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Abstract

Despite it being over twenty years since the �rst introduction of robotic surgical systems

in common surgical practice, they are still far from widespread across all healthcare sys-

tems, surgical disciplines and procedures. At the same time, the systems that are used act

as mere tele-manipulators with motion scaling and have yet to make use of the immense

potential of their sensory data in providing autonomous assistance during surgery or per-

form tasks themselves in a semi-autonomous fashion. Equivalently, the potential of using

intracorporeal imaging, particularly Ultrasound (US) during surgery for improved tumour

localisation remains largely unused. Aside from the cost factors, this also has to do with

the necessity of adequate training for scan interpretation and the di�culty of handling

an US probe near the surgical sight. Additionally, the potential for automation that is

being explored in extracorporeal US using serial manipulators does not yet translate into

ultrasound-enabled autonomous assistance in a surgical robotic setting.

Motivated by this research gap, this work explores means to enable autonomous intracor-

poreal ultrasound in a surgical robotic setting. Based around the the da Vinci Research

Kit (dVRK), it �rst develops a surgical robotics platform that allows for precise evalu-

ation of the robot's performance using Infrared (IR) tracking technology. Based on this

initial work, it then explores the possibility to provide autonomous ultrasound guidance

during surgery. Therefore, it develops and assesses means to improve kinematic accuracy

despite manipulator backlash as well as enabling adequate probe position with respect

to the tissue surface and anatomy. Founded on the acquired anatomical information,

this thesis explores the integration of a second robotic arm and its usage for autonomous

assistance. Starting with an autonomously acquired tumor scan, the setup is extended

and methods devised to enable the autonomous marking of margined tumor boundaries

on the tissue surface both in a phantom as well as in an ex-vivo experiment on porcine

liver. Moving towards increased autonomy, a novel minimally invasive High Intensity

Focused Ultrasound (HIFUS) transducer is integrated into the robotic setup including a

sensorised, water-�lled membrane for sensing interaction forces with the tissue surface.

For this purpose an extensive material characterisation is caried out, exploring di�erent

surface material pairings. Finally, the proposed system, including trajectory planning and

a hybrid-force position control scheme are evaluated in a benchtop ultraound phantom

trial.
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Chapter 1

Introduction

1.1 Motivation

The recent decades have seen a signi�cant reduction in surgery-induced trauma, transi-

tioning from open to Minimally Invasive Surgery (MIS) such as laparoscopy starting in

the early 1990s. In a similar vein, the rise of more dexterous robotic MIS platforms in the

early 2000s has help to enable this type of procedure to treat an ever increasing range of

pathologies that might be di�cult to reach and treat with standard laparoscopic tools.

While this avenue is promising, the physical separation between the surgeon, who operates

behind a distant console, and the operating tools, hidden inside of the patient, signify a

drastic loss in �delity of perception available to the surgeon that would have contributed

to making a more informed treatment decision. This may particularly a�ect oncological

surgical procedures which heavily rely on the precise localization and complete removal

of all cancerous tissue, all while sparing nerves and other critical healthy tissues around

it. During open surgery, it is common practice for the surgeon to further identify the

tumour location manually as hardend tissue nodules. However, with the complete loss of

tactile perception in laparoscopic and robotically assisted interventions, the main source

for tumour localization remaining are preoperative images such as MRI, Ultrasound or

CT scans. This process is further complicated by the time gap between pre-operative im-

age acquisition and the surgical procedure, adding uncertainty about the location of the

target region. This particularly applies to highly 
exible organs such as the liver, where

the positioning of the patient during surgery along withCO2 insu�ation may cause signif-

icant changes in position and shape of the organ [10]. To acquire real-time images during

surgery and closer to the target region, the surgeon may resort to using a laparoscopic

1
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or robotic intracorporeal US probe. So far, however, only very few surgical disciplines

have yet turned towards intraoperative imaging [11, 12] as they require extensive training

before they can be adequately interpreted by the surgeon [13]. A possible solution to this

may be the employment of robotic and automated assistance to aid in acquiring US scans

during surgery. While research on extracorporeal US has explored the use of automation,

in particular robotics, this has not yet been the case for intracorporeal US settings that

employ di�erent manipulators and may rely on reduced sensory inputs due to the spatial

contraints inside the patient's body. Aside from aiding the surgeon in acquiring scans,

further autonomous assistance may be possible by laveraging the anatomical information

extracted from these scans. The following work is set out to investigate both of these

avenues.

1.2 Contributions

Motivated by this prospect, this thesis outlines the research around building and assessing

a platform and approaches to enable US-guided autonomy during robotic surgery, starting

from autonomous scanning over US-guided assistive functionalities towards autonomous

tissue ablation. As an initial work in the area it covers and contributes to a range of

di�erent topics around enabling technologies for autonomous US-guided surgery (such as

sensors and algorithms) as well providing reference for future work.

1. Platform and Approach for Ultrasound-Guided Autonomy

This work presents a platform concept for autonomous, US-guided surgery that shall

serve as the basis for further research in this �eld. Its implementation around a standard

surgical robotics platform, the dVRK, ensures that the quantitative results may serve as

a benchmark or starting point for future endeavors in this �eld. The platform concept is

developed in Chapter 3 and further extended and adapted in Chapters 4 to Chapters 6.

