requirement of keeping the robot as ‘assistant’ to the surgeon’s

procedure. Identifying the ‘most common’ layout of the surgical area was performed by observing renal

biopsies documented for educational purposes primarily acces

d throngh services such as YouTube. Fig 10
represents the layout Tidentified as most common; the patient is placed face down with the surgeon alongside,
and the ultrasound placed within reach of the surgeon towards the patient’s head. As renal biopsy is often an
in-office procedure, the table used is likely an exam table, meaning the patient’s height is fixed. T observed
some variation in the placement of tool trays, ither over the patient’s feet as in the figure or a freestanding
tray placed alongside the foot of the bed on the surgeon’s side of the patient. Notably, physicians prefer to

work on the side of the biopsied kidney, so the doctor will often flip this layout.

From this layout, 1 defined both the work area and the region where the robot cannot occupy

without interfering with the surgeon; these

xegions are indicated in Fig 11. T defined the workspace of the
robot as occupying the width of the exam table, a length equal to about a quarter of the patient’s torso,
and a height adequate to accont for variations in patient size. Within this workspace, the robot should be
capable of reaching all needle trajectories greater than 30° from horizontal. The workspace will be centered
on the patient’s kidneys, thus introducing  need to align the robot with the patient or the patient to the
xobot; given the identified need to flip the layout, this can be achieved if T mount the system on a wheeled
cart. Tdefined the area the robot cannot occupy as the surgeon’s side of the exam table; this is intended not

only for safety but also to prevent obstruction of the usual workflow.



Figure 10; Plan view of surgical area

Figure 11: Required work area marked in yellow and keep ont zone in red.
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Table 1: Robot Architecture Weights

3.2 Robot Architecture Selection

lection is critical to overall design considerations as with all robotic appli-

System architecture

ive table considering a series of factors to select between a multiplicity

cations. T used a weighted obje

sts and benefits. First is the system’s overall cost, an element for which there is

of options with varying c
relatively minimal distinction and is comparatively unimportant. Obstacle avoidance is the capacity to reach
the desired end pose configurations while avoiding obstacles in the workspace, ranging from the inconvenient,
such as the ltrasound probe and cable, to the critical, like the patient or surgeon. As such, obstacle avoid-
ance is a crucial design consideration, and a higher degree of freedom arm is valued. The size of the robot’s
base station represents the architecture’s stability and overall weight; due to the likely location of the robot
base opposite the surgeon, its size and unwieldiness are critical considerations to the effective use of the
robotic system. Surgical robotics demands the close interactions of patients and surgeons with the robotic

uts of safe design are universal across architectures,

many clem

system, so safety is a crucial concern. Wh
some consideration can be made for the amount of weight each architecture puts above the patient and the

at collision. Collaborative robotics provide many

mumber of joints whose failure would lead to a robot-pat
benefits regarding surgeon-robot interactions; as such, I considered how easily each arm could be manually

moved, particularly regarding how "natural’ their movement is performing likely manually guided adjust-
v of

ments. T highly rated the existence of surgical robots using that architecture due to the easy availabili
“off the shelf” solutions and because increasing familiarity and comfort with familiar architectures can ease
the adoption and use of new technology. The final factor I considered was volume when stowed; this served
as a catehall for the robot’s size and ability to clear the work area above the patient to allow easier access.
Tlisted these factors in Table 2 with relative weights corresponding to importance.

The first architecture to consider is an articulated 6 DOF arm (Fig. 12); this robotic solution is

common throughout the industry as one of the most efficient and fiexible means of achicving a full 6 degrees
ically

of freedom. The articulated arm has significant benefits regarding obstacle avoidance as it is tech
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Figure 12: Plan view of a articulated arm

over-actuated for the 5 DOF problem. This architecture has a clear advantage in volume when stowed,
being able to fold up upon itself for easy stowage and a range of motion that enables it to lift 'away’ from
the patient in almost any situation, While the additional degree of actuation and associated mass does
increase the cost of this system, that disadvantage is made up for by the existence of multiple articulated

arms already intended and in use in the surgical context. The commonality of articulated arms makes this

architecture appealing; however,

comes with s An articulated arm necessarily incurs the

most significant safety risk, suspending a large mass above the patient held by multiple joints. Additionally,

the ai

ulated design does not lend itself to intuitive manual operation being quite incomprehensible to jog,

and even in a force-controlled

collaborative configuration, it

can often prove frustrating due to a multiplicity
of singularitics.

The next architecture follows directly from the rectangular nature of the workspace. A gantry-based
arm with actuation in all three cartesian directions and two degtees of orientation at the head (Fig, 13) is
likely the cheapest architectural solution as it contains no redundant degrees of freedom or wasted workspace.
However, this simplicity comes at a cost as this system wonld require a much larger base and cannot reduce

its volume in a stowed position, resulting in either

sues clearing the patient work area or an increased
footprint. The defined and unchanging axis of linear motion makes the teleoperation of this type of arm
wmch more intuitive, even if the linear motion often does not reflect natural movements. This architecture
has the most minor capability for obstacle avoidance, being both single solution and limited in approach
‘pathing by its need to reach over the patient. There are no current off-the-shelf medical implementations

using this architecture.



Figure 13: Plan view of a cartesian architecture

A spherical architecture (Fig 14) allows for the cost and weight benefits of a 5 DOF system while
addressing some of the concerns regarding stowed volume and base stability. Despite these benefits, it still
suffers from having singular inverse kinematic solutions, making obstacle avoidance when achieving a pose
and pathing to it much harder. A cylindrical architecture has one significant advantage: it enables much
‘more natural unpowered collaborative operation. By locking out joint 2, the lincar z-axis, and letting the
other four joints yield, an operator can position the end effector of a spherical robot with relative ease and

through much more natural motions compared to the cartesian architecture.

Figure 14: Plan view of a cylindrical architecture

The final architecture worth mentioning is the suspension of a serial or parallel actuator from a
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Articulated | Cartesian | Cylindrical | Suspended
Obstacle Avoidance T T 7
& P T 3
Base Stability 1 2 3
Safety T 35 35 p
Nanual/Collaborative Operation | T 3 T
Txisting Medical Usage 35 5 5
Volume When Stowed T T 3
Weighted Total JEz) ki3 1105 95

Table 2: Robot Architecture Weighted Objective Table

fixed beam above the patient. While this setup naturally requires a much larger base and likely becomes
significantly heavier, the arm can be lighter and slimmer due to the decreased reach. When operating

serial arm in th

configuration, you also see improvement in obstacle avoidance, as more binary solutions
(elbow inverted) are achievable. For this application, the bulk of the base renders the solution non-viable.
It is worth noting however that this architecture is alrcady in use in mnch larger robots such as Intuitive

Surgical’s daVi

ci platform,

When caleulating weighted objectives, the articulated architecture emerges as a clear favorite. This

result is consistent with the direction and dec

ion

of industry regarding the use of robotic arms for surgical

applications

3.3  Arm Selection

Given the decision to use an articulated arm, the next step was to decide which robotic arm o use.
Tn this case, the most significant deciding factor is if the arm is already used for or intended for medical use.
A robotic arm that is designed for medical purposes not only brings end-user familiarity and confidence but

also means that the am

designed with the necessary safety features to allow safe surgical use. In addition
to redundant fail-safe brakes and soft-release mechanisms, these arms likely incorporate force-limiting and

protected workspace monitoring. These safety consideratio

are crucial to the robot’s approval for actual

surgical use. The next most significant factors in arm selection are overall system weight and collaborative

functionality. The system weight is important because it directly affects the necessary size and weight of

the base cart; minimizing arm weight generaty

s corresponding in

eases in portability and compactness,

enabling the use of the system in more circumstances. Collaborative robotics

an emerging field that will

prove crucial o future success in surgical robotics. The precision and rigidity of robotic arms are a welcome.
addition to any procedure; however, autonomous motion around a patient and surgeon carrics significant

risk. Surgeons and patients would appreciate the fine positional movement done collaboratively with the
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Table 3: Robotic Arm Selection Weights

robot, adjusting orientation as position changes. Additionally, once the entry position has been achieved,
& surgeon may want the ability to make fine adjustments to orientation under their own control. These
potential use cases require specific hardware capabilities and design incorporated into the arm to make them
possible. Another significant factor in arm choice is reach; while a reduced reach can be compensated for,

and all robots considered have a reasonable work area, a more exte

ive reach allows for a broader range
of potential operation locations without requiring reconfignration of the robot base or surgical table. The
final factor considered is payload capacity, which in this application s a relatively meaningless distinction;
the needle guide tool will likely be at most 2kg as to weigh more than that would indicate excessive bulk or
inefficient material choice. This factor is even more pronounced when considering draping requirements and
that most, if not all, of the needle guide will ikely be disposable. Table 3 contains the weights assigned to

each factor that 1 will use to evaluate potential robotic arms.

