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Abstract

Robotic surgery is one of the most appealing fields of modern robotics. With over 2 decades
history, more than 2,000 systems installed worldwide and over 200,000 interventions
conducted per annum; the field of robotic surgery is considered well-established. Despite these
impressive figures and increasing popularity in research labs all over the world, the list of
technological advances that made it into the operating room (OR) during this last decade is
fairly limited. Long expected techniques such as 3D reconstruction, motion compensation,
virtual guidance, haptic feedback, under study in many labs all over the planet did not make
their appearance into the market yet.

This workshop aims at bringing together researchers and clinicians involved in computer
and/or robot assisted surgery to provide a clear view on the status and recent trends in this
field and to propose concrete measures to achieve a critical mass in research and innovation in
this field.



Horizon 2020 and MAR Special Session

The CRAS 2014 workshop will feature a half-day special session devoted to the discussion of
the next EU calls, and the impact/implication of the Multi-Annual Roadmap (MAR) on the
preparation of proposals and their evaluation. The focus of the session will be on healthcare
robotics, which will be one of the main topics of the 2rd EU call.

The workshop occurs shortly after the publication of the outcome of the 15t ICT call in Robotics
and after the completion of the Multi Annual Roadmap (MAR) developed by euRobotics aisbl to
guide the proposal preparations for call 2, and the topic selection for calls 3 and 4.

Given the MAR complexity, the perceived uncertainty on how to use it, and its relation with the
proposal evaluation, we have organized a special session fully devoted to this issue. Through
discussion with the experts who helped writing the MAR and representatives from the
Commission, we aim to clearly present how to use the MAR and its relation to the proposal
evaluation criteria. Furthermore, we will discuss the outcome of the 1st call from the point of
view of the Commission and of the robotics community.

In addition, a plenary talk by Geoff Pegman (euRobotics aisbl) on the 1st call outcome “from the
point of view of the proposers” will compare the perception about the quality of the proposals
to the actual evaluation results and the correspondence to the MAR.

Pre-commercial Procurement (PcP)

On October 16, a plenary talk by Anne Bajart (European Commission) will discuss pre-
commercial procurement (PcP). Dr. Bajart will present the new instrument and offer
opportunities of networking for people interested in the idea.
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Venue
The CRAS 2014 workshop will be held at the Hotel Melia Genova.

Address: Via Corsica 4, Genova, Italy
The Melid Genova is located in the heart of Genoa, very close to the exclusive residential
neighborhood of Carignano, the Carlo Felice Theatre, Genoa Aquarium and the city’s most
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Genoa

Genoa is the capital of Liguria and the sixth largest city in Italy. It's one of Europe's largest

cities on the Mediterranean Sea and the largest seaport in Italy. Genoa has been nicknamed “la
== Superba” due to its glorious past and

impressive landmarks. Part of the city’s
in the World

_=z old town is included
Heritage List (UNESCO). The city's rich

art, music, gastronomy, architecture and
history allowed it to become the 2004
European Capital of Culture. It is the
birthplace of Cristoforo Colombo. Genoa
is located in the Italian Riviera, near
other major Italian tourist destinations
such as Portofino and the Cinque Terre.
It is also a short train ride away from

Milan, Turin, Pisa and Florence.
(Adapted from Wikipedia)
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Workshop Dinner

The workshop dinner will be held on October 15t at the Museo Diocesano di Genova.
Address: Via Tomaso Reggio, 20, Genoa, Italy

The Museo Diocesano is located in Genoa’s historic center, near the magnificent San Lorenzo
Cathedral.
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Museo Diocesano

The Diocesano museum of Genoa is housed in the cloister of San Lorenzo, the former residence
of members of the Cathedral of the same name. The cloister, built in the twelfth century, is
characterized by Romanesque arches resting on double columns. In the seventeenth century,
two sides of the building were modified by replacing the twin columns with longer pillars
adequate to handle the addition of two extra floors. The interiors are decorated with wooden
floors dating from the thirteenth century, paintings from the XIV century and frescoes from the
XVIII century.
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Tuesday, October 14t, 2014
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Keynote speech: Training for Surgeons — A niche area for robotic systems?

Brian Davies

Chair: Leonardo Mattos

Session 1: Segmentation and Registration

Chair: Su-Lin Lee

Medical image registration in the operating room: phantom study

Bogdan Maris and Paolo Fiorini

Simultaneous Segmentation and Registration Using a Prior Model

Ping-Lin Chang and Danail Stoyanov

Feature points detector and descriptor for medical ultrasound data

Diego Dall'Alba and Paolo Fiorini

Multi atlas based segmentation approach for neurosurgery planning and guidance
Paolo Zaffino, Karl Fritscher, Patrik Raudaschl, Rainer Schubert, Gregory C. Sharp, Francesco Amato and Maria
Francesca Spadea

Coffee break

Session 2: Vision, Modeling and Control

Chair: Nikhil Deshpande

Hybrid electromagnet model for multiple mobile coil magnetic manipulation
Baptiste Véron, Arnaud Hubert, Joél Abadie and Nicolas Andreff

Vessel Retargeting using Intravascular Ultrasound

Angelos Karlas and Su-Lin Lee

Non-rigid Soft-Tissue Tracking Using Combined Feature and Intensity Information
Xiaofei Du and Danail Stoyanov

A B-Spline Tube Model for Catheter and Guidewire Tracking

Ping-Lin Chang and Danail Stoyanov

Lunch break

Session 3: Active Guidance & Assistance

Chair: Elena De Momi

Third arm for surgeon: Embodiment and Control

Elahe Abdi, Mohamed Bouri, Etienne Burdet and Hannes Bleuler

Proximal comanipulation of a minimally invasive surgery instrument to emulate distal forces
Cécile Poquet, Marie-Aude Vitrani and Guillaume Morel

Virtual Assistive System for Robotic Single Incision Laparoscopic Surgery

Veronica Penza, Jesus Ortiz, Elena De Momi, Antonello Forgione and Leonardo Mattos
Reducing Invasiveness of Robot-assisted Surgery by Semi-automatic Alignment to the Incision Point
Benoit Rosa, Emmanuel Vander Poorten, Dominiek Reynaerts and Jos Vander Sloten

New Assistive Technologies for Laser Microsurgery

Loris Fichera, Diego Pardo, Darwin Caldwell and Leonardo Mattos

Coffee break

Session 4: Novel Robotic Hardware

Chair: Auguste van Poelgeest

FUTURA: a computer-assisted robotic platform for high-intensity focused ultrasound

Selene Tognarelli, Gastone Ciuti, Alessandro Diodato, Piero Miloro, Antonella Verbeni, Andrea Cafarelli and Arianna
Menciassi

Development of a hydraulic driven, 3-DOF, surgical instrument

Timo Cuntz and Auguste van Poelgeest

Development of a 2-DOF force sensing needle for robotically assisted retinal vein cannulations

Andy Gijbels, Sebastiaan Colson, Dominiek Reynaerts and Emmanuel Benjamin Vander Poorten
Neurophysiology guided single cell optical surgery

Alberto Averna, Marta Bisio, Giacomo Pruzzo, Michela Chiappalone, Paolo Bonifazi and Francesco Difato
Keynote speech: No Scar Surgery — The Ultimate Step in Minimal Invasive Surgery

Antonello Forgione

Chair: Giancarlo Ferrigno



Wednesday, October 15th, 2014
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Keynote speech: Robot Systems for Image-Guided Needle-Based Procedures

Gernot Kronreif

Chair: Edward Grant

Session 5: Interfaces & Teleoperation

Chair: Benoit Herman

Development of a modular control concept for a hydraulic 3-DOF surgical instrument
Laura Maria Comella, Andreas Rothfuss and Auguste van Poelgeest

Advantages of mechanical back-drivability for medical applications of force control
Jerome Perret and Pierre Vercruysse

Sensory subtraction via cutaneous feedback: a novel technique to improve the transparency of robotic
surgery

Claudio Pacchierotti and Domenico Prattichizzo

Prosthetic/assistive control via bio-signal-based HMIs: some practical experiences
Claudio Castellini and Joern Vogel

Coffee break

Session 6: Interfaces & Haptic Feedback

Chair: Emmanuel Vander Poorten

Evaluation of the effect of a robotized needle holder on ergonomics and skills

Thierry Bensignor, Brice Gayet and Guillaume Morel

Towards Intuitive Operation of a Robotic Catheter

Alain Devreker, Sergio Portoles Diez, Andy Gijbels, Benoit Rosa, Jos Vander Sloten, Herbert De Praetere,
Paul Herijgers, Emmanuel Vander Poorten and Dominiek Reynaerts

Toward User-Friendly Robotic Assistance for Enhancing Accuracy and Safety of Reconstructive
Microsurgery

Léna Vanthournhout, Benoit Herman, Jéréme Duisit, Frangois Chateau, Jérome Szewczyk, Benoit Lengelé
and Benoit Raucent

Using vibrations for haptic feedback discrimination in teleoperation

Adrian Ramos and Domenico Prattichizzo

Lunch break

Horizon 2020 & MAR special session ()

The MAR process and the health care domain
Christophe Leroux

The Surgical sub domain

Paolo Fiorini

The Rehabilitation sub domain

Birgit Graf (remote)

Coffee break

Horizon 2020 & MAR special session (Il)

The Assistive sub domain

Thierry Keller

EU feedback about the 1st call outcome
Anne Bajart

Open discussions

Conference dinner at Museo Diocesano
Address: Via Tomaso Reggio, 20, Genoa, ltaly

4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



Thursday, October 16t, 2014
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Session 7: Continuum & Soft Robots (1)

Chair: Arianna Menciassi

A new bio-inspired, antagonistically actuated and stiffness controllable manipulator
Agostino Stilli, Farahnaz Maghooa, Helge Arne Wurdemann and Kaspar Althoefer

Biphasic Media Variable Impedance Actuation Application in Human Robotics Interaction
Bo Han, Matteo Zoppi and Rezia Molfino

An Actuated, Flexible Endoscope for Laser Surgery inside the Larynx

Dennis Kundrat, Andreas Schoob, Liider A. Kahrs and Tobias Ortmaier

Modular integration of a 3 DoF F/T sensor for robotic manipulators

Emanuele Lindo Secco, Yohan Noh, Sina Sareh, Helge Wurdemann and Kaspar Althoefer

A novel sensorized catheter for precise stenotic heart valve targeting: an application of the Medyria
Trackcath Catheter Positioning System

Anita Di lasio, Theresa Visarius, Gianluca Martena and Mauro Sette

Coffee break

Session 8: Continuum & Soft Robots (1)

Chair: Kaspar Althoefer

STIFF-FLOP surgical manipulator: design and preliminary evaluation of the multi-module design
Iris De Falco, Matteo Cianchetti and Arianna Menciassi

Manipulability of Robotic Catheters

Phuong Toan Tran, Emmanuel Vander Poorten, Gabrijel Smoljkic, Caspar Gruijthuijsen, Paul Herijgers,
Dominiek Reynaerts and Jos Vander Sloten

Rapid Prototyping of Rod-Driven Continuum Robots for Medical Applications

Dennis Kundrat, Andreas Schoob, Liider A. Kahrs and Tobias Ortmaier

A new strategy to build a fully modular soft manipulator for MIS

Giada Gerboni, Tommaso Ranzani, Gastone Ciuti, Matteo Cianchetti and Arianna Menciassi
Keynote speech: Feedback and Participant Response to the First Robotics PPP Call in H2020
Geoff Pegman

Chair: Paolo Fiorini

Lunch break

CRAS Evaluation & Awards

Chairs: Emmanuel Vander Poorten, Paolo Fiorini, Leonardo Mattos
Keynote speech: Pre-Commercial Procurement

Anne Bajart

Chair: Paolo Fiorini

Session 9: Ontologies and Software

Chair: Tamas Haidegger

Task Ontology Validation in Surgical Robotics

Fabrizio Boriero, Marta Capiluppi, Riccardo Muradore and Paolo Fiorini

A New ROS Interfaced Haptic Library with an Example of Application
Emidio Olivieri and Leonardo Mattos

Towards Open Source Surgical Robotics

Sandor Jordan, Arpad Takécs, Jozsef Tar, Imre Rudas and Tamas Haidegger
Robot visualisation concept in 3D Slicer for image-guided interventions
Sebastian Tauscher, Alexander Fuchs, Thomas Neff, Lider Alexander Kahrs and Tobias Ortmaier
Coffee break



Thursday, October 16t, 2014

Schedule 16/October

16:00 16:30 Session 10: Cognitive Robotics
Chair: Leonardo Mattos

16:00 16:15 Towards Autonomous Robotic Catheter Navigation Using Reinforcement Learning
Abraham Temesgen Tibebu, Bingbin Yu, Yohannes Kassahun, Emmanuel Vander Poorten and Phuong
Toan Tran

16:15 16:30 Towards learning-based catheter distal section steering
Bingbin Yu, Abraham Temesgen Tibebu, Yohannes Kassahun, Felix Bernhard and Emmanuel Vander
Poorten

16:30 17:00 Open discussions
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Keynote speech Tuesday, October 14t - 9:00

Training for Surgeons - A niche area for robotic systems?

Professor Brian Davies, DSc, PhD, DIC, F.I.Mech.E, FREng.

Imperial College London & Istituto Italiano di Tecnologia

Traditionally, training for surgery is undertaken using plastic phantoms and traditional tools. Apart
from cadaver trials, the next time the surgeon undertakes a procedure is on you, the patient! Hence it is
highly desirable to have improved systems for training surgeons that better approximate the reality of
the surgical procedure. It is sometimes argued that simulation together with computer-generated
images can satisfy this requirement. However, the surgeon has to use tools in order to undertake the
procedure and it is essential that these be included in the enhanced training systems. This area seems to
be an ideal application for CRAS. An outline of the system requirements, together with some specific
examples of training systems for surgeons, will be given in the talk.

Professor Brian Davies is an Emeritus Professor of Medical
Robotics at Imperial College London, where he has been since 1983,
and is also a senior research investigator there. Since 2006 he has
been advising on Medical Robots, particularly the uRALP project,
for the Advanced Robotics Group of the Italian Institute of
technology in Genoa.

He has a PhD in Medical Robotics and was awarded a DSc. in 2001
for his international contribution to Robotic and Computer Aided
Surgery systems. He has over 250 refereed papers. He was made a
Fellow of the Royal Academy of Engineering in 2005 and served on
their focus group on medical technology. He developed the world's
first special-purpose surgical robot called PROBOT, to remove
quantities of prostatic tissue from a human patient in a clinical trial
g in April 1991. He subsequently developed the concept of Active
Constraints particularly applied to orthopaedic robots and in 1999 he was a co-founder of the spin-off
company ACROBOT limited, which developed robots for MIS hip and knee joint replacement. He is a
founder of the new "Technologies in Medicine" section of the Royal Society of Medicine. He is on the
Board of the IMechE Engineering in Medicine & Health Division. Since 2001 he has been program chair
for the annual conference of the International Society for Computer Aided Orthopaedic Surgery (CAOS).
Since 2000 he has chaired the Scientific Advisory Board for the Co-Me Swiss research organisation. He
Participates in the EU medical robotics project ACTIVE and its predecessor ROBOCAST, and is a regular
reviewer for EU FP7 projects. In July 2012 he gave the Peiyang prestigious lecture in Tianjin, China and
became a visiting Professor there. In 2013-2014 he Chairs the Strategic Advisory Board for the Leeds,
UK, HTC in Colorectal Cancer group and is an internal advisor on the EU "Script" project and the
German funded "Cognitive Surgery" Bavarian research project.
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Keynote speech Tuesday, October 14t - 16:30

No Scar Surgery - The Ultimate Step in Minimal Invasive Surgery

Dr. Antonello Forgiione, MD PhD MBA FACS

AIMS Academy, Niguarda Ca Granda Hospital, ValueBioTech Ltd, MedTechCatalyst Association

We, human beings, don’t like to undergo surgical procedures, not only for the fear and effect of the
disease, but also for the expected postoperative pain, the risks and side effects of anesthesia, the
recovery time needed after the operation and the permanent visible scars that will forever leave an
unpleasant reminder of the experience and alter the esthetic of the person. The revolutionary concept
of Natural Orifice Transluminal Endoscopic Surgery (NOTES) described by Anthony Kalloo,
gastroenterologist at John Hopkins University, promised to overcome many of the historical drawbacks
of the surgical approach. After a long period of testing in experimental settings the NOTES approach has
now proven its feasibility and safety in preliminary clinical experience in the performance of several
surgical procedures. So far, the major efforts in the field of NOTES surgery have been primarily
concentrated on the use of natural orifice approaches to simply replicate traditional radical procedures
whilst respecting established operative strategies. However, the NOTES approach is also stimulating the
appreciation of complementary advanced technologies and new surgical concepts, that will allow us not
only to perform the procedures via a minimal access, but also to minimize the extent or even the need
for a surgical resection. These new concepts are represented for example by genetically driven
gastrointestinal cancer treatment and manipulation of the gastrointestinal tract for the cure of
metabolic disorders. Traditionally, training for surgery is undertaken using plastic phantoms and
traditional tools. Apart from cadaver trials, the next time the surgeon undertakes a procedure is on you,
the patient! Hence it is highly desirable to have improved systems for training surgeons that better
approximate the reality of the surgical procedure. It is sometimes argued that simulation together with
computer-generated images can satisfy this requirement. However, the surgeon has to use tools in
order to undertake the procedure and it is essential that these be included in the enhanced training
systems. This area seems to be an ideal application for CRAS. An outline of the system requirements,
together with some specific examples of training systems for surgeons, will be given in the talk.

Dr. Antonello Forgione is a Digestive Surgeon with decennial
experience in particular in the field of MIS, SILS, NOTES and
Computer Assisted Surgery. Scientific Director of the AIMS
Academy, one of the few international training center in MIS in
Europe and among the few in the world, he’s currently
Consultant in General, Oncologic and Mininvasive Surgery in the
largest public hospital in Italy, the Niguarda Ca Granda Hospital
in Milan. He holds a PhD and received a Global Executive MBA
from SDA Bocconi University. Dr Forgione is Founder and
currently CEO of ValueBioTech Ltd, a start up company working
on the development of a patented microrobotic platform for SILS
and NOTES. He is also Founder and President of the
MedTechCatalyst an italian based association devoted to the
scouting and support of innovative projects in the biotechnology
field. He is selected member of the Technology committees of the EAES and SAGES, editorial board
member and reviewer of several international indexed journal. Dr Forgione is also Fellow of the
American College of Surgeon.

12 ¢ 014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



Keyn()te SpeeCh Wednesday, October 15t - 9:00

Robot Systems for Image-Guided Needle-Based Procedures

Dr. Gernot Kronreif

ACMIT - Austrian Center for Medical Innovation and Technology

Percutaneous biopsy performed under the guidance of interventional imaging has been shown to be a safe and
reliable alternative to excisional surgical biopsy. Even more, the percutaneous approach in general is also a
promising treatment method for tumors using needle-like ablation probes, which allow minimal invasiveness and
thus reduces morbidity and the hospitalization period. The high efficacy of all these procedures, however,
depends on the quality of needle placement. An accurate and fast needle insertion is important in order to
maximize the biopsy result from the targeted site and minimize the invasiveness of the procedure to the patient.
At times, access to a target can be technically challenging because of various factors, including limited space at the
skin entry site or a difficult angulated access. Thus, a robotic-assisted needle insertion guided by imaging is of
great clinical value for several reasons: (a) it will provide very stable needle guidance, even for angulated
approaches, (b) it will allow access to lesions when the spatial constraints of the used imaging modality would
limit the access for a biopsy needle or other interventional tools, and (c) it may further expand the time window
for exploration of a lesion when using contrast agents because more time can be spent to target a lesion.

Motivated by the potential advantage of robotic systems for radio-interventional procedures, various systems
have been developed or researched, from general-purpose percutaneous systems, to those specialized for prostate
interventions, breast biopsy and therapy -- under the guidance of different imaging modalities such as computed
tomography (CT)/fluoroscopy, ultrasound (US), or Magnet Resonance Tomography (MRT). The presentation gives
an overview of the requirements for such interventional robot systems and describes some selected
developments. Beside of outlining the results achieved so far, the presentation also points out some of the
unsolved problems and shows some future research topics in the area of interventional robotic systems.

5, Gernot Kronreif received his PhD in Technical Sciences at the “Vienna

University of Technology” in 1995. After five years working as research
assistant at the “Institute for Handling Devices and Robotics” of the
“Vienna University of Technology”, he was the head of the business unit
“Advanced Service Robotics” at the “Austrian Research Centers GmbH”
between 2000 and 2007 and at the “PROFACTOR GmbH” between 2007
and 2010, respectively. During these 10 years of professional work, he
could initiate and conduct several national and international research
projects in the area of robotics for medicine, rehabilitation and care.
Since 2010 he is the Scientific Director of the “Austrian Center of
Medical Innovation and Technology” (ACMIT). He is lecturer at several
Universities for Applied Science and also member in various national

and international scientific committees and organisations (IFAC, ISCAS,
CURAC, SMIT, AMIPG, CELLI). He was member of the scientific
programme committee, invited speaker, faculty member, and session

7 chairman for various scientific conferences and symposia and has more
than 130 publications in journals and scientific conferences.
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Keynote speech Thursday, October 16t - 11:30

Feedback and Participant Response to the First Robotics PPP Call
in H2020

Dr. Geoff Pegman

RURobots

The talk focusses on the outcomes of the first call of the SPARC Public Private Partnership in Robotics.
As well as providing data on the success rate against various criteria it will also highlight how well the
call appears, at this early stage, to have met the requirements of the PPP as set out in the Strategic
Research Agenda and Multi-annual Roadmap. Finally the talk will focus on upcoming calls and the
process by which euRobotics members and the general robotics community can help focus these calls.

‘ 3

Dr. Geoff Pegman is a member of the Board of
euRobotics aisbl with a special interest in representing
the views of SMEs. He is also the Managing Director of R
U Robots and is a Chartered Director with over 26 years’
experience of the advanced robotics industry. Among his
many affiliations Geoff is a visiting fellow at the Bristol
e s  RODOtics Lab and is a member of the CONNECT Advisory
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Keynote speech

Thursday, October 16t - 14:00

Pre-Commercial Procurement

Dr. Anne Bajart

European Commission - DG CONNECT

In 2015, pre-commercial procurement (PcP) are called in H2020 ICT-24 for demand-driven innovative
robotics solutions in the healthcare sector. The goal of this workshop is to present the new instrument
and offer opportunities of networking for people interested in the idea. PCP co-fund actions are H2020
funding instruments that aim to encourage public acquisition of research, development and validation
of new solutions that can bring significant improvements in areas of public interest, whilst opening
market opportunities for industry and researchers active in Europe. PCP helps public authorities to use
research results, in order to obtain better value for money more quickly. Furthermore, PCP enables
public procurers to share the risks and benefits of designing, prototyping and testing new products and
services with the suppliers and other stakeholders, such as the end-users.

Dr. Anne Bajart has a PhD in Electrical Engineering. She is
Research Programme Officer at the European Commission. Before
working for the EC, she worked as lecturer, researcher and
project manager at the University of Liége (BE), at the Ecole
Polytechnique de Lausanne (CH) and at Philips Leuven (BE). Her
main areas of interest today are robots, Human-Robot and
Human-Computer Interaction, benchmarking and performance
evaluation of systems, intelligent control of complex systems,
dissemination of science, impact assessment, responsible
innovation and social acceptance of technology.
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Medical image registration in the operating room:
phantom study

Bogdan M. Maris
University of Verona, Italy

Abstract—We present here a phantom study to asses the
feasibility of the medical image registration algorithms in the
operating room (OR) scenario. The main issues of the registration
algorithms in an OR application are, on one hand, the lack of
the initial guess of the registration transformation - the images
to be registered may be completely independent- and, on the
other hand, the multimodality of the data. Other requirements
to be addressed by the OR registration algorithms are: real-time
execution and the necessity of the validation of the results. This
work analyzes how, under these requirements, the current state
of the art algorithms in medical image registration may be used
and shows which direction should be taken when designing a
OR navigation system that includes registration as a component.
The classical approaches - intensity-based and landmark-based
- are investigated here in an in-vitro set-up. Ultrasound (US)
tracked 2D images and correspondent slices extracted from a 3D
computed tomography (CT) dataset of an anatomical phantom
are tested for registration. The anatomical phantom and the CT
dataset are first registered in a global reference system defined
by an optical tracking system. The prior constraints we have
introduced for testing overcome the first issue of the initial
alignment but do not suffice to obtain a further refinement of
the registration results in the case of intensity-based registration.
The landmark-based approach requires further constraints such
as the identification of corresponding landmarks before the
registration process takes place. Anyhow, this approach seems
to be the only approach that have a meaning in the OR. A
complete test of the state of the art algorithms in medical image
registration was performed with the scope to identify which one
of them is suitable for the OR scenario.

I. INTRODUCTION

Image registration is the procedure of aligning two or more
images of the same scene taken from different viewpoints,
at different time, and/or by different sensors, so that corre-
sponding features can be easily related. Image registration
has application to many fields, but the one addressed here
is medical imaging and medical applications with a particular
regard to OR applications. In the case of an OR procedure or an
image-guided system, the images to be registered are acquired
in two steps: the first one takes place before the procedure
and we call such dataset the pre-operative image, the second
one occurs during the procedure and is called intra-operative
dataset. By registering the two dataset, a spatial relationship
between the anatomical structures in the two images and
with the body of the patient is established.Considering the
nature of the problem in medical image registration, that is the
deformability of the tissue encountered in most of the medical
images, except the images where the main interest is on
rigid structures such as bones, most of the current registration
algorithms try to find a solution that involves deformation.
Then, the challenge is to find image registration techniques to

Paolo Fiorini
University of Verona,ltaly

be included in an image-guided system that involves structures
subject to deformations.

The intensity based algorithms require three components: a
distance measure, a transformation model and an optimization
method. The simplest distance measure is given by the L,-
norms of the intensity differences, in case of monomodal
registration. The choice of an appropriate distance measure is a
harder task in the case of multi-modal imaging. The most used
distance measure for multi-modal registration called mutual
information (MI) and derived from the information theory,
measures how much information two images to be registered
share together and reaches its maximum when the two images
are aligned. A compromise between Lo norm and mutual
information, based on normalized image intensity gradients
was introduced by Haber and Modersitzki in [1]. This distance
measure is based on the observation that even for images of
different modalities, intensity changes appear at corresponding
positions. However, the gradient also measures the strength of
the change which is an unwanted information for multi-modal
information, therefore the gradient is normalized by its norm.
The solution of the registration process, or the registration
transformation, may be generated from a physical model that
constrains the registration by a smoothness term or by a
parametrization of the transformation. The type of the mapping
is of paramount importance for the registration, as it reflects the
class of transformations that are desirable or acceptable, and
therefore limits the solution to a large extent. The registration
parameters estimated through the optimization step correspond
to the degrees of freedom of the transformation involved. Their
number varies greatly, from six in the case of global rigid trans-
formations in the three dimensional space, to a number equal to
the number of pixels/voxels of the image in the case of a dense
transformation. In the following, we call the transformations
constrained to belong to a certain class of functions such as
rigid, linear or affine, polynomial, spline, that have a relatively
low number of parameters, parametric transformations while
the transformations given as the discretized numerical solution
of the registration equation, constrained by the chosen regular-
izer, non parametric transformation. In the case of parametric
transformations the models are derived from linear or nonlinear
interpolation or approximation theories. When the transforma-
tion is derived from physical models, the displacement is given
as the reaction of the model to a force. The force is generated
by the similarity between the images. In the linear models
or the elastic body deformation the deformation is described
by the Navier-Caucy partial differential equation, while the
image grid is considered as an elastic membrane. The last
step of the classical approach to image registration is the
optimization. The major difficulties in image registration, from
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the optimization point of view, is the handling of a variety of
local and even global minimum. Multilevel methods are thus
essential and it is not recommended to solve a problem using
one fixed level. Most of the the commonly used methods are
based on the computation of the gradient: gradient descent,
conjugate gradient, quasi Newton, Gauss-Newton, stochastic
gradient descent. When using an MI-based distance measure,
one must pay particular attention to the optimization schemes
that require the computation of the Hessian matrix due to
its high computational cost. For instance, Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method estimates the Hessian by
an update from an initial approximation and a sequence of
differences of search directions and gradients. In the case of
landmark registration, the input of the algorithm is represented
by two sets of landmarks. The first set of landmarks includes
points belonging to the target image and the second set is
composed by landmarks from the reference image. The main
limitation for the extraction of landmarks from medical images
is that they are not as rich in details as for instance the digital
photographs. The extraction of landmarks has been studied
more in the case of 2D images and less in the case of 3D
images. The registration transformation can be estimated using
interpolation strategies, when the correspondences between
landmarks are known. The best known method that infers
both the correspondences and the transformation is the iterative
closest point (ICP) method. In the following we assume that the
correspondences are known a priori and the landmark-based
registration techniques we shall test are linear, polynomial
and quadratic. More generally, the interpolation conditions are
replaced with approximation conditions. In this case, if we
want to solve the registration and find a transformation whose
bending energy is minimum, we obtain the thin-plate-spline
(TPS) function.

II. EXPERIMENTAL SET-UP FOR TESTING

To test some of the registration algorithms presented so
far, we have used medical images obtained from a triple
modality 3D abdominal phantom, developed by Computerized
Imaging Reference Systems Inc (CIRS, Norwalk, VA). The
model 057 interventional 3D abdominal phantom is designed
to address minimally invasive procedures and to be used in
different abdominal scan techniques such as CT, MRI and US,
developing imaging protocol and system testing and validation.
The reason for the choice of this set-up, beside the multi-
modal capability, is due also to the complete control over
the physical position of the scanned sections. We wanted
to obtain two completely aligned 2D slices in two different
modalities, therefore to create the ideal framework for the
registration algorithms, considering the nature of our problem
which is the registration of real-time acquired images with
accurate pre-operative scans. The difficulties encountered by
the registration algorithms are due on one hand to the different
physical process that generates the images and, on the other
hand, by the deformation of the phantom generated by the
pressure of the US probe and by the different covering of
the US convex probe with respect to the CT slice which is
a condition often encountered in practice (see figure 1, the
deformation takes place in the upper part of the US image).
The phantom was equipped with 4 markers in order to register
it with the CT dataset. The global coordinate system is given by
an optical tracking system composed by infrared light emitting

Fig. 1. An example of images used in the registration process. On the left
hand side the US target image; on the right hand side the CT reference (fixed)
image. Some of the structures visible in both images are: vertebra, liver and
kidneys with simulated lesions, abdominal aorta, ribs.

cameras. The US images were acquired with a 2D probe
equipped with markers in order to map its position to the global
coordinate system. The calibration process of the US probe
converts the point (u;,v;) in image plane coordinates (pixels)
in 3D homogeneous coordinates defined with respect to the
global reference system. We have used methods for multi-
modal registration with transformation ranging from paramet-
ric (affine, spline) to non-parametric based on curvature or
elastic. In the case of non-parametric registration the multi-
level approach was necessary. The tests were performed using
MATLAB environment and FAIR toolbox [2].

III. INTENSITY-BASED REGISTRATION RESULTS
A. Parametric registration

We report here (figure 2) the results we have obtained
using two types of parametric registration (affine and spline)
and two types of distance measures (mutual information and
normalized gradient field). The results obtained using MI as
distance measure are not satisfactory in both affine and spline
cases. The optimization process tends very quick to a local
minimum, and the transformation leaves the image almost
unchanged, in the case of affine transformation or applies
a very small local deformation, in the case of the spline
deformation. The trend of the MI measure is to quickly reach

Fig. 2. The US image after the parametric multi-modal registration process.
From left: affine registration using MI, spline registration using MI, affine
registration using NGF, spline registration using NGF.

a stable position (figure 3) at around 66% in the affine case,
and 87% in the spline case, of the of the initial value. The
computation time is very long. The minimization scheme used
was Gauss-Newton. The NGF measure is more efficient in
terms of computation time but gives bad results in qualitative
terms. Visually, figure 2 shows that in both affine and spline
cases the results are meaningless and the deformation applied
is arbitrary. As it can be seen in figure 3, the values of the
objective function do not change over the iterations, they are
indistinguishable in the graphic. In fact, they remain always
very near to the initial value 1. The only advantage over the
previous approach was the computation time. Also in this case
we have used Gauss-Newton for the minimization.

18 CRAS2014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



Fig. 3. Top row, left : affine registration using MI. The graphical trend of
the objective function J is the black line. The green line gives the graph
of |VJ|, while the red line shows the graph of the difference between the
previous J value and the current value. Top row, right: spline registration
using MI during. Bottom row: left - affine registration using NGF, right -
spline registration using NGF.

Fig. 4. Multilevel spline registration.

B. Multilevel parametric and non parametric registration

The multilevel representation of the input data is required
first of all in order to reduce the risk of being trapped by
local minimum. At the same time, a solution of a coarse
representation of the problem serves as a starting point for
a representation with more details. Starting with a very coarse
representation, the procedure is repeated on each level, until
all details provided by the initial data are resolved. From
an optimization point of view, the multilevel representation
yield a smoother representation of the objective function. A
smooth problem may be easier to resolve and, based on a
good starting point, the more detailed problem can be solved
quicker. The multilevel representation is also useful to reduce
the computational time. The complexity of the registration
algorithms increases exponentially with the dimension of the
input data.

1) Parametric multilevel spline registration: Figure 4 re-
ports the results of the multilevel spline registration. After 10
iterations on each level, the result is passed to the first iteration
of the next level. The transformation also in these cases is not
natural, after a strong bending obtained at the first level, the
other levels tend to bend less the image. The computation time
is very high and an ulterior refinement at each level through
the other iterations does not improve the results as it can be
seen in the figure 4. The tests using the affine transformation
are not reported here but the results are similar to the non-level
approach, and the transformation blocks quickly into a local
minimum.

2) Non parametric multilevel registration: Figure 5 shows
the results of the non-parametric elastic and curvature based
multi-level registration. The algorithm starts at the coarser
level using an affine transformation, then the registration at
each level starts using the previous obtained result. After the
initialization, there is not much interaction of the algorithm

with the data, the images remain almost unchanged and the
number of iterations is very low on each level. Even so, the
computation time is very high.

Fig. 5. [Iteration history of multilevel non-parametric elastic (left) and
curvature (right) registration: vertical lines separate different levels. The
squares represent the initial value of MI, while the crosses show the value
on each iteration.

IV. LANDMARK-BASED REGISTRATION RESULTS
A. Linear registration

The linear registration in 2D involves the computation of 5
parameters, 2 for translation, 1 for rotation and 2 for scaling,
therefore a minimum number of 3 landmarks is required. The
solution with 3 landmarks alignes perfectly only the markers,
but the overall result is not qualitatively acceptable (figure 6,
top row). Increasing the number of landmarks, the registration

Fig. 6. Linear registration. Top row, first two images from the left: 3 selected
landmarks in the target and reference image, respectively. On the right: the
two images registered with the target on the red channel and the reference
on the green channel. Bottom row, first two images from the left: 12 selected
landmarks in the target and reference image, respectively. On the right: the
two images registered.

problem becomes overdetermined and the solution is given by
minimizing the sum of the distances between every pair of
corresponding landmarks. Even though not all the landmarks
will be aligned , the result improves a lot compared to the 3
landmarks solution (figure 6, bottom row).

B. Non-linear registration

The results of the linear registration may be improved
by using a non-linear approach. The quadratic solution in
2D has a number of 12 parameters and is completely solved
by 6 landmarks. In this case the error in the alignment of
the landmarks is negligible because depends only on the
computational precision (figure 7, row (a)). The registration
result applied to the entire image, even in the 6 landmarks
case, is acceptable. As in the linear case, increasing the number
of landmarks, the solution is overdetermined but the overall
result is better. By using the quadratic term, the alignment of
15 landmarks gives a minor error compared with the use of
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Fig. 7. Non-linear registration. Columns: (1) A close-up of the landmarks
after the registration (green for the reference, red for the target); (2) The
two images registered overlapped on red channel (target image) and on the
green channel (reference image); (3) The target image registered. Rows: (a)
Quadratic registration results with 6 landmarks; (b) Quadratic registration with
15 landmarks; (c) Spline registration with 15 landmarks and o = 0; (d) Spline
registration with 15 landmarks and o = 1000

12 landmarks in the linear case. The polynomial solution may
produce arbitrary deformations especially when the number of
landmarks is low. The approach based on the thin-plate-spline
(TPS) functions further refines the previous results. The spline
functions may yield the perfect matching of the landmarks
(interpolation) or an approximation, when the landmarks are
not completely overlapped. These two conditions are realized
by varying a smoothing parameter . The solutions range from
a low degree of bending when « is large to a high degree of
bending in the case of small o. However, considering a number
of landmarks from 6 to 15 and « ranging from 0 to 1000, this
phenomenon is barely visible and the distance between the two
sets of registered landmarks increases visibly only in the case
of a = 1000 (figure 7, rows (c) and (d)).