2. Analysis and Solution Approach for Kinematic Inaccuracies

A crucial aspect in autonomous systems is precision and reliability. Currently, a main

obstacle with the da Vinci Research Kit is the huge system backlash. This work addresses

this key point by developing and assessing a novel kinematic sensor fusion scheme. Few

works so far have looked in more depth at the accuracy of a standard surgical robotics

platform under autonomous circumstances, involving several robotic arms. This work is

set out to comprehensively study the robotic system's accuracy under realistic circum-

stances, including loading conditions as they happen during grasping and guidance of
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an US probe along a surface. For this purpose the platform integrates an Infrared (IR)

tracking system that can provide ground truth positional data. The IMU sensor fusion

scheme is introduced in Chapter 4, further adapted in Chapter 5, while the concept is

applied and kinematic results analysed in Chapters 4 to Chapters 6.

3. Planning, Navigation and Control in an Intracorporeal Setting

A crucial aspect in autonomy is controlling the interaction between the robot and the

tissue. Unlike other areas in robotics, surgical robotics can usually not rely on force

sensing being available. For the purpose of US scanning, this work elaborates a Deep

Learning (DL) based algorithm for estimating the quality of contact with the tissue, for

detecting of the target structures in the ultrasonic image as well as a vessel center line

estimation routine to navigate along tortuous vessel geometries (see Chapter 4). It further

presents a solution for projecting margined tumour geometries onto the tissue surface (see

Chapters 5) and planning of the surface constrained ablation path to reach the internal

tumor structure (see Chapter 6).

To enable useful assistance based on the reconstructed US scans, a second robotic arm

that can guide a cutting or ablation tool is integrated. A key part of this is �nding

means to enable interaction control with the surface. Therefore, the electrosurgical tool is

characterised for di�erent contact situations, to allow controlling the tool along a surface

in the absence of reliable force sensing. An in-depth evaluation is carried out including a

feasibility study on an ex-vivo porcine liver (see Chapter 5).

4. Ex-Vivo Feasibility Study

Aside from testing all algorithms on US phantoms, US scanning and tissue marking are

translated onto an ex-vivo setup. In an initial feasibility study, this work shows that

the developed approach for autonomous tissue marking works in an ex-vivo setting, giv-

ing further insights into an eventual translation onto more clinically realistic setups (see

Chapters 5).

5. Ultrasound-guided intracorporeal robotic HIFUS

A novel concept for integrating a miniaturised HIFUS transducer into the robotic setup is

presented in Chapter 6 and allows US-guided ablation during laparoscopic surgery. Cen-

tral part of this is the development, characterization and assessment of a novel sensorised

water-�lled membrane that enables mechanical impedance matching, while also allowing

the measurement of contact forces. Integrated into a basic trajectory planning algorithm,

a hybrid force position control scheme is introduced that guides the HIFUS probe along

the tissue surface while ablating an internal tumour structure.
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Figure 1.1: Depiction of the di�erent contributions in relation to the chapters of this
thesis.

Figure 1.1 shows the di�erent contributions in relation to the chapters of this thesis.

1.3 Structure

This thesis presents the work during the course of my PhD project, carried out between

May 2019 and October 2023 as part of the Science and Technology Of Robotics in Medicine

(STORM) Lab. Its content is strongly associated with the UK Engineering and Physical

Sciences Research Council (EPSRC) research project Ultrasurge (see Section 3.1.1). The

thesis will proceed with the following structure.

Chapter 2 describes the technical background and the current state of the art in the

�eld of US guided robotic surgery and the relevant parts of autonomy and automation in

surgery with a focus on image-guided tissue treatment.
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Chapter 3 describes the build up of the robotic platform, including an initial analysis as

well as technical modi�cations, calibration and spatial registration of the di�erent parts

that are used to enable further research.

Chapter 4 outlines a novel approach to enable autonomous intracorporeal US scanning

and navigation along vascular structures. It further serves as the foundation for image-

guided control in the further course of the work.

Chapter 5 shifts the focus towards tumour surgery and assistive functions using a second

robotic arm. In particular, a novel concept is devised and assessed, allowing the projection

and marking of margined boundaries during hepatic tumour surgery. The �nal approach

is demonstrated on ex-vivo porcine liver.

Chapter 6 expands from the assistive approach, outlining the autonomous ablation of

a tumour via HIFUS. Therefore, it outlines the integration of a novel patient-speci�c

device into the robotic setup including a sensorised extension to allow hybrid force-position

control along pre-planned surface trajectories.

Chapter 7 as the �nal chapter in this work, summarises the �ndings and puts them into

the wider context including remaining questions to be investigated in the future.





Chapter 2

State Of The Art

This section will give an introduction into the areas relevant to this work starting with

surgical robotics in Section 2.1 and a general introduction of autonomy in this �eld in

Section 2.1.3. Building up on this, Section 2.2 and Section 2.4 explore the state of the art

in the �eld of robotic US scanning and tissue treatment in the context of robotic surgery

respectively. Lastly, Section 2.5 summarises and discusses the �ndings in the context of

this work.

Parts of this chapter, in particular Section 2.4.2 and Section 2.1.3, are due to be submitted

as part of the following peer-reviewed journal paper:

Jones, D.,Marahrens, N. , Sarikaya, D. and Valdastri, P. "Autonomy in Robot-Assisted

Minimally Invasive Surgery." Robotica, ready for submission.