T selected an array of potential robotic arms meant to represent the possible options available,

with a particular focus on articulated arms already used in surgical applications. The first arm 1 selected

is the ABB robotics IRB 120-3; this robotic arm is representative of small industrial arms. The ABB
arm lacks collaborative features and is not currently used in surgical applications. The Kuka LBR Med is
explicitly intended for collaborative medical applications. The LR Med has haptic feedback capabilities
and redundant safety mechanisms, making it a good fit for surgical applications. Stibuli Rosa is the name of
Stibuli's surgical robot; though the Rosa platform has fewer collaborative features, it is already in surgical
use. The overall platform is quite large, integrating a base cart and controller. The final robotic arm
T examined was the Universal Robotics URSe; the URSe is a collaborative robot intended for industrial
applications. Though the URGe lacks the medical features of the LBR Med or Rosa, its collaborative

abilities are extensive.

Exan

g Table 4, the Kuka LBR Med would be the ideal platform for this application. Unfor-
tunately, there is one overriding category that T did not include: availability. When working on this MQP T
had access to an ABB TRB120 robotic arm; though it is not the ideal arm, it will serve to develop and test

my ideas. T addressed the ABB arm’s lack of collaborative features by using jogging commands instead of
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Wit
Cost 5
Portabiliey s
Feasability T
Frecdom of Motion 5
Additional Probo Mass | 5
Tuterference w/ Probe Grip | 3

Table 5 Ultrasound Localization Weights

manually guiding the arm. Though this solution would not be ideal in a surgical setting, it did suffice for

my testing and evaluation of the syster

3.4 Ultrasound Probe Localization

A major architectural decision remains on how the robot will collect data from the ultrasound
probe. Unlike other procedures, such as prostate biopsy, a guided PRB uses a linear o curvilinear handheld
ultrasound probe. 1 decided quite early that the ultrasonnd probe should remain under the direct control
of the physician. Keeping the probe under the physician’s control is intended to enable ease of adoption by
avoiding major changes to the existing procedutes. Functionally, the rabot needs to be able to sense the
ultrasound probe’s location and orientation relative to the base frame of the surgical system. An optimal
solution to probe localization minimizes the ‘impact’ on the physician’s ability to perform the procedure
One approach to localizing the ultrasound probe would be to attach it to a robotic manipulator,

likely another serial chain arm. This approach would be consi

at with the prior use of ultrasound imaging

in surgical robotics. Using this solution, it would still be possible for the physician to maintain active control
of the probe through the use of collaborative robotics; however, if expending the cost and complexity of
using & robotic arm, it would only make sense to integrate some degree of automated ultrasound scanming,

or search performed by the system. Fully or semi-autonomous ultraso

1 scanning may be an idea worth

pursuing in another context but would likely be an unneeded complexity and a barrier to the adoption of

robotic involvement in an otherwise fairly ‘routine’ if complicated procedure. More practically, the use of



Figure 15: Plan vicw of fully automated scanning using second arm.

a second serial chain would present serious challenges regarding self-collision and wnnecessary cluttering of
the operation space.

Another approach to probe localization is to construct a direct mechanical linkage between the
needle guide and the ltrasound probe. This linkage would likely be unpowered, yet an accurate positional
reference to the ultrasound probe could be acquired by measuring its joints. This approach has the added
benefit that the referenced position will be relative to the needle guide itself, thus reducing error accumulation.
The mechanical linkage would not need to be large as the distance between the needle guide and probe will

remain relatively small during operation. Despite a small size, the mechanical linkag

would be complex: the
standard use of an ultrasound probe would require six degrees of freedom, both three-dimensional positioning
and the unimpeded rotation of the probe for various forms of exploration and scanning. Connecting the
‘probe and needle guide introduces an additional complesity: physicians may find it frustrating to be unable
to effectively use the ultrasound probe without the needle guide already in position. Tn addition, in a surgical
context, the ultrasound machine is likely to be used for other procedures, so making a permanent attachment.

to an ultrasound probe would be counterproductive, limiting the options for mechanical attachment.

When examining the unpowered mechanical linkage in the context of my weighted objective table,
T rated it favorably in cost and overall size and weight. The mechanical linkage docs not compare favorably

ith i limited frecdom of it and the likely interference with the physician’s ability

arip and thus use the ultrasound probe. The final and likely disqualifying trait of the mechanical linkage s its
complexity and, thus, feasibility. Tmplementing this method requires an unpowered 6 DOF kinematic chain

with a high focus on freedom of orientation pivoting around a set of axes not contained within the system.
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Figure 16: Probe localization by mechanical linkage to needle guide.

J

Figure 17: Probe localization by OptiTrack using multiple cameras.

This is not an impossible design problem: however, solving it at a suitably small sale while maintaining the

necessary accuracy and ease of use would be a significant challenge.

With the ultrasound probe’s mechanical tracking options examined, the next logical option to
consider is optical tracking. The most comprehensive form of optical tracking would be using a multi-camera
system such as OptiTrack. Using multiple cameras set up and calibrated to cover the intended workspace,
amy object within that workspace can be tracked using a ‘constellation’ of markers afficed to the item. A
multi-camera tracking system would enable maximum freedom of motion for the probe, as the tool’s position
and orientation can be calculated so long as the constellation remains visible, An additional constellation
placed on the robotic arms base, o even on the needle guide itself, would provide the rest of the necessary

frames to enable easy localization of the biopsy target. The major drawbacks of a multicamera system are

cost and portability. The need for multiple cameras rigidly placed along with other considerations, such as
lighting, make cquipping an area for Optitrack usage a complex and expensive task. Surgical theaters could

be, and in some cases are, equipped with this level of optical tracking equipment; however, the requirement

t perform PRB’s ‘in office’ would make a multi-camera tracking system impractical.

“The final option for probe localization was using a single-camera system. Using a singular camera,

likely attached to the robotic arm in some manner, the probe can be localized via a flag or other tracking
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Figure 18: Probe localization by AprilTag using single camera.

Rl Avwtomation | Unpowered Aro | OptTrack smltiple cameras | AprilTag sele camera
Tort T

Tortabily T

Tonsabilty T

Freedom of Motion 7

Adtional Probe Mase T T 5 5

Torerforonce w/ Probe Giip | NA T 2

‘Weighted Total Iy ST 155 5

Table 6: Ultrasound localization weighted objective table

raphic attached to it. A single-camera system does not offer the full range of motion of a multi-camera
system; the limitations of a single-camera field of view combined with the need to keep the tracking graphic
visible to the camera will limit the range of positions and orientations the probe can be used in. With
careful selection of the camera used, its placement, and careful placement of the tracking graphic, effective

coverage can likely be achioved for the relatively small range of positions and orientatior

used during a
PRB. The flags for the tracking graphics are likely to be larger and more unwieldy than a constellation yet
can still be positioned 5o as not to interfere with the probe’s normal operation. The most crucial benefit of
a single-camera system is portability. By affixing the camera to the robotic arm, the system can be wheeled
to a patient’s bedside and ready for operation almost immediately. A single camera system would require

10 external compon

s or preparation beyond a tracking flag affixed to the ultrasound probe. T

Ultimately, 1 selected the single-camera method for use in this project; though slightly less accurate

and more restrictive than a multi-camera setup, the sin

le-camera better fit the design goals.