V. DISCUSSION

Why the intensity-based medical image registration frame-
work cannot work for OR applications? The major issues we
have identified that makes this approach unfeasible in OR
applications are: the distance measure MI - is very sensible
at noise, incomplete data, no completely overlapping domains;
the distance measure NGF - in our tests this measure has not
produced the results we expected; the optimization - since the
objective function is highly non convex, all the optimization
methods fails in finding the global minimum or maximum;
the multilevel approach - even though the multilevel approach
is vital when using the non-parametric approach, in the case
of multi-modal images the low level approximation of the
registration transformation is not accurate at all and generates
wrong results at higher levels; the computation time is very
high even when only a couple of 2D images is involved.

Why the landmark-based registration works better than
the intensity-based registration for an OR application? The
first observation is that, in both cases, the transformations
we are interested in have no physical meaning. Except in
the rigid case, they are just mathematical tools that help to
solve the registration. Following this observation, the intensity-
based completely automatic algorithms fail and give arbitrary
results if no prior information is given. In the case of landmark
registration, even with a small number of landmarks and the
rigid/linear constraint the results are much better. Extracting
corresponding landmarks in multi-modality images excludes
the computation of a multi-modal distance measure. As we
have seen, the computation of MI and NGF generates mis-
leading results and the computational time is very high, even
in the 2D case. On the other hand, the landmark registration
will always yield a decent result and the computation time is
very low.

What are the limitations of the landmark-based registration

for an OR application? Even if the registration results in the

landmark case are preferable, the bottleneck of this method is
not only the detection of landmarks, but also the computation
of the correspondences. Having the correspondences, we can
choose a mathematic model and, based on the number of land-
marks, the registration is solved as some form of interpolation.
This solution is simple and intuitive and it may always isolate
a linear transformation, even with the TPS solution, which is
an advantage since in the OR scenario a rigid motion is always
required.

What is the direction for the future works? Another re-
search area in the field of medical image processing is the
segmentation, that is the extraction of contours or boundaries
from the interest area. This type of processing may generate
binary images, where the foreground is given by the extracted
contours and the background is given by the remaining domain.
The paradigm of landmark registration may be extended to
this type of images but, in this case, the point to point
correspondence is lost. Most of the radiologic information
will disappear but, as we have seen, we don’t need all the
radiologic information. In fact, the radiologic information
should be used only to detect the relevant features during the
segmentation process. A rigid transformation should be first
identified for the global alignment and, when required, a non-
rigid transformation should be derived as a local refinement.
This paper has not talked much about the validation of the
registration algorithms. This was due to the fact that in an
image-guided procedure the validation depends on the task we
are addressing. For instance, in a targeted procedure for the
ablation or the biopsy of a tumor, the parameter to be estimated
for the validation is the overlapping volume of the tumor in
the two image datasets: pre-operative and intra-operative. In a
simplified scenario, when the insertion of an instrument toward
a target point is required, the registration may be validated by
computing the distance between the virtual point in the pre-
operative image identified once the registration took place and
the real position of the physical point we want to reach.
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Simultaneous Segmentation and Registration Using a
Prior Model

Ping-Lin Chang
Centre for Medical Image Computing
Department of Computer Science
University College London

Abstract—Medical image segmentation and registration are
important research topics and have been studied for a long time.
Unlike conventional approaches which regard the two problems
independently and usually rely on image gradient, we propose
a method for jointly registering a non-textured 3D model with
a 2D image while segmenting it. Specifically, we use Bayesian
inference to estimate the pixel-wise posterior which best fits for a
prior 3D model with the 2D measurements. The approach allows
the measurements not necessary to be only colour or intensity but
be any kind of sensor measurement or even particularly enhanced
structures. Preliminary results have shown that the probabilistic
framework is very robust to noisy measurement.

I. INTRODUCTION

Image segmentation and registration are crucial topics in
medical imaging and computer assisted intervention. They
are two essential processing steps towards advanced applica-
tions such as tumour localisation, augmenting reality or off-
line surgical skill assessment. For example, in the training
of transcatheter aortic valve implantation (TAVI), a precise
segmentation for the endovascular area in the image is required
in order to perform a quantitative skill assessment.

It has been found that such a segmentation task is very
difficult due to the unclear image structures and dynamic image
environment. Conventional gradient-based approaches such
as active contour (snake) easily fails in segmenting regions
without clear edges [1], [2]. Global optimisation methods
which take pixel neighbourhood into account are also error-
prone due to the appearance similarity. Figure 1 shows two
possible training platforms used for TAVI training.

To overcome the difficulties, we can exploit a prior model
for facilitating the segmentation process. This introduces a
3D to 2D image registration problem. Registration of a non-
textured 3D model to an image has been very well studied
with application ranging from camera tracking, augmented
reality and reconstruction. Classic methods like RAPID [3]
and CONDENSATION [4] iteratively perform a search for
correspondences followed by a registration step to align the
model to the image. However, searching for correspondence
in images with low signal-to-noise ratio such as fluoroscopy
tends to fail.

A recent method PWP3D [5] uses a soft probabilistic way
to register the 3D model exploiting the colour information of
the foreground and background instead of strength of edge
gradient. The signed distance function is used to guide the
optimisation instead of correspondences. An unusually wider

Danail Stoyanov
Centre for Medical Image Computing
Department of Computer Science
University College London

basin of convergence and smoothness of the objective function
that it provides makes it a very appealing choice to use in
the energy minimisation framework. More attractively, the use
of non-parametric probability distribution allows a variety of
measurements to be considered, which provides flexibility in
multi-sensors setup.

In this paper, we propose a method that is based on
the PWP3D framework but with extensions including robust
estimation and the use of enhanced measurements. Preliminary
studies have shown that a wide capture range exists when
optimising with respect to the SE(3) model pose for the
probabilistic cost function. This gives a promising direction
in which given a distinguishable foreground and background
measurements, the desired regions can be precisely segmented
using the proposed approach. Allan et al. has successfully used
the framework for surgical instrument tracking [6].

(@) (b)

Fig. 1: Simulation platforms used for TAVI skill assessment.

II. METHODS

To register a non-textured prior model with a 2D image,
we use a statistical model which applies a rule to express the
segmented foreground and background. The main goal is to
maximise its posterior which is the probability of a object
contour ® given the measurement 2. The ® is obtained by
embedding the projection of the prior model in the 2D zero
level-set (i.e., signed distance function). Assuming each pixel
is independent and identically distributed (i.i.d.), the pixel-wise
maximum a posteriori (MAP) estimation with respect to the
SE(3) model pose ¢ is thus

N

P(@|2) = [[ {H-(®)P; + (1 - H.(®)) P }P(6) (1)

i=1
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where

Py — P(yi| M)
0y P(yi| My) + npP(yi| M)’

= P(yi|Ms)
0y P(yi| My) + np P(yi| M)’

N N
np =Y Ho(®), gy =Y 1— H(®) and & = B(x;).
i=1 i=1

over all NV pixel. The pixel-wise measurement likelihood of
foreground and background Py g is calculated by finding
the measurement value y; on the pixel x; in each region.
The smooth heaviside function H. together with the level-
set function @ define the weight of the Py and P,. The prior
motion P(&) plays a role in Kalman filtering scheme. Details
for the derivation can be found in [7].

It is obvious that the maximum value of Equation (1)
happens when the model is registered with a pose ¢ that can
best statistically express the foreground and background based
on the measurement. We use Levenberg-Marquardt algorithm
to optimise the non-linear function, in which the function has
to be locally linearised by Taylor first-order expansion by using
the Jacobian J:

_OP(®|Q)  9H. 9% 9x
T 06 0% ox 0f

J @

III. EMPIRICAL STUDIES

The proposed approach is implemented in CUDA and run
on the GPU in order to reach real-time performance. This
means that the method can also be used for tracking a moving
monocular camera in real-time.

A synthetic experiment was conducted to observe how
the cost function behaves as shown in Figure 2. The pixel-
wise posterior cost-function gives a very wide basin which
means the registration capture range could be large. We
applied Levenberg-Marquardt for optimising Eqation 1. The
registration and segmentation result can be seen in Fig. 2b.

As shown in Figure 3, the classic graph-cut method fails in
segmenting the entire phantom region for a real aorta image.
Applying the proposed method for segmenting real images is
our future work.

IV. CONCLUSION

We propose a method to precisely segment an object in
difficult images using a prior model. For future works we will
focus on using the proposed framework to register models
in real fluoroscopic images with multiple sensors including
electromagnetic (EM) and intravascular ultrasound (IVUS)
Sensor.

(a) (b)

y-transiation x-rotation

© (d)

Fig. 2: (a) The synthetic image using a non-texture Stanford
bunny model and a grass image as background. (b) The
segmentation result after the 3D/2D registration. By observing
the —log(P(®|€2)) values, one can see there is a clear global
minimum around the true pose (c) and (d).

Fig. 3: The segmentation using classic graph-cut that does not
give a satisfying result.
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Abstract— Many clinical tasks are based on the detection of
feature points in medical ultrasound (US) images, such as
segmentation of lesion or pathological areas, estimation of organ
deformation and multi-modality image registration. However
obtaining reliable feature points localization is a complex task
even for an expert radiologist due to the poor quality of US
images. In this work, we describe a feature detector and
descriptor designed for US images. The detection step is based on
the phase congruency (PhC) analysis while the descriptor is
based on Local Binary Pattern (LBP) operator applied to the
PhC maps to improve the robustness of the proposed method. We
have evaluated the proposed methods with US images subjected
to synthetic transformations and comparing the results obtained
with state of the art descriptors. The results of the proposed
method, in terms of accuracy and precision, outperform state of
the art approaches.

Keywords— medical US image processing; feature detection;
feature descriptor; phase congruency; local binary pattern

I. INTRODUCTION

US guided procedures are routinely performed in health
facilities, starting from percutaneous interventions (e.g.
biopsy) and going to computer and robotic assisted surgical
procedures. As a result of physical processes responsible of
image formation, the US image contrast and the resolution is
lower compared to other modalities, such as magnetic
resonance imaging (MRI) or Computer Tomography (CT) [1].
Furthermore, images are affected by a strong presence of non-
Gaussian noise, usually referred as speckle noise, which is
used in many case by clinical staff to evaluate the properties of
the tissue and for the localization of structures and anatomical
landmarks. Despite these difficulties, the localization of
feature points in US image is an important step for different
clinical tasks: tracking tissue displacement, inter-modality and
multi-modality data registration [2].

Despite of the registration problems considered, point
features are the input of many landmark based methods, which
are usually faster and more reliable than image based
registration [2]. It should be considered that correct and
reliable outcome of landmark-based registration strongly
depends on the correct localization of feature points and on the
correct matching between points sets. Manual selection of
landmarks is a time consuming and error prone process that

The research leading to these results has received funding from the European
Union Seventh Framework Programme (FP7/2007-2013) under grant
agreement no 270396 (I-SUR) and no 248960 (SAFROS).

could lead to inaccurate fusion of the data and a possible
insurgence of clinical complications due to wrong assessments
by the surgeon. In this scenario, automatic feature localization
in the US image is a very interesting research field and some
authors have applied well known methods developed for
computer vision applications with encouraging results [3].
However, these methods are not designed for US data, since
most of the detectors available in literature rely on image
intensity and gradient maps [4]. These information are not
reliable in US data, since speckle noise and image artifacts
introduce significant fluctuation of the pixels values and edge
localization.

In this paper, we describe a feature detector natively
designed to work with US image, which considers the specific
characteristic of this type of data. The detector does not rely
on gradient information for the localization of salient points,
instead it is based on the localization of local-maxima inside
phase congruency moment maps. We are also introducing a
descriptor that is based on the computation of the local binary
pattern (LBP) operator over multiple scales in the region
around the detected points [5].

In the next section, we describe the state of the art of feature
detectors and descriptors. Next we will describe in details the
proposed descriptor and detector, followed by the
experimental setup description and the results. In the last part,
we will discuss the test results, present our conclusions and
possible future extensions of the method.

II. STATE OF THE ART

Starting from the 90’s many local descriptors have been
developed in the field of computer vision. One of the most
successful descriptor is SIFT [6], which is based on a
Gaussian scale space, where the feature points are detected as
the local maxima/minima of Difference of Gaussian filters
localized over multiple scales. The descriptor is based on the
concatenation of local orientation histograms. SURF has been
introduced as an efficient and fast alternative to SIFT and
other image descriptors [7].

A pioneer approach to binary descriptor have been proposed
by Calonder et al. and it is called BRIEF [8]. This descriptor is
based on the local binary comparison computed on smoothed
image patches. BRIEF provides a very fast processing time,
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very compact descriptor vector that speeds up also the
matching step and feature matching performance comparable
to other methods available, such as SIFT or SURF.

Since BRIEF only provides a method for the descriptor
vector creation, many works combine this descriptor with
different feature detector scheme. ORB (Oriented fast and
Rotated Brief) and BRISK (Binary Robust Invariant Scalable
Keypoints) combine a FAST detector [9] with BRIEF
descriptor. ORB is based on an improved version of FAST
able to estimate the local orientation of the point detected, then
this information is used to compute the BRIEF descriptor in a
rotational invariant scheme. FAST corner detector is based on
binary comparisons over a circle composed of 16 sampling
points to recognize interest points according to high speed and
efficient testing criteria. BRISK adopts a multi-scale version
of FAST and the computation of BRIEF descriptor is based on
a sample point scheme derived from DAISY descriptor.
FREAK extends the work of BRISK with the introduction of a
binary comparison scheme inspired by the human vision
system [10]. An approach that shares many details with binary
descriptor is the LBP operator, used to compute binary values
from a set of local comparisons between adjacent pixels [11].
LBP has been successfully applied to many different fields as
local descriptor combined with a proper detector, for example
combined with the SIFT detector [3].

In our work, we proposing a LPB binary descriptor
combined with a phase congruency (PhC) base detector. PhC
could be used as an intensity invariant feature detector, since it
is based on the analysis of phase congruency of Fourier
components [12]. PhC have been successfully applied in the
medical context for the identification of bones fractures [13]
and multi-modal image registration [4]. Once the phase
congruency is computed by means of log-Gabor filters, we
compute a LBP descriptor onto the local phase and local
orientation maps, thus making the descriptor completely
invariant to intensities changes and intrinsically invariant to
image rotation. An approach similar to the one proposed in
this work is described in [14], where monogenic functions are
used instead of log-Gabor filter banks for the localization of
feature points and uniform LBP descriptor is applied to
intensity data and not to the local energy information as in our
method. A local image descriptor robust to strong illumination
changes is proposed in [15], where the detection is based on
the response of only even component of the Gabor filter and
the descriptor is based on a local statistic computed with a
spatial scheme inspired by the SIFT descriptor.

Feature
points +

|
Descriptors N

points +
Descriptors

Evaluation

Figure 1 Scheme of the experimental evaluation procedure.

III. METHOD

The detector is based on the computation of PhC, according
to the method proposed by Kovesi in [12]. We compute PhC
based on the convolution with log-Gabor filters as proposed in
the original method. All the parameters of the filter bank are
selected following the guideline in [13].

We compute the map of the maximum and minimum
moments for each point of the image, respectively Q and Z,
and the corresponding local orientation O and the phase angles
map P that maximize PhC for each point in the image.

The map Q and Z are used for the extraction of feature
points by looking at the local maxima of each maps using a
square window W (of dimension w X w) as local search
region. First, we search for local maxima in the map of the
minimum moment Z, corresponding to feature with strong 2D
components (spots or corners). The search is repeated over the
map Q to extend the feature corresponding to edges or less
localized areas. Duplicated feature points are discarded. The
dimensions of the window W are twice the minimum scale
used in the computation of PhC and it is the same value used
for the extraction of patches centered at the detected feature
points. For each feature point detected, we extract a square
region W from the local orientation map O and the phase
angle P independently. On these two windows, W, and Wp
respectively, we compute the uniform rotationally invariant
LBP values for each point inside the window over a set of
progressively decreasing dimensions of the sampling radius R
but maintaining a fixed number of sampling point N = 16.
The sampling radius used are W /3, W /2 and W.

Each pattern, computed over the entire window W,
contributes to form a cumulative histogram H. The
computation of the cumulative histogram is made possible by
the fixed number of sampling points N, since this parameter
directly affect the total number of bins in the histogram. The
use on concentric sampling neighborhood has been proved
effective to describe local image properties, since this scheme
is used with success in recent descriptors [4].

For each window, W, and W,, we compute the
corresponding cumulative histogram, H, and Hp, and the
concatenation of the two vectors forms the final descriptor
vector D.

IV. RESULTS

To evaluate the performance of the proposed approach, we
have compared its performance with state of the art methods.
In [16] a complete comparison of the available feature detector
and descriptor have been performed, and SIFT and SURF
prove to be an optimal choice considering the evaluation
metric used.

Most of the works in literature compare the performance of
the proposed method with SIFT and/or SURF, since they
provide a well-known reference and enable the comparison
among results obtained in different works.

Therefore we compare the performance of the proposed
method with the results obtained using the SIFT and SURF

24 CRAS2014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



methods. We have designed an experimental setup where we
consider the following synthetic in-plane transformations:
1. Non-linear intensity shifts: we increase or reduce the

intensity of the whole image of a fixed amount S in the
range +50, and we crop the values obtained after the
transformation to the range of the original image

2. Vertical shift: we shift all the image rows down of a fixed
amount 2 < v < 300 and we fill the introduced gap
with random generated values to avoid the detection of
false feature points.

3. Horizontal shift: the same shifting procedure applied as in
the previous transformation, but by considering a positive
shift of all the columns 2 < h < 300 of the image and
by filling the gap with random generated values.

4. In-plane rotation: We consider an in-plane rotation of a

fixed angle a in the range £90° around the image center.

We consider a set of K US images and for each image Iy we
extract the feature point positions and relative descriptor
vectors, d(x;,y;), i € {0,1, ..., F}, where F is the total number
of detected feature points. We localize feature points and
compute the descriptor with all the methods discussed: our
method, SIFT and SURF. We then apply a synthetic and
known transformation T to the image IF and we re-apply the
detector and the descriptor, obtaining a new set of vectors,
referred with dT(x';,y';), i € {0,1,...,F'} where (x';,y;)
indicates the new position of the F' set of feature.
The known transformation T makes it possible to map the
feature points extracted from original image d(x;,y;) to the
transformed locations d(x/, y!); therefore we obtain a ground
truth for the evaluation. In the ideal case of complete
invariance to image transformation, our detector should be
able to extract the same descriptor as in the original image in
correspondence of the transformed positions, i.e. d(x],y!) =
d(x;,y;). Thus, we use these mapped points as reference for
computing the matching with the points extracted from the
transformed image, see Fig. 1 for a schematic representation
of the validation procedure.
In the experimental setup we have acquired a set of 50 US
images of the left forearm of a healthy subject with a Sonix
MDP device (Ultrasonix, Richmond, Canada) equipped with a
linear probe (model L14-5). The depth parameter has been set
to 60 mm, the frequency has been set to 5 MHz and no other
parameters are changed from the standard values.
We consider each image independently and we apply all the
transformations obtained by varying the parameters in the
fixed range. For each pair of original and transformed images
we compute the matching based only on the descriptor
vectors, by using an Euclidean distance metric and a brute-
forcing matching algorithm. We consider as evaluation metric
the correct matching ratio (CMR), obtained as:
#correct matching
CMR =

#total detected feature

We consider as the #total detected feature as the number
of features extracted in the original image before the
transformation, while we consider a #correct matching
every time we correctly match two corresponding descriptors,
d(x';,y') and d(x], y]).

We consider the mean CMR computed for all images and for
all the transformation parameters as a measure of the accuracy
of the method. The ideal descriptor invariant to all the
transformations and able to handle any input image should
obtain always a CMR = 1.0. We evaluate the precision by
considering the standard deviation (STD) of the all the CMR
obtained in the experiments. The optimal descriptor should
obtain the smaller possible value of STD, ideally O, that
indicates matching performance independent of the input
images or transformations.

V. DISCUSSIONS

The results of the experiments are presented in the four plots
shown in Fig. 2, one for each synthetic transformation
considered. The plots represent the mean correct matching
ratio as a function of the specific transformation parameter.
Blue diamonds correspond to the results obtained by our
proposed method, red squares correspond to SURF while
green triangles correspond to SIFT. Error bars are used to
visualize the STD of the CMR obtained on all the images.

Our proposed method outperforms the others in terms of
both accuracy and precision for all the considered
transformation type and parameter selections. We need to
consider that we do not perform any pre-processing step and
the matching metric considers only closest distance in the
computation of the correspondence. This conditions are very
challenging for SIFT and SURF descriptors, that are designed
to work with low noise and high contrast images and their
matching methods are based on specialized distance metric
and matching strategies.

VI. CONCLUSION AND FUTURE WORKS

In this work, we have introduced a feature detector and
descriptor specifically designed for US data. The detector
method computes the phase congruency in a US image by
convolving the Fourier transform of the image with the log-
Gabor wavelet over different scales and different directions.
The descriptor is based on LBP operator applied to the local
energy magnitude and phase angle maps extracted during the
computation of phase congruency. LBP provides a compact
and rotation invariant descriptor, but it is sensitive to local
intensity variations. To overcome this limitation we have
computed the LBP values on the local region extracted from
local energy magnitude and phase angles maps, which are
invariant to intensities variation, at least considering
monotonic transformations. We have tested the proposed
method on clinical US images, also comparing its performance
in terms of accuracy and precision with the results of SIFT and
SURF based methods. The results prove that the proposed
method outperforms the state of the art descriptor in these very
complex setups and in any condition tested but with longer
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Fig. 2 Plots of the results obtained from the first experimental setup. Blue diamonds indicates the proposed method, green
triangles SIFT while red squares refer to SURF. See text for more details

computation time (in the order of seconds). It should be noted
that the current implementation does not provide any
optimization; therefore a significant improvement in the
computation time would be expected in future optimized
implementations (in the order of milliseconds). In any case,
this limitation is well balanced by the obtained performance,
since the proposed method outperforms with great margins all
the other algorithms.

Future works will focus on extending the dataset used for
the experiments and improving the actual implementation in
terms of execution speed by optimizing the phase congruency
computation, probably with the adoption of a high
performance parallel architecture, such as a graphic processing
unit. A further development is to use the proposed method in
combination with registration method to evaluate the
applicability of this approach to the clinical problems
connected to surgical navigation systems.
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Abstract — Neurosurgical plannining and guidance
improve treatment effects while minimizing the procedure
invasiveness. In this context, the accurate identification of brain’s
anatomical structures is a fundamental step for succesful surgery
outcome. However, manual tissue identification is a time
consuming process, not compatible with the clinical routine.
Moreover, it suffers from inter- and intra-subjects variability,
thus making weak the entire process.

In this work, we tested a new multi atlas based segmentation
algorithm for neurosurgery applications. The algorithm is part of
an open source software, Plastimatch, featuring registration and
label fusion capabilities. The procedure was tested on 8 brain’s
structures (both left and right putamen, thalamus, hippocampus
and caudate) of 20 healthy subjets. Segmentation quality was
evaluated in terms of Dice Similarity Coefficient (DSC) and
Hausdorff Distance (HD) between surface meshes. The ground
truth was represented by manually drawn contours.

The median value of DSC was generally higher than 0.80 (with
the exception of hippocampus) and HD was lower than 2 mm.
The inter-quartile variability for DSC and HD ranged
respectively from 0.73 to 0.95 and from 0.90 mm to 2.24 mm. In
the case of hippocampus the mediantquartiles for DSC and HD
were 0.78+0.04 and 1.83+0.37 mm respectively. Finally, the
computation time was on average 32 minutes, allowing a feasible
clinical usage.

In conclusion, the proposed methodology is proved to be
transferable into the clinical routine, in order to segment
anatomical structures for neurosurgery planning and guidance.

INTRODUCTION

Patient specific and accurate planning is an essential step to
guarantee successful neurosurgery outcome. Pre-operational
information can be used to guide in real time the surgeon, in
order to minimize the invasiveness of the procedure and
maximize the treatment effects [1]. For this reason, the accurate
identification of anatomical structures plays a fundamental
role.

Manual contouring is a time consuming and operator-
dependent procedure. High inter- and intra- rater variability
have been reported in different applications [2, 3]. To
overcome these limitations several partial and fully automatic
methodologies for tissue classification have been proposed in
the last years [4, 5]. The most desirable properties of this kind
of procedures are simplicity, velocity, flexibility and reliability.
Also, the fully automatic workflow is highly preferable to the
partial one, since it minimizes the operational time.

Recently, Multi Atlas Based Segmentation (MABS) techniques
have been implemented and tested to reach the mentioned
aims. MABS strategies use a database of patients’ images
(atlases) in order to segment a new subject. Each atlas is
registered on the query image and contours are warped
accordingly. Eventually, using statistical approaches, the
deformed labels are polished thus obtaining the final contour.
In order to speed up the process, it is possible to select an
optimal subset of atlases, excluding images that introduce
misleading or redundant information.

In this work, we tested a new multi atlas based segmentation
algorithm, Plastimatch MABS, which was recently
implemented and embedded in the open source software,
Plastimatch [6]. This extension exploits the image registration
capabilities available in Plastimatch in order to match each
atlas to the query image. Moreover, different atlas selection
strategies are available, all based on image similarity
estimation. We evaluated the algorithm in the framework of
neurosurgical planning and guidance applications.

I. MATERIALS AND METHOD

A dataset including 20 healthy subjects was used to validate
the proposed tool. For each subject, a T1-weighted magnetic
resonance image of the whole head (Ix1x] mm as voxel
spacing) and the manual contours of 8 brain’s Volume of
Interest (VOI) were available. The involved VOI were both left
and right putamen, thalamus, hippocampus and caudate.
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Segmentations were executed both with and without atlas-
selection, to test the possibility of reducing the processing time
without losing contours accuracy.

The selection of the optimal dataset was based on Normalized
Mutual Information (NMI) metric [7]. For each patient, given
the minimun-maximun NMI range, the acceptance value was
set on a percentage threshold. Several cut-off values, ranging
from 10% to 90% of the NMI range, were tested. Image
background was not included in this process.

In order to maximize the statistics, a leave-one-out strategy was
adopted: iteratively, a subject represented the reference volume
and the remaining 19 were used as atlas. So, if no atlas
selection was adopted, a total of 380 (19 x 20) cases were
included in the data analysis. When atlas selection approach
was used, a variable number of atlases were involved in the
process.

Manual contours of the each patient were used as gold standard
to validate the algorithm.

Image registration scheme consisted of a rigid alignment,
followed by a deformable B-spline based stage (isotropic grid
spacing equal to 10 mm, 100 iterations maximum). In order to
achieve an  anatomically  consistent transformation,
regularization strategy was also adopted [8] by setting a
penalization weight for transformations that do not preserve
topology. Smoothness was evaluated using the square of the
vector field second derivative. Finally, a gaussian voting
algorithm [9] was adopted for label fusion.

Dice Similarity coefficient (DSC) [10] was computed to
quantify the morphological similarity and the overlap between
two contours. DSC ranges from 0 (not overlapping structures)
to 1 (perfectly identical and overlapped contours) and it was
calculated using the following formula:
2|STRU.,,,,NSTRU, |

])‘S‘(-‘= anio
STRU , USTRU,

(1)
of

auto

where STRUayo indicates the automatic segmentation and
STRUsr the ground truth.

To quantify the spatial mismatch between structures’s
surfaces, the Hausdorff distance [11] was computed between
STRUau and STRU s at each node of their respective meshes
as it follows:

d,(S,8')= maxd(p,S’) (2)
PEs

where d,, is the distance, evaluated at the point p, between the
manual (S) and the automatic (S') contours. All the nodes
belonging to reference mesh were considered and the 95
percentile of the distribution was used to quantify the spatial
mismatch.

Finally, in order to assess whether or not statistical differences
exists between no selection and atlas selection segmentation,
Wilcoxon matched paired test was ran on DSC and distance
couples. The same statistical test was executed to check the
hypothesis that no difference exists between segmenting
structures in the right and left lobe.

A GNU/Linux workstation equipped with an Intel Xeon CPU
2.5 GHz and 8 GB of RAM was used for the tests.

II. RESULTS

The average time to run a full segmentation (8 structures)
using the whole atlas database (19 subjects) was equal to 44
minutes. In figure 1 and in figure 2 are depicted respectively
an example of 3D and of 2D segmentation.

Figure 1: 3D segmentation example

Figure 2: 2D segmentation example
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For each structure DSCs and distances are respectively shown
in figure 3 and in figure 4. Thalamus was the best
automatically contoured structure, resulting in the highest
DSC median value (0.936 left, 0.938 right) and lowest
variability (0.013 left, 0.007 right). On the other hand, the
worst result was obtained for hippocampus (0.784 + 0.039 left
DSC, 0.778 + 0.042 right DSC). Distance confirmed this
finding (1.00 + 0.207 mm and 1.00 + 0.093 mm respectively
for left and right thalamus, 1.825 + 0.368 mm and 1.825 +
0.281 mm for left and right hippocampus)

Dice similarity coefficient
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Figure 3: DSC results (median, 25" and 75" percentiles)
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Figure 4: Distance results (median, 25" and 75" percentiles)

Atlas selection with a percentage threshold equal to 50%
makes possible to reduce the computational time to an average
value equal to 32 minutes without loss in segmentation
accuracy (Wilcoxon p-value > 0.15).

No statistical differences in segmentation accuracy were found
between equal structures located in the left and in the right
side of the brain.

III. DISCUSSION AND CONCLUSION

In this work we described and tested Plastimatch MABS, a
novel tool for automatic medical image segmentation. In

particular, we evaluated the capability of the algorithm for
neurosurgical planning and guidance applications.

In addition to the core features included in the classical
implementation of MABS (registration and label fusion),
Plastimatch MABS offers also atlas selection capabilities and
high flexible voting algorithm. Each step of the workflow is
highly adjustable. The parameters used in this work for
registration and voting were carefully optimized for brain
segmentation, as well as the strategy for atlas selection. The
obtained results show good segmentations quality while the
computational time allows a practical clinical usage. DSC was
always greater than 0.80, except for left/right hippocampus.
Distance between meshes was evaluated in the worst case,
since 95™ percentile was presented. Despite that, the spatial
mismatch was lower than 2 mm, highlighting the accuracy of
the obtained contours and in accordance with DSC result.

In addition, vector field regularization guarantees that
transformations preserve the anatomical coherence, enhancing
the reliability of the output contours.

By comparing the algorithm to the current state of the art, in
some case we obtained more accurate segmentation [12]; in
other situations, a slightly lower precision was compensated
by faster processing time [13].

As in each atlas based procedure, the composition of the
image database is a crucial aspect for the good performance of
the algorithm. It is recommendable to have a large group of
cases, representing different patients’ morphologies, and select
only the atlases that provide worthwhile information for the
specific segmentation process. This task is accomplished by
the atlas selection step that chooses the most similar atlases to
the subject. As we proved in a previous work [14], NMI based
selection with a percentage threshold equal to 50% allows to
save time without lose segmentation quality. In case of atlas
selection the number of included atlases dropped, on average
from 19 to 13, speeding up the process of the 30%. Lower cut-
off values gave the same results in longer time (more atlases
used) while higher values quickly provided worst
segmentations (fewer atlases included).

Future efforts will be focused on testing the algorithm by
using other structures and improving the atlas selection
algorithm. Our idea is to further refine the selection by
investigating feature based selection [15].

In conclusion, we proved that Plastimatch MABS can be
profitably used to segment anatomical structures for
neurosurgery planning and guidance.
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Abstract—In gastroenterology, endoscopic capsules have
demonstrated their usefulness for diagnosis in the small bowel.
However, they also show limitations due to the impossibility to
control their progress in the small bowel. Magnetic actuation is
often considered to control these capsules, but current systems
are very bulky and some have stability concerns. To improve
the manipulability of the capsule and to reduce the size of the
magnetic system, it is interesting to consider a system composed
of mobile electromagnets having a ferromagnetic core. These
electromagnets allow to create large efforts at lower currents, but
produce a magnetic field highly non-linear. This paper proposes
a hybrid model (analytical adjusted on measures) to compute the
magnetic field created by the electromagnets, and discusses the
usefulness of this model.

I. INTRODUCTION

There exist several paths towards small bowel exploration.
The double-balloon enteroscopy allows the visualization of
some parts of the small bowel (up to the beginning of the
ileum) in real time, but not the whole small bowel. The capsule
endoscope is a swallowable capsule embedding a camera
which allows to take pictures all along the gastrointestinal
tract, but has the major drawback of only moving thanks to
peristalsis.

To cope with this lack of means for small bowel diagnosis
several studies tried to enhance the capabilities of the capsule
endoscopes, especially to actuate the capsule and allow the
control of its position. Magnetic steering is quite appropriate
for that, because magnetism is a contactless effect for which
body tissues are transparent. Some studies have already been
led on that topic using external permanent magnets (EPM)
moving around the patient to steer the capsule embedding
a small permanent magnet [1]. With the same objective, the
Niobe II system from Stereotaxis has also been used [2]. These
approaches showed critical limitations. The impossibility of
turning off the magnetic field leads to a lack of stability,
and the use of an industrial robot to move the EPM, can be
dangerous for the patient and the medical staff. Other studies
have led to the use of static electromagnets placed around the
patient similarly to an MRI system [3]. These systems are
extremely bulky, they do not let the staff access to the patient,
and they use a large amount of energy.

Thus, these two approches can be combined to study a light
weight system composed of several mobile electromagnets.
This kind of system presents many advantages, as shown in
[4]. Tt allows full dexterity with a shorter distance between
the electromagnet and the manipulated object, what reduces

the heat and the energy consumption. More, it allows to easily
design redundant systems to enhance the manipulability of the
magnetic object and the stability. Furthermore, the bulkiness of
such a system is even more reduced by the use of electromag-
nets composed of a winding and a ferromagnetic core. These
electromagnets permit to get large effort at lower currents, but
the magnetic field created is highly non-linear, what makes its
precise real-time computation difficult. To overcome this, an
analytical model is proposed, and its usability is discussed.

II. ELECTROMAGNETIC MODELING

The magnetic efforts are computed via the magnetic field
B produced by a magnetic source :

F, = V.-V (M-B(P))
Cm V.M A B(P)

where V is the volume of the permanent magnet, V is the
gradient operator and A is the cross-product.

For electromagnets, three methods are commonly used to
compute this magnetic field. The first method is to measure
and to map the magnetic field over the whole workspace. The
accuracy of this method relies on the precision and the number
of measures. Its implementation is long and requires a large
amount of memory to store the measures.

The second method, usually used for the design, consists
in finite element modeling. This method is based on a mesh of
the space, thus, it requires long computation time and a large
amount of memory to store the data.

The third method is to use the well known dipole approx-

imation :
2 /2cosf
B:“‘)I‘;<sin0> (1)
4 T 0

where 1o is the magnetic permeability of free space, a is the
radius of a loop, I the current flowing in this turn, and (7, 6, )
are the spherical coordinates where B is computed.

This analytical formula is only valid on some parts of the
space around the electromagnet (for » > a) and does not take
the ferromagnetic core into account. This greatly limits its use.

None of the existing models for computing B (mapping,
finite elements, dipole approximation) satisfy the contradictory
requirements of accuracy and real-time computation.
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Actually, B is the curl of the vector potential A :
B = V A A. In spherical coordinates, A = (A, Ay A,)T
of one current loop has only one component :

o Ala ((2 — KK (k) — 2E(k))

T 4r Va2 +1r2 + 2arsin 0 k2 b
where K (k) and E(k) are respectively the complete elliptic
integrals of first and second order, for which £ is defined as :

9 4arsin 0

T a2 412 4+ 2arsinf

This allows to compute the magnetic field created by
the winding by summing the contribution of each turn. To
be taken into account, the ferromagnetic core is considered
as a magnetic dipole located at the center of the coil, its
magnetization depending on the current flowing in the coil.
Thus, we propose to model the field generated by the coil
and the core as a linear combination of (2) and the dipole
approximation (1) :

amaz L/2 4o I a2 2cosf
-6 3Ty V/\A+G2-47_3(s189) o
Gmin —L/2

where G and G4 are introduced to adjust the relative con-
tribution of the winding and the core. These gains depend on
parameters such as the core material, its temperature, etc.

The gains are identified by magnetic measures and robust
linear regression, what makes (3) a hybrid model. TABLE I
shows the relevance of this model compared to the others.
Because it is analytical, it does not require memory for data
storage, and it alows real-time computation. More, has a good
accuracy, and it is setted up quickly, with few measures to
identify the gains.

Measures  Finite element Dipole Hybrid
approximation model
Memory used ™~ T (N} W
Real-time N ™
Set up time ™ T (N}
Accuracy ™ ™ 1
TABLE 1. ELECTROMAGNET MODELING METHODS

III. USABILITY OF THE MODEL TO CONTROL A SYSTEM

The first way to use (3) is to compute the efforts produced
by an electromagnet at a given point, for a given current.
Thereby, it is easy to verify wether a system is able to produce
the expected forces over the whole workspace. For instance,
a system consisting of three electromagnets rotating about a
vertical axis (Fig. 1) was simulated and shown to be capable
of producing an effort of 0.3V, needed to drive a capsule in
the small bowel [5], throughout its workspace with a current
not exceeding 2A in each coil.