2.1 Surgical Robotics

The commercial introduction of surgical robots dates back to the early 2000s, when the

�rst systems gained FDA approval. While initially being targeted at heart surgery, the

systems were soon redesigned and approved by the FDA as a tool to perform general

laparoscopic surgery and gradually entered further surgical disciplines.1 Particularly in

1The Da Vinci (Intuitive, Sunnyvale, CA, USA) Surgical System gained FDA-approval in 2000, Source:
https://www.roboticoncology.com/history-of-robotic-surgery/, accessed on 20/01/2020

7
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Figure 2.1: Overview over the dVRK infrastructure and comparison with the clinical
mode. Where in clinical mode, the movement commands from the Master Tool Manip-
ulator (MTM) are directly sent to the Patient Side Manipulators (PSMs) or Endoscope
Control Manipulator (ECM) for execution, the dVRK provides an intermediary con-
troller and middleware to receive data from and control each component of the formerly

clinical system to be directly controlled by an external computer.

the area of urology, surgical robotics has become the standard means to perform opera-

tions, since the area in the small cervix may be di�cult to reach by means of conventional

laparoscopy. In addition to higher dexterity, these systems may o�er improved 3D visu-

alisation of the surgical scene as well as improved ergonomics.

2.1.1 The da Vinci Surgical System

For the last 15 years, the surgical robotics market has mainly been dominated by one

particular system, the da Vinci (Intuitive, Sunnyvale, CA, USA) with a total of over 7500

systems in clinical use worldwide today2. Despite technical upgrades, the general concept

and mechanical structure of the robotic system has stayed the same over the last 20 years

and 5 model generations da Vinci "Classic", S, Si, X and Xi.

Since its �rst conception, the system is composed of two physically separated components

in a master-slave structure: the Master Console (master) on the surgeon side and manip-

ulators (slaves) on the patient side. The latter consists of a platform (Patient Cart) with

four passive arms referred to as Setup Up Joints (SUJ) that are only manually adjustable.

Mounted on each of the four arms is an actively controllable manipulator. Three of them

are Patient Side Manipulators (PSMs), equipped with controllable surgical instruments,

and one Endoscope Control Manipulator (ECM), integrating a stereo endoscope (see Fig-

ure 2.1).

2According to company website https://www.intuitive.com/en-us/about-us/company (accessed on
13/07/2023)
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Figure 2.2: Mechanical structure of the PSM of the da Vinci surgical system incl.
fulcrum point. The structure may be split up into a roll-pitch-insertion mechanism
comprised of the �rst three joints and the detachable instrument comprised of the re-

maining three joints plus tool open and closure. Image taken from [1]
.

The console, also referred to as master console, hosts a stationary eyepiece through which

the surgeon sees the stereoscopic video image from the endoscope, providing them with

a 3D view of the surgical scene. To control any two of the four active manipulators, the

console hosts two handpieces, referred to as Master Tool Manipulators (MTMs), which

track the surgeon's hand movements for further translation onto the active manipulators

on the patient side. Any movements of the MTMs imitated by the PSMs are scalable

and �lter out the natural tremor of the surgeon by default. By means of a foot pedal,

the surgeon may select which of the three PSMs is linked to which MTM. (see Figure

2.1). To enhance intuition, the eye piece is directed downwards, towards the hands of the

surgeon.

The PSM's tools are interchangeable during the surgical process and are built with the

EndoWristTM technology, allowing the full control of the tool orientation, not possible

in conventional laparoscopic surgery. The PSMs are designed to rotate around a �xed

fulcrum, kinematically restricting movements and mechanical stresses around the incision

point (see Figure 2.2). The structure may be split up into a roll-pitch-insertion mecha-

nism comprised of the �rst three joints and the detachable instrument comprised of the

remaining three joints plus tool open and closure.

2.1.2 The da Vinci Research Kit

To enable computerised control of the robot system, researchers at the John's Hopkins

University developed the dVRK in 2014 allowing full control of a �rst generation da



Chapter 2 - State Of The Art 10

Vinci robot (da Vinci "Classic"). In doing so, the signals of the MTM and PSM are

fed into a custom built control box that can be accessed by a computer (see Figure 2.1).

The added support of ROS middleware allows a full integration of these signals into a

larger robotic environment. Over the years, as more institutions gained access to this

technology, a community of dVRK research labs sharing their code in an open source

fashion has emerged [14, 15]. The dVRK allows to directly set target values for the robot

servo control loops. It also includes inverse kinematics to allow the speci�cation of target

values in Cartesian space.

2.1.3 Autonomy in Surgical Robotics

Figure 2.3: Di�erent levels of autonomy as de�ned in [2]. Image taken from [3].

Despite the advances in other areas such as dexterity and image quality, commercial

surgical robotic systems lack autonomy and are merely used as tools for the teleoperation

of surgical instruments [16]. Introducing autonomy into surgical robotics could help solve a

plethora of issues, such as the shortage of medical sta�, availability of adequately trained

surgeons, and could potentially enable them to perform other, more relevant tasks or

surgical procedures instead.

Autonomy in surgery is commonly clustered into six di�erent levels (analogous to the

six levels in automated driving), ranging from level 0 (no autonomy) to level 5 (full
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autonomy). A depiction of this classi�cation including some additional explanations for

the di�erent levels can be found in Figure 2.3. With each level, the amount of task

the computer takes over increases while conversely the supervision necessary by a human

decreases. Automation in medicine, particularly in surgery, is still relatively low compared

to other sectors. Some specialised commercial systems such as the former ROBODOC

system (currently called TSolution One Surgical System from THINK Surgical, Fremont,

CA, USA) already fall under level 3 (conditional autonomy) and even systems of level

4 (high autonomy) such as the Veebot are planned to be commercialised [17]. However,

current commercially available general surgical robotic systems operating in soft tissue

environments, still fall into level 1 autonomy providing merely functionalities such as

tremor �ltering or motion scaling. Reasons for this discrepancy may be the complexity of

perception, registration and reliable manipulation of soft tissue.