3.5 Controller Architecture

The fi ision of functions and method

il architecture decision that needed to be made was to identify which di

of data communication should be used. The selection affects not only the lngnage used but also the division

of computing il There are certain to the system. The IRB 120 robot

will run only of its internal RAPID commands. The ultrasonnd probe will remain an external device from
which DICOM and image data can be imported. Finally, the probe tracking camera will remain a serial
input regardless of internal data flow.

The most obvions consideration is to use ROS. The ‘Robot Operating System’ provides a stable

platform for communication between separate ‘nodes’ implementing individual functionali

v. The greatest

strength of a ROS-based system s the ability to incorporate 3rd party modules and the ‘plug and play nature

dules making it easior and test individual the system. The most immediate

drawback of ROS s the overhead in processing and complexity and the necessity for adding another Limux
machine to ran ROS. The communication between ROS and the ABB arm is achieved through a 3rd party

package implemented in RAPID that converts the ABB industrial arm into a ROS node. Figure 19 contains

& proposed ROS-based system layout; the majority of the processing is done on the Linux machine, taking

advantage of the existing ROS nodes for processes such as April tag detections and path planning

Figure 19: Diagram of ROS based system architecture

The existence of tools onboard the ABB arm for path planning and command execution in the
native RAPID makes it possible to design an architecture that performs all higher-level tasks onboard the

IRBI20 arm, as seen in Fig 20. This system architecture uses the FK IK and path planning tools built




into the ABB programming software. Though motion planning is much easier, the RAPID language simply
does not have the capacity for certain processes, such as the AprilTag fiducial detection or external input
processing from systems such as an ultrasound. This limitation makes it necessary to run certain system
components separately and rely on an FTP server to transfer the information in real time to the RAPID
controller. If it were possible to perform all major processes within RAPID or there was greater support

for importing external sensor data,

plementation of a RAPID-based architecture would be appealingly

simple; however, with the necessity of still implementing external pro

es. the limitations of working in

RAPID outweigh any benefits in simplicity.

[}

Figure 20: Diagram of RAPID based system architecture

Of the two potential architectures, T implemented this project in ROS. The primary controller for
the rabot will be implemented on a standalone Linux machine that is networked into the ABB arm and a

Windows machine used to run the ABB programer RobotStudio.

3.6 Intended Workflow

Laying out. the narrative of an ideal procedure using this system allowed me to identify several
essential requirements.
‘The patient arrives at the physician’s office for a scheduled renal biopsy. The procedure is performed

in-office by a single interventional radiologi

: after preparing the patient by positioning them on their
stomach or side on the medical bed and applying local anesthetic, the procedure begins. Activating the
robotic arm across the patient from the physician, it proceeds into a raised pose where the camera in the end
effector has a clear view of the work area. The physician begins their examination with just the ultrasound
probe, identifying the portion of the kidney to be biopsied and determining the best approach angle. When
confident in their inspection, the physician presses a button to save a snapshot of the current ultrasound

image and the probe’s current, position and orientation. The physician can precisely indicate the biopsy



target using the saved image and plan the needle angle within the plane. With the operation set up, the
physician triggers the arm to Jower. The robot orientates itself so that the required biopsy gun can be

loaded and localized. The robot will then reorientate, bringing the needle into the correct orientation while

remaining a safe distance from the entry site. The robot is then guided in by hand, applying a gentle
corrective force to stay aligned on the planned trajectory. Suppose the physician needs to change the entry
Tocation. Tn that case, the positional axes can be "unlocked” with the tool maintaining the correct orientation
and the new needle trajectory displayed over the planning image. When ready to proceed with insertion,
the manipulator applies a smooth counter force; the needle tip position is shown on the planning image,
while the physician s free to use the live ultrasound probe for both in-plane and out-of-plane inspections
As this happens, the robot checks for deflection or increased resistance, ready to give an alert or temporarily
lock out the axis depending on preference. When the needle approaches the target depth, the force feedback
slowly increases until the needle stops. The physician may see that the needle needs to go decper than

they had planned, then they press a button on the manipulator, releasing the virtual clutch and allowing

the insertion axis to move freely. With the appropriate location reached, the biopsy tool is held rigid when
xeleased, allowing for much easier one-handed operation of the spring trigger. Next, the physician retracts
the needle along the insertion axis, the force feedback limiting the speed at first to prevent potential tearing.
Finally, with the needle retracted, the physician guides the robot away from the patient before it returns
to a state for convenient removal of the biopsy tool. The increased targeting accuracy, the ability to freely
move the ultrasound probe while making the insertion, and the lack of the need to support and operate the

biopsy tool will have significantly increased the quality of the sample gathered.

4 Manipulator Design

For ease of comprehension, 1 assigned names to both the end effector and overall robotic system.

The initial design of the end effector was named Julie, after historical figure Julie d'Aubigny; the overall

surgery system was assigned the name Abu, after the 10th century physician Albucasis, eredited for the

invention of diagnostic biopsy.
The majority of the mechanical design work in this project was centered around the development of an end
effector for the ABB arm intended to serve as a collaborative needle guide for the surgeon. The primary
degrec of frecdom of the end cffector is the needle insrtion axis. The surgeon ultimately operates the
insertion axis: however, I intended for the end effector to provide haptic feedback to this DOF. The end

effector design must also incorporate mount

g for biopsy tools and contain the camera used for ultrasound



probe tracking.

Material selection for the Julie system was influenced by the nced for xapid prototyping. The
majority of the structure is built around 3-D printed components held between laser-cut wood frames.
These materials do not reflect the materials that would ultimately be used in the clinical application they

served in this case due to price and ease of work.

4.1 Linear Axis

The core of the Julie system is the linear insertion axis. Julie’s insertion axis is constructed around a pair

of Smm rods with a ‘needle carriage’ id

& upon them on lincar bearings. (LMSUU, THK, Schanmburg,
IL. U

A) The ends of the rods are secured in 3D-printed blocks that are then comnected to Julie's frame.
The cartiage and rails are shown in Figure 21, When initially designing Julie, T was concerned about the
potential for misalignment of the rails, causing the carriage to bind up; however, the parts and assembly
proved accurate enough to avoid this issue. Position on the insertion axis is measured by a US Digital brand
linear encoder mounted to the needle carriage. The position is read from an encoder strip attached to the
frame. The encoder operates at an aceuracy of 200 DPI for a positional resolution of approximately 0.127mm
In addition to relative position, the encoder also provides an index pulse used in the initial calibration of the

Julie system,

Figure 21: Tmage of the assembled Julie end affector focused on the needle carriage,

Post-assembly testing revealed the rod and bearing system is sensitive to foreign materials on the
xails or lack of lubrication, causing excessive sliding friction. This issue is relatively minor and addressable
in the context of the Julic prototype by carcfully cleaning and Inbricating the rails. The more concerning,

problem revealed in testing was that high moments on the needle carriage could result in high static friction,



increasing the risk of overshoots or jerky motion. Tn the ideal usage case, the operator gripping both the
cartiage and biopsy tool does not prove an issue; however, when installed, the biopsy tool forms a significant
lever arm. Though it is not the intended mode of operation, it would be foolish of me to assume that a user

would never attempt to operate the tool by gripping the end of the biopsy gun

4.2 Haptic Feedback

The design requirements for the end factor called for force feedback along the insertion access. To achieve this,
Tused a prewmatic cylinder with the intention that by controlling airflow into the cylinder cell, a proportional
force could be generated on the necdle carriage. The initial design called for an open-loop pnematic

“system operated at Ambient pressure. However, testing revealed that an open loop implementation was

too compliant. Therefore, T moved to a closed-loop system pressurized at approximately 40 psi. Two
additional components are needed: a manipulator capable of modifying airflow to the cylinder and a load

cell between the eylinder and carriage to measure generated force.
The load cell s installed underneath the carriage. T chose to use an s-bar loadeell (DYLY-106, Calt
Sensor, Shanghai, China) to measure both positive and negative forces applied. The location of the load cell

is noted in Figure 22

Figure 22: Labelled render of the underside of the needle carriage.