The second way to use (3) relies on its analytical nature,
and invert it to compute the current and the position of
each electromagnet to achieve a given effort. This allows to
implement the control system. The system in Fig. 1 permits
the manipulation of a capsule in the plane (3 DOF) and has 6
inputs (3 currents and 3 orientations). This redundant system

Fig. 1. (a) System studied, and (b) diagram of this system (top-view).

allows to develop commands to optimize the manipulation of
the capsule while optimally positioning the coils to achieve
the efforts needed. This control method has been tested in
simulations [6], and is now being implemented on a prototype.

An example of results obtained with such a simulation is
shown on Fig. 2 and Fig. 3. In this simulation, the expected tra-
jectory is perfectly realized with an error in position less than
a tenth of a millimeter (Fig. 3(a)), and an error in orientation
less than one tenth of a degree (Fig. 3(b)). Note that these
simulation results were obtained by including disturbances on
the detection of the capsule, the positions of the coils, and the
currents in the coils.

(a) Simulator.

Trajectory
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(b) Trajectory.

Fig. 2. Simulation of the system studied on a planned trajectory.
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Fig. 3. Errors on the position and orientation of the capsule obtained along
the trajectory Fig. 2.

Furthermore, this method can be extended to more complex
systems. One can imagine a system such as that shown in
Fig. 4. Its configuration can be adapted to the part of the body
wherein the object is manipulated, to realize the best control.

)

r

)

Fig. 4. Artistic view of a reconfigurable system with mobile electromagnets.

| N

IV. USABILITY OF THE MODEL FOR DESIGN
OPTIMISATION

From another point of view, this model can also be used to
optimize the design of a system. Thanks to their high precision,
finite element models are usually used for this purpose, but
these calculations are time consuming, requiring to select a
limited number of parameters for the optimization.

Model (3) allows faster computation while maintaining
good accuracy. For example, for a single electromagnet the

finite element model is extremely simple since it is reduced
to an axisymmetric simulation. In this case, model (3) needs
80% less computation time. In 3D systems, computation time
exponentially increases in finite element simulations. This
highlights the usefulness of an analytical model for optimiza-
tion of complex systems.

V. CONCLUSION

We have shown the importance of efforts for non-contact
manipulation. Better control of these efforts ensures the manip-
ulability of the object, which benefits both the patient whose
safety is ensured, and the medician for whom the manipulation
of the capsule is simplified, more reliable, and more accurate.

Electromagnets make sense when it comes to producing
magnetic efforts by taking into account access to the patient
by medical staff. Indeed, the system must be lightweight and
not bulky, while enabling to produce efforts powerful enough
to overcome any blocquage of the object (for endoscopic
capsule, the passage of a sphincter for instance). The hybrid
model developed here allows easy calculation of the magnetic
efforts in real time, as well as the control system composed
of such electromagnets. This promotes the automation of
some procedures, such as navigation in the stomach before
a physician performs the passing of the pylorus.

We also showed that this model allows to optimize the
design of the system, ensuring that all the movements of the
capsule are possible at any point of the workspace.
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Abstract—Cardiovascular diseases remain one of the main
causes of morbidity and mortality in the developed world.
Atherosclerosis, a multifactorial disease of the vascular wall,
holds by far the first place among their aetiologies. The gold
standard method for setting the diagnoses and guiding any
required endovascular interventions is X-ray angiography.
However, this technique provides only a planar lumenogram of
the vessel under investigation and additional error-prone
tracking equipment (e.g., electromagnetic-based) would be
required in order to achieve navigational precision. A
complementary imaging technique, intravascular ultrasound, can
provide additional information since it creates a cross-sectional
full-range view of the artery. This study proposes a novel method
of navigation during blood vessel catheterisation that relies
exclusively on intravascular ultrasound data and a preoperative
3D imaging scan. The disengagement of such a system from X-
ray angiography and external tracking devices constitutes the
primary innovation of our project.

Keywords—intravascular ultrasound; endovascular navigation;
image guided intervention; catheterisation.

I. INTRODUCTION

Cardiovascular diseases (CVDs) constitute the most
significant group of health problems in the world. Despite the
considerable improvements in the fields of prevention and
diagnosis, ischemic heart disease and stroke remain the
number-one causes of disability (disability-adjusted life year,
DALY measure [1]) or death (~50% of NCD deaths [2])
worldwide. Atherosclerosis, a complex pathological entity, is
the main cause of CVDs [3]. It is characterised by the
degrading deposit of heterogeneous plaques (atheromata)
inside the arterial wall, resulting in localised architectural
disorganisation, hemodynamic disturbances and acute clinical
events.

The heterogeneity and complexity of CVDs are reflected in
the variety of therapeutic schemes followed during their
management. These may be conservative, interventional,
surgical, or even combinations of them, while no one offers a
definite and complete solution to a certain clinical case.
Endovascular procedures form a set of popular interventional
strategies, since >1 million cardiac catheterisation procedures
are performed annually in the USA [4]. These techniques are
usually associated with remarkable technical and clinical
outcomes [5] and high safety levels [6]. However, there are still
various complications, ranging from minor (e.g. hematoma,
allergic reaction, arrhythmia etc) to major (e.g. perforation,

Su-Lin Lee
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stroke, dissection etc). In order to achieve high technical
success rates and avoid complications an operator has to be
precise. Procedural precision is nonnegotiable even for the
most trivial lesions in terms of clinical phenotype.

Traditional clinical navigation systems are based on real-
time X-ray imaging of the intralumenal blood pool via
appropriate contrast agent injections. This provides clinician
with planar projections of all detectable structures at any
scanning direction but lacks direct three dimensional data. A
major problem is that angiography uses ionising radiation (X-
rays) and contrast agents which can lead to complications (e.g.
allergic reactions, kidney failure etc). The images produced
also illustrate a detailed description of the lumenal network but
provide no clear and direct information about the vascular wall
(except for the case of severe calcifications). Considering that
atherosclerosis is intrawall, the accurate imaging of the
vascular full diameter (lumen and wall) is a critical need.

Intravascular ultrasound (IVUS) is an invasive imaging
modality that allows for the collection of full-range cross-
sectional images along a vessel of interest. Its frequency-
varying technical features (spatial [7] and contrast resolution
[8] and tissue penetration depth [9], [10]) makes it ideal for a
wide range of vascular structures. IVUS reveals significant
features facilitating the quantitative and qualitative assessment
of vessel anatomy [11]. The potential discrimination of three
arterial wall layers (intima, media and adventitia) further
enriches the tomographic lumen-wall visualisation. Accurate
lumen and atheroma measurements may be performed and
combined with tissue characterisation data in order to detect
specific lesions and useful landmarks. The use of IVUS is
associated with improved procedural success rates [12],
optimised technical outcomes and reduced complications [13].
Despite its various advantages, IVUS is not very popular in
everyday clinical practice (1/5 cases of intermediate coronary
stenosis) [14]. One limiting factor is the current guidance of
IVUS catheters, which is based on X-ray fluoroscopy; the
planar projections prevent the accurate re-localisation of the
IVUS catheter within the vasculature. The wuse of
electromagnetic (EM) tracking devices may be used here but
they are bulky, with relatively limited spatial range and
susceptibility to exogenous EM interference [15].

In this study, we propose a novel endovascular navigation
system using IVUS as its main component. The proposed
implementation does not make any use of X-ray fluoroscopic
data or catheter-tracking devices. The method aligns a stack of
images acquired via an IVUS pullback within the vessel of
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interest and registers them to a 3D vessel centreline obtained
from a preoperative scan. This then provides clinicians with a
map of the vessel and allows them to return to points of interest
(retarget) with further IVUS images.

Revisiting an area along a vessel is a common action during
an operation. Even an experienced interventionalist may need
to exchange multiple wires or alter the followed strategy in
order to achieve the desired support, pass through the lesion
and deploy an endoprothesis. These manipulations are of great
clinical importance since they may extent the procedural time
(irradiation dose and contrast agent volume increase). Our
system tackles this technical issue. Here, we present
preliminary results of the system on a phantom setup.

II. METHODS

The proposed system relies on an intraoperative IVUS
pullback sequence and a preoperative CT scan of the patient’s
vessel. The first was used in order to create a longitudinal
landmark map of the vessel while the second served as a 3D
descriptor of the vascular volume. After detecting the
landmark (branches, stenoses or aneurysmatic dilations)
positions along the image stack, IVUS slices were fused with
the CT-derived mesh model. This process resulted in a
geometrically correct ultrasound-generated model of the
vascular structure. Finally, this model can be used as a
reference in order to extract navigation-related information.
This will allow the clinician to retarget a specific point of
interest during a procedure. The full system workflow can be
seen in Fig.1.

START Pre-operative
- CT-scan

IVUS catheter Pt

)

Pullback device
Rigid acrta
phantom

o _
.“q; - Frame grabher I -

IVUS system

IVUS frame

IVUS sequence after centralisation
and fusion with 3D model

Fig.1. Full system workflow.

A. Data acquisition

For the purposes of this study, a Volcano© Visions® PV
8.2 Phased-Array Intravascular Ultrasound Imaging Catheter
was used with a Volcano s5™ imaging system (Volcano, San
Diego, CA, USA). Firstly, the catheter was inserted in the
vessel up to a predefined point. Subsequently, the catheter was
smoothly withdrawn while trying to adapt to the longitudinal
morphological changes of the vessel by applying rotational
manipulations manually (pullback scan). Alternatively, a
pullback device could be used in order to maintain a constant
catheter velocity of 0.5 or 1.0 mm/sec; however, this offers
only one degree of freedom which could complicate the route
of the catheter’s tip. Pullback scans were obtained both

manually and using the pullback device of a rigid phantom of
the aorta (Materialise, Leuven, Belgium) filled with warm
water. A CT scan was also obtained of the phantom in a GE
Innova 4100 interventional imaging system.

B. IVUS image processing

A pre-processing sequence (ROI definition, polar
transform, catheter artefact removal, Cartesian retransform,
local median filtering, global speckle reducing bilateral
filtering [16], and contrast enhancement) was first performed
on the images prior to segmentation. In this study, the absence
of peripheral tissues and blood flow, as well as the structural
homogeneity of the phantom vascular wall, allowed the
application of a global thresholding strategy using the Otsu’s
method. This is a simple, fast and unsupervised two-class
classifier based exclusively on lower order statistics [17]. The
thresholded images were then further processed via hole-
filling in order to remove textural imperfections. To remove
residual noise, outlier removal based on known anatomical
geometrical constraints was applied.

C. Landmark detection

Morphological landmarks are structures which: 1) can
adequately describe a specific shape, 2) are present in all
shapes of the same class and 3) can be easily detected [18],
[19]. In our case these landmarks not only have to be effective
descriptors of the vascular structure but also have to be of
anatomical and clinical significance. Thus, we have first
limited our landmarks search to:

e  branches,
e ancurysms, and
e  stenoses.

To this end, each previously processed image was used as
input to an ellipse fitting algorithm [20]. Its output consisted
of two elliptical curves fitted to the points of the inner and
outer wall boundaries. The longitudinal fluctuations of the
absolute and relative lengths of their axes can be used as
indicators of a landmark presence. Their absolute lengths
defined the size of the area covered by the ellipse, while their
relative lengths (their fraction) formed an index of the shape
of it, as this reflected the eccentricity level of the calculated
ellipse.

Within this framework, it was meaningful to assume that
an aneurysmatic “imprint” (without wall thinning or
thickening) is characterised by a smooth crescendo-
decrescendo pattern of the inner ellipses axes lengths (major
and minor) while maintaining their ratio and leading to a
relatively stable ellipse eccentricity index. Moreover, an
atheromatic stenosis (negative concentric remodeling) can be
described by a decrease-increase profile along the vessel,
regarding the absolute axes lengths, in combination with
invariable eccentricity. Last but not least, a branch presence
was clearly reflected on a localised increase in the eccentricity
index. The method also allowed for the empirical detection of
a wide range of special cases (e.g. aneurysmatic dilation along
with atheroma).
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D. Automatic3D IVUS image registration

After segmenting the vessel of interest from the CT scan, a
3D mesh was produced which is subsequently used as a
skeleton to be mapped to the corresponding IVUS image
sequence. As a first step, the segmented IVUS images are
transformed in order to achieve the alignment of the lumen
centre to the central pixel of each image slice. This rigid
transformation requires both the central point of the blood-
pool area and the 3D central axis of the vessel mesh. The first
was achieved through the previously described ellipse fitting
technique on the pixels of the inner wall surface
(endothelium). The central axis of the 3D mesh was calculated
by applying a mesh thinning algorithm, thinvox [21], [22], part
of the popular voxeliser binvox [23], [24].

The vessel central axis must be identified by finding and
deleting any voxels belonging to skeleton branches.
Considering that the centroid of a cubic voxel could be an
effective descriptor of its position, this correspondence was
used. Two neighbouring voxels can only be connected: 1) via
a common side (four common vertices), 2) via a common edge
(two common vertices) and 3) via a single common vertex.
Using this information, the pathway among the given centroid
set that best describes the vessel central axis was searched for.

At first, a full list of neighbours for every single voxel was
created. This was based on the observation that the centroid
distance between two adjacent voxels can only be equal to one
of three permitted values: S, SV2 and SV3, where S is the voxel
side length. Thus, a point can be characterized as “endpoint” if
it has only one neighbour and “branchpoint” if it has more
than three neighbours. As a next step, k-means clustering was
used to partition the detected branchpoints into an optimal
number of clusters, given that every junction may include
multiple branchpoints. This allowed for the selection of one
branch point per junction and resulted in a set of known
“anchoring points” which belong to the desired central path
and are either end- or branchpoints. Sorting these points along
the path was critical to the success of the method. For this
reason, geometrical criteria in 3D space were used to produce
a list of nodes that started with an endpoint, “encapsulated” a
sorted set of branch points and finished with another endpoint.
Finally, a Dijkstra-based [25] directed path-search algorithm
was applied in order to successively navigate from one
anchoring point to the next until reaching the final endpoint.
The total output path was considered to be the central axis of
the vascular mesh.

After smoothing the path via a spline curve the
corresponding IVUS slice patches were registered to the
positions of the detected end- and branchpoints and interpolate
in-between them. In this preliminary study IVUS slices were
initially oriented perfectly perpendicular to the central axis.

III. RESULTS

Fig.2 shows the results of the image processing steps
following the definition of the region of interest. The output
image is also centralised.

Fig.2. Image processing output. (left: initial ROI, right: final image after
processing and centre alignment).

Longitudinal changes of eccentricity index

Eccentricity index

Slice number

Frame #460

Frame #630

Fig.3. Longitudinal profile of eccentricity index and branch landmark
detection along the catheter pullback sequence. (Thresholded IVUS images:
left-first branch of an aorta phantom, right-third branch of the same
phantom).

Fig.3 illustrates the preliminary results of the landmark
detection process. The plot shows the eccentricity index
(major axis/minor axis) of the inner fitted ellipse along the
image stack (x-axis: number of slices). As expected, the
protruding peaks correspond to positions of branches. Finally,
in Fig.4 we present the output of the 3D modelling step.

IV. DISCUSSION AND CONCLUSION

The current preliminary system is off-line but the creation
of an integrated system for endovascular navigation based
exclusively on real-time IVUS image data is clearly feasible.
Regarding the landmark detection step, in this preliminary
implementation we allow the visual detection of each landmark
by the clinician via an interactive graphical user interface. In
the near future, we intend to implement a fully automatic way
of landmark detection (e.g. by using the continuous wavelet
transform). Furthermore, the initial results correspond to a rigid
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aorta phantom where the second branch is not distinct enough.
Thus, Fig.3 demonstrates a worst case scenario where a branch
is misdetected either due to smooth bifurcation angle or a
catheter jump during scanning.

Fig.4. CT-scan derived phantom model (Zeft) and preliminary fusion of the
calculated vessel axis with collected IVUS data (right). The red skeleton
points on the right part represent automatically detected endpoints.

Currently, our initial results lack of valuable information on
the catheter’s tip orientation, usually provided by a 6-DOF EM
tracking system. We propose a method based on the changes of
the wall thickness along eight different directions of an image
plane (0°, 45°, 90°, 135°, 180°, 225° 270° and 315°). This
technique assumes that the vessel has a constant wall thickness
at every point. Although it shows considerable limitations this
method seems to be a logical first step towards finding an
effective solution to the problem.

To conclude, we present an initial endovascular navigation
system based solely on intraoperative IVUS images and a
preoperative scan. This removes the need of ionizing radiation
through traditional X-ray fluoroscopy and the use of
nephrotoxic contrast agent to visualize the vessels. The
proposed system provides clinicians with a 3D map of the
vessels and allows them to retarget regions of interest. Our
future work will focus on catheter tip orientation and validation
with user studies.
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Non-rigid Soft-Tissue Tracking Using Combined
Feature and Intensity Information
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Abstract—During robotic-assisted MIS procedures, tissue de-
formation estimation plays a critical role in improving surgeon’s
operating capabilities in a highly dynamic environment. Tra-
ditional methods like feature-based methods or intensity-based
methods have their limitations when dealing with soft-tissue
or complex deformations. In our study, we used a triangular
geometric mesh model and presented a hybrid method which
combined the advantages of both feature and intensity informa-
tion. Synthetic and in vivo experiment results showed that the
hybrid tracking method is more robust and has improved the
capability of correct convergence as a larger displacement of
intra-frame occurs.

I. INTRODUCTION

During robotic-assisted MIS procedures, tissue deformation
estimation plays a critical role in improving surgeon’s op-
erating capabilities in a highly dynamic environment. Var-
ious methods for recovering tissue deformation have been
widely studied, and traditional methods like feature-based
methods [1], [2] or intensity-based methods [3], [4] have
their limitations when dealing with soft-tissue or complex
deformations. In our study, we used triangular geometric mesh
model and combined the advantages of both feature and
appearance information to track the tissue surface.

II. METHODS
A. Triangular geometric mesh model

The non-rigid surface M to be tracked is modelled as
a 2D triangular geometric mesh as shown in Fig. 1. Each
triangle vertex v = [vg,v,] is part of a state vector S, which
controls the shape and motion of M. As Eq. (1) shows, any
point p within M can be located via S by using its barycentric
coordinates B = (Bj, B, B3) and the vertices of the triangle
it lies within V' = (v, ve, v3).

Vig Viy
TS(p):[Bl Bo Bs} Vg U2y (1
U3z U3y

Based on the above triangular mesh model, we present the
approach to non-rigid surface tracking in details.

B. Feature-based tracking

We used the Shi-Tomasi corner detector and Lucas-Kanade-
Tomasi feature tracker to get the feature correspondences.
To estimate the deformation of M given a set of feature

Danail Stoyanov
Center for Medical Image Computing
Department of Computer Science
University College London

Fig. 1. Triangular geometric mesh model

correspondences, we minimize an energy function subject to .S
in Eq. (2)
E(S):)\ER(S)+EF(S) 2)

where regularization energy €p is defined as proposed in [2]
to preserve the regularity of the mesh, A controls the regu-
larization influence, and feature correspondence energy € is
defined as proposed in [5]

er(S) =Y pllles = Ws(ee)ll,r))

ceEF

3

where p is the robust estimator, it uses a coarse-to-fine scheme
to deal with the outliers. The energy function in Eq. (2) can be
formulated into an unconstrained quadratic optimization prob-
lem, and then be solved by modified finite Newton method.

C. Deformable Lucas-Kanade method

The above feature-based tracking has limitations like the
sparse motion field and the reliance on salient image texture.
So we add the mesh refinement step, we changed the widely-
used Lucas-Kanade method [3] into deformable variation. The
energy function subject to S in Eq. (4)

£(S) = ner(S) +ex(9) @)

Where ¢ represents the regularization energy, £ is intensity-
based measure and n controls the regularization influence.
To reduce the computational cost, here we use the inverse
compositional variation of the algorithm.

er(S) = S [T(W (p; AS) — I(W (p; )]

P
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(a) (b) (©) (C)

Fig. 2. Template images with and without noise for synthetic data experiments
(white box represents the tracking region): (a) noise=0%; (b) noise=5%; (c)
noise=10%; (d) noise=20%
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Fig. 3. Comparison of tracking errors of the synthetic image sequence: (a)
noise=0%; (b) noise=5%; (c) noise=10%; (d) noise=20%
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The Lucas-Kanade method is based on the assumption that
the displacement of intra-frame is small, so we use the feature
tracking mesh as initial result to lead the algorithm to correct
convergence.

III. EXPERIMENTS AND INITIAL RESULTS
A. Synthetic data experiments

We generated synthetic image sequence and added different
level of noise as shown in Fig. 2. The same region of interest
was tracked with four different methods, including the state-
of-the-art feature-based semi-implicit snake (SIS) method [2],
Lucas-Kanade (LK) method and two hybrid methods. Fol-
lowing our idea, we combined SIS method with LK method
(SIS+LK), and the other one is our proposed hybrid PEN+LK
method. Then we computed the tracking error of vertex
location in each frame using the ground truth.

Fig. 3 showed the tracking results, LK method fails because
the displacement between frames in the synthetic sequence
is too large. SIS method works better but as the noise level
increased, the tracking error become larger. Among the four,
the performance of the two hybrid methods are better, and even
when the noise level is up to 20%, the tracking error of our
proposed PEN+LK method still can maintain at an acceptable
level.

B. In vivo data experiments

For evaluating the potential clinical value, experiments on
recorded in vivo image sequence at 25 fps using DaVinci

Fig. 4. Trajectories of the tracked points along x and y axis: (a) Trajectory
along x axis of point #1 from the first sequence; (b) Trajectory along y axis
of point #1 from the first sequence; (c) Trajectory along x axis of point #2
from the second sequence; (d) Trajectory along y axis of point #2 from the
second sequence

robotic platform have been conducted. We chose two se-
quences and manually tracked the movement of one point in
each sequence, then using the results as the ground truth (GT).
The bar chart on Fig. 4 shows the trajectories of the two
points. For point #1, LK method lost tracking quite quickly;
SIS method performed relatively well; the hybrid methods
accurately tracked the points. In regards to point #2, SIS
method drifted away gradually; LK method and the hybrid
methods tracked the points fairly accurate. So compared to
the methods which only depend on the feature or the intensity
information, the hybrid methods are more robust. As for the
computation speed, PFN method requires around half the
iterations of SIS method, which makes it more efficient.

IV. CONCLUSION

In our study, we presented a hybrid tracking method which
combined feature and intensity information for estimating
the soft-tissue deformation. The experiment results indicate
it improves the capability of correct convergence as a larger
displacement of intra-frame occurs. Besides the proposed
algorithm is very fast and therefore suitable for real-time
application.
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Abstract—Catheter and guidewire tracking is an extremely
difficult task due to their thin appearance, the low frame-rate
and the low signal-to-noise ratio of fluoroscopy, and the presence
of several similar objects in the images. To reduce the complexity
of such tracking problem, we propose a deformable B-spline tube
model for model-based tracking algorithms. The proposed model
can precisely represent the shape of catheter and guidewire.
By using the proposed model, a catheter or guidewire can be
tracked using a region-based probabilistic framework which does
not rely on intensity gradients and allows the use of various
measurements. Preliminary results have shown that the proposed
tube model can successfully fit the catheter and guidewire.

I. INTRODUCTION

In computer assisted intervention, catheter and guidewire
are two medical devices used for balloon inflation in tran-
scatheter aortic valve implantation (TAVI). Robust catheter and
guidewire tracking is essential for many applications in image
guided interventions, such as real-time assessment of catheter
and guidewire position and shape, visibility enhancement, and
registration between 2D and 3D imaging modalities. Images
that required the tracking can be various, depending on what
task is performed. Some exemplar catheter and guidewire
images are shown in Figure 1.

Tracking for either catheter or guidewire body is an
extremely difficult task especially in real fluoroscopy. First,
catheter and guidewire are thin so in the low signal-to-noise
ratio fluoroscopic image, such weak and thin wire structures
is barely seen. Second, catheter and guidewire exhibit large
variations in their appearances, shapes and motions. The shape
deformation is mainly due to a patients breathing and cardiac
motions. Third, there are many other wire-like structures, such
as guiding catheters and ribs. Some of the structures are
close to the catheter and guidewire, which could significantly
distract a tracking algorithm. A robust and flexible tracking
algorithm that can deal with such dynamic environment is thus
on demand.

Due to the specific characteristics of the catheter and
guidewire, conventional tracking methods would encounter
troubles and consequently fail, especially for the tracking
algorithm based on intensity gradients [1]. Barbu et al. pre-
sented a learning-based detection method to perform tracking-
by-detection scheme for guidewire localisation [2]. Since the
detection has to be done in each individual frame, the kind
of method is generally slow. Heibel et al. used a discrete
optimisation scheme based on iterative graph-cuts for fitting
a B-spline curve to guidewires [3]. Beart et al. also modelled
the guidewire by using B-spline and used coherence-enhanced
structures for the curve optimisation [4].

The pervious works all used B-spline for modelling the
catheter and guidewire shape. To the best of our knowledge,
there is yet no work using a tube structure for the repre-
sentation. In this paper we propose a B-spline tube model
which can precisely represent the shape of the catheter and
guidewire. The tube model provides a strong regularisation
during optimisation, which can significantly help avoid unde-
sired local optimum. In addition, using a prior shape together
with a probabilistic framework enables us to exploit various
measurements instead of only intensity [5].

(©) (d)

Fig. 1: (a) TAVI training using a 2D mock-up mode. (b) A
3D mock-up model. (c) A simulation platform [6]. (d) Real
fluoroscopic image.

II. METHODS

A cubic B-spline is used for modelling the tube shape
of guidewire and catheter. Since the thickness of a catheter
and a guidewire can be different, it is important to introduce
one more parameter for representing the tube radius. Figure 2
shows the concept of the proposed tube model.

A. Analytical B-spline tube model

A cubic B-spline is a class C? continuously differentiable
function in which the curve point b is defined by the linear
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combination of the set of control points C; with a cubic
polynomial k(¢). That is
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The sampling parameter ¢ € [0, 1] and the knots are found at
t = 0. The tube contour can be further derived by

ob\*
«0=r(5) - m

where the r defines the tube radius and (-)* is an operator
for normalising a vector and converting it to its corresponding
orthogonal vector.

B. Optimisation

The tracking problem is essentially modelled with a prob-
abilistic framework in which the measurement probability dis-
tributions of foreground and background are optimised using
Bayesian inference for pixel-wise posterior estimation [5]. In
addition, the analytical B-spline tube model enables us to
exploit the efficient Jacobian-based non-linear optimiser such
as gradient descent, Gauss-Newton or Levenberg-Marquardt.

Most of previous works fit the cubic B-spline by driving
the control points [2]-[4], [7]. However, since the tracking
algorithm is region-based, the motion of control points cannot
exactly represent the local deformation of the tube contour as
they could be far away from the tube region (see Figure 2).
We thus adopt a knot-driven optimisation scheme in which
the update is directly applied on the region around the knots
instead.

III. PRELIMINARY RESULTS

To validate the proposed approach, Figure 3 shows the
fitting results that even when the catheter and guidewire are
barely to seen, the tube model together with the probabilistic
framework can successfully fit the objects. In the experiment,
in addition to the image intensity, a vessel-enhanced image is
also employed as a measurement [8].

IV. CONCLUSION

In this paper we proposed a B-spline tube model for fitting
the catheter and guidewire shape. The model is further used
for tracking the catheter and guidewire using a region-based
probabilistic framework. Preliminary results have shown the
proposed tube model is promising in robust tracking in difficult
images.

°‘\ Control points

Catheter/guidewire contour

Tube radius

B-spline centre line

[}

Fig. 2: The proposed B-spline tube model.

(©) (d)

Fig. 3: The results (c) and (d) of fitting the proposed tube
model using the region-based probabilistic framework in dif-
ficult images (a) and (b). The green B-spline tube mod-
els are fitted with measurements using image intensity (red
histogram) and Frangi filtering magnitude (cyan histogram)
inside the ROIs. The histograms show that the foreground and
background statistical model indeed has distinctive probability
distribution. The figure is best viewed on screen with colour
and zoom-in.
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Third arm for surgeon: Embodiment and Control
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Abstract—The need of teamwork can be the source of error in
different types of surgery. A third robotic arm under the
surgeon’s full control may improve his/her dexterity. This paper
introduces two different experimental setups to study the
possibility of having such an arm and the appropriate control
strategy. The process of embodiment of the third arm and the
learning curve of the subjects are also investigated.

Keywords— Third arm, telemanipulator, embodiment, virtual
reality, haptics, robotic surgery

I. INTRODUCTION

The idea of supernumerary limbs which can improve the
power and dexterity of the user has been present in science-
fiction movies and stories for a long time. A supernumerary
arm may especially be useful for surgeons who should perform
tiresome, repeated and long lasting tasks during the surgery. In
the majority of cases they need one or more assistants to hold
the surgical instruments, hand them the required tools and
assist in performing the tasks that are not possible to be done
single handed. This issue is more obvious in some special
kinds of surgery such as laparoscopic surgery and
microsurgery. Previous studies [1] have shown that
communication and information flow between the surgeon and
the surgical staff has an important role in team performance
and a mistake may affect the patient safety. The need of
teamwork can be the source of error especially if the assistant
is novice or unfamiliar with the surgeon [2]. Novice assistants
often have difficulty in positioning the camera appropriately in
the 3D space, are confused with the fulcrum effect and suffer
from fatigue [3]. In addition, elimination of physiological
tremor - critical in microsurgery - is one of the main
advantages of using a robotic arm [4].

Previous studies on embodiment and human’s sense of
ownership shows that our perception of peripersonal space is
plastic and can be modified easily. The rubber hand illusion
experiment [5] and other studies ([6],[7]) prove the possibility
of having sense of ownership towards an artificial or even a
virtual limb either in place of our own limbs or as an additional
limb.

Such neuro-scientific studies along with the mentioned
difficulties in the operational room suggest the idea of a
surgeon with a third robotic arm. Such an arm may improve
the autonomy and dexterity of the surgeon and make him more
independent. This study thus investigates the possibility of
having a third arm under natural, intuitive control of the
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Dept of Bioengineering Robotics Lab LSRO
Imperial College of EPFL Lausanne
Science Techn. & Medic. Switzerland
London, UK

operator’s sensori-motor system. The control strategy, the
appropriate level of complexity of the tasks and the necessary
conditions for developing a sense of ownership towards the
third arm are studied.

In the present work, we propose to use a foot as a master-
input for the hand. In a first experimental setup, only two
degrees of freedom (the (x,y)-coordinates of the foot position
on the floor) are used as input variables.The foot is used as an
interface for a variety of complex actions, such as driving a
car, piloting an airplane, playing an organ or even painting and
writing by amputees. Very fine motor control can be reached
in such cases. In this study, we aim at investigating the
possibilities of using the foot in the context of embodiment of
a surgery telemanipulator.

II. EXPERIMENTAL STUDIES

Currently experiments are performed in virtual reality.
Two different experimental setups are used for studying the
possibility of performing tasks with three hands.

In the first setup there is only visual feedback and not force
feedback. Three hands appear on the screen two of which
correspond to the two real hands of the user. The third hand is
controlled by the foot. The movements of the two hands and
the foot are tracked by two Kinect® cameras. Thanks to a
software development kit from the 3Gear company, some
hand gestures and finger movements are also tracked. Since
each PC can support only one tracking server, the system
works in a network of two PCs.

-‘*7*-:--%, “—
p— el
Foot measuring Kinect ||

"\

¥ 3Cear

Figure 1 Setup for third arm experiment without force feedback.

The experimental paradigm consists of three games which
are played in increasing order of difficulty. In every game the
user has to use the three virtual hands to succeed. The first
game studies the possibility of controlling the third hand by
the foot. Three rectangles appear on the screen which the
subject has to touch as fast as possible with the three hands.
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The second game examines whether the three hands can be
moved independently in different directions. The subject
should move three objects in the direction of the arrows that
appear on the screen. In the third game the user has to do a
more complicated task. Three objects fall from top of the
screen to the bottom and the objective is to catch them before
reaching the ground. They fall faster as the player progresses

in the game.

.\_./

> \
i Hand controlled

by the foot

Figure 2 A screen shot of the first game without force feedback.

The second experimental setup includes both visual and
force feedback. Here, three virtual spherical tools represent the
two hands and the foot. Two Falcon haptic devices are used in
this experiment to provide the haptic feedback. A 2D
footmouse (without force feedback) tracks the foot movements.
The open source CHAI 3D libraries are used for developing the
virtual interface. The task is to pick up a cube with two or three
spherical tools. It is obvious that holding a cube with only two
spheres (two points of contact) and limited dry friction can be
quite hard and requires attention and dexterity. However, doing
the same task with three spherical tools is easier as the third
tool improves the stability of the grip. Although the footmouse
delivers no force feedback, the exerted force by the foot can be
sensed indirectly through the handles at the hand feeding back
the reaction forces on the cube.

Falcon A Falcon
€ .
/|

L ¥ "‘ = 4

I

L]

Footmouse :

Vel .
Foot controlled

Hand con
1

Figure 3 Top: Setup for third arm experiment with force feedback, Bottom:
Screen shot of the experiment.

We are also moving towards developing a dedicated 4 DOF
interface for the foot with several degrees of freedom.

III. RESULTS

The first experimental setup (without force feedback) has
already been tested with thirteen subjects. All the subjects
played the three games in the same chronology from the
easiest to the hardest. Each game was played at least twice.
They filled a questionnaire after each game and a set of
comparative questions at the end of the whole experiment.
Time needed to complete each task and the number of
successes and failures were recorded in each game. Results
showed that it is possible to control the third arm by foot and
the embodiment works naturally. Also the performance
improved significantly with a few minutes of practice.

4
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Figure 5 Average performance of all subjects in two trials of third game

Answers to the questionnaires indicated that subjects
develop a sense of ownership towards the third arm as they
played more. Also participants stated that in general the
experiment had not been tiring for them either mentally or
physically. Comparative questionnaires showed that the third
game enhanced the sense of ownership towards the third arm
and was more helpful in mastering the simultaneous control of
three hands. This may be because of the more interactive
nature of the third game. Also subjects gained some experience
in the past two games and this practice might have helped them
in the third game.
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Figure 6 Questionnaire results: I felt as if the virtual third
hand was my own. (1: Disagree, 5: Agree)

The second experimental setup is going to be used for
future tests.

IV. CONCLUSION

The need of teamwork in the operational room may be the
source of error and inefficiency. Providing the surgeon with a
third robotic arm may improve his/her independency and
dexterity. Therefore the feasibility of controlling a third arm in
a natural and intuitive manner (embodiment) is investigated.
Results indicate the possibility of performing tasks with three
hands, one of them controlled by the foot. Surgeons already
use the foot for simple tasks in conventional and robotic
surgery, we are interested in the possibilities of much more
complex manipulations. Questionnaire results clearly indicate
the influence of practice and the development of a sense of
ownership towards the third arm. This study is just the
beginning of a larger project aiming at greater manipulation
dexterity by merging recent advances in cognitive neuro-
sciences and robotics.

We propose to introduce the name “cognetics” for this new
research activity at the intersection of cognitive neurosciences
and robotics.
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Proximal comanipulation of a minimally invasive
surgery instrument to emulate distal forces

Cécile Poquet, Marie-Aude Vitrani, Guillaume Morel

I. INTRODUCTION

Virtual fixtures are geometrical constraints actively imposed
by a robot to its end-effector [1], [2]. They have been con-
ceived in the context of telemanipulation, where they were
applied to a motorized master arm. In this case, they constitute
an additional haptic feedback provided to the user, thus easing
the slave telemanipulator control. In the present paper, virtual
fixtures are considered in the context of comanipulation.

Comanipulation is a paradigm in which a robot and a subject
simultaneously hold a tool and perform a task. A comanipu-
lator is often used to apply virtual fixtures. A first approach
consists in imposing a given geometrical equality constrain to
the tool. For example the robot can impose that a given point
T of the tool remains still, while the tool orientation around 7'
is freely set by the user. In a second approach, virtual fixtures
can be conceived as inequality constraints, thus separating the
space into free regions and forbidden regions.

The concepts of comanipulation and virtual fixtures have
received an increasing interest in the particular context of
surgical robotics. Application examples of comanipulation in
the domain of surgical robotics concern eye surgery [3] and
orthopedic surgery [4].

Figure 1. Comanipulating an instrument through a fulcrum: the 6 DOFs
robot Apollo assists a urologist who manipulates an endorectal ultrasound
probe to perform prostate biopsies, [5]

In this paper we focus on applying comanipulation and
virtual fixtures in the context of so-called key hole surgery,
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as illustrated in Fig. 1. With this clinical practice, instruments
are introduced into the patient’s body through natural orifices
or small incisions. As a result, the instrument possesses only
4 Degrees of Freedom (DOFs): three independent rotations
around the incision point and one translation along the instru-
ment longitudinal axis.