Research on the other hand has produced quite a few systems of autonomous surgical

robotic systems up to level 4 autonomy. Examples of these are:

ˆ Level 1: Haptic Feedback [18]

ˆ Level 2: Palpation [19, 20], tissue retraction [21, 22] endoscope guidance [23]

ˆ Level 3: Suturing [24] , knot tying [25]

ˆ Level 4: Debridement and tumour resection [8, 26], suturing [27, 28]

In these works, autonomy is typically enabled using the endoscopic camera image [29] or

specialised cameras [27, 28], while only few works such as [30] and [31] have relied on real-

time tissue imaging as a reference point for autonomy. Further autonomous applications

will be explored in the upcoming section, particularly in the context of US guidance (see

Section 2.2) and tissue treatment (see Section 2.4). A broader overview over the topic of

autonomy in surgery can be found in [32].

2.2 Surgical Ultrasound Imaging

2.2.1 Comparison with other Surgical Imaging Technologies

Imaging is a widely used tool in medicine to more accurately assess a patient's health con-

dition, as well as plan and execute therapeutic interventions. Around surgical interven-

tions, it may be divided into three types, depending on when it is performed: pre-operative
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imaging (before the surgical procedure), intra-operative imaging (during a surgical pro-

cedure) and post-operative imaging (after a surgical procedure). Additionally, depending

on the imaging technology further distinction can be made regarding where the imaging

probe is placed or how it is inserted into the body mainly endoluminal (through ori�ces),

intracorporeally (inside the patient) and extracorporeally (outside of the patient). Note

that the term intracorporeally further implies that it is done interventionally or intra-

operatively, whereas extracorporeal applications may be done at any stage as they don't

require a procedure to gain access to the imaging site.

While pre-operative and post-operative imaging are already routinely performed or even

necessary to plan surgical treatment or assess the outcome, intraoperative imaging is not

routinely performed, despite the immense bene�t of real-time information. Currently,

both MRI (see Figure 2.4) and Computed Tomography (CT) scans are routinely per-

formed preoperatively. These imaging techniques, however, may not be suitable for intra-

operative imaging, due to their size (e.g. MRI) or their high radiation dose (e.g. x-ray

based methods such CT), implying they should only be used when absolutely necessary.

Further aspects to be considered are the achievable resolution and usually tied to that, the

achievable imaging depth. Ideally desired is imaging close to the target regions, depths of

several centimeters and submillimeter resolution to capture structures within the tissue

e.g. subsurface tumours. Note that these may slightly vary depending on the application.

A further consideration towards applying imaging technologies in the context of robotic

automation is their possibility to be spatially referenced towards the robotic base frame.

Only if spatial reference is warranted, can the robot adequately employ the information

extracted from the image towards executing informed actions. While it is technically

feasible to calibrate and reference larger equipment such as C-arm x-ray machines with a

robotic system (e.g. via prior registration or integration of further robotic arms), this may

be largely impractical as it would �xate the setup between calibration and surgical pro-

cedure. Therefore, it is much more convenient to rely on technology that is miniturisable

and thus integrable directly into a surgical robotic tool for an intracorporeal application.

US a widespread and versatile, yet still not very commonly used method across surgical

disciplines and interventions for intraoperative imaging. US probes are easily customisable

to �t small form factors depending on the speci�c application and required resolution. A

main drawback preventing a widespread use of intraoperative US is reported to be the

lack of adequate training and general di�culty to interpret the resulting images [11].

The amount of energy transmitted by US imaging probes is relatively low, causing minor



Chapter 2 - State Of The Art 13

Figure 2.4: Left: Liver tumour visible and circled in red on an MRI scan (© 2019
MCC Gastrointestinal Oncology Video Library, Mo�tt Cancer Center, Tampa, FL,
USA). Right: ICG Visualisation of a kidney tumour, ( © 2023 Jason Hawksworth,

MD)

heating of the tissue. The e�ects of this on the organism are still an ongoing topic of

debate [33].

A further technique commonly used in tumour surgery, is 
uoroscopic imaging involving

dying agents such as Indocyanine Green (ICG), to visualise tissue perfusion and thus

highlighting the di�ering perfusion patterns of tumours compared to healthy tissue [34].

Alternatively, recent works have suggested the use of radio detecting skins that are at-

tached to the surface and change their colour based on beta particle exposure [35]. These

methods may also be used in combination with pre-operative data. While this gives the

surgeon a good estimation of the tumour's location close to the tissue surface, it does not

help outlining the tumour's structure deeper within the organ. A similar issue occurs in

surface imaging technologies such as Optical Coherence Tomography (OCT), making a

potential application in laparoscopic tumour surgery more constraint.

Table 2.1 summirises the previously outlined �ndings. Considering the requirements for

robotic surgery, the most adequte technology for robotic automation in surgery is US,

being miniaturisable, non-ionising, with tuneable resolution and depth and already largely

available as commercial medical devices.