Control over the airflow presented a more interesting problem. Tnitially, T explored the options
for solenoid actuated flow control valves; however, these proved cither prohibitively expensive or excessively
large in volume and weight. As a more accessible alternative, I investigated the potential of mounting a me-
chanically actuated valve (62005K233, McMaster-Carr, Chicago, IL, USA) to a simple 5V servo (DS3218MG,
Aunimos, China). Though this creates a certain latency, especially when going from binary states, it did

provide a much cheaper and more accessible form of control. Initial designs made use of a valve directly
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mounted to a servo; however, this proved impractical due to the requirements of range of motion of the valve
itself. Eventually, I settled on the current design Figure 23, integrating a small gearbox to give a 3 to 1

reduction, extending the servo’s 180° range of motion to 420°; this proved adequate for the application

Figure 23: Render of the pueumatic eylinder flow control.

4.3 Biopsy Tool Mount

Multiple considerations informed the design of the Julie biopsy gun interface. The first and most crucial was
compatibility with multiple biopsy gun systems; next was ease of operation, particularly operation by a single
hand, allowing a surgeon to install and remove biopsy tools whilst maintaining a hand on the ultrasound
probe. Finally, some consideration of draping requirements was necessary.

There exists a wide variety of biopsy tools used for PRBs, ideally a end effector would be compatible

with most if not all potential biopsy tools. Initially I examined the commonalities between biopsy tools
identifying the only totally common feature as the needle itself. Unfortunately not even the needles are
consistent as different. gagues are common, in addition the weight of most common biopsy guns makes

suspending the tool purely

the needle non viable. Given my inability to create one design to accommodate
all potential biopsy tools T instead decided the next best option would be interchangeable parts for different
biopsy tools,

For the purpose of testing I acquired a Bird 14G biopsy gun as seen in Fig 1. T selected this biopsy
sun s it is representitve of the most common design used and in a needle gague frequently used for PRBs.
The replaceable parts i designed for the Julie system therefore are customized for this biopsy gun however
they can be easily modified for alternate tools

There are two points of contact between the Julie system and biopsy gun, the needle guide and the
carriage mount. The needle guide is mounted at the front of the Julie and is responsible for the absolute

positioning of the needle. The needle guide need only locate the axis of insertion and allow the needle to
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slide freely within it. The second point of contact is the carriage mount, this is responsible for affixing the
t0ol to the linear carriage. The carriage mount must allow for insertion of the tool perpendicular to the

needle axis and ideally any locking or release mechanism should be operated by one hand

The key feature of the needle guide is alignment and localization of the needle, th

fore for the
mounting point T settled on a T-slot design. The needle guide itself fits onto this aligning feature and
consists of a simple closed ring into which the needle can be passed (Fig 24). This design is casily adaptable

to different biopsy tools as a change in needle gauge merely necessitates a different bore size in the part

Figure 24: The Julie systems front needle guide.

The carriage mount merely holds and aligns the tool on single insertion axis, the key considerations
when designing the carriage mount were case of operation and maintaining a secure hold on the inscrted
tool. T chose a simple bolt pattern to mount the replaceable carriage mount due to the lack of any strict
alignment requirements. To secure the cylindrical body of the Bird biopsy gun T chose a tray and cocentric
over center latch as seen in Fig 25, the interior surfaces of the clamp contain alignment features to secure

the tool further. The over-c

ater clamp can be easily operated with a single hand, providing the biopsy tool
can rest without shifting in the tray whilst the clamp is locked over the top; this introduces the requirement

that Julie is held horizontally while loading and unloading the biopsy tool.

Draping in the context of surgical robotics refers to the requirement to keep the robotic systems

behind a sanitary drape, typically lightweight plastic, unfortunately this can create some issues when it

comes to interacting with surgical tools as there must be a clear boundary where the reusable robot stops,
and the disposable tools begin. This is particularly complicated by any designs involving needles as having a
needle penetrate through a drape compromise is the its sanitary purpose. For this reason T decided that the

drape boundary for the Julie system would be underneath the replaceable components used. This introduces

some issues, primarily that the components outside the drape generally have to be disposable to prevent
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Figure 25: Over center latch used to seeure the biopsy gun.

4.4 Camera Position

The final major component that needed to be integrated into the Julie system was the camera system used
for locating the AprilTag fiducials while performing the ultrasound scan. The primary concern when placing
the camera was the sclection of hardware, packaging, and orientation. T began with the assumption that
the robotic arm will reach near full vertical extension in its ‘camera. position’s from this 1 generated the
approximate requirements for the camera used. T selected the Arducam BO205 package to serve as the
camera. (B0205, Arducam, Kow Loon, Hong Kong) The B0205 is a preassembled USB capable camera built

around the 1 / 2.7 OV2710 sensor, with an integrated lens providing 100deg FOV and a minimum focal

xange of Im. This camera package provided the correct balance of high framerate, snitable resolution for
the intended 40mm tag size, and FOV suitable to cover the intended work area. To achieve the maximum
extension of the arm, the orientation of the end effector is limited to the near horizontal; this requirement
then determines the angle the camera must be placed on the Julie device. With these restrictions in mind I
selected the final angle of 55deg from Julie's horizontal plane. With the size and orientation of the camera
Kknown, I then merely had to consider packaging, a 3d printed frame suspends the camera before mounting it
into a 3D printed block (Fig 26). This final placement and assembly offered the most flesibility and potential

to adjust or replace the camera as needed.



Figure 26: Camera mount on the underside of the Julie manipulator.

4.5 Electronics selection

The final design decision for the Julic end effector was the selection of electronic hardware to manage the
various components. Due to familiarity with the architecture, T chose an implementation of the Arduino
‘microcontroller. T selected the Arduino Micro for its onboard ADC, SPI interface, and ability to operate at
the intended 5V. The Arduino Micro could gather the data from all the sensors in the Julie system using
both custom code and some 3rd party libraries. The Abu system controller communicates via the built-in
USB serial interface with the Julie board,

The choice of the Arduino Micro did present some issues, primarily the need to introduce an
external power supply, as while the board has an in-built 5V regulator, it was incapable of outputting
snitable current to drive all the components of the Julie system. The other significant drawback of the

Arduino is the of only pins; while the board operates at & high

enough refresh rate for most of the sensors present, the linear encoder functions best when interrupt pins
can be provided for both A, B, and Index signals. T was forced to compromise connecting A and index to
interrupts but leaving B connected to a standard digital input; though this degrades sensor performance, T
deemed the slight loss in accuracy acceptable.