Little literature is available of force control through a
fulcrum. Most of it proposes to integrate a force sensor at
the distal end of the instrument and to implement a distal
force closed loop controller. In the context of comanipulation,
the question of force control is not limited to the distal
interaction. Rather, it is required to deal with simultaneous
distal (instrument-organs) and proximal (instrument-surgeon-
robot) interactions, while minimizing the forces applied to the
fulcrum. To our knowledge, there is no literature dealing with
the control of the wrench applied by a robot to the handle of
an instrument in order to produce virtual fixture to its distal
end, the instrument being comanipulated through a fulcrum.
Such a configuration illustrated in Fig. 1, for two different
applications: prostate biopsies and endoscopic surgery.

II. TWO POSSIBLE CONTROL STRATEGIES

A. Problem formulation

Our aim in this paper is to evaluate how to generate
distal virtual fixtures for a minimally invasive instrument
comanipulated at its proximal end.

Figure 2. The robot shall apply a wrench {#} at point R in such a way that
a user, applying a wrench {#,,} at point U feels that a force ﬁ was applied
at point V. Meanwhile, an interaction with the entry point generates a wrench
{#}} at fulrcum F.

As depicted in Fig. 2, the instrument is modeled as a straight
line joining the proximal (user) end U to t_hf distal end D. A
frame .%; = (U, X, 1, Z1), withZ; = (1/||DUH)D_l} is attached
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to the instrument. Three wrenches are applied to the instrument
during a comanipulated experiment.
Firstly, the user applies a wrench denoted:

F,
{Wu} = _ )
Mll U

where F;, is a vector force and Mu is a vector moment applied
at proximal point U.

Secondly, the instrument interacts with the patient; the cor-
responding wrench, expressed at the insertion point (fulcrum

F) is noted:
Fy
{y/f} = - )
My ) .

where F r is a vector force and M ' is a vector moment applied
at the insertion point F.

The third wrench applied to the instrument is produced by
the comanipulator. In this paper, the robot is supposed to be
able to apply a controlled wrench:

F,
M),

where F, is a vector force and M, is a vector moment applied
at a given proximal point R.

The robot shall be programmed to apply virtual fixtures,
i.e. to emulate a force F, produced by a virtual object. In
a conventional configuration, this vector force ﬁv should be
applied at a distal point V, inside the patient, which location
is also provided by the virtual fixture generator. However, in
the configuration of minimally invasive surgery,the robot shall
apply a wrench {#,} at a proximal point W in such a way
that the user feels that the virtual wrench {#}:

E,
- {f]
0 Vv

has been distally applied.

It is important to notice that, from a mechanical point of
view, the solution to this problem is not unique due to the
presence of internal forces. We have explored two possible
strategies, described hereafter.

)]

@)

3

“

B. Exact Wrench Computation (EWC)

An immediate way to proceed is to apply with the robot
a wrench {#,} that is equal to the wrench {%#,}. This
corresponds to the conventional wrench moment displacement
formula:

—

= . = . = . (5)
0 v R_>V XE ) e —lyZ; X F, R

where Iy > 0 is defined by lyZ; = V_1>i’

C. Lever Model Computation (LMC)

Another possible approach consists of using the lever prin-
ciple, i.e. balancing the distal pure force F, with a proximal
pure force F,. With this approach, the robot is controlled to
apply a wrench with a null moment at point R (M, = 0). It
shall balance the pure force F, applied at point V, given the
particular kinematic constraint imposed by the fulcrum.

Denoting:

vafl + Fvy)_;l + szzl
; (6)
|4

0

it is straightforward to show that the equivalent lever force
applied by the robot writes:

ﬁr = —(XFVX;C’[ - aFvyyl +FVZZI
)= { @
R

—

M, =0
where @ = "2 > 0 while [r > 0 is defined by: [rZ; = FR.

D. Discussion

Two ways of computing {#;} from a given F, virtually
applied at point V are given by Eqs. (5) and (7). In theory, they
are mechanically equivalent. From a perceptual point of view,
the user may not feel any difference although the values of the
force/moment components drastically differ: force components
along X; and y; have opposite signs in both Equations while the
moment components in Eq. (5) are zeroed in Eq. (7). However,
this may result in differences in terms of forces applied at
the fulcrum (internal forces). This was investigated through
experiments.

III. EXPERIMENTS

Experiments have been conducted in order to compare the
efficiency of the two proposed approaches.

A. Experimental set-up

The comanipulator used for the experiments is a 6 active
DOFs haptic device (model: Virtuose 6D - provider: Haption).
Its kinematics comprises 3 first pivot joints that position a
point R and a 3 joint wrist realzing a ball joint around R.
Depending on the strategy to be experimented, the wrist joints
will be actuated or not.It allows controlling {%} in open loop
with a rather high precision.

A rod with a handle is connected to the robot end-effector
in order to emulate a surgical tool. To emulate the patient,
a dedicated apparatus has been designed and fabricated. It
presents flexibility (to simulate realistic conditions) and is
equipped with a force sensor measuring {#5}.

As we want to assess the efficiency of the virtual fixtures
for the two proposed control laws, the space that is behind
the drum is hidden by a screen. Therefore, the users cannot
directly visualize the probe tip position.

Three types of virtual fixtures have been implemented for
the experiments.

o Repulsive spherical region

o Repulsive plane

o Attractive line
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Orce sensor

Figure 3. Experimental set-up.

B. Experimental protocol

Fourteen naive subjects have been enrolled in the study,
aged 13 to 60. They had to perform 3 different exercises:

1) a Ball Sorting Out (BSO) exercise during which 4 virtual
spheres with different sizes were simulated by the robot
while the subjects were asked to blindly palpate them
and to sort them out from the smallest one to the largest
one.

2) a Plane Sorting Out (PSO) exercise during which 4
planes with identical geometry but different stiffnesses
were simulated by the robot while the subjects were
asked to blindly palpate them and to sort them out from
the softest one to the hardest one.

3) a Line Following (LF) exercise during which they were
asked to draw a straight line with the instrument tip
“following the robot indication”.

The general context of the study (key hole surgery) was
explained to the subjects, with particular emphasis on the
prostate biopsy procedure. This was aimed at making them
aware that during the exercises, forces applied at the fulcrum
should be minimized. Subjects were explicitly asked to pay
attention to this objective during all the exercises. They had
to perform each exercise twice: one trial for each controller,
chosen in a random order for the three exercise, thus avoiding
an influence of the learning effect on the statistical results.
However, the subjects were not aware that two different
controllers are being used. They were simply asked to repeat
twice each exercise.

Ball sorting out (BSO) In this exercise, the subject had to
put four virtual balls (randomly labeled 1, 2, 3 and 4) in order,
from the smallest to the largest. These balls all had the same
stiffness K = 200N /m while their radius were log-distributed:
R=1{1.5,2.4,3.75, 6} cm. There was only one virtual ball at
a time in the workspace. The balls were directly facing the
entry point. Whatever the ball size, its most proximal point
was always at the same location, in such a way that the user
could not distinguish balls from their locations.

The balls were presented to the subject in a random order,
then the subjects were allowed to switch to a previously
presented ball, as many times as they want. Once they tought

they had sorted out the balls, they stopped the exercise and
named the ball from the smallest to the largest.

Plane sorting out (PSO). This exercise was very similar
to the previous one, except that the subjects had to order
four virtual elastic planes (all located at the same place)
according to their stiffness, which values are log-distributed:
K = {200, 340, 580, 1000} N /m. Note that although palpating
only one point of the plane could be enough for a subject to
infer the stiffness, all the subjects decided to palpate the plane
at several locations. The exercise stopped when the subjects
named the plane from the softest to the stiffest.

Line following (LF). In this exercise, an initial configura-
tion was given to the tool by the operator. The subject had
then to make the tip of the tool go back and forth (3 times)
on a straight line at his/her own pace. The line was horizontal
but not otherwise aligned with the drum. To allow the subject
for identifying the maximum and minimum penetration depth,
marks were made on the tool.

C. Indicators

In order to assess the differences between EWC and LMC,
several physical variables are recorded during the experiments.
Among them, those that are representative of the gesture
quality (forces at the fulcrum, positioning precision, move-
ments smoothness) and the perception quality (duration and
adequacy of the sorting out exercises) are used as perfromance
indicators. Namely, the selected indicators are, for all the
exercises:

« the task completion time t,,,, Which is the time needed
by the subject to perform the exercise.

o the Spectral Arc Length SAL of the trajectories of point R
as defined in [6]. SAL is the opposite of the length along
the spectral curve of a movement. Not only is it an image
of the complexity of the movement Fourier magnitude
spectrum, but it is also dimensionless and independent
of the movement magnitude and duration. Its value is
negative; the closer it is to zero, the simpler the movement
Fourier spectrum is and thus the smoother the movement
is.

o the maximal force F,, applied by the tool on the
fulcrum.

o the mean force F,.q, applied by the tool on the fulcrum.

In addition, for LF exercise two precision indicators are used:

o the largest distance d,, from the probe tip E to the
virtual line.

« the mean distance d,;4, from the probe tip T to the virtual
line.

IV. RESULTS

Table I presents the accuracy of the subjects for the sorting
out exercises: an answer is considered correct when the subject
names the balls/planes in the right order and there is one
inversion when the subject switches two consecutive objects.

The mean value (across subjects) for the numerical indica-
tors are given in Fig. 4.
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BSO PSO
EWC \ LMC EWC \ LMC
Correct answers 7 9 6 10
Answers with one inversion 1 2 3 2
Answers with more inversions 4 1 3 0
Table I

ACCURACY OF THE SUBJECTS FOR THE SORTING OUT EXERCISES
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Figure 4. Value of the different indicators for each concerned exercise (gray:
LMC control law; white: EWC control law; black bars: standard deviation).

A Student t-test was performed for each indicator and eligi-
ble exercise in order to quantitatively assess the comparative
performances of EWC and LMC control laws. The p-values
are presented in table II. Note that in general, in the literature
of human motion analysis, a difference between observed
mean values is said to be statistically significant when the
p-value is smaller than 0.05.

[ [ BSO [ PSO [ LF
Loral 0.064 | 0.199 0.692
SAL 0.189 | 0.851 0.912
Fonax 0.337 | 0.558 0.960
Fonean 0.818 | 0.243 0.639
dinax N/A N/A 0.0001
dinean N/A N/A 0.00007

Table 11

RESULTS OF THE STUDENT T-TEST PERFORMED ON THE VARIOUS
INDICATORS AND DIFFERENT EXERCISES.

V. DISCUSSION
After the exercises were completed, subjects were asked
whether they felt a difference between the two repetitions of
each exercise. The answers we got fall in three categories:

« one subject felt more comfortable with the LMC com-
mand but wasn’t able to explain what was different from

the EWC command;

o two subjects felt that the EWC command provided “more
help” than the LMC command for the LF exercise, but
they were not able to differentiate both commands in BSO
and PSO exercises;

o ten subjects didn’t realize that there was a difference
between two repetitions of a given exercise.

This tends to indicate that both control laws are equivalently
perceived by the subjects. Again, recall that signs of the forces
have opposite signs along the lateral directions.

The p-values associated to fpra1, SAL, Fipay and Fpeq, are
above 0.05 for each exercise. It means that passing from one
command to the other does not have a statistically significant
impact on these indicators. Most importantly, the control law
was not found to influence the way the subject leans on the
insertion point when performing a given task. He controls the
force applied to point F in a comparable way under both
studied conditions.

On the other hand, the p-values for d,,, and d,;;eq, during LF
exercise are 0.0001 and 0.00007, respectively: the precision
of the line following task statistically meaningfully depends
on the command: the subjects follow the line with the tool
tip more closely under EWC command than under LMC
command. Table I shows that subjects gave better answers with
the LMC command than with the EWC answers. This indicates
that LMC command eases the size and stiffness discrimination.

From these observations, it is hypothesized that subjects are
capable of handling the two subtasks (distal virtual contacts
and fulcrum force minimization) independently. Depending on
the robot controller, they clearly must apply a wrench that
is different in order to minimize the fulcrum forces, which
they can handle without changing their ability to interpret
complimentary wrenches in terms of a distal force.

This observation has a major impact on the design of a co-
manipulator for applying virtual fixtures when comanipulating
through a fulcrum. Indeed, LMC control may be applied with
a robot that possesses only 3 actuated DOFs and a 3 passive
DOF wrist realizing a ball joint at point R.
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Abstract—Single Incision Laparoscopic Surgery (SILS) reduces
the trauma of large wounds decreasing the post-operative infec-
tions, but introduces technical difficulties for the surgeon, who has
to deal with at least three instruments in a single incision. These
drawbacks can be overcome with the introduction of robotic
arms inside the abdominal cavity, but still remain difficulties in
the vision of the surgical field.

This work is aimed at developing a system to improve the in-
formation required by the surgeon and enhance the vision during
a robotic SILS. In the pre-operative phase, the segmentation and
surface rendering of organs allow the surgeon to plan the surgery.
During the intra-operative phase, the run-time information (tools
and endoscope pose) and the pre-operative information (3D
models of organs) are combined in a virtual environment. A
point-based rigid registration of the virtual abdomen on the real
patient creates a connection between reality and virtuality. The
camera-image plane calibration allows to know at run-time the
pose of the endoscopic view.

The results show how using a small set of 4 points (the minimal
number of points that would be used in a real procedure) for the
camera-image plane calibration and for the registration between
real and virtual model of the abdomen, is enough to provide a
calibration/registration accuracy within the requirements.

I. INTRODUCTION

In open surgery of the abdominal areas, the resulting wound
carries the risk of infection or dehiscence and can contribute to
post-operative chest infection, ileus and immobility. Minimally
Invasive Surgery (MIS) can improve the physiological and
immune responses associated with open surgery, reducing the
trauma to a minimum [1][2]. Single Incision Laparoscopic
Surgery (SILS) has been advocated as the next step towards
even less invasive surgery. However, SILS introduces some
limitations: the surgeon’s maneuverability is reduced due to
the clustering of instruments in a single access port, which
increases instrument collisions. Also the surgeon has to cross
the instruments during the operation to achieve triangulation
for tissue retraction. Moreover, the freedom of movement of
the endoscopic cameras inside the patient’s body is extremely
restricted due to the single port access to the inside of the pa-
tient, decreasing the number of perspectives. Thus, structures
of interest, as blood vessels or cancer areas, cannot be seen
from different points of view, compromising the accuracy and
safety of the surgery. The operative view is also restricted and
the tactile sensing reduced, resulting in a long learning curve
and increased operative times [3].

These drawbacks have motivated the recent development
of advanced robotic systems for SILS [3]. Robotic-assistant
may be able to restore the intuitive perception of the operation
field to the surgeon. The commercial systems Da Vinci® and
Amadeus® have been modified with a set up for SILS. And
projects like SPRINT [4] are based on the concept of single
port surgery. The main difficulties for the surgeon remain the
loss of depth perception, in case of monocular endoscopic
camera, and the restricted field of view of the endoscopic
camera (usually 70° instead of 120° of the human eyes)
[5]. Another issue to be considered in single port robotic
surgery is the fact that the robot could be completely inside
the abdomen. In vivo devices need automatic tracking and
localization systems in order to know exactly their position
and to better use the potentials of the surgical tools that are
completely hidden to the eyes of the surgeons.

These disadvantages can be reduced by computer tech-
nologies by enhancing the view of the surgical field [6].
Information related to the pre-operative analysis of the disease
and to the planning of the surgery can be fused with the intra-
operative visualization of the surgical field. This gives the
surgeon all the necessary information to perform an accurate
intervention. An Augmented Reality (AR) or Augmented Vir-
tuality (AV) system allows to reduce the previously cited draw-
backs and provide a more comfortable and efficient environ-
ment for the surgeon [7]. Motivated by the increasing amount
of imaging data, which makes the analysis of 2D imagery
obsolete, current researchers investigate efficient 3D volume
rendering techniques for presenting CT or MRI data. There
are multiple software packages allowing the segmentation of
organs in CT/MR images and 3D modeling and visualization
of patient anatomy. In [8] the authors developed an augmented
reality computer guiding system combining the pre-operative
3D modeling with the intra-operative information provided by
endoscopic cameras.

In this paper we propose a novel architecture for robotic
SILS which easily allows the extraction of the a 3D model
of the patient from a CT scan, acquired during the pre-
operative planning, and the use of it during the intra-operative
phase. This architecture allows the guidance of the surgical
intervention improving the operative vision and the safety of
the system. In this work we present a pipeline for the extraction
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of the surface rendering of abdominal organs, and the devel-
opment and evaluation of the intra-operative assistive system.
In a first implementation, the system accuracy required by our
team of surgeons has to be inferior to 10mm, considering the
motion of the organs due to heart beating and breathing. Future
development has to take into account this important issue.

II. SYSTEM DESCRIPTION

The following subsections describe the proposed virtual as-
sistive system. In the pre-operative phase a pipeline developed
in 3DSlicer [9] allows to create a virtual model of the specific
patient. While in the intra-operative phase, the coexistence of
virtual and real surgical environment enhances the information
required by the surgeon.

A. Pre-operative Pipeline

Providing a 3D visualization of the pre-operative patient
data is the first step to develop an enhanced vision sys-
tem. It helps the surgeon to view the entire model of the
abdomen and to identify and highlight important structures,
such as main vessels or cancer areas. The extraction of such
information is fundamental during the surgery. The main
targets, suggested by surgeons with experience in abdominal
surgery, are: liver, kidneys, spleen, gallbladder, aorta and main
veins. A standardization of a workflow for segmentation and
surface rendering of anatomical structures from pre-operative
abdominal CT-scan was designed and developed, using already
implemented modules of the open-source software 3DSlicer.
The segmentation of the organs is initialized by drawing a
seed on CT slices. An active contour model then evolves to
segment the organ in the sagittal, coronal and axial planes [10].
The 3D surface model is computed through a marching cubes
algorithm, using triangle reduction and triangle smoothing
algorithms [11]. This process can be realized by a trained
technician using only a few mouse clicks. An example of the
different capabilities of this module is shown in Figure 1.

B. Intra-operative Virtual Environment

During the intra-operative phase, in our setup, the surgeon
is performing the operation through a small incision using
a robot. The arms of the robot are completely inside the
abdomen and are controlled by the surgeon from a remote
console. The surgeon lacks of direct visual feedback since
he cannot view directly the robot arms. The feedback of the
surgeon is provided only by the stereo cameras mounted on
the robot. However, the field of view of the stereo-cameras
is restricted with respect to the field of view of the human
eyes, and the cameras show only a small portion of the
surgical scene. This is not enough in case of robotic single
port surgery, since single port robotic procedure requires to
view the pose of the robot and of the tools with respect to
the organs in order to perform surgery safely. Usually AR is
proposed in order to superimpose pre-operative information on
the real images, adding knowledge related to the pathology of
the patient. This technique is used only in specific particular
moments during the surgical procedure, because the physician

Fig. 1. Sample views of 3DSlicer showing different representations of a man
abdominal model extracted from a CT scan. a) This image shows the model
of the skin. b) The software allows to put the skin in transparency to visualise
the internal structures. ¢) Representation of the internal structures with a color
labeling code. d) It is also possible to highlight target structures (vein, aorta
and liver).

Fig. 2. This figure represents the virtual environment viewed by the surgeon
during the surgical operation. a) The view of the entire abdomen makes
possible to visualise at run-time the motion of the surgical tools inside a
virtual abdomen patient-specific. b) The virtual camera image plane shows
the structures visualized by the camera form the same point of view in the
virtual environment.

prefers to work without superimposition for a long time. In
our system we propose the coexistence of virtual and real
environment representing the surgical scene during the entire
surgery, instead of AR. It consists of two main views, showed
in Figure 2:

o view of the entire abdomen: In this view, the recon-
structed 3D patient abdomen anatomy is displayed to the
surgeon intra-operatively. The system allows to add or
remove structures; to rotate and translate the model in
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order to view the structure of interest from different points
of view; and to change the transparency of the organs
to see the internal vessels or cancer areas. Moreover,
the virtual robot and its camera can be added to the
reconstructed patient model. If the real pose of the robot
is known, the virtual model of the robot can be mapped to
the real one. The surgeon views in the virtual environment
the same elements of the reality navigating in the patient
abdomen following its real motion.

o view of the virtual camera: Alongside the view of the
entire abdomen, the image plane of a virtual camera is
used to mimic the point of view of the real camera.
In this work, we simulate the camera attached to the
robot with a simple webcam, that is tracked by an
optical tracker. In order to know the position of the
real image plane, a camera-image plane calibration is
computed. First, a planar chessboard is used to compute
the intrinsic parameters of the camera. On the same
chessboard, four points are identified both by the camera,
using image processing, and by a pointer tracked by the
optical tracker. Using the positions of the same corners
in the reference frame {/magePlane} and {Tracker} it
is possible to compute the transformation T%Z‘ﬁif lame
But T."9¢Plane il has to be known. Knowing the
position of the camera in {Tracker}, the transformation
TLme9ePlane is computed, as shown in Equation 1. Figure
4 explains the relation between the different reference
frames. In order to have correspondence between the real
and virtual model, a virtual-real 3D/3D registration is
computed. It consists in the rigid point based registration
[12] of the virtual model on the real abdomen of the
patient. The same fiducial landmarks are selected on
the virtual model, positioning virtual fiducial points and
on the real patient pointing the same landmarks with a
tracked pointer, as shown in Figure 3. Using three or
more points the transformation between the two model
is computed and the virtual model is re-oriented. In the
evaluation of the virtual assistive system we simulate a
patient using a simple chessboard and we decided to use a
minimum number of points in order to simulate as much
as possible the real procedure executed by the surgeon
during the surgery. In the real scenario, the surgeon would
choose external anatomical landmarks easily identifiable.

ImagePlane __ Cameray—1 ImagePlane
TCamera - (TTracker ) TT'racker (1)

III. EVALUATION

The evaluation of the system is done by testing the virtual-
real 3D/3D registration and the camera-image plane cali-
bration. These procedures affect the accuracy of the guiding
system.

Regarding the registration between the real and the vir-
tual model, a virtual and real planar chessboard is used to
evaluate the registration error. 12 corners are selected in
{RealWorld} using a pointer tracked by the optical tracker

(a) (b)

Fig. 3. a) This figure shows the virtual model of the chessboard used for
the simulation of the registration process. In 3DSlicer the surgeon selects the
fiducial landmarks, in this case four corners. b) The same fiducial landmarks
are pointed on the real model with a pointer tracked by the Optical Tracker.

Points

Points

ImagePlane

ImagePlane”
ImagePlane y

Points

Camera mImagePlane

Tracker Tracker

Tracker

Camera

Tracker

Fig. 4. Relation between the different reference frames used during the
camera-image plane calibration.

and in {VirtualWorld}, adding points on the chessboard
in the virtual environment. The T} irfualWorld g yged to
re-project the 12 points selected from {RealWorld} to
{VirtualWorld}. The registration error is calculated with the
Root Mean Square Error (RMSE) of the point distances, as

shown in Equation 2.

12 2 2 2
_ z + +
RMSE \/Zn—l(pz py pz) (2)

n

In Table I we can see the results of the registration
procedure, which was executed 10 times. The mean of the
registration error was 4.13mm.

TABLE I
EXPERIMENTAL MEASUREMENTS OF THE REGISTRATION ERROR
Trial 1 2 3 4 5
RMSE (mm) || 3.65 | 4.15 | 429 | 439 | 412
Trial 6 7 8 9 10
RMSE (mm) || 3.65 | 340 | 4.17 | 422 | 3.79
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The same evaluation was performed to test the camera-
image plane calibration. 8 points were selected in
{ImagePlane} using image processing function for the cor-
ners detection and in {T'racker} using a tracked pointer. Table
II shows the calibration error in 10 trials. The median value
of the error was 1.72mm.

TABLE II
EXPERIMENTAL MEASUREMENTS OF THE CAMERA-IMAGEPLANE
CALIBRATION ERROR

Trial 1 2 3 4 5
RMSE (mm) || 225 | 2.32 | 2.03 | 1.09 | 1.07

Trial 6 7 8 9 10
RMSE (mm) || 1.58 | 1.90 | 1.84 | 1.61 | 1.43

Note that the registration and calibration errors are affected
by several factors: the accuracy of the optical tracker, the
accuracy of the pointer, the human error in the positioning of
the pointer and the precision of the recognition of the chess-
board corners. The optical tracker used for the experiments
was an Optitrack Motion Capture System (NatualPoint). In our
setup, it was composed by four cameras, covering a volume
of around 1m3. The obtained mean error of system calibration
was 0.2mm.

The position of the tip of the pointer was computed using
the pivoting method. In this method the tip of the pointer is
maintained in a fixed position, while the pointer is rotated
along two perpendicular axes. Consequently, the position of
the tip of the pointer is calculated as the center of the sphere
described by the markers. The maximum residual error of this
procedure was 0.59mm.

IV. DIscUSSION AND CONCLUSION

The system presented in this paper is aimed at enhancing
the information that the surgeon receives during robotic SILS.
Using the pre-operative pipeline, the surgeon can extract
3D surface models from CT scans of the patient with a
few mouse clicks. During the surgery, semi-automatic point-
based registration of the virtual abdomen on the real patient
creates a connection between reality and virtuality. The virtual
environment, composed of the view of the entire abdomen
and the view of the image plane of the virtual camera, makes
possible to visualize at run-time the motion of the robot and
of the surgical tools inside a virtual abdomen specific for each
patient. The possibility to change the transparency of the skin
allows the surgeon to plan the entry point, adjusting the access
region with respect to the target to reach. Moreover, the virtual
camera image plane shows the structures visualized by the
camera from the same point of view in the virtual environment.
Adding or removing organs in the virtual patient enables the
visualization of the hidden structures using transparencies and
to zoom out if the surgeon desires to view a wider field of
view.

The results obtained form the virtual-real 3D/3D regis-
tration and the camera-image plane calibration are within
the specification requirements of the surgeon (accuracy below

10mm). Regarding the virtual-real 3D/3D registration results,
it has to be considered that we used only four points for the
registration of the models, in order to simulate as much as
possible the real procedure executed by the surgeon during the
surgery. In a real scenario, the number of available reference
points would be very limited, so the system was tested
under that assumption. However, there are several sources that
influence the accuracy of the registration, such as the inherent
error of the Optical Tracker and the tool calibration, which
can be improved in future developments.

V. FUTURE WORKS

The presence of a virtual environment representing the
reality during the surgical operation is an additional tool,
which could improve the safety of the robotic surgery. Future
tests will be aimed to evaluate the usability of the virtual
environment.

Considering the drawbacks of organs motion due to breath-
ing, blood circulation, and surgical tool interaction, a future
goal is to track abdominal structures and to adjust at run-
time the registration of the virtual model. The final system
will consist also in a 3D reconstruction of the surgical field
using stereo cameras and in the definition of dynamic active
constraints, which will adapt in real-time to compensate for
tissue motions and deformations.
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Abstract—Interest for robotic assisted minimally invasive
surgery (MIS) is rising, both in the technical and clinical
communities. Since in MIS all instruments enter the body through
small incisions in the skin that are placed carefully at pre-
planned and well-defined locations, MIS robots should respect
these incisions during the operation. Virtually every MIS robot
is therefore foreseen of some means, be it mechanic or software-
based, to pivot the instruments it is handling about a fixed point
in space also referred to as Remote Center of Motion (RCM).
The quality of such means is however only as good as the quality
of the knowledge of the location of the incision and the accuracy
at which the robot can be programmed to align its RCM with
the incision point.

In previous work the authors proposed a method and algo-
rithm that allows to estimate the location of an optimal pivot
point (OPP) at the incision. Here the authors address the second
part of the problem, namely the alignment of a surgical robot
with the OPP. The proposed method consists of first identifying
the OPP and then tracking the robot’s RCM in 3D in order to
guide the user towards the OPP using simple buttons attached on
the robot itself. Preliminary experiments carried out showed that
it is possible and easy to align the remote center of motion of
a robot using the proposed method. Guidance allows a higher
positioning precision compared to manual positioning. Future
work will be directed towards a thorough validation using a
realistic force-sensitive mockup and comparison with manual and
visual methods used in current practice.

I. INTRODUCTION

In minimally invasive surgery (MIS), surgeons typically
insert a camera and small instruments (diameter 3 to 12 mm)
inside the body of the patient through a trocar in order to
perform a surgical act. This type of surgery induces low
recovery time and morbidity rate, which is beneficial to the
patient. However, the surgeon’s performance is impeded by
several factors, among which the limited vision, uneasy hand-
eye coordination, lack of haptic feedback, etc. On top of
those, the keyhole at the incision point restricts the degrees
of freedom of the instruments to only four.

In order to improve this situation, robotic devices have
been designed to help the surgeon. One important requirement
is to limit the stress on the body wall by respecting the me-
chanical constraints imposed at the incision. Therefore, several
approaches have been adopted. Passive pivoting approaches
make use of a two degrees of freedom passive joint at the end
of the robot [1, 2]. This approach ensures that the instrument
freely rotates and aligns with the trocar point. However, the un-
certainty on the exact location of the insertion point make the
control in Cartesian space imprecise [3]. Software approaches
make use of a redundant robotic arm and appropriate control

software that ensures that the instrument passes through the
trocar point at all times [4]. Finally, mechanical approaches
use constrained kinematic structures to force the instrument to
rotate around the incision point, either using a local approach
(LCM) [5] or a remote center of motion (RCM) [6, 7, 8].

Surgical robot

Incision point

Inhomogeneous
body wall

Variable depth,
few mm to >10 cm

Figure 1. Alignment of a robot with the incision

All those methods have in common that their functionality
depends on a good alignment of the robot’s center-of-motion
with the incision point. However, few efforts have been made
so far in order to 1) determine the location of an optimal pivot
point at the incision and 2) align the robot with that point.
The challenges are illustrated on Fig. 1. Simply aligning the
robot’s RCM with the incision point at the outer surface is not
an option as its optimal position is often significantly lower
than the incision point due to the thickness of the body wall.
The tissue thickness can range from a few to more than 80
millimetres depending on the location of the incision and the
patient’s morphology [9, 10]. In the case of the da Vinci robot
(Intuitive Surgical, USA), dedicated cannulas with markers are
employed to visually align the remote center of motion (RCM)
of the robot with respect to the inner part of the body wall [11].
This approach is simple and practical but there is no guarantee
that the robot’s RCM will be placed properly. Moreover, it
is difficult to extend that type of RCM placement to future
operations such as single-incision surgery, since it needs direct
camera vision of the trocar inside the body cavity and the
camera would be, in the latter case, inside the trocar.

The few studies that did look at estimation of the inci-
sion’s point location either focused only on passive pivoting
robots [3, 12], requiring special instrumentation, or on pre-
viously acquired or manually input information: instrument
tracking prior to detection in [13], black instrument on white
background in [14], manual input in [15, 16]. Recently, the
authors presented a convenient, cheap and reliable method
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that allows to estimate the location of an optimal pivot point
(OPP) at the incision [17]. In this paper, a method is proposed
for aligning the RCM of a surgical robot with the OPP.
Section II briefly presents the method for estimating the OPP
and the robot alignment procedures. Section III discusses the
experiments and results. Finally, section IV concludes the
article.

II. METHODS

This section briefly reviews the method for estimation of
OPP and introduces an intuitive approach to guide the surgeon
in aligning the robot’s motion center with the OPP.

A. Estimation of the OPP

The proposed method to estimate the OPP is depicted on
Fig. 3. It is a fast, low-cost approach that allows to estimate
the position of the OPP in 3D within a few seconds. Similarly
to methods used with passive pivoting robots [3, 12, 13], it
is based on the assumption that an instrument gently moved
inside the trocar (i.e. no torque imposed at the handling point)
will rotate around the OPP, i.e. the point that minimizes the
interaction forces with the patient. Therefore, the surgeon is
asked to move an instrument of his choice in the trocar for a
few seconds, applying as low torque as possible on the handle.

Instruction to the surgeon:
apply minimal torque _—"
on the handle during

calibration gesture

Stereo camera
looking at the scene

Move 5-20s

5-10 mm
'« diameter
instrument

OPP

Body wall

Figure 2. General workflow for estimating the OPP

Images are used for estimating the OPP. Contrarily to
previously published works that used the endoscopic images,
two external cameras that look at the scene from a distance (30
cm to a few meters) are used. This allows to avoid the problem
of endoscopic camera calibration (external cameras can easily
be pre-calibrated for their intrinsic and extrinsic parameters
provided that they are rigidly fixed together). Moreover, those
cameras can be placed anywhere in the operating room, for
instance on the endoscopic tower, provided that they look at
the scene.

Once the surgeon made the calibration gesture, a dedicated
RANSAC-based algorithm is used to extract the OPP. This
algorithm allows to differentiate the instrument lines (modelled
as moving inside a cone whose apex is the OPP) from
background and other lines. The algorithm is described in
greater details in [17]. Validations using dedicated rigid and
flexible mockups mimicking the abdominal wall showed that
the method is robust and reliable: the 3D location of the OPP is
estimated in the frame of the cameras with an average error of
less than a few millimeters. Moreover, the algorithm is robust
to different lighting and background conditions.

Image plane

} Focal point

Figure 3. Lines of the instrument during the calibration gesture (inside the
cone C) project into a set of lines L in the image plane of each camera (one
represented here)

B. Estimation of the position of the robots RCM

Without loss of generality, the focus here is on RCM
mechanisms since the robot that is available for experimental
validation makes use of that technology. Once the calibration
gesture has been performed and the OPP is estimated, the robot
can be positioned in order to minimize interaction forces at the
trocar. However, since the OPP estimation is an image-based
method, the OPP location is known in the camera frame F.
Therefore, it is necessary to express the RCM position in the
same frame F. This can be done, for instance, by tracking
salient features on the robot and knowing their position with
respect to its RCM by registering them with the CAD model
of the robot.

M
L]
u \
RCM

Lo__Y
---- 2 F
X C

w
OPPe
Figure 4. Relation between the different points in the system. Fio is the

stereo camera frame in which the OPP position is estimated, M is the marker
that is used. All vectors are 3D vectors.

For practical purposes, a simpler approach is used here.
A fiducial marker is placed at a fixed position on the robot
in order to be tracked by the cameras. The ArUco library is
used, since it provides highly reliable and fast tracking [18].
The center of the marker is extracted in real-time, and its 3D
position in F is estimated using the pre-calibrated intrinsic
and extrinsic parameters of the cameras.

The problem is illustrated in Fig. 4. One wants to estimate
the value of x in the frame F¢, knowing v from the marker
tracking and w from the OPP algorithm. The relation is then
X =u+ v — w. In order to estimate the value of u the OPP
algorithm is used. By making the robot, holding an endoscope,
moving around its RCM for a few seconds, the position y of
the RCM in F can be estimated. Because the marker M is
at a fixed place on the robot, the vector u does not change
in time and is therefore calibrated as u =y — v. In practice,
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this experiment is run several times and the average position
of the RCM is used in order to increase the precision.

C. Robotic guidance for RCM alignment

Once the position of the OPP and the robots RCM are
known in the same frame, guidance can be provided to the
user in order to align them. In order to let the surgeon maintain
maximal control over the procedure, and for safety reasons,
the robot is not allowed to move independently. Rather, we
propose to use buttons on the robot that move the RCM in
the Cartesian space. Guidance is provided to the user in two
ways. First, the distance between the OPP and the RCM is
output on a screen. Second, the user can only move towards
the OPP, i.e. pushing a button that would result in moving the
RCM farther away from the OPP will not move the robot.

III. EXPERIMENTAL VALIDATION

A. Experimental setup and protocol

Buttons

s

Figure 5. Experimental setup. a: overview of the robot and setup; b: buttons
to align the RCM; c: marker used for tracking of the RCM

The experimental setup is depicted on Fig. 5. The robot
that is used is the VESALIUS robot that has been developed
within the KU Leuven and that is based on the Adjustable
Remote Center of Motion mechanism [8]. Note that the current
embodiment of the RCM adjustment mechanism only allows
to move it in 2 DOF, namely in the x and z directions (see
Fig. 5). Therefore, the four buttons (Fig. 5b) can be directly
mapped to the directions in which the user moves the RCM.
The alignment of the RCM in the y direction is manually made
before the experiments.

Two RCM alignment modes are tested during the experi-
ments. In the manual mode, the user can directly control the
position of the RCM using the buttons, without any restriction
but also without any guidance. Note that during the alignment
phase, the robot is positioned such as the tip of the held
endoscope coincides with the position of the RCM (see Fig. 5)
As such, it provides a visual indication of the RCM position
in space. In the semi-automatic mode, the user must first
perform the calibration gesture in order to estimate the OPP
position and then is guided for alignment as described in
subsection II-C.

For experiments in both the manual mode and the semi-
automatic mode the OPP was estimated by making the cali-
bration gesture in order to get a reference point. The thickness

of the flexible wall (4cm) was known to the user and the robot
was placed in a position where the tip of the instrument is
at the RCM (see Fig. 5) in order to be able to estimate the
correct position of the RCM visually for manual alignment.
For each experiment, the positioning error between the OPP
and the RCM was recorded when the user was satisfied by the
result.