2.2.2 Physics of Ultrasound Imaging

The previous analysis justi�es looking deeper at US imaging in the context of robotic

surgery. Outline the pysics behind US imaging (Section 2.2.2) and present an in-depth

analysis of existing technology for robotic US guidance both extracorporeally (Section

2.3.2) and intracorporeally (Section 2.3.3). Please note that the following discussion is
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Table 2.1: Comparison of the most common techniques used for tumour visualisation.
*Minor tissue heating due to US still being debated

Technology Minia-
turi-
sable

Depth Maximum
Resolution

Harms Further Remarks

US
[33]

Yes Variable Up to mi-
crometer

None* Obstructed by air or
hard tissues

MRI
[36]

No Variable Up to mi-
crometer

None Very large and expen-
sive setup

CT
[37]

No Through Millimeter Ionizing
Radiation

Clear resolution of soft
tissue only with toxic
contrast agents

ICG
[34]

Yes Sub-
surface

Coarse Toxicity Limited to visualising
high perfusion

OCT
[38]

Yes Sub-
surface

Micrometer None Ideally requires very
steady and precise po-
sitioning

implied to be around minimally invasive (e.g. laparoscopic) procedures, meaning the term

surgery or intervention excludes open surgical interventions.

US refers to mechanical waves above 20kHz in frequency. For most medical applications

it will be in the range of 2� 18MHz . US waves will travel at di�erent velocities depending

on the mechanical properties of the material they are induced into. For a given material

of density � and sti�ness k, the velocity of soundc can be calculated as

c =

s
k
�

(2.1)

An important quantity that can further be derived from these quantities is the acoustic

impedancez

z = � � c =
p

� � k (2.2)

Boundaries between materials of di�erent acoustic impedances will present obstacles to the

waves and cause a fraction of it to be re
ected, while the rest of the wave will travel further

onwards. The higher the di�erence in impedance between the two tissues comprising a

boundary are, the larger the fraction of the signal that is being re
ected back rather than
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Figure 2.5: Basic A-Mode US: US signal is sent out and re
ected at a tissue boundary,
creating the intensity over distance signal that is depicted below.

transmitted through the boundary. The quotient of intensities between incident (I i ) and

re
ected (I r ) wave at a boundary between materials of impedancez1 and z2 is given by

I i

I r
=

�
z2 � z1

z2 + z1

� 2

(2.3)

By sending out a known, pulsed signal and subsequently registering the timing and in-

tensity of incoming re
ection echos, this phenomenology can be use for imaging purposes.

Figure 2.5 shows a schematic drawing of this physical process. Note that we do usually

not know the precise mechanical properties of the material e.g. tissue we are imag-

ing. However, we generally assume a mean propagation speed as soft tissues all fall in

a similar range between 1460ms (adipose tissue) to 1610ms (connective tissue) [9]. The

mechanical properties of di�erent tissues is depicted in Table 2.2. The depiction of this
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one-dimensional signal is also referred to as Amplitude mode (A-mode). To receive and

reconstruct a two-dimensional US image, several US transducer elements, each capable of

sending out and receiving an ultrasonic wave, are aligned into an array. By sequentially

pulsing segments of the US element array, the subsequently received wave signals of all

elements can be reconstructed into a 2D grey-scale image such as the one shown in Figure

2.6. By applying di�erent types of waves and post-processing them accordingly, a variety

of physical properties can be measured including tissue sti�ness (elastography) or velocity

�elds (doppler US) [33]. The image resolution and penetration depth of an US probe

are directly and inversely proportional to the wavelength of the applied signal as higher

frequencies get attenuated more strongly and thus cannot penetrate the tissue as deeply

as lower frequency waves. Depending on the application a trade-o� between a su�cient

penetration depth and resolution has to be made to adequately resolve the structures of

interest. [33]

Critical for good US images is also smooth and steady acoustic coupling between the US

probe and the tissue surface. To improve coupling and reduce the re
ective e�ects of the

boundary, a coupling agent such as water or a gel is usually applied between probe and

the outermost tissue surface it is in contact with.

Table 2.2: Overview over the di�erent material properties for human tissue a�ecting
US wave speed measured at 1MHz [9].

Tissue Type Density (Kg
m3) Longitudinal Wave

Velocity ( m
s )

Acoustic Impedance
(106 Kg

m2s)
Air 1.2 330 0.0004
Lung 400 440{500 0.18{0.20
Adipose tissue 920 1460 1.35
Water 1000 1480 1.48
Liver 1060 1550 1.64
Spleen 1060 1560 1.65
Blood 1060 1560 1.62
Kidney 1040 1560 1.62
Muscles 1070 1590 1.70
Connective tissue 1120 1610 1.80
Cartilage 1100 1665 1.85
Skin 1150 1730 1.99
Bone 1380{1810 2700{4100 3.75{7.3

US imaging in surgery may be divided into three categories depending on the location

of their application: endoluminal, intracorporeal and extracorporeal US. In endoluminal

US the body is entered through natural ori�ces to perform scans via luminal organs. A
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Figure 2.6: B-Mode scan of a kidney (© Nevit Dilmen, CC BY-SA 3.0, via Wikimedia
Commons)

commonly used technique of this category is Transrectal Ultrasound (TRUS), where an US

probe is inserted into the patient's rectum and used to visualise organs such as prostate

or bladder through the bowel wall. In extracorporeal US, on the contrary, the probe

is guided along the patient's body externally e.g. to visualise gall bladder or kidneys.