The electronics were assembled on a solderless breadboard that was then mounted to the underside




of the Julie system. This placement prevented additional volume to the Julie assembly and allowed for
easy cable routing around the arm mounting block. The only siguificant issue encountered with this choice
of breadboard location was in constructing a suitable ‘rolling loop’ of wires between the necdle carriage

and breadboard, specifically in en

ng the entire bundle adequately feeds with carriage insertions and
retractions. This issue was addressed mainly by the inelusion of suitable wire routing features and bundling
of the loop with Kapton tape to reduce friction; however, this solution would not be acceptable in a clinical
setting and, though reliable enough for my purposes still presented a significant enough failure rate that T

would want to see it replaced if this design was continued

4.6 Arduino ROS Interface

Using an Arduino required me to address the issue of managing communication between the Julie end effector
and the ROS controller. While practical for onboard communication and convenient in size and compatibility,
the Arduino microcontroller does not have the necessary networking capabilities for traditional ROS LAN
communication. While T could have sclected an Arduino microcontroller with networking capabilities such
as those built around the ESP32 1C, the additional processing overhead necessary to run a ROS node would
siguificantly increase the refresh rate and thus degrade sensor accuracy: alternatively, the selection of a
larger, more powerful controller such as a Raspberry Pi 3 would have integrated both communication and
enough processing power to run a ROS node, bt at the cost of size and weight. As the singular purpose of
the microcontroller on the Julie system was to relay sensor data and targets for the haptic fecdback servo, 1
instead decided on a bare-bones approach using the inbuilt USB driver for serial communication.

T relied on the 3rd party ROS node rosserial and accompanying rosserial arduino Arduino libraries
to implement this communication. These libraries establish a serial communication protocol between the
Arduino microcontroller and the Abu ROS controller. T start virtual ROS Publishers and Subscribers on the
microcontroller, the relevant data is serialized and transmitted, and the rosserial node makes the publishers
and subscribers available to the Abu ROS environment. Figure 27 contains the applicable portion of the
data flow diagram covering this serial communication,

My primary concern with serial communication in this application is latency and refresh rate. Delay
transmitting sensor data increases uncertainty in the robot state, whereas low refresh rates reduce precision.
These concerns do not apply to full CPU ROS implementation as each publisher and subscriber are executed
in individual threads; however, the single-threaded nature of Arduino code meant I had to take special care.

1 took several necessary measures to find an optimal balance between data accuracy and precision from the
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Figure 27: Rosserial data flow for communication with the Ard

1o microcontroller in the Julie end-effector.

Julie system.

The first and most straightforward method of optimizing for serial communication was minimizing
serial message sizes. To do this, T had to reduce data sizes in the ROS msg definition to match the ranges of
values sensor readings can provide. The one sensor for which I did not minimize data size was the reading
of the load cell provided by the HXT11 load cell amplifier, which retains a high accuracy 64bit floating point

integer. T chose not to reduce the load cell reading because collecting and scaling a moving average of sensor

readings at the higher baud of the HX711's SPI interface is much more efficient.

The subsequent optimization for serial communication was to minimize any onboard preprocessing
or complex exceution on the microcontroller. Though it would have been possible to implement higher logic,
such as the state machine for the Julic end-effector onboard the microcontroller, doing so would have only

increased the load on the single-threaded CPU. With the much more powerful Linux system available, T

chose to minimize any processing done on the Arduino instead of implementing any requirements as a ROS
node. T reduced the code on the Arduino to collecting and transmitting sensor data and outputting a PWAM

signal to the haptic feedback servo.

The final method 1 implemented to optimize the rosserial interface was to tune serial communica-

tion parameters to my specific choice of hardware. To determine optimal parameters, 1 experimented by

publishing messages with timestamps from the Arduino microcontroller and then logging the timestamps
when each message arrived in ROS, The two parameters related to rosserial communication that T can modify

are the message frequency and topic quene size; other relevant parameters, such as message size and serial

baud rate, are defined externally by hardware o software constraints. The topic quene length refers to the
size of the FIFO queue used for the asynchronons handling of messages, T sought to minimize this while
not losing crucial information. The message frequency refers to the rate at which messages are published
on a topic, as the Arduino code runs and publishes continuously; this is equal to the execntion time of the

Arduino loop() function.
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Table 7: Rosserial parameters tested

For testing, I evaluated the parameters listed in Table 7 using a baud rate of 57600 and a */julie_pose’
message modified to include a timestamp. 1 collected data for approximately 4 seconds. After examination
of the results, T chose a message frequency of 500 Hz with a message quene size of 10. By selecting these

parameters, T achieved a mean latency of approximately 2 milliseconds with

0 excessive latency spikes as
seen in Figure 25,

Frequency=500; Queue Size=10

u=2193.02

Figure 28: Plot of /julie_pose message latency.

4.7 Julie Controller

Lin

lemented the control logic for the Julie end effector as a ROS node. The ‘julie_controller is responsible

for initializing and operating the Julie end effector. 1 designed the operation of the Juli

end effector as a state

machine as diagrammed in Figure 29, The julie_controller node is responsible for handling the sensor inpnts,

triggering sensor calibration, transitioning between end effector states, and publishing both the camera and
needle tip transform once a biopsy tool is loaded. The final responsibility of the julie_controller is to manage

the haptic feedback by dynamically swapping between the force and positional PD controllers.
Timplemented the Julie state machine using a simple pattern reused throughout this project. By
choosing the pattern detailed in Figure 30, the state machine was context-independent and casily expandable;

as T stored no instance-level data within each state, T implemented the state machine with static State

instances,



Figure 20 Diagram of state machine used to control the Julie end-effector.
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Figure 30: Diagram of the abstract state machine pattern implemented in this project.

The camera and needle tip transformations are caleulated and published by the Ju

control node.
In addition to publishing the location of the needle tip and camera an additional ‘needle tip guide’ trans-
formation is maintained for use in path planning. Fignre X indicates the coordinate frames of all three

transformations relative to the or

of the Julic end effector. The transformation matrices H{I,,,,, and

(el rigin
HESE i are both static whereas G0 . is caleulated using the insertion axis encoder value and
needle position offset measured each time a tool is inserted. EQUATIONS

A pair of PID controllers manage the Julie end effector’s haptic feedback along the insertion axis
When establishing haptic feedback for needle insertion, T identified two key goals of operation: establishing
constant even force when moving the needle and providing gentle restraining force to control the needle tip
position when approaching the intended needle location. To fmplement these separate control modalities

onto the same system, T used two different PID controllers that T switched between as the situation dictated.
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The first PID controller is the positional control intended for use as the needle makes the final approach
(§30mm) to the biopsy sample location. The positional controller is a closed loop taking the readings from
the linear encoder as an input and directly affecting the haptic servo position, affecting the restraining force

applied to the needle carriage. The force control PD loop also controls the haptic servo position but it takes

the net force differential measured by the load cell as its input. When implementing the force controller 1

made the setpoint for the experienced force differential static but configurable, based on my testing I found a

force target of 35N optimal for smooth precise control but it may vary for other users. I experimented with

variable force curves to apply a different force profile for insertion and extraction or to use force curves with
alinear or exponential force relative to the distance to the target. T could not explore this idea as decply as

I would have liked, and non-static force curves remain of value for future examination,

When switching between the two PD loops, the most important factor is consistency for the oper-

ator. T initially experimented with making the switch between force and distance PD at a fixed distance to

the biopsy target location. While it was possible to tune the handover distance to enable a smooth inser-
tion the stability of this solution varied significantly based on carriage velocity, target force differential, and

biopsy medium resistance. As an alternative, I examined making the swap when both controllers output

the same control signal; this ensured smooth swapping between controllers and had the added benefit of
swapping to force control on extraction much sooner. To prevent infinite swapping when the carriage is
unmoving, both PD controllers outputting mininmum control signals, 1 introduced additional conditions to
control the selection of PD controllers as outlined in Figure 31. When inserting the needle the controller

will not attempt to switch from foree to positional control until the target distance is less that S0mm. Tn

regular operation, the S0mm boundary condition ensures a switch of control methods at 30mm when both

controllers output signal curves intersect: alternatively, if the surgeon stops the insertion for any reason
{80mm from the target position (assumed inside the sampled tissue) the positional control is immediately
engaged when they resume motion. For needle extraction, measured as force differential being negative) the
switeh between positional and force control is enabled as soon as both controllers’ PID valnes are equal; this
allows a smooth transition from the steadily decreasing position control signal to the increasing force control.
While testing the device, T found myself unsure if the constant force was needed for the needle extraction;
while it was helpful for smooth operation, T often found myself using the clutch to release all force feedback

for the extraction. Further input and feedback from actual operators are needed to determine if the force

control should not simply be disabled when the device detects needle extraction.