B. Results

An expert carried out 7 manual alignments and 5 guided
alignments of the RCM of the robot. The results are gathered
in table I. e, and e, are the projections of the error vector in
the x and z directions (see Fig. 5).

Manual mode Semi-automatic mode

[0 e e €r e e
Average | 4.5 | 2.1 | 52 Average | 0.2 | 09 | 1.1
Std. dev. | 0.5 | 2.1 | 1.1 Std. dev. | 0.5 | 0.8 | 0.6

Table I. POSITIONING ERRORS DURING THE EXPERIMENTS. ALL

VALUES ARE IN MM

One can see that the average error is much smaller in the
semi-automatic mode than in the manual mode. This tends to
show that the guidance provided in the semi-automatic mode
is effective in reducing the positioning error made by the user.
However, statistical significance could not be achieved because
the number of experiments was not large enough.

The user subjectively preferred the semi-automatic mode
over the manual mode because the feedback of the robot
gave confidence during the positioning task. From the fact
that the situation was simplified during the experiments (2
dof alignment, known body wall thickness, homogeneous body
wall) one can conclude that this guidance will most probably
become even more useful and appreciated in a real surgical
situation. There was no significant difference in time between
the experiments.

IV. CONCLUSION

This paper presents a method for semi-automatically align-
ing a surgical robot at the optimal pivot point in the incision,
in order to minimize the forces applied on the patient. The
proposed method makes use of the OPP estimation algorithm
that has been previously published by the authors in order to
estimate that point.

Experiments carried out with a surgical robot making use of
a mechanical remote center of motion suggest that this method
is reliable and intuitive, and allows to position the RCM of a
robot with higher precision than in a manual way. The authors
want to stree the point that the method is nevertheless not
reduced to remote center of motion-type of surgical robots.

Further work will be directed towards the estimation of the
forces applied to a realistically simulated body wall. A thor-
ough comparison with all kinds of visual and manual alignment
approaches used in current practice is also considered.
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Abstract—This paper describes the implementation of two
assistive technologies for laser microsurgery into an experimental
surgical platform. These technologies enable the monitoring of
the state of tissue during the execution of laser resections.
Specifically, the focus of these technologies is on the estimation of
the laser cutting depth and the thermal state of tissue during laser
irradiation. The estimations rely on mathematical models capable
of mapping the applied laser energy to the resulting effects on
tissue. These models have been integrated to an experimental
surgical setup, thereby allowing the implementation of prototypes
of the proposed technologies.

I. INTRODUCTION

Transoral Laser Microsurgery (TLM) denotes a set of
surgical techniques aiming at the treatment of laryngeal cancer.
These procedures consist of inserting a laryngoscope into
the oral cavity down to the larynx, thereby allowing tumor
visualization. The tumoral mass is resected with a laser, the
carbon dioxide (CO3) laser is commonly employed for this
task [1]. Clinicians visually determine the amount of tissue
that should be removed to ensure the complete eradication
of the tumor (Fig. 1). Radical organ resection is commonly
considered a last resort for the treatment of late stage can-
cers [1], [2]. Where applicable, organ preservation strategies
are employed. These include limiting the amount of healthy
tissue that is removed during the intervention, as well as
minimizing the thermal damage inflicted by the laser on
surrounding structures. The execution of accurate resections
with minimal collateral damage requires precise control of the
effects of the laser on tissue.

Technologies commercially available for TLM do not in-
clude any support for sensing the state of the tissue during
the intervention. The quality of resections relies entirely on
the dexterity and experience of clinicians. Extensive training
is required to develop an effective laser cutting technique. This
includes the acquisition of a basic knowledge of the physical
principles behind laser ablation of tissue; the ability to ma-
nipulate the laser dosimetry parameters and its exposure time
in order to obtain adequate cutting [1], [2]. Laser parameters
used in clinical practice include power, energy delivery mode,
pulse duration, incision scanning frequency and exposure time.
At present times, no standard recipe exists to determine the
parameters and the exposure required to obtain an optimal
incision. Physicians use different settings, depending on their
skills, experience and preferred technique [1].

Based on the limitations above, we recently proposed
the concept of two assistive technologies for laser micro-
surgery [3]. These technologies enable the on-line monitoring
of the laser incision process [4], providing visual information

laser beam
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incision line | P"N
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Transoral Laser Microresection of a Squamous Cell Carcinoma
affecting the left vocal fold. The tumor is resected through several laser passes
along an incision line. Forceps are used to apply traction on the tissue while
the incision is performed.

Fig. 1.

that supports the decision making process of the surgeon.
Specifically, these technologies produce estimations of (i) the
laser cutting depth and (ii) the variation of tissue temperature
produced by laser irradiation. Extending the work presented in
[3], prototypes of these technologies have been implemented.
Here, we describe the implementation of these prototypes into
an experimental system for TLM.

II. METHODS

Finding effective techniques to monitor the state of tissue
during laser treatment is an active area of research. Different
approaches have been proposed to estimate the temperature of
tissue [5] and the depth of laser incisions [6], [7]. However,
none of these approaches can be straightforward employed
during Transoral Laser Microsurgery (TLM). Some of them
require the introduction of invasive sensing devices in direct
contact with the surgical site. This is impractical in a TLM
setup due to space constraints: the small size of the larynx
does not offer enough volume for the introduction of additional
equipment. Non-invasive techniques are available, still these
may require the introduction of substantial changes to the
medical protocol, e.g. the use of MRI-compatible equipment.

As an alternative to previously proposed approaches, we
implemented online monitoring of tissue using a virtual sens-
ing approach [8]; i.e. we used mathematical models that map
the application of laser inputs to the resulting effects on tissue
(incision depth and temperature variation). It was shown that
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Fig. 2. Incision profiles produced with increasing exposures times (2.5, 3.5
and 4.5 s) and constant power density, scanning frequency and length. In order
to get a complete exposure of the crater profile, targets were sectioned into
thin slices (30 pm) with a cryostat microtome.

Laser Incidence Point
"Q |
\"l

Tissue Target

Fig. 3. Raw thermal image of a tissue target during laser irradiation. Brighter
colours represent higher values of temperature.

machine learning methods can be used to generate models
compatible with the set of laser inputs typically used during
surgery [9], [10]. Data needed for the learning task was
collected during controlled laser experiments.

A. Model of Laser Cutting Depth

This model takes as input the laser parameters and the ex-
posure time an produces an on-line estimation of cutting depth.
The model is based on statistical regression analysis, i.e. is
generated using data captured during real laser incisions. Data
used to produce this model was collected during experiments
involving laser incision of ex-vivo soft tissue (chicken breast).
Laser trials for different values of exposure time have been
performed; the resulting depth of incision was measured with
a microscope (Fig. 2).

B. Model of Tissue Temperature

This model estimates the superficial temperature of tissue
during laser ablation. The estimation is based on the laser
parameters as well as the total exposure time. The model is
created through non-linear regression analysis of experimental
data. Controlled laser experiments have been performed to
gather data for the approximation task. During these experi-
ments, we recorded the superficial temperature of tissue using
a thermal camera (Fig. 3).

III. TECHNOLOGY IMPLEMENTATION

This section describes the implementation of the technolo-
gies to monitor the laser incision depth and the temperature of
tissue. These technologies have been integrated in the pRALP
platform, an experimental surgical system being developed
for transoral laser microsurgery [11]. The system features an

.
head-mounted display

Fig. 4. Here, the surgeons use a recently developed user interface [13], which
allows them to visualize the surgical site through a head-mounted display
(HUD), while controlling the position of the laser beam using a virtual scalpel
(stylus and graphics tablet).

endoscopic device [12] which is inserted into the larynx and
delivers the laser beam to the surgical site. A computerized
surgeon-machine interface [13] allows to control the system.
This system is shown in Fig. 4. A graphics tablet is used for
laser aiming; three-dimensional visualization of the surgical
site is offered by a binocular Head Mounted Display.

The integration of the models described in section II was
accomplished at a software level. The Microralp system adopts
a distributed software architecture: different subsystems are
managed by distinct software modules, each instantiated as
a separate Operating System (OS) process. These processes
interact through a message passing scheme. The Robot Op-
erating System (ROS) is used as communication middleware.
The inclusion of a new module in the system requires the
specification of its interface, i.e. the information it exchanges
with other processed of the system.

The models are encapsulated into shared libraries (.so)
and instantiated by a software module called the Cognitive
Supervisor (CS). This module is responsible for feeding the
models with the required input and for distributing their output
to other software components. The interconnection of this
module in the Microralp software architecture is shown in
Fig. 5. The CS is enabled by the laser activation signal emitted
by the laser controller (ROS Actionlib). During the application
of laser power on tissue, the supervisor module produces two
distinct messages; these contain estimations of the current
depth of incision and tissue temperature. This information is
made available to the user interface through publication on
specific ROS topics. To produce the estimations mentioned
above, the CS needs to know the laser dosimetry parameters
in use (laser power, scanning frequency, delivery mode). These
parameters are set by the user through the system interface and
made available under the form of ROS parameters.

The surgeon interface has been customized in order to
display the information produced by the CS. An example
is shown in Fig. 6. A widget was added to the surgical
viewer, which shows the progression of the incision depth. This
information is represented both numerically (in millimetres)
and graphically through the use of a coloured bar gauge.
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Fig. 5. Coordination of the software processes involved in the on-line estimation of laser cutting depth/thermal state of tissue. The estimations are calculated by
the Cognitive Supervisor (CS), based on mathematical models that are loaded from file. The laser parameters required to calculate the estimations are received
from the User Interface. The CS is synchronized with the activation signal produced by the Laser Controller. When the laser is activated, the CS delivers the

output of the models to the User Interface, by means of a continuous flow of messages.

PRSI incision

On-line estimation of cutting depth. A number indicates the depth
of incision in millimetres. The same information is represented visually by
means of a coloured bar gauge. The top limit of the gauge represents a safety
threshold which triggers a warning signal when a certain incision depth is
exceeded. The value of the threshold can be configured in the software.

Fig. 6.

IV. CONCLUSION

This abstract has presented the development of novel
assistive technologies for transoral laser microsurgery. These
technologies aim to enhance to perception of the clinicians
about the state of the tissue during the intervention. At the
present time, no other assistive system exists that allows
clinicians to monitor the effects of laser radiation on tissue
during the execution of resections. Providing clinicians with
such facilities will enable a better control of the laser incision
depth, while maximizing the preservation of healthy tissues.
This will create unprecedented levels of surgical precision,
quality and safety.

The implementation of these technologies in an experi-
mental surgical platform was described. Future efforts will
be oriented towards the evaluation of this technologies in a
clinical environment.
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FUTURA: a computer-assisted robotic platform for
high-intensity focused ultrasound
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Abstract—FUTURA (Focused Ultrasound Therapy Using Ro-
botic Approaches) is a European 7™ research framework project
aiming at creating an innovative robotic platform for non-
invasive interventions. Focused Ultrasound Surgery (FUS) is the
ideal benchmark for robotic surgery. Merging surgical robotics
together with non-invasive ultrasound monitoring and therapy
has the ambitious goal to improve precision and accuracy of the
intervention, thus enabling a large use of this therapeutic strategy
for the treatment of different pathologies. Aim of this work is to
present the concept and project objectives to the Robotics Com-
munity.

Keywords— Focused Ultrasound Surgery; Computer-assisted
robotic platform;US-imaging.

I. INTRODUCTION

In the last century, medicine showed considerable ad-
vancements in terms of new technologies, devices and diag-
nostic/therapeutic strategies leading to a significant reduction
of invasiveness and an improvement of surgical outcomes.
Advanced technical capabilities have been reached mostly by
Information and Communication Technologies (ICT technolo-
gies), which dramatically grow up the medical field. In par-
ticular, applications of robotics in surgery and in therapy de-
livery have several advantages, including augmented task pre-
cision, dexterity, and repeatability [1], extending the ability of
surgeons to plan and carry out surgical interventions more ac-
curately and less invasively. Robots assist surgeons in treating
patients by moving surgical instruments, but these motions are
even controlled by the surgeon in different ways [2]: 1) pre-
programmed, semi-autonomous motion, ii) teleoperation or iii)
hands-on compliant control. In a pre-programmed robot, the
movement of a tool is earlier specified by the surgeon. The da
Vinci robot (http://www.intuitivesurgical.com) is the paradig-
matic example of telesurgery system where the surgeon speci-
fies the desired motions directly through a dedicated human
machine interface. Finally, in a hands-on compliant control the
surgeon grasps directly the surgical tool supported also by the
robot’s end-effector. However, real translation of robots into
the operating room is still far from being achieved, especially
considering that requirements for integration are completely
different than those for industry applications, where robots are
predominant [3]. Moreover, from a technical viewpoint, en-
cumbrance and rigidity of tools, as well as the lack of haptic
feedback, remain major limitations of these systems [4, 5].

From a clinical viewpoint, the ideal and paradigmatic ex-
ample of Minimally Invasive Surgery (MIS) is whenever the
therapy can be completely non-invasive, such as, for example,

in Focused Ultrasound Surgery (FUS), also referred as High
Intensity Focused Ultrasound (HIFU). FUS involves the
transmission of acoustic energy through the body from an ex-
ternal source: being the transducer focused, large levels of en-
ergy can be deposited in very small spots, thus causing tissue
necrosis, while preserving healthy tissues outside the target
area. FUS has been used extensively in the treatment of uter-
ine fibroids (in excess of 10.000 patients worldwide) as well
as being shown to be an effective treatment for painful bone
metastases. Early studies on its use for the treatment of breast
cancer, prostate cancer, and pancreatic cancer have demon-
strated very encouraging results that support further research.
It will also be possible to treat kidney and liver tumours soon
as new developments to solve the problem of respiratory mo-
tion are implemented (www.fusfoundation.org). However, this
technique suffers from some drawbacks, such as limited preci-
sion, repeatability and highly operator-dependence [6] which
narrow the applicability to non-moving and non-essential or-
gans, mainly under guidance of Magnetic Resonance (MR).
These limitations are mainly due to the low frame rate of MR
Imaging (MRI), in particular as regards thermal mapping se-
quences, which are fundamental for monitoring the therapy.
This frame rate (i.e. in the order of 1 Hz) is not compatible
with motion compensation of physiological movements
(mainly breathing). Furthermore, the specificity of the current
devices (i.e., one FUS instrument for one or few pathologies)
makes market penetration slow and difficult. Finally, HIFU
therapy is still strongly operator-dependant, and the flow of
information to the operator is incomplete. A robotic-assisted
approach may offer the chance to overcome these limitations,
improving robustness, accuracy, repeatability and safety of the
therapy [7]. Moreover, robotics enables a large use of FUS for
the treatment of different pathologies accessible to a high
number of patients and virtually performed in many healthcare
centers without requesting extremely expensive and dedicated
instrumentations (such as the MRI).

In this framework, a European 7™ research framework pro-
ject stemmed from the idea to develop an autonomous, multi-
functional and multi-robotic assisted surgical platform able to
perform non-invasive FUS therapies applied to deformable
tissues. FUTURA (Focused Ultrasound Therapy Using Ro-
botic Approaches) project (www.futuraproject.eu) proposes a
robotic approach for FUS therapy. The robotic platform is ex-
pected to operate into the surgical room, which appears as an
unstructured and extremely critical environment; perception
capabilities and understanding will be augmented by merging
external sensors and internal control strategies. Robot co-
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operation, robot collaboration, and robot interaction, both with
medical doctors and patients, represent the core of the project.
FUTURA will address all these issues by integrating cognitive
processes in the operational workflow, all blended with state-
of-the-art, flexible and safe instruments and techniques for
therapy planning, delivery and monitoring.

Aim of this work is to present the FUTURA concept, the
project objectives and the status of the activity to the Robotics
Community, for encouraging an active discussion about this
topic of surgical robotics.

II. FUTURA PLATFORM OVERVIEW

As already mentioned, FUTURA proposes an autonomous,
multifunctional and multi-robotic robotic-assisted surgical
platform able to perform non-invasive FUS therapies applied
to deformable tissues. The expected contribution is to advance
robustness, accuracy, precision and reliability of the therapy,
as well as, to improve safety and acceptability of multifunc-
tional robotic platforms in the surgical room. Four specific ob-
jectives are addressed in FUTURA: i) merging surgical robot-
ics, non-invasive ultrasound therapy and machine learning for
medical imaging, ii) developing a multifunctional robotic sur-
gical platform able to perform different tasks and which pos-
sesses cognitive capabilities such as collision avoidance and
obstacle perception, iii) improving planning and monitoring of
ultrasound therapy, and iv) improving therapy delivery.

Sensor module:
localization
system &
environment scanner %

Monitoring modules:
3D ecographic system
&

confocal 2D probe 4

.........

Therapeutic module:
HIFU transducer
—

Robotic module:
diagnostic robot

&
therapeutic robot
Figure 1: FUTURA platform.

In order to reach this broad and ambitious goal, the
FUTURA platform consists of a dedicated robotic platform,
monitoring and delivery systems, internal and external sensors
both for platform registration (including robotic platform, sur-
gical room and medical instruments), robot-patient interactions
monitoring and environment control. Entering in the details of
the project, the essential modules of the platform are the fol-
lowing: 1) two serial manipulators able to match technical and
medical specifications in terms of workspace, payload, speed
and reaction time, software accessibility and communication
interfaces; ii) therapeutic module composed of a dedicated
HIFU transducer for delivering therapy; iii) monitoring module
composed of two different UltraSonography (US) probes, one
to monitor the advancement of the therapy (2D imaging US
probe confocal to the HIFU transducer mounted on one robotic
manipulator) and the other to guarantee a continuous adjust-
ment of robots position (3D imaging US probe mounted on the
second robotic arm manipulator); iv) sensor module: proprio-

ceptive and exteroceptive sensors for dedicated control strate-
gies implementation. These sensors will be also exploited for
platform registration, monitoring robot-patient interactions and
environment. Furthermore, a software framework will allow
the exchange of information and the synchronization between
various modules. The main components of FUTURA are
sketched in Figure 1.

A. FUTURA platform workflow

The workflow of the FUS image-guided procedure (both
from a therapeutic and from a monitoring viewpoint) is pre-
sented in Figure 2, by highlighting how the interventional tasks
and the control activities are shared between the doctor and the
autonomous robotic platform.
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Figure 2: Workflow of the FUTURA platform.

Re-positioning

The first phase of the interventional procedure is the pre-
operative phase and is related to the planning of the therapy.
During this step, pre-operative imaging (i.e. MRI and/or Com-
puted Tomography (CT)) is exploited to define motion path-
ways for the robot-patient registration and for robotic treat-
ment. Using these images, a high precision robot positioning
strategy will be implemented. Furthermore, pre-operative im-
aging is used for defining the optimal ultrasonic window, thus
to avoid dangerous interaction of the ultrasound waves in the
human body (e.g., with bones, air filled intestine, pleura, or
large blood vessels and nerves) while delivering the therapy.

Once the overall system is accurately calibrated in the op-
erating scenario, the intra-operative phase can start and the ro-
botic manipulators are correctly positioned thanks to a US-
based scanning procedure of the target area; it is mandatory
for registration purposes with the patient preoperative model.
The procedure is accomplished with the diagnostic robot on
the patient just before the treatment beginning.

Intraoperatively, on-line adjustment of HIFU transducer
installed on the therapeutic robot will be achieved using im-
age-based methodologies, to allow locking on the target and to
treat the complete targeted volume based on the preoperative
planning. It is worth mentioning that, if the organ motion can-
not be tracked, the procedure must be stopped and the robotic
platform re-positioned to correctly address the target. Loss of
tracking will also lead to a failsafe mode to avoid inadvertent
damages on other organs or important adjacent structures. In
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addition, the coupling between skin and probe will be contin-
uously monitored and, if coupling becomes incomplete, soni-
cation will be interrupted to avoid skin burn.

During the therapeutic phase, the known spatial configura-
tion of both imaging probes will allow to display a composite
and co-registered image set. The display will also show - as an
overlay possibly on previously acquired 3D CT or MRI imag-
es used in the treatment planning phase - the parts of the target
volume that have been already treated and the remaining abla-
tion steps to achieve complete necrosis of the tumour. Once
the target tumour is completely ablated, if there are no other
regions to treat, the therapy can finish. The control architec-
ture of the FUTURA platform will be designed in a multi-
module configuration in order to easily integrate the single
functional operations and strategies, which will be implement-
ed by the several partners of the project in the control core of
the platform. In particular, Robot Operating System software
(ROS - Willow Garage, Stanford Artificial Intelligence Labor-
atory) will be used as the platform framework. If no critical
event occurs, the control logic core will manage all the infor-
mation collected by the different nodes in a bidirectional man-
ner in order to define the on-line execution of the procedure
stage-by-stage. When relevant/critical events are detected in
the environment or if patient status changes abruptly, adequate
strategies may be adopted directly by the software nodes en-
dowed with cognitive analysis systems.

B. FUTURA Robotic module and Control

As previously reported, the FUTURA robotic module will
be composed by two robotic manipulators: one supporting and
moving the HIFU transducer with a confocal US imaging
probe, and the second one holding and moving the 3D imaging
US probe for treatment monitoring. Among different models
of robots and with the support of dynamic simulations in order
to evaluate the effectiveness and reliability of the robotic ma-
nipulator to perform the specified medical tasks in terms of
workspace, movements trajectories and required end-tools
configurations, 6 degrees-of freedom ABB IRB 120 anthro-
pomorphic industrial robotic arms were selected as candidate
for the FUTURA platform (http://www.abb.com/). The two
robotic manipulators will be provided with two force/torque
sensors, one on each robot. In particular an ATI mini45
force/torque sensors (ATI Industrial Automation, NC, USA)
will be installed and interfaced to the manipulators in order to
control the forces and torques acting on the patient along the
procedure (thus maintaining an appropriate contact force with
the patient, directly or through a US coupling interface). The
force/torque sensor installed on the diagnostic/tracking robot
will be also exploited for implementing a shared control on the
robotic arm in order to perform, by directly interacting with
the robot, the initial US-based scanning procedure of the target
area for registration purposes with the preoperative model.
The control of the manipulators, implemented in ROS, con-
sists of the bidirectional exchange of specific data structures
with the ABB controller, under the supervision of the logic
core of the FUTURA software framework.

C. FUTURA Monitoring module

The FUTURA monitoring system is composed mainly of
two different US probes embedded in the platform in order to
monitor the advancement of the therapy and ensure continuous
adjustment of the robots’ positions. More in detail, one 2D im-
aging probe will be mounted confocally within the HIFU
transducer in order to have a direct feedback on the target-focal
region; it will be exploited to monitor the treatment and to en-
sure that the acoustic beam path remains adequate for all the
procedure lifetime. A second 3D imaging probe will be posi-
tioned independently via the second robot arm in such a way to
provide a tridimensional, wide-range and high frame rate over-
all vision of the therapeutic Region of Interest (Rol) and to as-
sess the lesion size and location. This probe will also be used to
track the organ motion and to direct the HIFU transducer ro-
botic arm to follow the target. Tridimensional, wide-range and
high frame rate overall vision of the Rol is critical for the on-
line monitoring of the therapy and for the self-adjustment of
the procedure. Images from the coaxial US probe and from the
3D imaging US probe will be processed and will return infor-
mation on target position and therapy advancement, e.g.
through sono-elastography obtained by the 2D imaging coaxial
US probe. This information will be continuously converted by
the custom-made algorithms into inputs for the robotic plat-
form, mainly in terms of position and orientation of the manip-
ulators’ end-effectors. The therapy advancement will be further
monitored by contrast enhanced ultrasound imaging and the
imaging data will be upgraded accordingly.

D. FUTURA Therapeutic module

The design specifications for the therapy delivery system
(HIFU module) consider a phased array configuration as the
proper solution, in order to reach electronically various depths
in the body, by deflecting the focal spot toward or away from
the transducer. Design constraints consider: i) to enable treat-
ment of target organs of various sizes, at different depth and
locations in the body, ii) to be light enough so as not to put too
much load on the robotic arm, iii) to enable high ablation rate
for reducing the overall treatment time, iv) to be flexible in
term of operating mode for the HIFU transducer (i.e., continu-
ous or pulsed sonications, different frequencies, etc.) and v) to
be rugged because the transducer is exposed and in contact
with the patient, interfaced through an acoustic coupling. The
acoustic coupling between the transducer and the patient body
will be provided by a flexible membrane fixed to the front of
the transducer and filled with circulating degassed water. The
use of a feedback controlled, multi degrees of freedom robotic
arm for the positioning of the HIFU transducer allows treat-
ment of large tumors by scanning the target volume with the
focused ultrasound beam (tumour painting).

E. FUTURA Sensor module and safety strategies

The operating room is an unstructured and crowded envi-
ronment; furthermore the human presence and interaction with
robotic manipulators require a high awareness in order to
avoid any possible collision and perceiving obstacles. Integra-
tion of external sensors and internal control strategies will rep-
resent one of the main topics of FUTURA.

Intra-operative multi-modal control and safety strategies
will be implemented to improve precision, accuracy and safety
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of the therapeutic procedure, thus ensuring redundant informa-
tion to the platform control core for the assessment and con-
firmation of the target position, and consequently for the cor-
rectness of the therapy delivery. Final targeting accuracy,
which depends from all the modules features of the FUTURA
pipeline, will be guaranteed within the HIFU focal spot volu-
metric dimensions, i.e. a cigar shape of about Smm in maxi-
mum diameter and 10mm in length.

Proper planning/simulation software will be implemented
to allow a re-planning of the trajectory for collision avoidance
and obstacle perception purposes; appropriate algorithms will
manage any difference with the planned scenario, adding on-
line correction to the robot motion in order to react to moving
or unplanned obstacles and to adjust the treatment path based
on image guidance and information from external sensors. In
particular, a precise calibration procedure of the overall sys-
tem for defining the position and orientation of each compo-
nent in the operating theatre is required. Each component of
the robotic platform (e.g., the two robotic manipulators with
the 3D imaging monitoring probe and the HIFU transducer
with the confocal probe, and the surgical table) has to be ap-
propriately localized within the operating room. The registra-
tion procedure, thanks to an optical tracker (i.e., NDI Polaris
Spectra, Ontario, Canada), will be accomplished with a hand-
eye calibration approach in an iterative form with calibration
algorithms, as already presented by Dornaika et al. [8] and
Strobl et al. [9]. An accuracy lower than about 1mm in posi-
tion and 0.5° in orientation has been obtained through the met-
ric introduce in Strobl et al. [9]. Moreover, the data from the
integrated optical sensors will be included and processed in
the on-line procedure for assessing position and orientation
error of the end-tools and constraining the platform to be re-
registered during the procedure itself. 3D environment recon-
struction will be essential for the implementation of the obsta-
cles perception and avoidance strategies. The knowledge of
the 3D structures of the operating theatre will avoid the colli-
sion of the manipulators against unplanned obstacles, such as
the medical staff. In this framework an IR-based reconstruc-
tion system, e.g. the Microsoft Kinect depth space sensor, will
be included in the platform, registered, and exploited to de-
termine the position and distances between the robotic arm
and an external objects or people in order to avoid any possi-
ble collision.

III. CONCLUSIONS

The main research efforts in therapeutic field are dedicated
to reduction of invasiveness of surgical interventions and per-
sonalized medicine. The ideal and paradigmatic example of
MIS is whenever the therapy can be completely non-invasive,
such as, for example, in FUS. We strongly believe that robotics
is the way to improve the robustness, precision, repeatability
and reproducibility of FUS, which is used currently in the
treatment of uterine fibroids as well as for painful bone metas-
tases (www.fusfundation.org). Based on this consideration, the
aim of FUTURA is to develop an autonomous and human-
supervised robotic platform to perform a completely non-

invasive therapy by means of FUS applied to deformable tis-
sues. The robustness, safety, and accuracy of FUS procedures
will be enhanced by exploiting robotic assistance, through
closed-loop control — by means of real-time therapy monitoring
and self-learning procedures — thanks to specifically developed
algorithms. Furthermore, an additional expected outcome of
the FUTURA project is improving safety and acceptability of
multifunctional robotic platforms into the surgical theatre, with
the final goal to allow a FUS widespread diffusion into routine
clinical applications. The WHO organization estimates that in
Europe of 2020 there will be an increase of 24% in the annual
incidence of males suffering from cancer from 1.5 million
cases in 2002 to 1.864 million cases and a 15% increase in the
annual incidence of females suffering from cancer from 1.321
million to 1.521 million, driven primarily by the aging of the
population. FUS has the potential to reduce the number of phy-
sician/hospital visits, treatment sessions, thus significantly re-
duce the burden to the healthcare system. Furthermore, the
good understanding of biological effects of FUS, reflected on
an economic progress: the global market of Ultrasound ablators
is expected to grow with a compound annual growth rate of
13.1% to reach the level of 1,759 million USD by 2016 (from
"Ablation Technology Market", Markets and Markets, 2012).
Finally, surgical robot device markets amounted to $2.4 billion
only in 2011 and are anticipated to reach $8.5 billion by 2018
(from WinterGreen Research, Inc., 2012).
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Abstract—As the use of minimal invasive surgery techniques
has increased steadily, the development of new tools for these
procedures has stagnated. Indeed a new generation of surgical
instruments, with tips that have multiple degrees of freedom, has
been developed. However they are facing so many technical
problems, that none have been able to establish themselves in the
medical market. To overcome the problems these instruments are
facing, a micro hydraulic power transmission system has been
developed. With these driving units it was possible to design an
instrument for minimal invasive surgery with a tip which is
movable in 3 degrees of freedom (DOF) and being light in weight,
small in size and powerful in movements and gripping.

Keywords— MIS-Systems, articulating instrument, NOTES,
man-machine-interface, micro actuators, hydraulic actuators

I. INTRODUCTION

Surgical techniques for minimally invasive surgery have
seen major developments over the last two decades. However,
the tools and instruments for laparoscopic surgery have not
kept up with this progress. The equipment setup in this domain
has remained largely unchanged since the days in which this
surgical method was being introduced. Besides some
exceptions, the instrumentation consists of rigid rod-like
graspers and scissors. Nonetheless, minimally invasive
procedures have continued to evolve and new operation modes
have been developed such as Single Port and NOTES surgery.
These procedures aim to reduce complications related to port
placement, but they make high demands on the instrumentation
setup [1].

Innovative, novel instruments have been developed such as
articulating and flexible shaft instruments. However, none of
them have been successfully applied due to several
weaknesses: limited force transmission, lack of powerful grasp,
and complicated handling of the multiple DOFs. Due to limited
force transmission, impossibility of robust grasping and
complicated handling, these mechanical multi degree-of-
freedom (DOF) instruments have never really found their
application [2].

By integrating drives in the instrument’s handle to actuate
the tip’s DOFs it was possible to overcome some of the
disadvantages described above. Yet it created new problems
due to the weight of the motors. Hence this solution failed
before it could become widespread. This is supported by the
fact that one of these systems has already been withdrawn from
the market [3].
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II. METHODS

To determine the specifications of a handheld surgical
instrument with multiple degrees of freedom at the tip,
requirement analyses have been conducted (see Table 1).

TABLE 1: LIST OF REQUIREMENTS FOR INSTRUMENTS FOR MINIMAL
INVASIVE SURGERY

sterilize,

Nr. | Requirements Description /Quantification
Claim (C), Request(R)
1 Size/Geometry
C | 1.1 | Diameter shaft <10mm
R <Smm
C | 1.2 | Diameter actuator <8mm
R <3mm
C | 1.3 | Travel of actuator 3mm
R 10mm
C | 1.4 | Fixed length of the tip of a <40mm
flexible instrument
2 Kinematics
C [ 2.1 | Actuation of gripper Gripping or bracing
R Gripping and bracing
2.2 | Maximum time to open and 0,5 sec
C close
R [ 2.3 | Bendable instrument tip
R [ 2.4 | Turnable instrument tip
3 Forces
C | 3.1 | Min. closing force of branch >35N
C [ 3.2 | Min. bracing force of branch >20N
C | 3.3 | Force applicable by hand <50N
C | 3.4 | Clamping force constant >10 sec.
4 Energy
R [ 4.1 | Flexible energy transmission
between hand piece and end
effector
R | 4.3 | Bending radius connection tube | <20mm
5 Materials
F | 5.1 | Hydraulic fluid Biocompatible, sterilizable
F | 5.2 | Building materials Biocompatible, sterilizable
6 Safety
C | 6.1 | Leakage Very low leakage
C | 6.2 | Working temperature 0°C -50°C
6.3 | Temperature while transport or | - 20°C - 80°C
R storage
7 Maintenance
C | 7.1 | Possible to clean, disinfect,
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Together with the problems existing instruments are facing,
this breakdown has shown that it is impossible to develop
mechanically driven instruments that fit the specifications. The
main reason being the combination of holding the instrument,
moving and applying force on the instrument’s tip for multi
degrees of freedom.

To solve this, mechanical decoupling of the movements and
forces applied by the doctor to the user interface and the
movements and forces working on the instrument’s tip is
necessary. This decoupling necessitates built-in drives in the
instrument [4]. Hence possible drive solutions have been
explored. As result, actuation with micro hydraulic systems
was the only solution to fulfill the requirements listed above.

Subsequently the usability of hydraulic systems for medical
applications was verified. Therefore potential hydraulic fluids
compatible with use in medical devices have been examined.
Then the feasibility of sterilizing hydraulic systems filled with
these fluids was investigated [5].

III. RESULTS

Having proven the feasibility of hydraulics to drive surgical
instruments, the next logical step was to develop instruments
with such actuators. For example a hydraulic driven, flexible
instrument with a tip diameter of 2.7mm, that is shown in
Figure 1 [4].

Figure 1: Grasper of a hydraulic driven 2.7mm @ Instrument [5]

This instrument is small enough to be inserted in a 3.1mm
working channel of a flexible endoscope (see Figure 2), while
enabling gripping forces of more than SON.

Figure 2: hydraulic driven 2.7mm @ instrument used in a 3.1mm @
working channel of a flexible endoscope

With the knowledge gained from designing this gripping
instrument powered by micro hydraulic drives, it was possible
to develop the surgical instrument tip with 3 hydraulically
actuated DOF shown in Figure 3.

Figure 3: 3 DOF instrument tip, actuated by 6 hydraulic cylinders

The movements of the tip are powered by 6 integrated
micro hydraulic cylinders with a piston diameter of 2.45mm.
Being designed for a maximum working pressure of 200 bar
they can produce an actuator force of 94N each. Sealed with
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micro O-rings which are lubricated with medical white oil their
average internal friction can be kept below 2N, about 2% of the
total actuator force. All the actuators and mechanical parts can
be integrated in a cylindrical shape of 8 mm in diameter.

The single cylinders are powered by hydraulic syringe
pumps each cylinder connected with an own pump over a
closed circuit. For filling and bleeding out of the air the circuit
can be opened with valves. More detailed information about
the control principle and relating data are given in [6].

To operate and hold an instrument equipped with this tip, a
custom handle was developed. This novel human-machine-
interface enables the control of 3 DOF with forefinger and
thumb while being supported by the remaining three fingers
(see figure 4).

Figure 4: Concept of a new interface for multi DOF instruments

IV. DISCUSSION

It was feasible to develop solutions making hydraulics
suitable for use in medical devices. Potential hydraulic fluids
meeting with the requirements in medical applications were
found. It was also shown that sterilizing the hydraulic systems
is not an issue as the complete system filled with hydraulic
fluid can be sterilized in the autoclave. The developed
cylinders were miniaturized down to outer diameters below
3mm including housing. Such dimensions allowed for flexible
shaft instruments suitable to fit through the working channels
of flexible endoscopes.

The main advantages of hydraulic systems are exhibited
when they power instruments with multiple DOFs at the tip
(shown in Figure 5).

Figure 5: New hand held multi DOF instrument for MIC

As even small hydraulic cylinders with diameters of 2.5mm
can produce forces up to 100N, it is possible to place the
actuation of the tips DOF directly in the tip.

As the hydraulic power can be transmitted through thin
tubes, the power units to produce the hydraulic pressure can be
placed beside the operating table. So it is possible to build
powerful surgical instruments not exceeding the weight of
those being actuated by hand.

V. CONCLUSION

A hydraulically actuated surgical instrument with a
multiple DOF tip was designed. As these systems can be built
as lightweight, powerful and small assemblies, they have the
potential to overcome the majority of problems that similar
mechanically or electrically powered instruments face.
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Abstract—Retinal Vein Occlusion is a common retinal
vascular disorder which can cause severe loss of vision. Retinal
vein cannulation is a promising treatment, but given the scale
and the fragility of retinal veins on one side and the surgeon’s
limited positioning precision and force perception on the other
side, it is considered too risky to perform this procedure
manually. The authors previously reported on the development
of both a robotic comanipulation and telemanipulation system
which have been shown to augment the surgeon’s positioning
precision. This paper reports on the development of a force-
sensing needle instrument with 0.5mN resolution to tackle the
problem of limited force perception during retinal vein
cannulations.