Lastly, in intracorporeal US, the probe is directly applied to the organ surfaces inside the

patient during surgery. Each category presents its own set of requirements and challenges,

resulting in di�erent US systems in particular in terms of the size of the US transducer

and the applied frequency to result in the required resolution for the target region and

application.

2.3 Robotic Ultrasound

After establishing the motivation and physics of US more generally, a more in depth

overview over the reasearch associated with the wider �eld of robotic US guidance will be

given. Whereas the general focus of this work will be intracorporeal US during Robotically

Assisted Minimally Invasive Surgery (RAMIS), this literature review will also extend to
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robotically guided extracorporeal US, due to their similarity in guiding a probe via a

robotic manipulator and for it being a more established �eld.

2.3.1 Ultrasound Image Segmentation

The foundation of any image-guided robotic systems is the detection of representative

features. Over the years many approaches have been suggested to detect single features

up to full anatomical structures in the image that can inform automated clinical decisions

and guide robotic motions.

De Luca et al. [39] compare four di�erent approaches for feature tracking in 2D liver

US employing the 2015 CLUST (Challenge on Liver Ultrasound Tracking) dataset3. The

dataset includes scans of healthy livers under free breathing motion, with the goal of track-

ing landmarks (e.g. vessels) in the image in a sequence of scans. They conclude that the

evaluated aproach by Makhinya et al. [40] which employs vessel models and optical 
ow,

is the only method applicable in real time while having the second highest tracking ac-

curacy (mean: 1.44mm, standard deviation: 2.80mm). The highest accuracy is achieved

by Hallack et al. [41], which builds on a moving window tracking method and Scale

Invariant Feature Transform (SIFT) for non-linear image registration (mean: 1.21mm,

standard deviation: 3.17mm). Further approaches are documented in the ranking avail-

able on the CLUST webpage3. Shepard et al. [42] present an approach (ranked second

on the dataset on 18.02.2020), which employs block matching based on normlised cross

correlation. With their approach the authors achieve a mean tracking error of 0.72mm

and a standard deviation of 1.25mm and were able to show the real-time applicability of

their approach.

With the advent of DL based methods, the manual de�nition of the previously outlined

features becomes obsolete. At the same time, however, the demand for su�cient data from

which these algorithms automatically learn relevant features, has immensely increased. A

comprehensive list of algorithms used for breast, liver and thyroid US image classi�cation

can be found in [43]. Common network architectures employed in the classi�cation ap-

proaches are VGGNet [44] and GoogLeNet [45, 46], while other approaches have also made

use of unsupervised approaches such Boltzmann Machines [47] or Autoencoders [48, 49].

3https://clust.ethz.ch/, accessed: 17.02.2020



Chapter 2 - State Of The Art 19

A Standard approach for many image segmentation task has become the U-Net proposed

by Ronneberger et al. [50]4. The network comprises of an encoder and decoder. In the

encoder the image is passed through the di�erent layers and gradually reduced to a low

dimensional feature space. Based on the encoder's low dimensional feature representation,

the decoder gradually constructs the image segmentation mask, increasing in size by each

layer. Network layers of the same level between the encoder and decoder are connected

(skip connections) resulting in an exchange of information on the di�erent compression

levels.

Milletari et al. [51] propose an approach based on CNNs combined with Hough-voting to

segment US scans from deep brain regions. Another approach for medical image segmen-

tation by the same authors presented in [52], where the popular U-Net structure [50] is

extended to 3D.

2.3.2 Extracorporeal Robotic Ultrasound

Robotic US systems for extracorporeal US probe guidance have been a subject of research

for more than two decades. Well-cited examples include [53{55]. A collection of the

various robotic systems for US can be found in [56] and [57]. [58] summarises important

technologies and techniques to enable robotic US scanning and visual servoing. Research

work includes both systems for manual teleoperation often integrating force feedback [54]

as well as the creation of autonomous systems e.g. [59]. A signi�cant portion of the works

on autonomous robotic US systems has focused on visual servoing, which means steering

an US probe to track key features (e.g. a section of an organ structure) in the ultrasonic

image, subjected to disturbance such as breathing or heart beat.

One of the �rst works in this area has been published as [60] in which the authors present

a image-based control scheme to support the surgeon during the scan of the carotid artery

employing the Star Algorithm for detection and a subsequent Kalman �lter for temporal

tracking of a selected image feature. Others have explored automated tool tracking [61, 62]

and robotic tool guidance [63, 64] thereof as well as tracking tumours [65{68] and multi-

planar views [69{73] e.g. by matching a desired body cross section. With the uprise

of modern probe designs extensions these methods were also extended to 3D US signals

[74, 75]. To account for naturally occuring deformations and patient movements, several

works have suggested methods for non-rigid tracking [76{79] and motion compensation

[80, 81].

4Cited over 70.000 times as of 18/10/2023 according to Google Scholar (https://scholar.google.co.uk/)
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A promising approach for visual servoing schemes is to integrate additional imaging modes

such as pre-operative images to improve robotic navigation. The authors of [82, 83]

propose and employ visual servoing schemes based on deformable registration. The applied

registration scheme, originally outlined in [84], considers calculating the transformation

matrix that maximises the normalised cross correlation of intensities between a initial

and a current US frame. The initial approach in [82], implements an impedance controller

which receives as input the position error calculated from the images as well as the desired

contact force. Later work in [83] extends the approach to the multi-modal case. Based

on a pre-operative CT scan, a desired needle path is planned and subsequently registered

to a robotic US sweep. During the insertion of a needle the robot continuously adapts

its position to account for target anatomy movements and and needle guide alignment,

employing a hybrid force position control scheme (5-DOF position controlled, 1-DOF force

controlled).