Figure 31: Logic for switching between positional and force control for the insertion axis force feedback
system.

5 Abu Biopsy System Design and Programming

Once the Julie end effector had been d 4 and assembled, the remaini centered around integrating
the ABB robotic arm, ultrasound probe tracking, and UI to create the complete Abu system. As I had decided

that the Abu system wonld nse ROS, I implemented most of these features in Python.

The Abu systems core code runs on an Intel NUC GiTKYK rumning Ubuntu 18.04.6 and ROS

Melodic. I selected a post end-of-life ROS

istribution for compatibility with certain required libraries. The

primary driving factor behind my selection of the Intel NUC was processing capacity: the most strenuons

task needed was the image processing for Ultrasound probe tracking. 1 selected the 2.6GHz i7 CPU for

its multithreading capacity, as dedicating more threads to the AprilTag detector will increase speed while

maintaining detection range

5.1 ABB Arm Integration

To enable control of the ABB industrial arm at the core of the Abu system in ROS, T used the ROS-
Industrial abb.driver package to establish TCP/IP control and communication between a ROS node and the
IRC5 controller attached to the arm. The abb_driver cousists of two major components ROS nodes, and
servers running on the IRCS controller. ROS nodes receive and publish the ABB arm’s current state and
subscribe to and transwmit joint trajectory commands to the ABB arm. On the IRCS controller, two servers
implemented in ABB's native RAPID programming language connect to the TCP/IP ports to publish and
receive data. T detailed the relationship and data flow between ROS and the ABB arm in Figure 32. Tneeded

«

plement minor modifications and bug fixes in the RAPID code to account for my specific hardware
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configuration and firmware updates to the IRC5 controller.

Figure 32: Data. flow for abb_driver TCP/IP communication with ABB IRB120 arm.

As previously mentioned personal cirenmstances required me to complete this MQP remotcly mean-

ing T lost access to the physical ABB arm for testing and execution. Before heginning remote work T had
connected and enabled control of the physical arm via the abb_driver so T knew that portion of the project
was functional; however, Tstill needed a virtual implementation of the ABB system for testing. Fortunately,
ABB provides a robot simulator inside their RobotStudio development suite; this simulator runs a virtual
instance of the TRC5 controller while simulating the physical hardware. Tn prior experience with ABB in-
dustrial arms, T had found that the RobotStudio simulation was of high fidelity so T was confident it would
suit my purposes. While this did introduce a slight complication as the RobotStudio software can only be
run on a Windows machine the benefit compared to simulation within ROS is both in the high fidelity of the
machine recteation and that by emulating the TRC5 controller itself the sinmlation much more accurately

reflects the performance of the physical arm.

5.2 Forward Kinematics

In controlling the Abu system, it is necessary to calculate the position in 3D space from the ABB arms
vector of joint angles. This transformation from the robot and world origin at Ty gen to the end of the arm
Ty is used for ultrasound probe tracking and calcnlating needle tip location during insertion.

To calculate the forward kinematics of the ABB arm T used the method ontlined by Denavit
and Hartenberg for assigning joint frames and caleulating transform matrices.[33] Figure 33 contains the
joint frames T assigned for the ABB IRB120 arm in its zero position; T then took measurements of the

physical characteristics of the arm to calenlate the DH parameters listed in Table 8. Next 1 imputed the

ters into Equation 1 to caleulate th between each joint (Eq 5.2-5.2). These individual

transformation matrices can be multiplied together to give Hg (Equation 2) the transformation from xobot.
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Table 8: D-H parameters of the ABB IRB120

origin to manipulator.

Figure 33: Diagram of frames used to define ABB IRB120 robot.
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Timplemented the forward kinematics into a ros node abu_fk that subseribes to /joint states and

publishes the transformations using the tf broadeaster package. Combining the abu_fk transforms with the

ones published by julie_controller allows for the contimious caleulation of transforms to the camera, needle

suide, and needle tip (Eq 35).

B = HEHS @
Higig ™ = HYHSE A @
HI = HEHG ©

5.3 Inverse Kinematics and Path Planning

Initially outlining the required work for this project, 1 intended to implement inverse kinematics and path

planning myself, however, restrictions of time and emerging complexity in other areas required me to use
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hird-party libraries for these functions through the ros ‘moveit” implementation. Moveit is a comprehensive
third-party tool for robotic manipulation; T made use of Moveit's integrated inverse kinematic solver and

integrated path planning and trajectory generation.

Figure 34: Abu robot in the movement planning software Moveit.

Before using Moxeit, 1 first had to define the robotic system in URDF (Unificd Robotic Design
Framework). Fortunately, a URDF file for the ABB IRB 120 exists in the abb_experimental git repository
T defined the Julie end effector in URDF and then wrote a macto to attach Julie to the ABB IRB 120 arm
and load both into a scene that Moveit can manipulate. (Fig 34) With just the robot model alone, T could
perform IK and path planning; however, to implement obstacle avoidance, I required a model of t-+6he work
area. The general boundaries of the work area have already been established in Figure 11; however, the one
major unknown factor is the patient’s position. I used a generic 3D model to ereate the environment used
for simulations seen in Figure 35; however, generating a scan this detailed of an actual patient is beyond the
capabilities of the Abu system. Even if I generated a thorough scan of each patient, T could not use it as the
patient being unsedated will likely move or be repositioned between setup and actual operation. T intend

to resolve this lack of det

d work area through collaborative robotics, by putting the final positioning of
the arm in the control of the surgeon they are able to approach the patient while compensating for any
variation in position or body shape. Using this collaborative approach, the patient’s collision geometry can

be generalized to a ey

wdrical shape covering the patient’s body and establishing the boundary of the closest
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automated approach. (Fig 36) T implemented the patient boundary and geometry to establish the work area

limits in URDF and integrated their import into the Abu scene macro.

Figure 35: Abu robot with simulated work area.

With the workspace defined, T next defined the key poses for the robot so that T could calculate
paths between them. Certain poses such as stowed, camera observation, and tool installation /removal are
static (Fig 37): these I define relative to the robot origin. The remaining significant poses are involved in
the approach to the insertion location, and I defined them relative o Tonsersion, & point calculated to lie
on the patient boundary with the insertion axis orientated to intersect the biopsy target. T will return to
the calculation of Tiusertion i @ future section; for path planning, Tinsertion can be considered an arbitrary
point assumed to meet the carlier definition. Figure 36 contains the dynamic points caleulated relative to
Tinsertion and the robot’s path between them. All of these poses are calculated and defined within the

abu_path_planning node.

With the set of fixed and dynamically caleulated poses, the rema

ning requirement is to specify the
path-planning algorithm used to generate trajectories between these points. Given the relative simplicity of
the workspace, the complesity of the robot, and the lack of a need for excessive traversal, I selected an imple-
mentation of Rapidly-exploring Random Trees (RRT). T considered the use of a multi-query planner such as
the Probabilistic Roadmap Method (PRM), though the use of PRM would significantly reduce the rantime.

calculation needed: the size of the solution space that requires pre-computation must be considered. In addi-

1



Figure 36: Abu robot with simulated work arca.

tion, reliance on PRM would negatively impact the potential to expand the system with dynamic workspaces.
The caleulation time for the bidirectional RRT method I selected (RRTComnect) is not unreasonable for the
application, and suitably smoothed the trajectories it generates are simple and effective.