[. INTRODUCTION

Retinal surgery is considered as an extremely challenging type
of surgery because of the scale and the fragility of the retinal
anatomy. For some diseases, such as Retinal Vein Occlusion
(RVO), the most promising procedure is even too difficult and
risky to perform, forcing the surgeons to rely on less effective
procedures. RVO is an eye condition which affects an
estimated 16.4 million people worldwide [1]. It is the second
most common retinal vascular disorder after diabetic retinal
disease. The disease occurs when a clot is formed in a retinal
vein (Fig. 1). This causes the patient to slowly lose his/her
sight. Today, there is no proven effective treatment clinically
available for this disease [2]. A promising treatment is retinal
vein cannulation (Fig. 1). During this procedure, the surgeon's
objective is to inject an adequate dose of t-PA, a clot-dissolving
agent, directly into the occluded retinal vein. A surgical
microscope is placed above the patient's eye in order to have
visual feedback on the surgical scene. Several research groups
previously reported on successful cannulations in animal and
human models [3,4]. However, due to safety issues, the
procedure is not performed clinically today. The needle must
be inserted into a fragile vein with a diameter of only 400um or
smaller [5] and kept there for several minutes before the fluid is
fully injected. The limited positioning precision and force
perception of the surgeon make it extremely difficult to
correctly insert and keep the needle inside the vein without
damaging it. Surgeons suffer from physiological tremor.
Riviere et al. [6] reported on tremor rms amplitudes of 182um.
Gupta et al. [7] showed that 75% of the interaction forces
between the instrument and the retina are lower than 7.5mN.
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The surgeon can only feel these forces in 19% of the cases.
This demonstrates that micro surgeons solely rely on visual
feedback for these tasks.

Sclera

Occlusion
Retina
Retinal vein

Fig. 1. Retinal Vein Cannulation: a hollow needle is guided through the
sclera and used to inject a clot-dissolving agent into an occluded vein which is
causing RVO.

II. ROBOTICALLY ASSISTED RETINAL SURGERY

A fair number of robotic systems for retinal surgery have been
reported in literature [8-14]. The authors previously reported
on the development of a robotic comanipulation system [15]
and a telemanipulation system [16] for retinal surgery (Fig. 2).
Using either of these systems was shown to significantly
increase the positioning precision during a positioning task in
an eye simulator [17]. The aim of this work is to develop a
force-sensing needle instrument to deal with the problem of
limited force perception during a retinal vein cannulation.

— Microscope camera
' i Surgical microscope
—— Handle comanipulation

Surgical instrument ~_~—Surgical manipulator
> %

Retina phantom

Fig. 2. Overview on the developed robotic systems.
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III. FORCE SENSING TOOLS FOR RETINAL SURGERY

Ergeneman et al. [18] investigated vessel puncture forces
during in vivo cannulations in vessels of a fertilized chicken
egg CAM membrane. Force magnitudes between 2mN and
15mN are reported for the targeted vessel diameters (100um-
400um). Given these imperceptible force levels, there is a
high risk of a double penetration of the occluded vein when
trying to perform a retinal cannulation (Fig. 3(a)). With a
force-sensing needle in place, the moment of the first puncture
could be registered. Event-based force feedback on the
comanipulation or telemanipulation device and/or auditory
feedback can be implemented to prevent the surgeon from
making a double penetration.

A force-sensitive cannulation needle has not been developed
earlier, mainly because of manufacturing problems. First, it is
extremely difficult to produce a needle with a tip diameter
small enough to cannulate most of the retinal veins. Second,
the force sensor should be integrated into the portion of the
needle which is inside the eye during the cannulation. This is
because for a handle-mounted force sensor it would be
practically impossible to distinguish the force at the tip of the
needle from the contact force at the sclera. Latter force is
typically an order of magnitude higher [19]. Tordachita et al.
previously reported on the development of pick instrument for
retinal peeling which consists of a 3-DOF force sensor
integrated into the shaft of the instrument [20]. It uses a
flexure and four Fiber Bragg Gratings (FBGs) in order to
measure force with a resolution of 0.25mN. FBGs are small
(80um-200um diameter), extremely precise, stable, easy to
sterilize and immune to electrical noise. This work reports on
the development of a 2-DOF force sensing cannulation needle
using a similar technique.

IV. DEVELOPMENT OF A 2-DOF FORCE SENSING NEEDLE

A. Main design specifications

Since the targeted veins have a diameter of 100um-400um, a
maximum allowable needle tip diameter of 80um is
considered. Retinal surgeons suggested preparing needles of
which the tip is bended 45° with respect to the tool shaft (Fig.
3(b)). When a straight needle is used the vein walls are pushed
against each other during the insertion such that a double
penetration is almost inevitable (Fig. 3(a)). Since it takes
around 2mN to insert the needle into the vein a measurement
accuracy and precision of 0.2mN are considered to be
sufficient.

(a) (b)

Fig. 3. (a) The use of a straight needle easily results in a double penetration
of the occluded vein. (b) The risk of double penetration can significantly be
lowered by using a bended needle.

B. Design

While the tool tip should be as thin as 80um having a rigid
instrument is desirable for easy handling and in order to obtain
a good positioning precision. Therefore the needle is split into
multiple stainless steel tubes (Fig. 4(a)). The tool shaft is a
4cm long tube and has an outer diameter of 550pum. These
dimensions are comparable to those of the tool shaft of
conventional instruments. The needle tip is 3mm long and has
an outer and inner diameter of 80pum and 35um respectively.
Further, it consists of a 15° bevel to simplify the insertion
process. Both tubes are connected via an intermediate tube
which has a bending angle of 45°. To measure the interaction
forces at the tip three FBGs are integrated into the tool shaft.
The tool shaft directly acts as the flexure of the force sensor
resulting in a 0.5mN resolution for lateral forces.

Needle
t-PA

Section A-A
(b)

Fig. 4. (a) The developed instrument is a bended needle which is an
assembly of three stainless steel tubes. (b) Crossectional view A-A of the
needle displayed in (a). Three FBGs are integrated into the tool shaft to
measure the lateral forces while eliminating the effect of temperature on the
readings.

Direct measurement of axial forces is not possible because of
the high axial stiffness of the shaft. However, as previously
mentioned this is not considered to be a problem for two
reasons. Firstly, the needle is bended thus that the force that
acts on the needle during a cannulation is not merely an axial
force but also consists of measurable lateral force components.
Secondly, it is the event of a penetration that should be
registered instead of the actual level of force acting on the
needle tip. Theoretically two FBGs are sufficient to measure
the lateral forces. However, a third FBG is used to
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differentially measure the lateral forces such that the effect of
temperature on the readings can be eliminated. Lastly,
although not the case in this work, it is worth mentioning that
if also geometrical information is used, more in particular the
knowledge about the relative position and orientation of
instrument and vessel e.g. obtained through image processing,
it becomes possible to have a more accurate estimate of the
actual amplitude of the cannulation.

C. Production

Commercially available straight drawn tubes are used to
manufacture the needle. The outer tip diameter of 80um is
reached by reducing the diameter of a 120um-tube using a
wEDM-machine. The grooves are made inside the tool shaft
by using a disc saw. The FBGs have an outer diameter of
80um and are manufactured by the company FBGS Belgium.
A Micron Optics SM-130 interrogator is used to send light
into the fibers and to read out the reflected spectrum in order
to derive the strains in the shaft. It is both time consuming and
expensive to make a needle shaft with integrated FBGs. Since
the needle tip is fragile and thus easy to break during
experiments, thirty needle inserts which consist of the two
smallest tubes have been manufactured (Fig. 5). These inserts
can be glued into the tool shaft. When an insert breaks it can
easily be replaced such that the tool shaft can be reused. Fig.
6(a) depicts a detail of the needle tip. Fig 6(b) depicts a detail
of one of the shaft grooves with a FBG glued inside.

(@ (b)

Fig. 6. (a) Detail of the needle insert. (b) FBG glued inside a groove in the
tool shaft.

D. Preliminary tests results

After the sensor was calibrated, the resolution and range of the
sensor were measured by putting different test weights at the
needle tip while the needle shaft was kept horizontal. Fig. 7
shows that the sensor is able to distinguish forces from 0.5mN
upto SmN. Next the temperature stability of the sensor was
measured by exposing the instrument to a temperature rise of
15°C by putting it into hot water. Fig. 8 shows the apparent
lateral force measured. The time constant for stabilization of
the sensor readout is 2,5s. This is acceptable since a
temperature shock of 15° only takes place when entering the
eye while it takes more than 2,5s to carefully approach the
retina once inside the eye. Thus, at the moment of puncture the
effect of the temperature shock on the force readings will be
eliminated.

6 T . .
5 | Measured force |
—Reference force
4t ]
=
Es 1
8
LE 2 [ r—T 1
1t |
0 1 ' |
20 40 60 80 100
Time [s]

Fig. 7. Lateral force measurement when applying different test weights on
the needle tip.
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Fig. 8. Apparent lateral force measured during a temperature shock of 15°C.

V. CONCLUSION AND FUTURE WORK

This work reported on the development of a force-sensing
needle instrument to assist surgeons during a retinal vein
cannulation. The needle is foreseen of a three FBGs which are
integrated into an assembly of three stainless steel tubes.
Preliminary experiments show that the sensor has a resolution
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of 0.5mN and that the sensor can compensate for changes in
temperature in a reasonable amount of time. In the near future,
the force measurement will be used to allow a robotic system
to detect the moment of vein penetration in order to keep the
surgeon from both making a double penetration. This could be
done e.g. by using event- based force feedback and/or auditory
feedback.
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Abstract—Surgical protocols require unbiased localization of
the pathological tissue, and precise removal or manipulation of
the individuated target. In the last decades, optical methods
achieved sub-cellular resolution to stimulate and monitor the
physiological response of living samples, up to in-vivo
applications exploiting genetically encoded optical probes.
Furthermore, laser ablation systems are recognized as the more
precise surgical tools. Therefore, optical approaches are
emerging as powerful tools integrated in robotic-surgery systems.
In the present work, we report an in-vitro model of
neurophysiology guided laser surgery based on functional
calcium imaging. The established experimental protocol achieved
neurophysiology guided single-cell surgery precision and low-
invasive single-cell optical stimulation not requiring genetically-
encoded opsins.

Keywords—Neurophysiology; Laser surgery; calcium imaging;
single-cell optical surgery; single-cell optical stimulation.

I. INTRODUCTION

Tissue removal or implantation of prosthetic devices
requires high surgical skills, in order to recover pathological
conditions currently untreatable, such as cancer tissues, or
rehabilitation of damaged tissues [1]. In the first case, distinct
tools are currently tested and developed to achieve precision
down to single-cell resolution, in order to minimize collateral
effects of surgical procedures [2]. In the latter case,
intraoperative surgery demand integration of monitoring
systems and actuating tools to on-line monitor the effectiveness
of tissue manipulation, either to insert a prosthetic device in the
right position within a tissue, or to selectively affect cellular
assemblies modulating their physiological activity [3].

Development of innovative neuro-prostheses represent an
emerging field in Neuroscience, combining high resolution
physiological recording, computational decoding of recorded
activity, and delivery of encoded stimulation signals [4].
Nowadays, brain machine interfaces (BMIs) are mainly based
on acquisition and processing of electrical signals. However,
the recent introduction of genetically encoded fluorescent ion
indicators, and light-sensitive ion channels pave the way for the
development of opto-BMIs, based on optical signals and thus
achieving sub-cellular resolution. Although, the sub-cellular
optical resolution to stimulate or monitor neurophysiological
activity of opto-BMIs is incomparable to other methods, their
uses are currently limited to research applications, because
genetic alteration in humans are difficult or not possible yet [5].

In the present work, we report an in-vitro model of optical
surgery guided by fluorescence calcium imaging. We show
how accurate control of laser energy delivery, combined with
optical monitoring of neurophysiological activity allows
targeting and dissecting a sub-cellular compartment, leaving
the surrounding cells unaffected. Moreover, we show that
calibrated delivery of laser pulses could provide alternative
method to optically stimulate single neurons without the need
of cellular genetic-manipulation. Although, the reported laser
surgery protocol is applied in an in-vitro model, it allows
understanding the potential impact of single-cell optical
surgery to alter the local activity of neural circuits while
restraining unwanted damage of surrounding neural
subpopulations.

II. MATERIAL AND METHODS

A. Optical setup

The entire optical system was described in a previous work [6].
Briefly, the laser dissection source is a pulsed sub-nanosecond
UV Nd:YAG laser at 355 nm (PNV-001525-040, PowerChip
nano-Pulse UV laser — Teem Photonics), ), whose output is
modulated with the aid of an acousto-optical modulator
(MQ110-A3-UV, 355 nm fused silica, AA-Opto-electronic)
driven by a custom low impedance linear driver. The laser
dissector has been integrated in a modified upright microscope
(BX51 — Olympus) equipped with a 20x, 0.5 NA water dipping
objective. A custom-made software interface based on
LabVIEW (National Instruments) controlled, the UV laser
intensity, pulse repetition rate, and the number of pulses
delivered to the sample. Synchronization signals between
devices were sent through a D/A board (PCI-6529, 24 bit, 4
channels, 204.8 kSamples/second, National Instruments), in
order to synchronize CCD image acquisition (Andor DU-
897D-C00), sample positioning trough motorized stage
(assembled 3-axis linear stages, M-126.CG1, Physics-
Instruments), and the trigger of UV laser pulses.

B. Analysis of network spontaneous activity

Custom software running in MATLAB (The Mathworks,
Natick, USA) [7] was used for the automatic identification of
the cells loaded with the calcium indicator, for the extraction of
their fluorescence signals. The functional connectivity map of
the network was reconstructed trough a pair-wise correlation
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analysis of the onset time series extracted from the calcium
imaging data, before and after single-cell laser ablation.

C. Neuronal culture preparation

All the experimental protocols were approved by the Italian
Ministry of Health. Primary cultures were obtained from
embryos of pregnant rat at embryonic day 18 (Sprague—
Dawley derived by Charles River in 1955, IGS). Specifically,
we used a cellular solution at the concentration of 1500
cells/ul and we placed 1 ml of cellular suspension on the
culture support (Petri dishes). So, the final nominal density
resulted to be around 3000 cells/mm®. Fluorescence calcium
imaging was performed with Fluo-4AM dye (Invitrogen)
loaded cells (5 mM for 10 min), starting from at 21 days in
Vvitro.

III. RESULTS

Accurate calibration of needed laser power to produce local
material ablation is usually based on analysis of structural
changes. However, such calibration give a good estimate of
ablated volume, but it could not correspond to the effective
damaged region when laser dissection is applied on living
sample, where the link between structure and function is highly
correlated. In Fig. 1, we illustrate an example of laser ablation
within a neural network. We deliver about 50 pulses (the laser
spot is shown at 20 second in Fig.1) with energy of 200 nJ per
pulse, and a repetition rate of 100 Hz. After the delivery of
optical pulses, we observed a propagation of calcium wave
within the network extending far from the ablation site. Such
calcium wave is due to the leaking of extracellular solution in
the ablated and neighboring cells, thus producing strong
calcium mediated electrophysiological signal propagating
within the network.

Fig. 1. Fluorescence images of a homogenous neural network. The intensity
proportional to the fluctuation of calcium signal (F-F,, with F, equal to the
first frame) is reported in the different consecutive panels. The violet arrow
depicted with L, indicates the position of the UV laser focus spot. The
average power delivered at the sample is 20 pW. We delivered 50 UV light
pulse, at pulse-repetition rate of 100 Hz. The shock calcium wave spreads in
all directions through the whole homogeneous culture. The cells directly
affected by the UV laser presented saturated calcium signal, even after
calcium wave propagation. Numbers indicate seconds. The field of view is
200 x 200 pm. Time lapse calcium imaging was acquired at 10 Hz. The shock
wave spreads in all directions through the whole homogeneous culture.

After few minutes the calcium wave disappears, many cells
recover their initial value of fluorescence signal. However,
cells around the ablation site present high level of calcium
signal. These cells suffered a huge amount of calcium influx
from the extracellular solution, and therefore their functionality
could be hampered. Therefore, the damaged region during laser
dissection could extend furthermore the ablation site (see last
panel in fig. 1).

A. Single-cell laser ablation

Calcium imaging does not only provide the fluctuation of
intracellular calcium concentration correlated with the
electrophysiological activity of the network; the basal level of
fluorescence signal furnishes a direct map of the network
topography with sub-cellular resolution. Therefore, accurate
targeting of ablation site is achievable within the network. We
combine such high resolution map, with an accurate control of
optical pulses energy, and number of pulses delivered to
sample, in order to obtain a confined ablation site with single-
cell precision [8].

Single Cell Optical Surgery

Single Soma

Single Connection

Fig. 2. Fluorescence images of a homogeneous neural network. In the upper
panel the optical surgery of a single cell soma trough micro-bublle cavitation
(indicated with cyan arrows) is shown. The violet arrow represents the laser
spot position and start of optical pulses delivery. In the lower panel, we show
ablation of single neuronal connection. The field of view on both panel is 250
x 250 pm. Time lapse calcium imaging was acquired at 10 Hz. Numbers
indicate seconds.

In fig. 2, we report two example of single cell optical surgery.
In the upper panel, we show the ablation of a single cell soma
trough laser induced micro-bubble cavitation. We deliver
about 70 pulses (the laser spot is indicated in fig. 2 with a
violet arrow depicted with L,,) with energy of 25 nJ per pulse,
and a repetition rate of 100 Hz. In the lower panel, we show
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ablation of a single neuronal connection within the neural
network. In this case, we delivered 60 pulses, with a slightly
lower energy per pulse (22 nJ). In both cases, the neighboring
cells are unaffected.

B. Neurophysiology guided single-cell surgery

Once achieved single cell resolution, either in monitoring
and manipulating single neuronal units in a neural network, we
tried to target such high resolution optical surgery trough
functional neurophysiological measurements. Therefore, we
acquired spontaneous activity of a subpopulation of neural
network by fluorescence calcium imaging, and we analyze the
functional connectivity within the network before perform laser
surgery.
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Fig. 3. A) Field of view (0.8x0.8 um) showing a subpopulation of cells
loaded with the calcium indicator Fluo4. The five green spots correspond to the
cells with the higher direct functional connectivity (see section “Materials and
Methods™), while the arrow indicates the ablated cell (i.e. the one with the
highest functional connectivity). B) In black, the graph reports the percentage
of cells activated within each time frame before the laser ablation. In red, it
reports the percentage soon after the laser ablation (about 5 minutes after cell
ablation). Time lapse calcium imaging was acquired at 57 Hz

Fig. 3A shows the fluorescent image of a specific field of
view of a neuronal subpopulation presenting sustained calcium
dynamics within the network. In the selected field of view
(fig3A), we detected 532 cells. After the analysis of network
spontaneous activity, we identified five cells with the higher
direct functional connectivity (see section “Materials and
Methods”). They have been marked with five green disks (see
fig. 3), of which the dimension is correlated to the degree of
cell connectivity. In order to test single cell laser surgery
efficiency, we decide to ablate the cell with the higher
functional connectivity (indicated by violet arrow), and to
monitor the network spontancous activity after the surgical
procedure. Fig. 3B reports the percentage of neurons activated
per time, during a 20 minutes recording of spontaneous activity
covering the time before and after the single cell ablation (in
black before, in red after). It is worth notice that, after
performing laser ablation, the percentage of active cells during
spontaneous activity decreases. An average value has been
computed within a time window of about 6 minutes right
before and after the laser ablation: before laser ablation about
33% of cells within the field of view where involved in the
spontaneous activity of the network; after ablation the number
of cells reduced to 27%. Considering that we dissect one cell
out of a total number of about 500 cells, we observed a
decrease of about 20% of the number of cells involved in the
spontaneous activity of the neuronal subpopulation.

C. Single-cell laser stimulation

The results presented in fig. 3 suggested us that efficient
modulation of network dynamics could be achieved even by
manipulating a single neuronal units. Therefore, we tested if
the laser surgery system could be calibrated to perform no-
invasive single cell optical manipulation.

A
/ fl

B :

5
. 10] L
[
-g 15} )
2 20|
12} i "
= 25 ;

.

© 30

35 I

2 40 60 80 100 120 140 160 180 200 220
Time (sec)

C
=
]

10|
£
=
= 2
w
< 39
[&]

28 32 36 27 28 29 34
Time (sec)

Fig. 4. A) Field of view (0.7x0.8 um) showing a subpopulation of cells loaded
with the calcium indicator Fluo4. On the left, we show the stimulated cell
(highlighted by violet circle) and the position of the laser spot on it. On the
right side, we report the subpopulation of neuron surrounding the stimulated
cell, and the corresponding segmented image used to recognize the cell
bodies. B) Raster plot of calcium fluctuation in cell bodies illustrate on the
right side of panel A (white lines represent the time of laser stimulation). C) A
zoom of the raster plot in B, and the field of view (200x230 pm) around the
stimulated cell showing the calcium fluctuation during a single laser stimulus
event. Green arrow indicates the position and onset of laser stimulus. Time
lapse calcium imaging was acquired at 10 Hz. Numbers indicate seconds.

With this aim we used optical pulses with lower energy (7 nJ)
and higher repetition rate (300 Hz), to fine tune the total
energy delivered to the cell, and the time of pulses delivery, to
achieve reversible cell membrane optoporation [9]. In such a
way, during membrane optoporation influx of extracellular
solution (with higher calcium concentration respect to
intracellular solution) could produce an instantaneous calcium
wave inside the single cell, mimicking a direct stimulation of
the cell itself. Fig. 4 shows a field of view of the neural
network. On the left side of panel A, we illustrate the cell we
choose to stimulate, and the laser spot on it. On the right side
of panel A, we show a neuronal subpopulation around the
stimulated cell, and the corresponding segmented image used
to recognize the cell bodies. In panel B, we report the raster
plot of calcium fluctuation in the recognized cell bodies,
during repetitive single-cell laser stimulation (white lines in
the raster plot represent the times of laser stimulation). We

77



perform 29 times laser stimulation on the same cell on a time
window of about 5 minutes (we delivered between 150 and
300 pulses per stimulus). In panel C, we can observe how
during laser stimulation the surrounding cells present
increased signal, and how after laser stimulation the cell
recover to a low level of calcium signal. Moreover, we can
observe how the cells, included the stimulated one (cell
number 35), maintain their activity during the whole time of
recordings (see raster plot in fig.4B), suggesting us that we
achieved physiological calcium increase within the stimulated
cell to perform non-invasive and reversible activity
modulation of a neuronal subpopulation.

CONCLUSION

The presented results highlight how laser surgery could
achieve single-cell resolution. Considering the incomparable
precision of a laser ablation system, its tight fit with high
resolution imaging allows precise and repeatable targeting of
single cells units within a population [10]. Moreover, when the
imaging provides also a functional correlate to the structure of
the sample, laser surgery could achieve extreme high efficiency
with respect to the area of intervention. Indeed, we could
obtain a 20% network activity silencing trough ablation of only
one highly connected neuron, in a population composed of 500
units. As a further achievement, we show how optical
approaches could represent an alternative way to apply local
neuronal stimulation without requiring genetic modification of
the cells. Several technical challenges have to be yet overcome
to apply the presented model in-vivo, in order to perform
surgery on single-cell scale, and to provide a tool for low
invasive intervention, avoiding abrupt tissue removal affecting
both healthy and pathological tissue [3]. Currently, clinical
application of laser surgery are mainly based on continuous
wave (i. e. CO, lasers) or nanosecond pulsed lasers. Those
instruments produce tissue ablation through linear absorption
of light, inducing thermal photodamage [11]. However, precise
confinement of the ablation volume through thermal affect is
not achievable [12]. Moreover, infrared light (IR) has inherent
physical limits in producing small focal volume compared to
shorter wavelength of light. A big effort is spent to adopt the
new generation of IR-femtosecond or UV-picosecond pulsed
laser sources in clinical applications. These lasers provide non-
thermal regime of tissue ablation based on non-linear
absorption of light, achieving incomparable surgical precision,
which is no more diffraction limited [13], and thus exploitable
to perform single cell surgery.

The main technical challenge for clinical applications of
these systems is the controlled deliver of high peak intensity
pulses on the bulk tissue. Optical fibers still present problems
regarding non linear effect in the fiber itself, such as the pulse
broadening due to group velocity dispersion (GVD), and self-
phase modulation (SPM). Hollow core fibers and pulse pre-
chirping approaches are investigated as possible technical
solutions [12][14]. Moreover, significant advantage could be
achieved through development of robotic systems controlling
mechanical and electronic devices to perform automated
surgical procedure and calibrated delivery of optical pulses
[15]. Considering the high cost, maintenance and complexity of
a system based on femtosecond laser, optical layout based on

UVA laser, as the setup presented in this work, are currently
investigated as a powerful, compact and cost effective
alternative [16].
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Abstract—Novel technologies play an increasingly important
role in the advancement of modern medicine. For example the
tools for minimally invasive surgery have seen various ground-
breaking developments in recent years, like actuated and bend-
able tip instruments. One of the last and for the future most
promising developments for laparoscopic instruments, presented
in [1], [2], uses hydraulic actuation. This paper presents the
theoretical basis for the control of this novel hydraulically
actuated laparoscopic instrument with 3 degrees of freedom. The
focus of this work is the inverse kinematic model of the instrument
itself and a discussion of the external drives.

I. INTRODUCTION

The role of laparoscopy has an increasingly relevant place
in modern medicine. The reasons for its success are the
advantages for the patients, such as reduced haemorrhaging
and smaller incisions, which in turn reduce pain and shorten
recovery time [3], [4]. Although the technique benefits patients,
it causes difficulties and actuation limitations to the surgeon,
such as reduced workspace and loss of dexterity.

In order to overcome the limits implied by this surgical
method, technologies have been developed to aid the surgeon
[5], such as increased degrees of freedom of the tip and
automatic actuated laparoscopic instruments.

The current state of the art for laparoscopic instruments is
represented by [6]-[8]. Instruments with mechanical power
transmission, powered and controlled either manually or elec-
tromechanically. Fraunhofer PAMB, instead, proposes in [1],
[2] a new approach: laparoscopic instruments powered by hy-
draulics. This technology has the advantage that the actuators
have a higher force and power density than most of the others
[9] and because of this, they can be small enough to be
located directly on the tip. The instruments developed with
this technology are small and light because the drives can
be located remotely. Moreover, sensors to measure actuator
parameters do not contribute to the instrument’s weight, as they
can be located anywhere in the hydraulic circuit. In this paper
the chosen drives and their configuration will be discussed
together with the instrument’s inverse kinematic. These are
the first steps toward a control solution, which in contrast with
the state of the art, is independent from the kind of handheld
interface. The state of the art instruments show this dependency
because of the direct connection between joints and handhald
device movements. The goal is, instead, the realization of a
modular system composed by: any handheld interface, which
defines the tip position and a control software, which processes
the input data and calculates the joints position.

II. SoLuTION

The new concept severs the direct link between the hand-
held interface and the instrument’s DOFs. The sensor in-
puts measured at the interface are not the input signals to
the instrument’s actuators. Instead, these are interpreted as
a relative measurement of displacement from instrument’s
current position. To implement this, a position control system
was developed where the controller gets the new desired
tool tip position, its inverse kinematic equations calculate the
corresponding actuator extensions which are then sent as a
command to the actuator drives. This new control concept
has beed developed for a new generation of hydraulically
powered surgical instrument [1], [2], designed by Fraunhofer
PAMB and shown in (Fig.1). The instrument’s tip consists of
three segments connected via two cylindrical joints which are
offset by 90 degrees about their longitudinal axis. The joints
are connected in a serial chain and each joint is actuated by
an internal mechanism consisting of two antagonistic linear
hydraulic actuators.

Fig. 1. CAD drawing of the hydraulic instrument developed at Fraunhofer
PAMB, for which our control software has been developed. It consists of a
3-DOF actuator at the instrument’s tip and a hand held grip, which interprets
the surgeon movement via a sensors interface.

Given the mechanical design of the instrument, a relation-
ship needs to be established between the actuator extensions,
hence the joint rotations, and finally the tool tip position.
The equations will be derived by applying inverse kinematic
theory for both mechanisms: the serial chain and the internal
mechanisms. The relationship between tool tip position and
joint rotations can be established by applying the inverse serial
kinematic method of Denavit Hartemberg. The relationship
between the joint rotations and the actuator extensions can
be determined applying a geometrical method. The details of
the derivations are described in the following paragraphs.

In order to find the relationship between tool tip position and
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Fig. 2. Image showing the instrument’s tip from two sides: a frontal face
and a view of the instrument rotated of 90 degrees. The frames position
and orientation, placed on the joints according to the Denavit Hartemberg
convention, are also defined.

TABLE L DENAVIT HARTEMBERG PARAMENTERS DEFINED FOR
FINDING THE RELATIONSHIP BETWEEN INSTRUMENT TOOL TIP POSITION
AND JOINT ROTATION

joint theta d a alpha
1 0 0 a 0
2 thetal 0 b 90
3 theta2 0 ¢ 0

joint rotations, reference frames of the mechanism’s joints
were affixed according to the Denavit-Hartemberg convention,
[10, chap.3], as shown in Fig. 2. Next, the Denavit-Hartenberg
parameters were defined as shown in Table I.

where:

a is the distance between z; and z;41 measured along x;;

« is the angle from z; to z;4; around x;;

d is the distance between x;_; and x; measured along z;;

0 is the angle from x;_; to z; around z;;

Using these parameters it is then possible to define the homo-
geneous transformation matrix JT.

IT=0AX;Ax3A= 1)
clicly  cOys0, s01 —c X cbhychy —bxcl —a
sOi1cls  —sbys07 —cb, —c¢ X clhys; — b x sO;
892 092 0 —0892
0 0 0 1
where:
1 0 0 a
oA _ [ 0O 1 0 0
A=190 1 0 &)
0 00 1
cosf)y 0 siné, bcos 6,
inf; 0 — 01 —bsind
IA = s1r(1) 1 ! cc())s 1 s(;n 1 3)
0 0 0 1

coslly —sinfl; 0 —ccosby
24 sinfy  cosfly 0 —csinfy
A= o 0 1 o0 @)
0 0 0 1

The last column of the matrix (1) represents the vector that
links the tip reference frame and the origin. Its components
are defined as:

Pz = —ccosfycosfy —bcosl; —a
py = —ccos By sinfy — bsin 6y 5)
p, = —csinfy

where:

a is the distance between reference frame and join 1;

b is the distance between joint 1 and joint 2;

¢ is the distance between joint 2 and the tip frame;

Da,Dy and p, are the pliers jaw number one desired position
in the reference coordinate system;

0, and 0y are the angles that determine the joints rotation.
Hence from equation (5) it is possible to deduce the relation-
ship between end-effector jaw position and joints rotations:

0, = arcsin (py ) (6)
ccos by
. Pz
0y = e 7
» = arcsin ( coosfy + b) 7

With the relationship between tool tip position and joint
rotation defined, a relationship can be established between
the joint rotation and actuator extensions from the inverse
kinematics of the internal mechanism. A schematic of this
mechanism is shown in Fig. 3.

Tetha_c2

x2 x

¥

Fig. 3. Schematic diagram showing the parallel kinematic mechanism
Being: h,, the x coordinate of the joint; L,, L, and L. the
segments dimension of the parallel kinematic; 0,1 and 62 the
angle between the first and the second segment of the two
branches of the mechanism; 6.; and 6. the angle between
the third segment of the two mechanism branches and an
horizontal line; x; and x5 the distance between piston and
cylinder base

A geometrical method is used to establish the following
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Fig. 4. Schematic of the overall control concept and data flow between user, control software and instrument.

kinematic relationships:

0y = arccos[%b(Lc cosf. — Lg)] 8)
x1=hy—Ls— Ly sin[arccos(%z cos . — %)} — L.sinf.
©

Oy = arccos[Lib(Lc cosfeo — Lg)] (10)

g =hy — Lo — Ly sin[arccos(%z cos Opp — %Z)} + L.sinf.
O2+¢—01=m 8;;

The identities resulting from the serial and internal mecha-
nisms are linked by the following geometrical relationship:

01 =Co+ 61 (13)

Where Cy is a constant angle due to the parallel kinematic
structure: Cy is the value of 6.; when 1 = xo. (13) defines
that a rotation of the joint corresponds to an equal change of
0.1 from its equilibrium position.

It can be concluded that once the end-effector position (p,;, py
and p,) is defined, #; and 05 can be calculated from (6) and
(7). Knowing 61, the orientation of joint 1, it is possible to
calculate 6., from (13) and then 6., from (12). Than 6. can
be substitute in (9) and (11), obtaining x; and x9, the pistons
extension. This process can subsequently be repeated for joint
2 by substituting 05 in the inverse kinematic formulas of the
internal mechanism. For 03, the rotation of joint 3, the whole
procedure must be started from (5), substituting 6o with #5 and
changing the coordinate of jaw number one with the one of
jaw number two.

To control the actuator extension, every cylinder in the in-
strument is connected to a syringe pump, as shown in Fig. 4.
This hardware configuration is free from non-linearity asso-
ciated with the use of valves in hydraulic circuits. Moreover
with a position measurement in every pump syringe, it will
be possible a future development of a closed-loop control
system. The complete control concept is summarized in Fig.
4. The inverse kinematics module receives the desired tool
tip position, calculates the actuator extensions for every joint

and sends a command to each syringe. The syringe pump
displacement translates directly to an actuator extension with
a known transmission ratio.

III. CONCLUSION

A new control concept for a new hydraulically actuated

instrument has been developed together with the mathematical
description of its inverse kinematic.
The pressure supply configuration with 6 syringe pumps driv-
ing 6 hydraulic cylinders has the advantages of a direct trans-
mission of the pump displacement to the hydraulic actuator
extension as well as enabling a straightforward implementation
of closed-loop control. However, it may not be optimal in
terms of size and cost. Hence a future work could focus
on developing alternative pressure supply methods which can
match the current system’s performance.
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Advantages of mechanical backdrivability for medical
applications of force control

Jérome Perret
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Abstract—When contemplating the introduction of robotic
equipment into the operating room, one is faced with regulation
constraints dealing with safety, redundancy, and dependability.
One key issue is the ability to control the forces applied by the
robot, or in other words, its back-drivability. In this position
paper, we will explain why mechanical back-drivability has many
advantages with respect to its opposite, instrumented back-
drivability. We then give an example of a design carried out for a
research projects in the medical domain.

Keywords—haptics; force control; safety

L INTRODUCTION

A robot in an operating room is both an asset and a risk.
One approach for increasing the former and limiting the latter
consists in implementing functionalities for controlling the
forces applied by the machine. Here, “controlling” means
altogether the ability to apply a given force with high precision,
to ensure that it will never go over a set limit, and to measure
its value for purposes of traceability. While the measurement
and limitation can be done on any kind of machine with simple
force sensors, the “application” part is much more difficult.

Basically, there are two main approaches for controlling the
force applied by a robot on its environment (here, the
“environment” encompasses other devices in the operating
room, but also the medical personnel and the patient). The first
approach, often referred to as “instrumented compliance”,
consists in adding force sensors and implementing a feedback
loop in the control software. The main advantage is that it can
be applied on virtually any existing robot, with a low impact on
its design. In the second approach, called “mechanical back-
drivability”, the mechanical structure of the robot is designed
in such a way that the force applied on the environment reflects
directly the motor torques.

The purpose of this position paper is to describe how back-
drivability can be achieved, and explain its benefits for medical
applications.

II.  MECHANICAL BACK-DRIVABILITY

For a mechanism, backdrivability means that a force
applied at the end-effector will be reflected on the motors. The
canonical example of a non-backdrivable system is the “worm
drive: if a torque is applied on the worm wheel, it is not
transmitted to the worm itself. On the opposite, the “rack and
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pinion” used in automobile steering wheels is backdrivable,
thus enabling the driver to feel the adherence of the tires on the
road.

'WORMSHAFT

Fig. 1. Worm gear (public domain)

The best backdrivability is achieved when the motors are
used in “direct-drive”, meaning that the motor shaft is fixed
directly on the robot segment without any transmission system.
However, except for some hydraulic actuators, available
motors are not strong enough for direct-drive mounting, and
need some sort of mechanical amplification. And most
transmission mechanisms are backdrivable, up to a point. For
example, in the case of gearboxes, which are essential
components of most robotic systems, the backdrivability
decreases with the speed ratio, due to internal friction; in
practice, a speed ratio of 15:1, which gives a torque
amplification of 1:15, is unusable for efficient force control.

The backdrivable transmission mechanism which is most
used in robotics is the “capstan drive”. It is similar to a simple
parallel gear train, but the gears are replaced by pulleys and the
teeth by a cable. The advantage of the capstan drive is that it
has almost no friction and no backlash. Provided a cable with
good properties can be found, it can provide speed ratios down
to 30:1 with very good backdrivability.

Fig. 2. Capstan drive of the haptic device Virtuose 6D (Haption)
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Other mechanisms based on cables have been used in the
past, which provide even lower speed ratios, like the “block-
and-tackle” implemented in the MA23 robot of CEA/La
Calhéne [1]. But while very efficient in terms of force
transmission, such systems are bulky, fragile and difficult to
maintain. A recent evolution, implemented in the haptic device
MAT 6D, uses a ballscrew inside the cable loop with a
patented fixation for reduced friction [2, 3].