Further research work described in [85] proposes a force-based control scheme for the

automatic scanning of the abdominal aorta. Prior to the scan they perform a registration

between robot and patient via an external RGB-D camera. A pre-operative MRI-scan is

subsequently �t to the registered point cloud of the patient and used for path planning.

During scanning the authors integrate an US con�dence map to improve the scan quality.

[86] employ the same system setup for autonomous path planning and execution reporting

up to 0.97mm accuracy with an online update of the registration. Further work from [87]

deals with the problem of tissue deformation.

A system for extracorporeal US scanning of vessels is described in [88]. The outline

of the vessel is detected via a U-Net-based image segmentation. The resulting 3D point

cloud from the segmentation masks are bu�ered and subsequently fed into an optimisation

routine to �nd the best match for the 3D orientation of vessel center line. Finally, the

updated center line is then used to reorient the probe optimally towards the vessel and

navigate along it.

The cross-national EU-funded MURAB project, running from 2016 to 2020 followed the

goal of providing automated breast biopsies based on MRI-scans and robotic US scans5.

The project has developed several methods to enable autonomous US scans of the breast

including deformation tracking [89, 90] and co-registration [91]. This also included a

robotic platform and approach to perform autonomous 3D US breast scans based on

pre-operative MRI scans [92, 93]. Further work on a spinal navigation platform using a

robotically controlled US probe and pre-operative CT and MRI is described in [94].

5https://www.murabproject.eu/, accessed on 02/10/2023
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Overall, the work in extracorporeal US has matured substantially over the past 20 years.

While initially a plethora of methods for visual servoing schemes for tool and anatomical

feature tracking were devised, more recent work has focused on multimodal approaches.

For guidance these systems mainly employ serial manipulators and rigid structures. Force

control with the surface is simpli�ed by the force sensors and 3D cameras.

2.3.3 Intracorporeal Robotic Imaging

Robotic systems employed in extracorporeal US such as the Kuka iiwa medical (Kuka

AG, Augsburg, Germany) provide easy means to measure applied forces (e.g. joint torque

sensors or force torque measurement units on the end-e�ector) and thus control them.

This is not the case for surgical robotic systems that are tendon driven and do not al-

low precise measurement of the applied forces. Similar arguments can be made for the

usage of external tracking methods, such as optical tracking or RGB-D cameras, which

are not deployable for intracorporeal robotic settings, making the task of environment

perception, reconstruction and localization for autonomous navigation signi�cantly more

di�cult. Equivalently, the employment of registration algorithms may become quite more

challenging than for the external case, since Robotic Intracorporeal Ultrasound (RICUS)

deals with tissue that is highly 
exible and generally only loosely constraint tissue. Visual

perception inside the abdominal cavity is usually limited to a stereo endoscopic camera

and even tracking methods such as Electromagnetic (EM) tracking may be disturbed by

the presence of the metallic instruments.

Clinical Standard

Although not widely used across disciplines, robotic US has become a standard means

to perform some common procedures such as partial nephrectomy (partial removal of the

kidney e.g. in case of a tumour). By scanning the probe over the kidney, the surgeon is

able to visualise the tumour (also referred to as mass) and mark the margin around the

kidney via electrosurgery (see Figure 2.7). Marking the line helps the surgeon to resect at

a safe margin around the tumour. Other surgical disciplines, such as thoracic or colorectal

surgery have reported only very sporadic use of US [11, 12, 95]
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Figure 2.7: Left: Ultasound scan of a kidney tumour. Right: Tumour margin
marking on the kidney surface (© 2019 Swedish Hospital, Seattle, WA, USA)

Probe Design and Integration

Commercially only very few dedicated probes for intraoperative robotic US are available.

Robotic US probes di�er from conventional laparoscopic probes by including a small �n

to be picked up by the robotic instruments [7] or by being fully integrated into a robotic

instrument as presented in [96] (not commercially available). The �rst commercially

available robotic US probe was released by Hitachi Aloka Medical (Wallingfort, CT, USA)

and reported to be used during thorascoscopy as early as 2004 [97, 98]. Whereas the probe

itself is still o�ered as a neurosurgical probe, its usage as a robotic drop-in probe with the

appropriate �ns does not seem to be marketed anymore.

Currently, there are three probes speci�cally designed as robotic pick-up devices by two

manufacturing companies: BK Medical (Peabody, MA, USA) and Hitachi (Hitachi Health-

care Americas (HHA), Twinsburg, OH, USA)6. Hitachi o�ers two linear array probes

(model L51K and LK42K), with small footprint (13mm) and relatively higher frequency

(up to 15MHz) and a second one with a signi�cantly larger footprint (26mm) and slightly

lower frequency (up to 12MHz) respectively. BK Medical o�ers a linear curved probe

that has a comparable parameters as the LK42K by Hitachi. All available data about

the di�erent probes is summed up in Table 2.3. Two common probe by Hitachi and BK

medical are shown in Figure 2.8

Additionally a variety of laparoscopic probes exist, most with a slightly lower frequency

than robotic probes (up to 10MHz). Quite commonly, laparoscopic probes are also used