After caleulating the trajectory T display a preview of the planned movement to the surgeon as seen
in Figure X, before executing the movement on the surgeon’s confirmation. Eventually, T would prefer for
the movement to be antomatic; however, given the current hardware used it remains best practice to keep

Iuman in the loop before executing any major movements

Once the robot has exceuted the trajectories to the edge of the patient boundary, my preferred

implementation would sce the surgeon guide the robot’s final approach to the patient by hand. This form of
manual guidance is not possible with the robotic arm 1 am using for this project, so instead, T provide the
surgeon with buttons on the GUT to jog the arm the remaining distance. The jogging is aligned with the
z-axis along the needle insertion path and the x-axis aligned along the length of the operating table. Jogzing

control for this final approach s positional only as the robot maintains orientation to direct the needle at

the biopsy target automatically



Figure 37: Static configurations of the Abu system. Pose A is the storage configuration assumed by the
robot, when not in use. Pose B is assumed to elevate the camera to localize the Ultrasound probe. Pose C
is for loading and removing the biopsy tool

5.4 April Tag Tracking

T chose to use a single-camera optical tracking system to localize the ultrasonnd probe; I selected the AprilTag

ITag is a visual fiducial system developed in the

fiducial and detection system to perform this task. Aps
University of Michigan's April Robotics lab [36][37) The Apriltag system relies on 2D fiducial tags and a
detection algorithm capable of identifying the position orientation and identity of all tags in a particular
image. To use AprilTags to track the ultrasound probe, I had to design a method to attach the tags to the
probes, then implement an apriltag_ros node with appropriate calibration for the camera on the Julie end
effector

T selected the tagStandard41h12 family as T had no specialist requirements, from the resolution
ucam BO205 T determined a 40mm size would be reliably detectable at the distance required.

A

of the

Once 1 knew which tag 1 would use, the next step was to determine how to attach those tags to the
ultrasound probe to enable detection without significantly impacting the easy use of the transducer. A study

e identified a variety of grips, the most common of

of existing documentation on ultrasound transducer
which are featured in Figure X, For testing, 1 selected a Telmed L12 ultrasound probe (L12-5140S-3, Telmed

and configuration for

Ultrasound, Vilnius, Lithuania) to design around as it is representative of average s
a linear or curvilinear transducer such as would be used in a PRB. While I selected a single probe to design
around, my designs should remain applicable to any common transducer. The least problematic location for

a fiducial flag would be to place it high and offset to one side of the transducer, selecting  height of 130mm



and offset of 50mm from the transducer origin on the L12.

Attachment to the ultrasound probe is achieved with a two piece clamshell design chosen for rigidity
and adaptability to other transducers. Initially, T experimented with a two-sided vertical flag, as seen in
Figure 38A; T found that while this flag design was located and tracked T ran into some issues when simulating
a scan. From observation of documented procedures, T identified the need to scan at angles up to 45 deg
from vertical in any direction; the fiducial tracker lost track of the vertical flagged probe as it was tilted

towards the camera,

Figure 38: Different designs for attaching Apriltag flags to an ultrasound probe.

Given that a simple vertical flag could not support. the full range of scanning motions, 1 designed
and tested alternate flag configurations. The designs I assembled and tested are lnid out in Figure 38, OF
the designs T tried, two stood out: the single vertical flag configuration (A) and the twin angled flag (C).

The vertical flagged configuration has issues maintaining tracking over the full range of angles; however,

it offers simplicity and an ambidextrous design that appeals to compatibility and ease of use requirements.
Alternatively, T found the twin angled flag design to be the most consistent being trackable over the full range
of angles and positions at the cost of increased bulk and lack of reversibility. Neither design significantly
affected my ability to grip the transducer in standard methods. Further user trials and feedback wonld be

needed to determine which design a surgeon prefers using this system.
Once T had attached fiducials to the transducer, connecting the AprilTag detection software into
ROS was relatively simple. I made each tag on the various fiducial flag designs unique and stored the

transform from each to the probe origin in a lookup table. After inputting the correct parameters for



the apriltag_ros node and connecting the output of Julie's camera, the detection node began publishing

transforms to cach tag-detected in the live camera feed. Using the T!4f,,, transform generated by the

apriltag_ros node, it is then possible to calculate the position of the transducer origin relative to the robot
origin. In instances where multiple tags are detected, I chose to rely on the average of the transducer pose

estimation.

5.5 Ultrasound Operation Planning

The operation of the Ab system requites the operator to plan the needle insertion point and trajectory
on a 2D ultrasound image. The Abu system integrates with a commercially available ultrasound probe and
provides a path-planning interface over the ultrasound image.

The industry standard for medical images is DICOM (Digital Tmaging and Communication Tn
Medicine), a file format used to store both the image data along with imaging parameters, patient info, and
other data relevant to the specific imagery method. [38] Ultrasound machines can ontput captured images as
DICOM files over a TCP/IP connection; however, DICOM ultrasound formats are designed for individual
captures and thus cannot be transmitted as live images. Fortunately, the image output of the ultrasound
can be accessed as a separate video stream containing the displayed image only.

The interface with the ultrasound machine is one of the areas most affected by the need to complete
this project remotely; while T could print example probes for the mechanical interface I did not have access

t0 a physical ultrasound scanner to generate actual data. To resolve this problem I relied on sample data

provided by NEMA to support development around the DICOM standard (ftp:/ /medical nema.org). T wrote

anode in ROS that simulates a Phillips 5000 series ultrasound, providing sample DICOM data in response

to commands to ‘capture’ data.

The exact structure of the Ultrasound NEMA file is outlined in section A.6 of the DICOM standards.

39] T made use of the pydicom library[40] to extract the relevant data from the DICOM fles. T extracted
data from the General Image and Image Pixel sections for the ultrasound image to display for path planning,
The US Region Calibration and US Tmage sections provided data used to calibrate and calculate the image
to world transformation matrix. T did not use the patient study or series data as it held no relevance to
the excention of the operation; however, this data may provide opportunities for future integration and
expansion

The surgeon makes his target sclection and determines the entry trajectory on the stationary

captured image. To implement this functionality, 1 intended to use a simple qt widget, expanding the
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existing rqt image.view plugin. A mockup of this user interface can be seen in Figure 30.

ure 39: Mockup of the Ultrasound operation planning interface. The intended biopsy target is selected
with the green cursor, and the angle of the yellow approach trajectory is set by the slider on the left

Once T had a point in the 2D Ultrasound image selected, T then had to calculate the transform
between those 2D coordinates and the 3D reference frame. Fortunately, the data needed to perform this
calculation is included in the DICOM fle. Figure 40 contains the coordinate systems of note when working
with a DICOM ultrasound image; of particular importance is the 2D Tissue Reference, a virtual ‘reference’
pixel defined in the image pixel coordinate system. This reference pixel is of note to my application as for
the type of US probe used during a PRB; this reference point is defined as the point of zero depth lying
on the tool’s centerline. 1 defined the probe origin reference frame to be this point exactly; therefore, the
transform from the probe frame to the target frame in 3D space can be caleulated from the vector from this

reference pixel to the target. (Fig 41)

The vector 7 6 can be caleulated from r,, 7, the points coordinates in i

e space, ref,, ref, the
coordinates of the reference point, and S, S, the scale factor of the image extracted from the DICOM in
units of mm/pz. 1 then took this calculated vector and used it to caleulate Hy7i" 7 with the addition of 0

the insertion angle caleulated from vertical. (Fig 42)
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Figure 40: Diagram of key coordinates in the ultrasound image space.
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5.6  Abu Controller

Once I had implemented each of the individual components of the Abu syste, the only remaining task was
to write an abu_control node to handle program flow and manage interactions between the systems. The
abu_control node is structured around the finite state machine illustrated in Figure 43. State transitions
within the control node are bounded by both internal robot conditions and external service calls.

Finally, to assist with the operation and testing of the Abu system, I wrote lunch files with

configurable parameters for various modes of testing and simulation.
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Figure 41: Diagram of the target vector calculated within the 2D image space

6 Testing

6.1 Detecting density changes in sampled tissue

When designing the Julie end effector, T included a load cell to measure the force applied to the carriage: in
addition to the sensor’s role in force feedback, T intended it to detect density changes in the biopsied tissue.