Block-and-tackle

Joint transmission
cable

Fig. 3. Block-and-tackle of MA23 (courtesy of CEA LIST)

Fig. 4. Cable loop of the MAT 6D (Haption)

III.  DISCUSSION

As explained above, backdrivability means that the transfer
function from the motor torques to the external forces is
reversible. In other words, the external force can be calculated
based on the motor torques, and controlled without any other
measuring device. Of course, that demonstration applies only if
the robot electronics is able to control the motor torques.

Any machine used inside an operating room needs to fulfill
strict safety constraints, as expressed i.e. in the international
standard ISO 13485. In particular, a risk analysis has to be
carried out in the early phases of the design, and suitable
measures have to be taken for controlling the risks. As a
consequence, it is impossible that a robot could be certified for
such an environment if it were not equipped with a monitoring
of the power fed into its motors. In short, the ability to control
the motor torques seems to be a logical consequence of the risk
analysis.

In this context, mechanical backdrivability provides a lot of
benefits:

= Force control can be achieved without any
additional sensor

= System complexity is reduced, compared to
instrumented compliance

=  Dependability is increased due to the reduced
number of failure modes

= Force control is available for the whole

mechanism, not only the end-effector

= In case of a major breakdown, the robot can be
removed/pushed away by the personnel, even if
powered down

=  Since there are no active components near the end-
effector, the system is easier to sterilize

=  The absence of force sensors near the end-effector
lowers the electromagnetic susceptibility

In order to make full use of those benefits, the transmission
system must be chosen with great care. Indeed, the risk
reduction brought by the absence of force sensors could easily
be negated by the introduction of a fragile transmission cable.
Another potential drawback is the reduction of the overall
stiffness, especially when using heavy tools against hard tissue
(e.g. in orthopedic surgery).

Compared to a classical robot with gears, a back-drivable
system is characterized by lower reduction ratios, lower
friction, and lower inertia. As a consequence, the maximum
achievable control stiffness is also much lower [5]. However,
the stiffness can be increased significantly by using a very high
position resolution on the motors and a fast update rate on the
control loop. Other approaches have been proposed for
increasing the time-domain passivity, by adding controllable
damping [6].

In spite of the absence of force sensors, the approach of
mechanical backdrivability does not result in a lower cost.
Indeed, the mechanical transmission system is usually more
complex than simple gearboxes. In addition, if a high overall
stiffness is required, then it is necessary to adopt high-
resolution position sensors and a fast computing unit.

IV. EXAMPLE

The purpose of the research project SURGICOBOT was to
provide future surgeons with a robotic assistant to make spinal
release surgery quick and secure. One of the key objectives
was the design of a “cobot” (collaborative robot) able to hold
the milling tool together with the surgeon, which guarantees
that the tool tip cannot penetrate a virtual tube built around the
spinal cord.

The project partners decided to use a robot structure with a
very close similarity to Haption’s haptic device Virtuose 6D,
which is highly backdrivable, and complement it with a wrist
giving a virtual rotation point around the tool tip. The global
system was tested and validated by surgeons on representative
sawbones [4].
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Sensory subtraction via cutaneous feedback:
a novel technique to improve the transparency of robotic surgery

Claudio Pacchierotti and Domenico Prattichizzo

Abstract— In this paper we present a novel technique to force
feedback in robot-assisted surgery. It consists of substituting
haptic force, composed by kinesthetic and cutaneous compo-
nents, with cutaneous stimuli only. The force generated can
be thus thought as a subtraction between the complete haptic
interaction, cutaneous and kinesthetic, and the kinesthetic part
of it. For this reason, we refer to this approach as sensory
subtraction and not sensory substitution. Sensory subtraction,
first introduced in [1], aims at improving the performance of
conventional force feedback techniques in teleoperation while
guaranteeing the same stability properties. In this work we
recall the idea of sensory subtraction in teleoperation, together
with its evaluation in two paradigmatic surgical teleoperation
scenarios.

I. INTRODUCTION

Achieving a good illusion of telepresence in robotic
teleoperation is a matter of technology. If the teleoperator
transmits sufficient information to the user, displayed in a
sufficiently articulated way, the illusion of telepresence can
be compelling [2], [3]. The primary tool to achieve this
objective is providing a transparent implementation of the
teleoperation system. Transparency can be defined as the
correspondence between the master and slave positions and
forces [4], or as the match between the impedance of the
environment and the one perceived by the operator [5]. A
compelling illusion of telepresence can be achieved through
different types of information, which flow from the remote
scenario to the human operator. Haptic force feedback is one
piece of this information flow and it has been proved to play
an important role in enhancing teleoperation performance in
terms of task completion time [6], [7], [8], accuracy [7], [1],
peak [9], [10], and mean exerted force [10], [8].

However, employing haptic force feedback may affect the
stability of teleoperation systems. For this reason, researchers
have proposed a great variety of stability bilateral controllers
[11], [12] and it has always been a big challenge to find
a good trade-off between stability and transparency. In this
respect, passivity [13] has been exploited as the main tool
for providing a sufficient condition for stable teleoperation in
several controller design approaches, such as Time Domain
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Technologies for Ill-defined or Volatile Environments” and under grant
agreement n° 601165 of the project “WEARHAP - WEARable HAPtics
for humans and robots”.

C. Pacchierotti and D. Prattichizzo are with the Dept. of Infor-
mation Engineering and Mathematics, University of Siena, Via Roma
56, 53100 Siena, Italy and with the Dept. of Advanced Robotics, Is-
tituto Italiano di Tecnologia, via Morego 30, 16163 Genova, Italy.
pacchierotti,prattichizzo@dii.unisi.it

74

(a) Chinello et al. in [17]. (b) Pacchierotti et al. in [18].

Fig. 1: Two of the custom cutaneous devices employed in sensory
subtraction.

Passivity Control [14], Energy Bounding Algorithm [15]
and Passive Set Position Modulation [16]. However, control
techniques guarantee the stability of the system at the price
of a temporary loss of transparency, which could lead to
degraded performance.

Another interesting approach to provide information about
forces exerted at the slave side consists in completely avoid-
ing the usage of actuators on the master device, and then
providing alternative forms of feedback using sensory sub-
stitution techniques. In this case, since no kinesthetic force is
fed back to the operator, the haptic loop becomes intrinsically
stable and no bilateral controller is thus needed [1]. Force
feedback is then substituted with other forms of stimuli, such
as vibrotactile [19], auditory, and/or visual feedback [20].
However, these stimuli are clearly very different from the
ones being substituted (e.g. a beep sound instead of force
feedback) and they thus show worse performance than that
achieved employing unaltered haptic force feedback.

In this paper we present a novel approach to force feed-
back in robotic teleoperation. It consists of substituting haptic
force feedback, composed by kinesthetic and cutaneous com-
ponents, with cutaneous feedback only, provided by custom
cutaneous devices. It aims at outperforming conventional
sensory substitution techniques while guaranteeing the same
stability properties. Cutaneous stimuli does not in fact affect
the stability of the system, since the contact force is applied
directly to the user’s skin and does not affect the position
of the master device end-effector, thus opening the haptic
loop [1], [21]. However, with respect to popular sensory
substitution techniques, the stimuli provided are much more
similar to the one being substituted [1], [18]. Moreover,
cutaneous feedback will be exerted exactly where it is
expected to be (e.g., the fingertips), providing the operator
with a direct and co-located perception of the contact force.
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(b) Handle of the Omega 3

(a) Cutaneous device

Fig. 2: Experimental setup of [1]. Users had to wear four cutaneous
devices, one on the thumb and one on the index finger of each hand.

On the other hand, with the aim of improving transparency,
this approach can be also combined with popular control
techniques able to provide kinesthesia while guaranteeing
stability. As the control algorithm detects a violation of
its stability conditions, and the kinesthetic device is thus
unable to provide the required feedback, the cutaneous
devices convey a suitable amount of force, thus (partially)
recovering transparency. For instance, we can provide as
much kinesthetic force as the stability controller permits and
then provide the rest via cutaneous feedback [21].

Sensory subtraction is thus similar to sensory substitution,
since we substitute haptic force with cutaneous stimuli.
However, since haptic force provided by popular grounded
haptic interface is composed by kinesthetic and cutaneous
components [18], we like to refer to this technique as sensory
subtraction: kinesthetic force can be considered as sub-
tracted from the complete haptic interaction, thus resulting
in cutaneous force only. This idea was first introduced by
Prattichizzo et al. in [1] and then further validated in different
teleoperation scenarios [8], [21], [22], [23], [24]. In this work
we are going to present the sensory subtraction idea and
provide a comprehensive view of the scenarios where it has
been employed, focusing on its application in the field of
robot-assisted surgery.

II. SENSORY SUBTRACTION: THE CUTANEOUS
AND KINESTHETIC COMPONENTS

Most of the well-known haptic devices for single-point
contact interaction, such as the Omega (Force Dimension,
Switzerland) or the Phantom (Sensable group, USA), provide
kinesthetic force feedback to the users [25]. However, these
devices also provide cutaneous stimuli to the fingertips if we
assume that the interaction with the remote environment is
mediated by a stylus, a ball, or any other tool mounted on
the haptic interface [1], [18]. Cutaneous stimuli are sensed
by pressure receptors in the skin and they are useful to
recognize the local properties of objects such as shape,
edges, embossings and recessed features. This is possible,
principally, thanks to a direct measure of intensity and
direction of contact forces and to the encoding of the force
spatial distribution over the fingertip [26], [27]. On the other
hand, kinesthetic feedback provides humans with information
about the position and velocity of neighboring body parts,
as well as the applied force and torque, mainly by means of
receptors in the skin, muscles and joints [28], [25].
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Fig. 3: Experiment of sensory subtraction in [1]. Average and
maximum penetration beyond the stiff constraint (mean and std),
for the visual (VF), haptic (HF) and cutaneous feedback conditions
(CF, CCF). A null value of this metric indicated the best accuracy
in reaching the target depth. The sensory subtraction approach is
employed in condition CF.

Sensory subtraction consists in substituting this haptic
force with cutaneous stimuli only, provided by custom cu-
taneous devices. The first device developed for this purpose
was the 3-DoF wearable cutaneous interface presented in
[17] and shown in Fig. la. It consists of two main parts:
the first one is placed on the dorsal side of the finger and
supports three small electrical motors; the other one is a
mobile platform in contact with the volar skin surface of the
fingertip. These two parts are connected by three cables. The
motors, by controlling the length of the cables, are able to
move the platform towards the user’s fingertip. As a result,
a force is generated, simulating the contact of the fingertip
with an arbitrary surface. Three force sensors are placed near
to the platform vertices, in contact with the finger, so that
they measured the three components of the cutaneous force
applied to the fingertip. A second device was presented in
[18]. It is similar to the one mentioned above but showed
higher accuracy. It consists again of two platforms connected
by three cables. Three small electrical motors, equipped with
position encoders, control the length of the cables, thus being
able to move the platform towards the fingertip. One force
sensor is placed at the platform’s centre, in contact with the
finger, so that it can measure the component of the cutaneous
force perpendicular to the volar skin surface of the fingertip
(see Fig. 1b). Employing a cutaneous device instead of a
grounded haptic interface to provide force feedback makes
the idea of sensory subtraction possible: we disregard haptic
force feedback in favour of cutaneous stimuli only.

More information about the role of kinesthetic and cuta-
neous sensory channels in sensory subtraction can be found
in [18]. Features and limitations of this kind of cutaneous
devices are discussed in [17].

ITII. SENSORY SUBTRACTION
IN MEDICAL TELEOPERATION

The idea of sensory subtraction has been effectively em-
ployed in many teleoperation scenarios, achieving high per-
formance while guaranteeing stability. Prattichizzo et al. [1]
used it in a teleoperated needle insertion task along one
direction. They used four cutaneous devices, similar to the
one presented in [17] (see Fig. 2a), and a commercial haptic
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device. The operator wore two devices on one hand, one
on the thumb and one on the index finger, and grabbed the
handle of the grounded interface as shown in Fig. 2b. Two
additional cutaneous devices were worn on the thumb and
index finger of the contralateral hand. The haptic device was
an Omega 3 by Force Dimension, to which three clamps were
applied to reduce the degrees of freedom from three to one.
Moreover, a plastic handle was attached to its end-effector to
allow the operator to easily grab the device with two fingers.
During the experiments the hardware was operated in two
different conditions. In the first one the force feedback was
provided by the Omega, while the wearable devices were
switched off. In the second condition the sensory subtraction
technique was implemented. The Omega 3 was used only to
track the motion of the hand and did not apply any active
force to the operator. At the same time, the cutaneous devices
were used to reproduce the cutaneous sensation associated
to the manipulation task being simulated. Moreover, to
investigate the role of feedback localization with respect
to the hand involved in the task, either the devices on the
active hand or those worn on the contralateral hand were
alternatively activated.

The task consisted in inserting a simulated needle into
a soft tissue and stopping the motion as soon as a stiff
constraint was perceived. A video of the experiment can be
found at http://goo.gl/hfy24. The average penetra-
tion inside the constraint provided a measure of accuracy in
reaching the target depth. Prattichizzo et al. compared task
performance while providing (1) complete haptic feedback
through the Omega 3 (HF), (2) cutaneous feedback through
the cutaneous devices, applied to the hand holding the
handle (CF), (3) cutaneous feedback through the cutaneous
devices, applied to the contralateral handle (CCF), and (4)
visual feedback in substitution of force feedback through a
horizontal bar (VF), which is a popular sensory substitution
technique [20].

Results reported in [1] are shown in Fig. 3. Figures 3a and
3b report, respectively, the average and maximum penetra-
tions beyond the stiff constraint for each feedback condition.
A null value of these metrics indicate no overshoot in
reaching the target depth and, therefore, maximum accuracy.
Results show that the sensory subtraction condition (CF)
outperformed visual substitution of force feedback, but it per-
formed worse than complete haptic feedback. This behaviour
was, however, largely expected, since cutaneous force is
just a subset of the complete haptic feedback provided by
grounded interfaces. However, Prattichizzo et al. tested the
idea only for a simple one degree-of-freedom (DoF) task.

For this reason, Meli et al. [23] decided to evaluate the
sensory subtraction idea in a more challenging teleoperation
scenario, considering a 7-DoF bimanual teleoperation task
similar to the Peg Board experiment of the da Vinci Skills
Simulator. Fig. 4 shows the experimental setup. The master
system was composed of two Omega 7 haptic interfaces and
four cutaneous devices. The cutaneous devices are similar to
the ones presented in Sec. II and were worn as shown in
Fig. 4b, i.e. on the thumb and index finger of both hands.

(¢) Virtual environment.

Fig. 4: Experimental setup. Users had to wear four cutaneous
devices, one on the thumb and one on the index finger of both
hands, and teleoperate two pairs of surgical pliers using a couple
of Omega 7 haptic interfaces.

The slave system was composed of two virtual surgical
pliers, directly controlled by the master interfaces. The pliers
accurately resembled fingers” motion on the Omega devices.
Users were able to move and rotate the pliers in the 3-D space
and control their gripping force. The virtual environment
consisted of four rings, two green and two red, and two
pegs, one green and one red (see Fig. 4c). The rings weighed
30 g and had a minor radius of 3 cm, a major radius of
5 cm, and a height of 1 cm. The pegs were fixed to the
ground and had a base diameter of 4 cm and a height of
10 cm. A spring ky = 40 N/m was used to model the contact
force between the proxies and the objects, according to the
god-object model [29]. The virtual environment was built
using CHAI 3D, an open-source set of C++ libraries for
computer haptics and interactive real-time simulation. The
task consisted of lifting, one by one, the rings from the
ground with one pair of pliers, handing them to the other
pair and inserting them into the peg of the corresponding
color. An insertion was considered valid only when the ring
was inserted in the correct peg. The task started when the
user grasped a ring for the very first time and ended when
all the rings were inserted into the pegs. A video of the ex-
periment can be download at http://goo.gl/Wc6WYB.
Meli et al. compared task performance while providing (1)
complete haptic feedback through the two Omega 7 (H), (2)
cutaneous feedback through the cutaneous devices (C), (3)
visual feedback in substitution of force feedback, provided
by changing color brightness of the ring being grasped (V),
and (4) auditory feedback in substitution of force feedback,
provided by changing the repetition frequency of a stereo
beep tone (A). The time needed to complete the task and the
forces generated by the contact between the pliers and the
rings provided a measure of performance.

Results reported in [23] are shown in Fig. 5. Fig. 5a shows
the average task completion time, while Fig. 5b shows the
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Fig. 5: 7-DoF bimanual peg board experiment. Completion time
and contact forces for the haptic (H), cutaneous (C), visual (V)

and auditive (A) conditions. Lower values of this metrics indicate
higher performances in completing the given peg board task.

average grip forces generated between the two pairs of pliers
and the rings along the direction of actuation of the Omega’s
gripper, i.e. the one perpendicular to the object surface. Sen-
sory subtraction led to improved performance with respect
to providing no force feedback at all and with respect to the
considered sensory substitution techniques. However, as in
the experiment presented in [1], cutaneous feedback showed
worse performance with respect to providing complete haptic
force feedback.

IV. CONCLUSIONS

This work presents the idea of sensory subtraction, a novel
approach to force feedback in bilateral teleoperation systems.
It consists of substituting haptic feedback with cutaneous
feedback. We call this approach sensory subtraction, in
contrast to sensory substitution, as it subtracts the kinesthetic
part from the complete haptic interaction to leave only the
cutaneous cues. Sensory subtraction was first introduced
in [1] and later evaluated in several different scenarios [8],
[21], [22], [23], [24]. The main advantage of this approach
is that it makes the teleoperation system intrinsically stable.
However, it still performs worse than providing complete
haptic feedback through grounded haptic interfaces. For this
reason, we are now developing new approaches to combine
the idea of sensory subtraction with common force reflection
techniques, in order to provide additional kinesthetic force
and enhance transparency [21].
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Abstract

One of today’s main challenges in the rehab robotics community consists of enabling a disabled properly control the robotic
device at hand. This entails adapting the machine to the patient’s signals in order to provide an immersive experience and
restore the function of the missing/impaired limb as accurately as possible. It’s a formidable challenge: signals recorded from
the human body are complex and subject to change in time, and still they must be reliably associated to the patient’s intent
so that the control is natural. The take-home lesson we have learned so far at the DLR, after four years of development of
such HMIs, is almost obvious: the human subject must be put in the loop from the beginning, and remain there all the time.
In particular, a reliable form of control can be achieved only if reciprocal learning can happen: the machine must adapt to
the subject, the subject must learn how to use the machine. This short paper is a summary of some of our experiences.

1 Introduction

The ever-improving human-friendliness of robotic systems has
recently opened up a new realm of human-robot interac-
tion applications. In particular, the use of robot manipula-
tors as personal assistants for the disabled is nowadays re-
alistic and affordable. The as-yet low availability of such
systems suggests however that more research on the brain-
or body-computer interface is still required. In the context
of arm/wrist/hand prosthetics for instance, it is well-known
[11, 13] that poor control by the human subject is one of
the main reasons for a surprisingly high rate of rejection of
the prostheses — this, notwithstanding the blazing progress
achieved in the past decades by mechanical hands, arms and
manipulators. Clearly, what is missing is a generally accepted
Human-Machine Interface (HMI), flexible enough to adapt to
each and every patient, and to enable the patient himself learn
how to use the system, creating a virtuous loop of reciprocal
learning.

The signals used to interpret the subject’s intent range from
neuron discharges, directly gathered from the brain cortex,
to surface electromyography (SEMG), non-invasively recorded
from a stump or remaining limb, through implanted EMG, pe-
ripheral nerve interfaces, ultrasound imaging and tactile sens-
ing. The signal of choice depends of course on the impairment
of the subject; but in general, the communities’ feeling is that
(a) new kinds of signals are required, to be integrated in a uni-
tary system, (b) concrete measures of success are required, i.e.,
the systems must be tested in the clinics, on patients, engaged
in daily-life activity [7]. Measuring the root-mean-squared er-
ror in an offline lab experiment is no longer enough! ([17] is a
remarkable outcry, corroborating this claim.)

The rest of the paper focusses on the experiences we have
gathered in the past four years at the DLR, with the aim of
providing practically usable HMIs. We first introduce (Section
2) the signals we have been concerned with and the methods
used to convert them into control signals for rehabilitation
and/or prosthetic and assistive devices; we then move on (Sec-
tion 3) to describe the applications we have built.

2 From theory...

Realistic machine learning As opposed to the tradi-
tional classification schema to predict one out of a few
elbow/wrist/hand configurations, simultaneous/proportional
control [8] has the more ambitious goal of providing graded
control over many degrees of freedom of the robotic artifact at
the same time. Such a complex form of control must, however,
be complemented in several ways. In particular, new ways of
non-invasive intention detection [7] must be investigated (ex-
amples of this are computer vision [10], ultrasound imaging
[14], tactile and pressure sensing [2]). A common framework
for all these interfaces (and the joint usage of them, whenever
possible and required) is still missing, but testing them must
definitely be carried out either in the field, that is in the clinics
and on patients, or in lab conditions, but trying to avoid the
common pitfalls associated with abstract performance mea-
sures, e.g., claiming superiority of an approach because of a
5% increase in offline classification accuracy.

Surprisingly, one approach we have found ideal for all these
tasks is simple least-squares regression (in the regularised form
of Ridge Regression, RR [6]). Using RR, given a training set
of (sample,target) pairs X, a linear model of the intended
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forces, f(x) = wlx can be built, where the weight vector w is

exactly calculated in closed form as w = (XTX + M\ )71 XTy.
This approach is fast and bounded in space, and is easily
made incremental using a rank-1 update method such as the
Sherman-Morrison formula or the Cholesky update. The term
incremental is here used in a crucial sense: each model found
by RR can be updated with a new (sample,target) pair with
a reasonable computational effort; and the updated model is
equivalent to the model which would have been obtained by
RR, as if all samples (including the new one) had been avail-
able as a batch since the beginning.

Incremental learning in this sense means that the model
can take into account shifts and changes in time of the under-
lying input space; instead of modeling the changes, one can
?learn them away” by temporarily switching to data gathering
and incorporating the new knowledge in the old model. This
opens up the possibility of online correcting the inaccuracies
in the prediction, one typical example being given by sEMG.
As sEMG gathers the level of muscle activation, its signal will
change not only due to fatigue, electrode displacement and
sweat — problems which the community already has tried to
accommodate in various ways — but also whenever a heavy
ovject is grasped and lifted, or whenever the arm/body pos-
ture changes. In that case, incremental learning only needs
new example sEMG patterns to be shown to the system, e.g.,
the pattern representing a power grasp of an object weighing
a few kilos. This pattern is in general different from the one
obtained by power grasping a lightweight object; and given
the right ground truth values, it will be seamlessly incorpo-
rated in the model, making the grasp stable in the future. In
our framework, provided that the relationship between the in-
put space and the required control signals is linear, this makes
RR ideal to work online: new signal samples can be acquired
to update the model whenever required by the subject, with-
out the need to store all samples previously seen [14]. This
de facto blurs the ominous distinction between training phase
and prediction — one can switch back and forth from training
to prediction, at the subject’s will.

The non-linear case can be handled by adding to RR the so-
called Random Fourier Features (RFF, [3]), an instance of the
kernel trick in which the linear regression problem is solved
in a higher-dimensional space induced by a non-linear trans-
formation. The models obtained by RR-RFF have the form
f(x) = wl¢(x), where ¢ is a computationally feasible non-
linear mapping. Surprisingly, all the above-mentioned good
features of RR carry on to RR-RFF, at a slightly higher com-
putational cost for updating the models and for prediction; in
particular ¢ can simply be ”plugged in” onto the RR model
calculation: w = (¢(X)T(X) + M)~ Lo(X)Ty.

Moreover, the interpolation and generalisation properties
of RR and RR-RFF have been proved effective in the above-
mentioned works [14, 3] by training on minimal and maximal
activations only, obtained using a visual stimulus. The models
so obtained have comparable accuracy to those obtained in
ideal conditions, meaning that the system based upon RR-
RFF is usable in practice.

Interfaces for assistive robotic arms A crucial point in
most investigations on HMIs for the disabled is that there is
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no real need to gather ”proper” ground truth to build a good
model. In prosthetic hand control, one possible scenario is
that of having the prosthesis autonomously move into a cer-
tain configuration and asking the subject to try and enact
that configuration: gathering the (sample,target) pairs in this
situation and updating the corresponding model will yield the
desired behaviour of the control system. Moreover, there is
no limit to the updates to the model: if the perceived predic-
tion accuracy is no longer enough, the experimenter — or the
subject himself, once the system has been deployed outside
the laboratory — can just switch back to the data-gathering
phase and update.

For controlling assistive robotic arms, we believe that a nat-
ural and intuitive control scheme is highly desirable. Gener-
ating goal-directed robot arm movement is a complex task,
which can be simplified by commanding the robot in task co-
ordinates. Still, a multi-dimensional interface is needed to
move the robot in 3D space. If the bandwidth of the bio-
logical signals is high enough, a 1 to 1 mapping, i.e., signals
from a limb directly used to control the robotic arm, can be
achieved, allowing for intuitive control.

We demonstrated this natural and intuitive control on
two different interfaces: one based upon intracortical neural
recordings in a patient with tetraplegia, and one based upon
sEMG recorded from subjects with severe spinal muscular at-
rophy (SMA). Whereas an intuitive interface helps the user
to operate a robotic system, modern robotic concepts offer a
variety of ideas to further increase the usability of an assistive
device.

Adding local shared autonomy To provide support to
the user of an assistive robotic system in task execution, we
are developing a robotic framework that integrates soft robotic
features to provide safety and supportive behavior in object
interaction. The goal is to provide an easy-to-use robotic sys-
tem for people with physical disabilities and thereby enable
them to perform simple tasks of daily living. The framework
consists of a fully torque-controlled robotic hand arm system
velocity-controlled via an HMI and a binary trigger signal.
Furthermore, it consists of an assistive planner which modu-
lates the robots behavior based upon the HMI input and the
current state of the robot. Currently, we exploit the torque
sensing capabilities of the robotic system to detect the state of
action within a task and then assist in task execution. In the
future work, this framework shall be extended with a vision
system, to potentially provide more sophisticated supportive
behavior.

Figure 1 depicts a schematic overview of the devised frame-
work. Its core component, the assistive planner, has access to
a set of functionalities stored in a library of skills. A skill, e.g.,
picking up a cylindrical object, is an activity started by the
user via a binary trigger signal. Skills are parameterized by
information (e.g., the diameter of the object to be grasped)
gathered from a world model. The world model also provides
information related to safety features to the robotic system,
e.g., the position of the user and the allowed workspace. The
framework also consists of a feedback provider, which extends
the feedback available to the user beyond visual information.
The feedback provider features audible feedback based on the
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Figure 1: An assistive framework for a torque controlled

robotic hand-arm system to support people with physical dis-
abilities.

assistive planner and the state of the robot, e.g., in case of
contact with workspace limits.

At the current state of development, the world model is
static and manually defined in accordance with the task to
achieve. Currently the skill library consists of three prede-
fined skills, which can be used to grasp a bottle, drink from
it and safely put it back on a table. The internal sensing ca-
pabilities of the robotic system can be used to evaluate the
current state within a skill. For instance, stable grasping of
the bottle is ensured from the torque sensing of the hand,
when the user activates the grasping skill. Another example
of this supportive behavior is given when the user wants to
put the bottle back on the table. Once the according release
skill is activated, the robot will move downwards until contact
with the table is detected by the collision detection algorithm.
Only after this contact has been established, the hand opens
and thereby releases the object. To provide further support, a
retract motion of the robot is executed automatically to safely
release the object.

3 ...to practice

A neural interface to control a robotic arm We used
the assistive framework mentioned in Subsection 2 with a
tetraplegic patient within the Braingate2 clinical trial [5]. Us-
ing an intracortical microelectrode array, we recorded neural
spiking activity from the hand-arm region of the participant’s
M1 motor cortex. From these signals, the intended upper
limb movement was decoded and used to directly control the
Cartesian velocity of the robotic arm. In the experiments we
conducted, the participant was able to autonomously serve
herself a drink for the first time after her brain stem stroke,
which she suffered approximately 14 years prior to this re-
search (see Figure 2 as well as [16, 5]).

Figure 2: Screenshots from video footage showing the sub-
ject during the first successful completion of the drinking task
(reprint from [5]).

sEMG in a case of neurodegenerative disease Turn-
ing to a non-invasive interface, we have exploited the sEMG
signals stemming from residual arm muscle fibers, which can
be voluntarily activated but which do not suffice to move
the limbs. We recorded residual sEMG from two subjects
with spinal muscular atrophy, a disease leading to death of
motor neurons in the spinal cord. In combination with the
above mentioned machine learning methods, a natural control
scheme has been developed, to allow for translational control
of a robotic hand arm system [15]. To gather ground truth
data for system training, we use a paradigm based on visual
stimuli. In this, the subject is asked to monitor predefined mo-
tions of the robotic arm and perform muscular activation that
shall be associated with the observed movement direction. Af-
ter training a Neural Network on this data, the subjects could
control a full dynamics simulation of the DLR Light-weight
Robot ITI on a 3D monitor, using the associated EMG activa-
tion.

The short-term plan is that of combining the newly devel-
oped sEMG-based interface with the above described assistive
framework, and conduct experiments not only in the robotic
simulation but with the real robotic system.

Teleoperation via sEMG RR-RFF have been used to
demonstrate a very stable form of grasping control on the tele-
operated humanoid platform called TORO [12]. The system
achieved a success rate of up to 95% when deployed in a daily-
living-activites setup. We applied force control on all 5 mo-
tors of one i-LIMB Ultra hand prosthesis [4] (Figure 3 shows
the setup); moreover, the same approach was later on applied
to two Azzurra mechanical hands by Prensilia, fixed on two
wrist/hand splints that intact subjects would use to manipu-
late objects in an environment modeled after the Southamp-
ton Hand Assessment Procedure [9]. In that experiment we
showed that incremental learning was required, although it
represented only a fraction of the total time of the experi-
ment.

Playing a virtual piano via ultrasound The incremen-
tality of RR has also been exploited to convert ultrasound

93



Figure 3: The teloperated TORO setup while performing
pick’n’place actions (reprint from [4]).

images of the forearm into finger forces. The result is the Ul-
traharmonium, a virtual dynamic keyboard-based instrument
[1] which is going to be used for rehabilitation of wrist/hand
impairment as well as for handling complex regional pain syn-
drome and phantom-limb pain. In this work, for the first time
we also used questionnaires to obtain a subjective evaluation
of the experience by the involved subjects, revealing that the
”game” was perceived as natural and exciting. We think this
is an essential point: to involve the subject in the training of
the machine, as well as inducing him to learn how to properly
use the machine. Figure 4 shows the setup we used.

Figure 4: The Ultraharmonium setup: playing a virtual key-
board instrument using ultrasound images of the forearm
(reprint from [1]).

4 Discussion and conclusions

Rehabilitation robotics is about human beings and restoring
their pre-disease functions. We have the feeling that, at the
time of writing, the dexterity of the robotic artifacts is way
ahead of the control possibilities. To the aim of improving the
situation, we have for the past few years turned our attention
to simultaneous, proportional, incremental and natural con-
trol. The main idea is that of reading one or more types
of bodily signals in real time, and converting them to signals
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which will control the mechanical artifact proportionally. Nat-
ural and incremental control means that one must be able to
update the model built so far by the control system, in order
to take into account the changes in the signals and the new
situations which can arise. The patient must in the end be
able to control the robot ”by desiring so”.

The take-home lesson that our experience has so far taught
us is that such a system must be literally designed around
the human subject, inducing him to produce the right pat-
terns; measuring his performance with a concrete accuracy
metrics; and tailoring the system (signals, sensors, process-
ing method, robotic artifact) on the patient himself. Close
cooperation with rehabilitation institutes and facilities is, for
the engineer, paramount, in order to foster the human contact
with the subjects. All in all, the machine-learning methods
employed to control such artifacts must be brought out of the
laboratories, and in the clinics. Only by practical application
will we learn what the optimal systems look like.

References

[1] Claudio Castellini, Katharina Hertkorn, Mikel Sagardia, David Sierra Gonzalez, and
Markus Nowak. A virtual piano-playing environment for rehabilitation based upon
ultrasound imaging. In Proceedings of BioRob - IEEE International Conference on Biomedical
Robotics and Biomechatronics, pages 548-554, 2014.

[2] Claudio Castellini and Vikram Ravindra. A wearable low-cost device based upon
force-sensing resistors to detect single-finger forces. In Proceedings of BioRob - IEEE
International Conference on Biomedical Robotics and Biomechatronics, pages 199-203, 2014.

[3] Arjan Gijsberts, Manfredo Atzori, Claudio Castellini, Henning Miiller, and Barbara
Caputo. The movement error rate for evaluation of machine learning methods for
SEMG-based hand movement classification. [EEE Transactions on Neural Systems and
Rehabilitation Engineering, 22(4):735-744, 2014.

[4] Arjan Gijsberts, Rashida Bohra, David Sierra Gonzalez, Alexander Werner, Markus
Nowak, Barbara Caputo, Maximo Roa, and Claudio Castellini. Stable myoelectric
control of a hand prosthesis using non-linear incremental learning. Frontiers in Neuro-
robotics, 8(8), 2014.

[5] L.R. Hochberg, D. Bacher, B. Jarosiewicz, N.Y. Masse, J.D. Simeral, J. Vogel,
S. Haddadin, J. Liu, S.S. Cash, P. van der Smagt, et al. Reach and grasp by people
with tetraplegia using a neurally controlled robotic arm. Nature, 485(7398):372-375,
2012.

[6] Arthur E. Hoerl and Robert W. Kennard. Ridge regression: Biased estimation for

nonorthogonal problems. Technometrics, 12:55-67, 1970.

7] N.
limbs - is there a need to change focus?
152, 2012.

Jiang, S. DoSen, K.-R. Miiller, and D. Farina. Myoelectric control of artificial
IEEE Signal Processing Magazine, 29(5):148—

[8] Ning Jiang, K.B. Englehart, and P.A. Parker. Extracting simultaneous and propor-
tional neural control information for multiple-dof prostheses from the surface elec-
tromyographic signal. IEEE Transactions on Biomedical Engineering, 56(4):1070-1080,
2009.

[9] C. M. Light, P. H. Chappell, and P. J. Kyberd. Establishing a standardized clin-
ical assessment tool of pathologic and prosthetic hand function: Normative data,
reliability, and validity. Archive of Physical Medicine and Rehabilitation, 83, 2002.

[10] M. Markovié, S. Dogen, C. Cipriani, D. Popovié, and D. Farina.
augmented reality for closed-loop control of grasping in hand prostheses.
Eng., 11(4):epub, 2014.

Stereovision and
J Neural

[11] S. Micera, J. Carpaneto, and Stanisa Raspopovié. Control of hand prostheses using
peripheral information. IEEE Reviews in Biomedical Engincering, 3:48-68, Octobre 2010.

[12] C. Ott, O. Eiberger, M.A. Roa, and A. Albu-Schaeffer. Hardware and control concept
for an experimental bipedal robot with joint torque sensors. Journal of the Robotics
Society of Japan, 30(4):378-382, 2012.

[18] B. Peerdeman, D. Boere, H. Witteveen, R. Huis in ‘t Veld, H. Hermens, S. Strami-
gioli, H. Rietman, P. Veltink, and S. Misra. Myoelectric forearm prostheses: State
of the art from a user-centered perspective. Journal of Rehabilitation Research & Develop-
ment, 48(6):719-738, 2011.

[14] David Sierra Gonzdlez and Claudio Castellini. A realistic implementation of ultra-
sound imaging as a human-machine interface for upper-limb amputees. Frontiers in
Neurorobotics, 7(17), 2013.

[15] J&rn Vogel, Justin Bayer, and Patrick van der Smagt. Continuous robot control using
surface electromyography of atrophic muscles. In Intelligent Robots and Systems (IROS),
2013 IEEE/RSJ International Conference on, pages 845-850. IEEE, 2013.

[16] Jérn Vogel, Sami Haddadin, John D Simeral, Sergey D Stavisky, Daniel Bacher,
Leigh R Hochberg, John P Donoghue, and Patrick van der Smagt. Continuous control
of the DLR Light-weight Robot III by a human with tetraplegia using the braingate2
neural interface system. In Ezperimental Robotics, pages 125-136. Springer, 2014.

[17] Kiri Wagstaff. Machine learning that matters. In John Langford and Joelle Pineau,
editors, Proceedings of the 29th International Conference on Machine Learning (ICML-12),
ICML °12, pages 529-536, New York, NY, USA, July 2012. Omnipress.