6Hitachi Healthcare Americas is also formerly known as Hitachi Aloka Medical America Inc. or short
Hitachi Aloka
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Table 2.3: Technical speci�cations of the di�erent robotic drop-in probes available

Model Manufacturer Array Footprint
(mm)

Frequency
Range (MHz)

Still mar-
keted

UST-533 Hitachi Aloka Linear 15 13 - 4 No
L43K Hitachi Aloka Linear 26 12 - 2 Yes
L51K Hitachi Aloka Linear 13 15 - 3 Yes
X12C4 BK Medical Linear

curved
33.2 12 - 4 Yes

Figure 2.8: Left: BK Medical X12C4 robotic drop-in Probe (© 2019 BK Medical).
Right: Hitachi Aloka L43K robotic drop-in probe ( © 2015 Hitachi Aloka Medical

America, Inc. )

during RAMIS, however, these are manually controlled rather than picked up and manip-

ulated by the robotic instruments.

The literature mentions that the pick-up interfaces in commercial devices do not guarantee

a repeatable grasp of the pick-up probe by the robotic tool [7]. This is, however, needed in

order to result in a �xed known transformation between robot and probe. Note that this

is not the case for probes directly integrated into a robotic tool such as in [96, 99]. To �x

this shortcoming, the authors describe an interface design including a custom mechanical

interface in which the Da Vinci ProGraspTM tool can engages into in a reproducible way

to ensure a �xed mathematical transformation between tool tip and image. An updated

version is presented in [100]. A second option for this issue is to integrate visual or

electromagnetic tracking to provide external positional tracking of the probe. [30] present

a common medical grade grasping clip for their Aloka UST-533 probe (see Table 2.3) as

well as a visual tool marker for their US probe. Lastly, a third option is to constrain the

probe to the tissue. The designed mechanism presented in [101] and medically assessed
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Figure 2.9: Da Vinci Canvas concept presented in [4].Left: US image overlay (left)
in the surgical video stream. Right: Needle feature present in the US image. Image

from [4].

in [102] constrains one end of probe to a rail that is pneumatically attached to the tissue

surface.

Registration and Visualisation

Enhanced visualisation and a better integration of robotic US into the robotic control

console, play a vital role in promoting the bene�ts of US imaging. A crucial technology to

enable visualisation is spatial tracking of the US probe in the coordinate frame of the image

(camera coordinate frame). This usually involves a dedicated registration routine that

determines the transformation between a spatially tracked position (e.g. instrument tip

via robot kinematics) and the camera coordinate frame. For that matter, [4] presents an

approach for merging the US image stream onto the instrument visual in the laparoscopic

image, calling their system Da Vinci Canvas (see Figure 2.9). Prior to their experiments,

they perform hand-eye calibration between instrument arms and camera image using an

optically tracked checkerboard. Additionally, [103] suggests the use of custom designed

markers to register and visually track the probe in space, achieving an error of 4:4� 3:3mm

to allow for an overlay of the US image with the laparoscopic camera image. Work in [104]

compares three di�erent approaches for probe tracking and registration: robot kinematics,

electromagnetic tracking and visual marker on the instrument (also presented in [105]),

concluding that the kinematics of the robot's leads to the most accurate results with an

average error of 3:2mm. Electromagnetic tracking on the other hand is assumed to be

disturbed by the presence of the metallic instruments close to the tracking probe.



Chapter 2 - State Of The Art 25

Autonomy in Robotic Intracorporeal Ultrasound

Moving an US device alongside or via the manipulation of surgical tools poses additional

workload to the surgeon. An obvious suggestion may therefore be to let the robot auto-

matically control the probe. In literature, di�erent approaches to work towards this goal

have been suggested. The approach described in [18] employs one of the robotic arms

of the da Vinci to allign the US image plane with the tip of the instrument, which is

controlled by the surgeon. Another work suggests a control of the US probe via eye gaze

and voice control [106]. The algorithm takes into account head movements that naturally

occur during eye gaze to enhance the robustness of the control scheme. [107] describe a

system for autonomous motion compensation during US scans. The system extracts the

frequency of the motion signal based on the stereo endoscope image via stereo matching

and optical 
ow. Subsequenly, the main frequency components are extracted from the

signal via Principle Component Analysis (PCA). During scanning they base their com-

pensation on the main frequency component, while adjusting the phase based the visually

estimated tissue motion signal. A similar motion compensation scheme is also suggested

in [108].

Further Intraoperative Imaging in Robotically Assisted Minimally Invasive

Surgery

As an alternative to robotic US, some interventions allow the usage of external or en-

docavitational probes. This particularly applies to prostatectomy (the full removal of

the prostate e.g. in case of a tumour), where a TRUS probe may be used to scan the

prostate and the surrounding areas [109, 110]. Literature also outlines approaches for 3D

reconstruction of the prostate and the surrounding vessel during RAMIS and via TRUS

e.g. [111], which involves a custom built robot that rotates the TRUS probe producing a

series of 2D scans. In [112] and [113], the authors develop and evaluate a tool registration

procedure that allows it to reference the instruments in the US image of a robotically

controlled TRUS probe during prostatectomy. Therefore, they make use of the tissue air

boundary of the prostate to register the instrument on di�erent points along the prostate.

In their �nal experiment they achieve a target registration error (TRE) below 5mm in

di�erent tissue materials. Their approach has been extended into an augmented reality

system outlined in [114]. Recently, [31] presented an alternative approach to TRUS that

uses an external US probe to produce a transperineal view on the prostate. With their
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