When performing a PRB, changes in tissue density can be significant diagnostically. A drop in tissue density

would indicate a fluid-filled cyst, whereas a higher density would indicate a kidney stone or a renal tunor

Thongh ultrasound imaging should reveal these regions of varying density, the Julic end effector’s ability to

detect them during insertion would give surgeons further feedback and potentially prevent mistakes.

The tissue density can be directly observed as the force resisting the needle insertion and thus is
measurable by the load cell within the necdle carriage. Unfortunately, the needle resistance force cannot
be independently measured as the measured AFS is a product of Fupy, Fitste Freedsack, and Fress the
operators applied force, sliding friction of the assembly, force feedback applied by the cylinder, and the
insertion resistance force respectively. This relationship docs apply some restrictions on density detection,
primarily that the detection is only possible when the carriage is moving, Additionally, the force feedback

mechanism, if active, would be actively attempting to compensate for any changes in Fye, by bringing

the measured AF back o a set value. Though the force feedback does present some issues regarding the



Figure 42: Relationship between probe and target coordinate frames,

collection of accurate measurements, the impulse change in measured AF should be detectable.

Fapp = Futide = Fec

ack = Fres (s)

I set out to test the Julie end-effector’s ability to detect three signific

at density changes: regions
of lower density, regions of high density, and tissue boundaries. Testing the force insertion required the
construction of phantoms consisting of a uniform material of soft tissue density with inserted pockets of
different density material. Fortunately, T discovered that there exists significant academic interest in cost-
effective ultrasound phantoms for the purposes of training students in interpreting ultrasound images [41].

Once Thad surveyed potential options I chose the procedure outlined in a 2012 article [42] for the construction

of gelatin based phantoms with cist-like regions.
T hegan the process of casting the ultrasound phantoms by preparing a batch of clear gelatin at

a ratio of 110g gelatin powder per 1L of water. Unlike in the referenced paper, I did not mix in any
Metamucil to the gelatin mix; this is hecause the purpose of metamucil in an ultrasound phantom is purely
as a contrast material for ultrasound imaging. As T am not using any of these phantoms for imaging but

only for density, the Metamucil was wmecessary. I cast the gelatin mixture in rectangular silicone molds

with different procedures for each modeled density change. For testing regions of decreased density, T settled
on cists formed of ultrasound gel; initially, T attempted to inject the gel into the gelatin as it set but found

the process provided less optimal results. Ultimatel

: Tsettled on cutting slots into a cast gelatin phantom,
almost filling them with ultrasound

I before using a fresh gelatin mixture to scal the open tops. To test



Figure 43: Diagram of the Abu systems finite state machine. Blue boxes mark the pose of the ABB arm for
each state,

regions of increased density, T cast soft rubber balls into the phantom: the rubber balls were selected due

to sharing a similar density to common renal tumors. Suspending the balls in the center of the phantom
required a multi-stage casting process but ultimately did not prove difficnlt. Finally, to test boundary
detection, T suspended a balloon within the gelatin phantom. The balloon within the phantom is filled with
ultrasonnd gel; however, the test is not if the Julic system detects the lower density within the balloon but
i the slight resistance of piercing the rubber skin is detectable. Fignre 44 shows the casting process for the

test phantoms, including the control phantom.

Figure 44: The casting process for the gelatin phantoms used for testing tissue density detection,

To perform the density measurements, the phantoms were mounted inside a raised box in line with



the fixed Julic end effector. (Fig 45) The Julie system was brought online following standard calibration
procedures, with the load cell and encoder measurements logged. The biopsy needle was then inserted into
the phantom by hand, applying the required force to maintain an insertion speed of 20 mm/s. For this test
T chose to disable the force feedback system: while it would be more realistic to perform this experiment
with the resistive cylinder engaged, T decided that for the evaluation of the ability to detect density changes,
it was beneficial to remove the closed-loop fecdback from the measurements. The tests were performed in

quick succession, with the biopsy needle cleaned between each insertion

Figure 45 Julic end effector and testing jig for measuring insertion force profile.
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7 Discussion and Future Work

7.1

of Full system

When evaluating the performance of the Abu system in general, it is tricky to balance between assessing

stems and the practical realities imposed by the scale and scope of

the potential of specific ideas and sy

this MQP. The final system is far from a design that could see actual clinical use, with many small but

significant changes and refinements that would need to be made before this system approaches the quality
and convenience necessary for practical use. Despite this, however, in evaluating the project, o still believe
it was still successful in the evaluation of certain ideas and concepts,

The identification of lower complexity procedures, such as ultrasound-guided biopsy, as having
& high potential for improved patient outcomes through collaborative robotics was correct. Beneath the
certain peculiarities imposed by the prototype nature of the design, the Abu system represented a significant

improvement, in PRB procedure. The convenicnce of a robot acting as an ‘assistant’ by supporting and

holding steady the considerably unwieldy biopsy tool is notable: however, like any assistance, T must weigh
the benefits of the assistance against the inconveniences of interacting with and communicating the behavior

xequired. I is clear that the Abu system ‘jogaing’ keys are simply too inconvenient and unnatural to pass the

threshold of convenience; however, the further development of the Abu sys ing a more collaborative
arm would address that issue neatly. When performing the needle insertion during the biopsy, the force
feedback and active depth stop features represent a significant improvement over current free-hand insertion

methods.



7.2 Future Work

€

lering the mechanical design of the Julie system, if I were to approach the problem again today, T

would consider a different mechanical layout, potentially one that integrates a linear bearing and poeumatic

eylinders machined into the body of the rai

Overall, a more compact design with less sliding friction
but similar sensing capabilitics would mark a significant improvement. Upgrading the valve on the haptic

feedback system to be more responsive would be the next area of improver

at; switehing to a digitally
controlled solenoid-style valve will significantly reduce the impulse respouse time of the positional and force
feedback. Finally, an improved Julie end effector would feature additional sensing capabilities, such as necdle
tip detection

If returning to this project, T would like to experiment with a more appropriate collaborative
articulated arm. Replacing the ABB IRBI20 with a Kuka Med or similar platform would not only be
more realistic to actual surgical conditions but also allow the development and calibration of the degree of
cooperation the Abu system should provide, T would like to find the balance hetween giving the operator

complete and easy positional control of the

lle and an Abu system that always gently pulls the operator’s

motions back toward its planned in:

ertion point,

The area of path planning and patient detection is one where significant future developments are
possible. With the current Abu system, I settled on a static oversized model of patient boundaries designed
to hand off the autonomons control of the rohot long before the end effector comes close to the patient.
This maximum safe distance approach is driven by the inability of the robot o capture the current position
of the patient in enough detail to build a model more accurately. Without adding additional sensors to

the Abu syst

u, active localization of the patient while the arm

moving may not be possible: however, T

believe there ate options worth exploring for developing a more accurate patient model during the ‘scanning’

phase. Tn future work, I would consider using the tracked ultrasound probe to establish a point cloud of

probe ‘poses’ defining the boundary of the patient. Though not high resolution,

eries of sweeping passes
of ultrasound probe across the region of the patients lower back could provide enough of a point cloud to

infer a surface from which a more reasonable ‘automation boundary” can be calculated

7.3 Conclusions

In conclusion this project explored the design and structure of a system of collaborative robotic intervention

in ultrasound guided PRB's. The final system design demonstrated the potential innovations of a robotic



“surgeon’s assistant’ in smaller in-office procedures. The design work around the Julie end effector focused on
design for collaboration and demonstrated certain approaches to influence and data gathering from a purely
“surgeon controlled” needle insertion. The use of AprilTags as a single camera fiucial system demonstrated

the potential for lower complesity and lower cost localization solutions that di

nects robot assisted surgery

from the of more optical trackers. T hope that my work on this
project may inform future development in this field and ultimately represents a step towards helping improve

‘patient outcomes.
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