AS2014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



Session 6

Interfaces & Haptic Feedback

Chair: Dr. Emmanuel Vander Poorten, University of Leuven

Wednesday, October 15t
11:00 -12:00

95



Evaluation of the effect of a robotized needle holder
on ergonomics and skills

Thierry Bensignor"*?, Brice Gayet

1,234 . 1,23
=" and Guillaume Morel

1. Sorbonne Universités, UPMC Univ Paris 06, UMR 7222, ISIR, F-75005, Paris, France
2. INSERM, U1150, AGATHE-ISIR, F-75005, Paris, France
3. CNRS, UMR 7222, ISIR, F-75005, Paris, France
4. Institut Mutualiste Montsouris, Digestive Surgery Department, France

I.  AIMS

In laparoscopic surgery, the surgeon meets technical and
ergonomics problems that do not exist in open surgery,
because of the limited number of degrees of freedom of the
instruments. Some tasks, such as sutures, become technically
difficult to realize. Furthermore, on long term, this induces, for
a lot of surgeon, muscolo-skeletal pain of the upper members
and the neck due to vicious positions [1]. New robotized types
of instruments seek to overcome those two troublesome issues.

We have developed, in partnership with the Endocontrol
Company, a 5mm robotized needle holder, named Jaimy,
which has 2 intracorporeal degrees of freedom, Yaw-Roll,
controlled by a joystick placed on an ergonomic handle [2—4].
The tip of the instrument can bend from 0° to 80° and his jaws
can turn on themselves with a speed controlled through the
joystick deviation (Figl).

To our knowledge Jaimy is the only 5Smm robotized
laparoscopic needle-holder developed. Another robotized
needle holder, Robot Dex (Dexterite Surgical, Annecy,
France) was developed, but it is a 10mm device. Our co
manipulated instrument allows the surgeon to perform his
intervention in sterile condition next to the patient and with a
haptic feedback, unlike telemanipulated surgical robot such as
the DaVinci Surgical Robot (Intuitive Surgical, Inc.,
Sunnyvale, CA, USA). Haptic feedback is an important
sensitive information for the surgeon during suturing to
preclude tissue traumatism. Besides, the robotization of
laparoscopic instrument avoids the use of a knee joint between
the handle and the shaft to control the distal DOF. Non
robotized instrument with such interface have been created in
the past decade but this type of interface is hard to control and
can thus offset the advantage of intracorporeal DOF [7].

Jaws rotation

Bend the shaft

Straighten the shaft /

Figure 1: Jaimy, a robotized needle holder

The aim of this study is to evaluate if this needle holder
increases the surgical skills and the surgeon ergonomics for
diverse kinds of standard surgical tasks.

II. METHODS

This is a randomized cross-over study that is stratified on
the level of expertise. Each subject is separated between two
groups: resident surgeon and senior surgeon. We compare
Jaimy to a standard laparoscopic needle holder (Karl Storz).
Each subject has to make a set of 3 limited time exercises on a
pelvitrainer with a 0° degree optics. They perform the
exercises whether with Jaimy (J) first and then with the classic
laparoscopic needle holder (NH) — after at least 2 hours of
cooldown to avoid practice bias — or in the inverse order. The
non-dominant hand uses a classic grasper or another needle
holder.

The 3 exercises are:

1. Pegboard gripping exercise: the set is composed of 2
pegboard and 6 pegs. The 6 pegs are taken one by one
from a pegboard with the dominant hand, then transfer to
the other hand and place on the other pegboard. This was
then reversed. We measure the number of peg transfer and
the number of fallen peg.

2. Hexagonal suture: with a 2/0 Vicryl, a suture around a
hexagonal pattern is made. The suture has to go through
entrance and exit dots. We measure the quantity of stitches
and the precision of entry and exit of each stitch.

3. Suture and knots: one stitch is made through an entry and
an exit dots on a frontal axis and then 1 double knot follow
by 2 simple knots are realized. We measure the distance
between the entry and the exit of the stitch and the dots and
also the quantity and quality of the knot.

Ergonomics of the dominant arm is evaluated by motion
capture and surface electromyography. Five markers for
motion capture are positioned on the subject: hand, forearm,
arm, acromion and sternum, together with a marker on the
instrument and a reference marker on the pelvitrainer. The
Polaris system is used to record markers positions with a 15Hz
frequency. A calibration for each articulation, made at the
beginning of the session, allows finding the centers of the
articulation using a spherefit algorithm. Then the angles
between the different segments of the upper limb are
calculated for every moment: angle between the arm and the
vertical, elevation of the shoulder, angle between the arm and
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the forearm, rotation of the forearm and angle between the
hand and the forearm.

Figure 2: experimental setup

An ergonomic score of the dominant upper limb, the
RULA-score (RULA) (Table 1), developed by Persons & al,
can be calculated, as every angle corresponding to a value
[2,5]. This score ranges from 4 to 15 and will increase when
ergonomics decreases. We calculate the RULA-score for each
exercise and the mean of the 3 exercises.

TABLE 1
INDIVIDUAL POSTURE SCORES TO COMPUTE THE ERGONOMIC SCORE

Upper-arm score Arm elevation angle

(0" when arm down)
1 (=457
3 45-90°
5 =8¢
+1 if shoulder is raised by =10 mm

Forearm score Elbow fiexion angle

{07 when arm and forearm aligned)

1 60-100°
2 <<60% =100°
+1 if hand crosses body midline or is out to side

Wrist posture score Wrist flexion angle

{07 when forearm and hand aligned)

1 -5-5%(neutral)

2 -15--5%; 5-15°

3 <-15% =157

+1 if wrist deviation angle =5°

Wrist twist score Forearm rotation angle
1 -45-45°
2 <457 =457

Table 1: RULA-score

Additionally, EMG data is collected with the
TeleMyoDTS system and the MyoResearch software. EMG
data’s are collected with a 1000 Hz frequency. Six muscular
groups of the dominant arm are evaluated: the flexor carpi
ulnaris, the extensor carpi radialis, the biceps brachialii, the
triceps, the deltoid and the trapezes. The maximal voluntary
contraction of each muscle is recorded at the beginning of the
session and is used as a reference to normalize every recording
as a percentage of this maximum voluntary contraction. Then
the EMG data is full wave rectified and filtered using a
Butterworth low-pass filter with a cut off frequency of 10 Hz
on Matlab. Finally we can measure the Cumulative Muscular
Workload (CMW) of each muscle group, which is the area
under the curve of the filter EMG signal and can be translated
into the work made by each muscle.

The tip of the instrument localization enables the measure
of surgical skills. The indicators are the length travel by the tip
of the instrument (Length) and the number of movements
(Mov) during each exercise or the total ofthe3 exercises.

We also use a scoring system specific to each exercises to
evaluate the performances. This score has been developed by
Menhadji & al [6]. It is composed of a quantitative score
(Quant) and a qualitative score (Qual). Their product is the
global score (Global = Quant x Qual) and assessed the
performance of each exercise.

III. RESULTS

14 surgeons were included in this study, 8 senior surgeons and
6 residents. 7 were randomized in doing the exercises with
Jaimy then with the classical instrument and 7 did the inverse
process. 12 subjects are right-handed and 2 are left-handed.
Only one surgeon has already use Jaimy before.

I.A Ergonomics

Figure 3 presents the results for the RULA score. The
mean RULA-score for the three exercises is statistically better
with Jaimy (RULA-score J = 8.67 + 1.05) than with the
classic needle-holder (RULA-score NH=10.09 £ 1.44) (p <
0.001).

For the Peg-Board exercise, the observed performance is
better for Jaimy but this is not statistically significant (9.13 +
1.48 vs 9.68 £ 1.45; p = 0.056). For the 2 sutures exercises the
difference is statistically significant and in favor of Jaimy.
RULA J=18.58 + 1.27 versus RULA NH =998 + 1.49 (p <
0.001) for the hexagonal suture and RULA J=8.16 £ 1.1
versus RULA NH=9.93 + 1.67 (p < 0.001) for the frontal
suture.

16,00

14,00 * *

12,00

R i 8 T

6,00

4,00

2,00

0,00 T T T
Frontal ~ Mean RULAJ Mean RULA
Suture NH NH

Peg-Board ) Peg-Board Hexagonal Hexagonal Frontal
NH Suture ) Suture NH Suture )

Figure 3: RULA score; *: p < 0.05

1I1.B Muscular workload

For 4 muscular groups (extensor carpi radialis, biceps
brachialii, deltoid and trapezes), there is no significant
difference between using Jaimy and the classic needle-holder.
The CMW on the three exercises is in favor of the classic
needle-holder for the flexor carpi ulnaris, with CMW for Jaimy
and the needle holder respectively of 15.96 + 7.06 vs 9.85 +
2.74 (p <0.001) and for the triceps, with CMW of 18.72 + 9 vs
11.93 +£8.55 (p = 0.026).

II1.C Skills
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There is no statistically significant difference between the
two instruments for the total number of movement,
Mov J=343.1+57 vs Mov_NH =322.9 £ 31 (p = 0.88).

Meanwhile, the path length of the tip of the instrument is
shorter with Jaimy than with the classic needle-holder,
Length J=926.52 cm + 189.38 vs Length NH=1131.5 cm +
224.9 (p = 0.0006).

II1.D Performance

The performance for each exercises are summarized in the
figure 4.

The Peg-Board exercise score is in favor of the classic
needle-holder, with Global J=22.5 + 931 versus
Global NH=134.5 £ 9.77 (p = 0.002). There is no difference
for the qualitative score but quantitative score is better with
the needle-holder.

The global hexagonal suture score is not statistically
different, with scores of Global J=18 + 7.46 versus
Global NH=16 6 = 6.08 (p = 0.13), because the quantitative
and the qualitative scores are not in favor of the same
instrument. The qualitative score is better with Jaimy
Qual J=3=+0.55 versus Qual NH=2 4+ 0.47 (p =0.003) and
the quantitative score is better with the classic instrument,
Quant J=6 £ 2 versus Quant NH=8 + 2.14 (p = 0.034).
Finally, the frontal suture score is better with Jaimy with
Global J=26 + 797 versus Global NH=15 + 5.86
(p <0.001), with a superiority in both the qualitative and
quantitative score.
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IV. DISCUSSION AND CONCLUSION

Most of the different indicators computed show a positive
impact on the use of a Jaimy robotic needle holder as
compared to a conventional instrument. More particularly, this
study shows that a robotized needle-holder such as Jaimy
allows the surgeon to have a better posture during difficult
sutures. The quality of the suture is also increased, thanks to
the added intracorporeal degrees of freedom.

It is very important to notice that all the subjects were
having some experience on surgery with classical instruments,
but not with Jaimy (except for one subject). Thus, these results
on significant posture improvement and significant quality of
suturing improvement also demonstrate the intuitiveness of the
use of the instrument.

Three individual results did not show the superiority of
Jaimy.

Firstly, the measure of the flexor carpi ulnaris activity
showed a higher level with Jaimy: this muscular group is
mainly used here for closing the jaws through the trigger. This
function is technically realized, in both instruments, in the
same way (mechanically). However, during the experiments,
the trigger in Jaimy was tuned with a high stiffness which has
been clearly identified, from isolated tests, as the source of the
high activity of the flexor carpi ulnaris. This observed
difference will thus be easily corrected and has nothing to do
with the robotic functions of the instrument (distal mobility).

Secondly, for the Pegboard exercise, performance is higher
with the conventional instrument. A careful observation has
shown that, during this exercise, surgeons tended to use the
distal mobility of the instrument even though it was not
necessary. For this reason they lost time “playing” with the
instrument and were able to achieve less steps of the overall
task. It is hypothesized that this behavior mostly came from
the fact that the surgeon wanted to test the new instrument and
to see if it could be of some use for this exercise, rather than
focusing on rapidly completing the task. Once again, this
observation seems to have little impact on the interest of using
a Jaimy needle holder for surgery.

Thirdly, for the first suturing exercise, the quantity of
suture achieved with the standard instrument was slightly
higher (with statistical signfiance) than with Jaimy. One could
conclude that using Jaimy slows down the suturing. In fact, a
careful observation shown that the time used to position the
needle in the jaws was higher with Jaimy, while the suturing
by itself was faster with Jaimy. Indeed, surgeons rapidly
understood that the last robotized DoF of Jaimy can produce a

98 CRAS2014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



very well controlled movement for the needle at a cost: the
needle shall be precisely perpendicular to the jaws.
Meanwhile, this constraint is looser with a conventional
instrument, leading to a less precise needle grasping phase.
This is also consistent with the other performance result for
the same exercise: with Jaimy, the quality of the sutures is
significantly higher.

In summary, this study proves that the use of robotized
laparoscopic instrument such as Jaimy increases the postural
comfort, the skills of the surgeon and most of the performance
indicators, even when the surgeon uses it for the first time
while he/she is trained with the conventional instrument. It
was remarkable to observe almost no learning curve for the
use of Jaimy.

The study also allowed identifying two minor technical
problems: jaw trigger stiffness, which is already solved and
needle positioning in the jaws, which will soon be eased by
the development of jaws that favor, by the shape,
perpendicularity.
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Abstract—Advances in miniaturized surgical instrumentation
are key to less invasive and safer medical interventions. Also in
cardiovascular procedures interventionalists turn more and more
towards catheter-based interventions, treating patients
considered unfit for more invasive approaches. Improvements in
design and steerability can further reduce the level of
invasiveness of catheter-based interventions e.g. by improved
control over interaction forces tissue damage can be limited.
Operation times and exposure to radiation can be reduced by
improving the steerability of the catheter. This abstract presents
recent work in this direction. A novel hydraulically actuated
catheter is introduced and efforts to devise intuitive mappings
between a joystick input device and the new catheter are
reported. Experimental results show an encouraging steerability
of the novel robotic catheter. Whereas at present superiority of
one mapping is obtained compared to the other, it is expected
that further improvements by additional visual guidance or by
embedding partial autonomy will further improve the ease of use.

Keywords—robotic catheter, artificial muscle, teleoperation,
catheter control, TAVI

I.  INTRODUCTION

Reducing invasiveness of surgical techniques has always been
a major concern in the medical community. However, the
advantages for the patient associated to MIS (Minimally
Invasive Surgery) come at a substantial cost, namely a
significant increase in procedural complexity. This is mainly
caused due to a lack of visualization and the loss of direct
access to the surgical site. Advances in miniaturized,
dexterous and reliable surgical robotic instrumentation could
overcome aforementioned complications. A large spectrum of
robots has been designed for this purpose in the past[1].

Also in cardiovascular procedures MIS has brought
considerable benefits. Thanks to technological improvements,
weak patients suffering from severe aortic stenosis, previously
classified as inoperable, can now be operated using a trans-
catheter approach: Transcatheter Aortic Valve Implantation
(TAVI) [2]. Despite the risks associated with radiation
exposure, fluoroscopy is still the main imaging technique used
during TAVI surgery [3]. Current valve delivery systems, such
as the NovaFlex+ Transfemoral System (by Edwards
Lifescience) only provide a single manually controllable
bending motion. Due to the poor controllability and the high
stiffness, surgeons cannot insert these devices directly into the
vasculature. A combination of guidewires and supporting
sheets need to be introduced to clear the way for the delivery

H. De Praetere, P. Herijgers
Experimental Cardiac Surgery
University Hospital Leuven
Leuven, Belgium

catheter. What is worse is that every placement step takes
place under X-ray guidance. Also, the risks of plaque
disruption, puncture of tissue, tissue damage forms an
important concern for TAVI surgeries[4], [5].

This paper presents a novel inherently compliant sensorised
active robotic catheter. Both a position sensor and IVUS
(IntraVascular UltraSound) sensor are integrated in this
catheter which allows it to reconstruct the catheter’s
environment in real-time in a radiation-free manner[6]. The
robotic catheter was interfaced and integrated into a dedicated
robot control framework so that it can be remotely controlled
by a haptic device. Given the large kinematic dissimilarity
between the master robot (joystick) and the robotic slave
(catheter) it is not straightforward at all to come up with an
intuitive mapping between joystick inputs and catheter
motion. This paper reports on the work that was conducted to
come up with such a mapping. After describing the overall
setup of the system (section II), a pair of mappings are
introduced and motivated (section III). Section IV introduces
some initial experimental results that were conducted with this
system. Finally, conclusions are drawn and directions for
further work sketched in section IV.

II. ROBOTIC CATHETER TELEOPERATION SYSTEM

Navigating in a delicate and deformable environment such as
the human vasculature requires superior dexterity compared to
what classical robotic structures can provide. Thanks to their
miniaturizability continuum robots provide here an attractive
opportunity[7]. The 7mm diameter robotic catheter presented
in this paper is made up of a continuum backbone actuated by
fluidic muscles which provide three distal actuated degrees of
freedom (DOF). The catheter body is further clamped in a
catheter driver which takes care of the catheter’s insertion
movement and allows rotation of the catheter about its neutral
axis. The available DOFs are controlled by a 4DOF haptic
joystick that was designed for MIS applications. The different
components of the robotic catheter teleoperation system are
explained in the following.
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Fig. 1. Configuration of the catheter with two bending segments, an
ultrasound probe and a position sensor. One of the four muscles of the more
distal bending segment is not represented for better clartiy. Cross sections of
both bending segments are also shown.

A. Actuation principle

The insertion of the catheter into the patient body is currently
done manually during TAVI procedures. In our setup the
actuation of this proximal DOF is provided by a catheter
driver. The latter uses a pair of rollers driven by a motor to
propel the catheter clamped between them. The same driver
also controls the rotation of the catheter about its neutral axis.
The actuation of the three distal DOFs is ensured by
pneumatic artificial muscles (PAM) which have the advantage
of being inherently more compliant than other actuation
principles. PAM are characterized by a high power density
and have been extensively studied and used in the literature
[81[9]. The muscles used have already been presented in
previous work of the author [10]. Fig.l presents the global
configuration of the distal catheter tip and its local actuation
and sensors. The three DOFs are distributed over two bending
segments located at the tip of the catheter. A first 70mm long
segment provides the two most distal DOFs. It is composed of
four PAM distributed around a 0.9mm diameter axi-symmetric
tension spring which acts as a 2DOF return spring. By
actuating the corresponding muscles this segment can bend in
two directions. A second 60mm long segment allows the
actuation of a third DOF. The latter antagonist structure is
made up of two muscles and a 1DOF leaf spring. The 3" DOF
was designed to improve the passage by the catheter of the
aortic arch, however at this point and in the presented work
the focus is limited to steering of the two most distal DOFs.
This choice simplifies the steering as both bending DOFs are
collocated, yet it still is not trivial as the overall control
requires managing of the combination of the proximal (global)
and distal (local) DOFs. In future work the control of the 3™
bending segment will be addressed as well.

B. Integrated sensors

In order to provide a better visualization to the surgeon, an
intra-vascular ultrasound (IVUS) probe was disassembled and
mounted at the tip of the robotic catheter (black in Fig. 1). The
probe used is a Visions PV 8.2 manufactured by Volcano
Corporation. In the original tool lumen of this IVUS probe, an
electromagnetic position sensor was embedded. The position
sensor used is a 6DOFs Aurora sensor developed by NDI
Medical. Thanks to the information provided by both sensing

technologies, the catheter tip can be accurately located and a
3D model of the aorta can be reconstructed[6].

C. Haptic joystick

The robotic catheter was interfaced and integrated with a
dedicated surgical robotic control platform so that it can be
tele-operatively controlled using a haptic device. The joystick
that was used is the 4DOFs joystick that has been described in
[11] and is depicted in Fig.2. It provides three rotational DOFs
and one DOF in translation. The 4DOF joystick was designed
for MIS applications in general and seems particularly suited
for controlling robotic catheters where the translation DOF
could command the insertion. The three rotational DOF's allow
experimenting with various mappings to control the distal
local actuation. Two potentially interesting mappings are
described in the next section.

III. CONTROL STRATEGIES

The kinematic dissimilarity between the master robot and the
robotic slave complicates the steering and as such forms a
major motivation for the research towards intuitive mappings.
Since the workspaces differ considerable in size the use of rate
control is considered. Indeed, during TAVI surgery, the
catheter is inserted in the patient body at the level of the groin
and brought up to the aortic annulus by following the aorta
and crossing the aortic arch. The insertion length, close to one
meter, is thus ten times larger than the available and usable
stroke of the joystick DOFs. For rotation/bending DOFs the
range is similar and rate control is not needed here. An extra
element to be considered is that the developed prototype
provides more controllable DOFs than the joystick offers. For
the presented work, two different mapping were investigated.
The mappings are presented in Fig.3 and Fig.4 and explained
below.

NG

Fig. 2. The insertion of the catheter is controlled by the translational DOF R
of the joystick. For the distal DOFs of the catheter, either master joint angles
¢ and 0, or ¢ and ¥ are used.
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Fig. 3. Sketch of ‘direct joint-based mapping’. The symbols indicate the
motion generated by the different DOFs R, ¢, 6, W of the haptic joystick (as
depicted in Fig.2) the insertion and the rotation of the catheter are controlled
similarly to current manual OR practice. The two additional bending segments
are controlled with the two other rotational DOFs ¢, 8 of the joystick.

A. Direct joint-based mapping

The first mapping was designed so that the hand movements
of the user — for the proximal DOFs - are similar to gestures a
surgeon would perform during a real TAVI procedure.

For the insertion of the catheter and thus the control of the
catheter driver, the translational DOF R of the joystick is used.
Given the difference in range in this DOF, and in order to keep
a relatively good precision, the control of the catheter insertion
uses rate control. The orientation about the neutral axis of the
catheter is controlled using the joystick’s joint angle W. By
initial alignment of the joystick handle and the catheter body,
real-life steering conditions are reproduced.

The pressure levels in the pneumatic muscles, and thus the
distal DOFs, are directly related to the corresponding master
joint angles ¢ and 6, as depicted in Fig.2 and Fig.3, an
upwards movement of the joystick induces an upwards
bending of the catheter tip.

B. Spherical distal mapping

The basic idea behind the second mapping is to decouple the
orientation of the bending plane of the catheter (i.e. the
orientation of the plane wherein the bending takes place) from
the bending amplitude. The orientation of the bending plane is
controlled by the joystick’s joint angle W. The bending
amplitude is mapped to the joint angle ¢. This mapping is
represented in Fig. 4. The assumed advantage of this mapping
is that it would allow the user to precisely adjust the bending
orientation while keeping the bending amplitude constant.
This could especially be advantageous when crossing the
aortic arch of which the curvature is approximately constant.
Similar to the case of the direct joint-based mapping, the
insertion is controlled with the translation R of the joystick.
The rotation of the catheter about its neutral axis is now
mapped to the joint angle 6.

IV. EXPERIMENTAL TEST

In order to test the developed catheter and to compare the
implemented mappings a number of experiments have been
conducted. During experiments the user was asked to insert
the developed catheter into a flexible transparent 3D mockup
of the aorta using the robotic catheter teleoperation system
described in this paper. Both mappings were tested 5 times.
The user was an experimented cardiac surgeon.

Fig. 4. Sketch of the ‘spherical distal mapping’ which allows the user to
independently control the bending angle and the bending amplitude.

A. Setup description

The overall setup layout is represented in Fig. 5. The mockup
and the joystick were placed on an operating table. An
articulated arm, clamped to the table, holds the catheter driver
in front of the 3D mockup. A display showing the IVUS
images was located in front of the operator. The 3D mockup,
also visible in Fig. 5, was about 20cm long and 12cm wide. It
was a silicone aorta constructed from real patient data. Each of
the experiments started with the catheter tip inserted in the
mockup at the level of the descending aorta. The subject was
asked to steer the catheter up to the center of the aortic valve
as fast as possible while trying not to put high forces on the
aorta itself. The user could visually estimate the contact force
between the catheter and the mockup by observing the
deformation of the latter. For each insertion the coordinates of
the position sensor, the IVUS images, as well as joystick joint
angles were recorded.

B. Results

The trajectory followed by the EM sensor for a single
insertion, overlapped with a representative 3D model of the
aorta, is shown on Fig. 6. The time to completion was defined
as the time it took the user to steer the catheter originally
placed at the level of the descending aorta to the center of the
aortic valve. For both mappings the user managed to reach the
goal in less than 70s. For the conducted experiments it was
found that the average completion time was 10s shorter for the
direct joint-based mapping than for the spherical distal
mapping. The overall results of the experiments are
summarized in Table 1.

Fig. 5. While steering the catheter the user could directly see the ITVUS
images as well as the position of the catheter tip thanks to the transparency of
the 3D mockup.

102 CRAS2014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



TABLE L EXPERIMENTAL RESULTS
. Number of Total time Std. Dev.
Mapping experiments [s] Mean [s] [s]
direct joint-based 5 203.4 40.68 12.12
spherical distal 5 263.9 52.78 14.73

After the experiments the user was positively surprised by the
steerability of the catheter. However, due to the U-shape of the
aorta, once the aortic arch crossed, catheter motion reverses
with respect to user input commands. This inversion combined
with a build-up of rotational motion of the catheter about its
neutral axis did cause some confusion to the user. At such
point the user could not easily predict the movement of the
catheter anymore. Overall, at least for the limited number of
experiments that were conducted, the spherical distal mapping
was found less intuitive by the user due to the indirect
mapping of the respective DOFs. This can explain the
difference in completion time. The user was interestingly
mentioning that both mappings have their advantages
depending on the insertion level. The aortic arch was, as
predicted, easier to cross with the spherical based mapping,
while the catheter tip was more easily positioned at the center
of the aortic valve with the direct joint-based mapping.
Additional experiments as well as more advanced data
analysis would help analyzing the proposed mappings in more
detail.

z [mm]

-20

y [mm] 0
X [mm]

Fig. 6. 3D path followed by the EM position sensor placed at the tip of the
catheter. This insertion took 43s and the user was using the direct joint based
mapping.

V. CONCLUSION AND FUTURE WORK

This paper describes a first study on the development of
dedicated mappings for steering novel inherently compliant
sensorised active robotic catheters. Initial results show
successful navigation through an artificial mockup and suggest
superior performance of a direct mapping. Further
experiments should be conducted to exclude possible learning
effects. Also, the use of the 1DOF bending segment is
expected to increase the overall navigation performance. More
in depth experiments, characterization of the system and
development of new mappings are also topics for the future.
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Toward User-Friendly Robotic Assistance for Enhancing
Accuracy and Safety of Reconstructive Microsurgery

L. Vanthournhout, B. Herman, J. Duisit, F. Chateau, J. Szewczyk, B. Lengelé, and B. Raucent

Abstract— Reconstructive microsurgery enables extraordi-
nary procedures such as breast reconstruction, face allograft,
or torn member saving. However, several gestures require a
precision that goes beyond human dexterity. An ergonomic
robotic assistance is being developed to push back the current
frontiers of microsurgery and scale it down to the sub-
millimeter scale of so-called super-microsurgery. The robot
would be integrated transparently and intuitively into standard
procedures performed under a microscope, so as to make super-
microsurgery safer with limited additional cost.

I. CONTEXT AND OBJECTIVES

Since the first vascular anastomosis (see Fig. 1) defined
at the beginning of last century by A. Carrel, important
advances have been made in microsurgery: Tissue autograft,
face allograft, torn member saving, hand surgery, etc. None
of this could be performed without several major technolog-
ical innovations such as operating microscope that offers up
to 50x magnification [1] and the adaptation of instruments
and suturing wires, whose diameter may be smaller than
15 pum. However, several gestures require a precision that
goes beyond human dexterity [2], [3]. For this reason,
microsurgery procedures such as free flap reconstructions are
extremely challenging and remain not very widespread. In
particular, the DIEP (deep inferior epigastric perforator) [4]
is a complex surgical act of breast reconstruction that consists
in removing a vascularized skin flap (with fat tissue) from
the patient’s lower abdomen, and transplanting it on the
breast after a tumor resection (see Fig. 2). At the moment,
this procedure requires to cut deeply into the abdominal
muscles and to remove a piece of rib from the chest to access
blood vessels large enough to be anastomosed. The poor
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Fig. 1.

Microanastomosis on graph paper (from [1].)

accessibility of the deep surgical sites and the high accuracy
required restricts the use of this promising technique in sur-
gical routine. Providing surgeons with a device to assist them
in performing safely microanastomoses on sub-millimeter
vessels closer from skin could decrease invasiveness of DIEP
and other free flap reconstructions, and make these surgical
procedures feasible by most microsurgeons.

A couple of exploratory studies with the Da Vinci sur-
gical system (Intuitive Surgical, Inc.) showed feasibility
and highlighted the benefits of robotic assistance for very
delicate microsurgery gestures [5], [6]. This teleoperated
system allows a motion downscaling and decreases tremor
magnitude. However, the Da Vinci system is expensive
to purchase and to use. It is also very cumbersome and
takes the surgeon away from the operative field. Image
magnification provided by the stereo-endoscope might not
be sufficient for microsurgery. Furthermore, its kinematics
is primarily dedicated to intra-abdominal minimally invasive
surgery, and is not really suitable for open microsurgery.
Finally, instruments developed by Intuitive for microsurgery
are much larger and cumbersome than manual instruments.
Besides this commercial system, several research proto-
types have been developed in various laboratories. A tele-
microsurgery system developed at Tokyo university for open
neurosurgery [7] is also efficient but shares most of the Da
Vinci’s limitations. The RAMS system from Jet Propulsion
Laboratory is also devoted to microsurgery, and is notably
smaller than aforementioned systems. Yet, no performance
improvement has been observed with respect to manual
surgery while operative time is doubled [8]. A master-slave
system for reconstructive microsurgery has been recently
developed by Eindhoven University of Technology [9] but
trials with vessels are not reported yet, and because of the
selected kinematics, accuracy, velocity and workspace do not
appear to be sufficient for our applications.
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Fig. 2.

Currently available teleoperation interfaces also suffer
from a main limitation often raised by microsurgeons. The
scaling factor is generally set constant during a gesture or
even during the entire procedure. Yet, if a large reduction
factor increases accuracy and decreases tremor magnitude, it
also slows down gestures. In addition, the limited working
range of the master arms forces surgeons to de-clutch and re-
center the arms several times during some gestures (e.g. for
pulling a wire over several centimeters). As a consequence,
operative time is increased [7], [10], which is a common
cause of non acceptance of robotic technology for surgery.
This problem of procedure duration is even more severe
in the particular case of free flaps, since the surgeon must
perform arterial and venous anastomoses rapidly to restore
blood flow in graft as soon as possible, and avoid its
deterioration. Several authors therefore indicate the need for
an more advanced interface allowing a variable scaling factor
that could be adjusted manually or even automatically to the
complexity of ongoing task [3], [6], [7], [10].

In this context, we aim at bringing both technologically
and economically viable solutions to the accuracy and dex-
terity problems that still reserve microsurgery to few highly-
skilled surgeons. Our goal is also to push current micro-
surgery boundaries and open the way to super-microsurgery,
which requires a gesture accuracy close to 0.01 mm so as to
achieve anastomoses on sub-millimeter vascular structures
(thin pedicles of perforator flap, lymphatic vessels). This
paper reports our current work towards the design of a
robotic system for microsurgery that would be integrated
easily in current microsurgery protocols. It should allow
the surgeon to sit next to the patient and work under a
conventional microscope. Careful attention must therefore be
paid to the robot topology and dimensions, to avoid visual
field obstruction while offering a sufficient workspace.

II. INSTRUMENTS MOTION QUANTIFICATION

Workspace covered by microsurgery instruments, along
with their velocity and acceleration, were recorded exper-

Microsurgeons at work during a DIEP procedure.

imentally so as to set our robot requirements.

A. Experimental Protocol

Two microsurgeons performed a micro-anatomosis on rat
adrenal aorta (1.7 mm outer diameter) from zone exposure
until anastomosis permeability verification. Position, orienta-
tion, and instruments usage were recorded with three devices:
(see Fig. 3):

1) A standard camcorder mounted on a tripod to analyze
the global workflow and distinguish useful from unnec-
essary instruments motion (e.g. distinguish valid micro-
surgery gesture from microscope adjustment, instrument
change, surgeon distraction).

2) A 3D tracking system (MicronTracker (R)) to localize
tip position and orientation of instruments. For this pur-
pose, instruments were equipped with optical markers.
Surgeons stated that these sensors did not change the
instruments behavior and did not alter the gestures.

3) A microscope-mounted camcorder to record minute
details of the surgical site.

Non-relevant instrument motions detected on camcorders

recordings were excluded manually from the 3D tracking
system data.

Fig. 3.
usage during a micro-anastomosis: a) Standard camcorder; b) 3D tracking
system (MicronTracker); ¢) Microscope-mounted camcorder.

Devices used for recording position, orientation, and insrtuments
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a) Tool tip position

b) Tool orientation

Vessel

Fig. 4. Microsurgery instruments tip position and orientation with respect
to anastomosis center. Surgeon is positioned on y-positive side perpendicular
to vessel.

B. Results

Positions and orientations obtained are depicted in Fig. 4.
Velocities and accelerations were then derived. To excluding
some pick measurments assumed not to be representative
only 99.9% of velocity measurements and 99.8% of accel-
eration measurements were taken into account. Table I gives
an overview of the main results.

TABLE I
MICROSURGERY INSTRUMENTS TIP POSITION, ORIENTATION,
VELOCITY, AND ACCELERATION DURING ADRENAL AORTA MANUAL
ANASTOMOSIS ON RAT.

A Position/Orientation | Velocity Acceleration
x 37 mm 100 mm/s | 410 mm/s?
y 52.5 mm 100 mm/s | 410 mm/s?
z 48 mm 100 mm/s | 410 mm/s2
P (yaw) | 135 deg 105 deg/s | 570 deg/s>
0 (pitch) | 135 deg 100 deg/s | 540 deg/s>
¢ (roll) 360 deg 125 deg/s 780 deg/s>

III. ROBOT TOPOLOGY

Robotic assistance for improving gesture accuracy can be
implemented according to two principles: comanipulation
and teleoperation. Comanipulaton can filter tremors and has
the advantage of being truly intuitive to use: The surgeon
simply holds the instrument, as usual, and its motions are
smoothed by the robot that can act in parallel such as the
SteadyHand [11] or the robot developed at KULeuven [12],
or be inserted serially between instrument handle and effector
as in the Micron [13]. Telemanipulation, in addition, can
scale motions. This feature might not be required for slow
pointing tasks as in retinal microsurgery, but is likely to prove
useful for more complex gestures that would remain difficult
to achieve with human fingers dexterity, even with active
tremor cancellation and motion damping. For this reason,
the system to be designed will be based on a teleoperation
architecture, although the master console should be kept as
small as possible to fit on the operating table, as the system
proposed in [9].

Robot needs at least 7 degrees of freedom: Six to have
sufficient dexterity and the seventh to open/close manipulated

tools. We decided to decouple tool tip position from orienta-
tion because accuracy requirements are very high in position
(10pum) but low in orientation (in the order of 1-2 deg),
where human dexterity is already sufficient. So we chose a
XYZ Cartesian structure for positioning and a spherical wrist
with concurrent axes crossing at tool tip, with the last rotation
coincident with the self-rotation of the instrument (see Fig.
5). This kinematics can match naturally the required position
accuracy and offers a sufficient angular amplitude while
remaining rather compact. It has already been implemented
successfully in the Robotol system [14] devoted to middle-
ear microsurgery, and seems to be a good starting point for
the design of our own system.

Fig. 5. Considered kinematic structure (from [14]).

IV. GEOMETRICAL AND KINEMATIC OPTIMIZATION
A. Optimization Process

Based on the specifications above, an optimization of
seven geometric parameters of the wrist structure is per-
formed. A brute force optimization algorithm tests all pos-
sible parameters combinations and checks the following
criteria:

o Constraint 1: All positions orientations measured pre-
viously must be reachable;

o Constraint 2: Contact with environment must be
avoided;

o Constraint 3: Robot cannot pass inside surgeon’s visual
field;

o Objective 1: Distance to environment should be as large
as possible;

o Objective 2: Dexterity should be as high as possible;

o Objective 3: Robot must, as much as possible, leave
room for an assistant surgeon to work in front of the
main surgeon. This objective is reflected by maximizing
the distance between the robot and the vertical plan
between the two surgeons (y=0 with respect to Fig. 4).
The larger the distance is the better it is.

The solutions that cannot fulfill constraints 1, 2 ou 3
are rejected while the others form the set of admissible
solutions and are classified regarding their score associated
to objectives 1, 2 and 3.
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B. Results

200 millions of solutions were evaluated. The set of
admissible solutions has got a Pareto Surface (i.e.: the sub-set
comprising of all non-inferior solutions with respect to the
three objectives) which is represented on Fig. 6. As depicted
also on Fig. 6, the particular solution n1247 stands for a
good final choice as it presents balanced scores between
the 3 objectives. The robot structure corresponding to this
particular solution is shown on Fig. 7.
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Fig. 6. Point of spherical wrist dimensions optimization Pareto surface.

Fig. 7.

SolidWorks representation of solution 1247 in its environment.

V. CONCLUSIONS AND FUTURE WORK

Optimization process is still under refinement and the
best solution will then be selected to offer a good balance
between the three objectives. A prototype will be designed
and built subsequently. Our attention will then focus on
the control interface in order to make robot use as fast
and intuitive as possible. As stated above, this is essential
in therapeutic gestures assistance. Indeed interaction modes
between surgeons and robot are a decisive factor in the
system acceptance by users, as demonstrated by the large

diffusion of the Da Vinci surgical system that offers a
comfortable and intuitive interface, despite little evidence
of its clinical interest. In particular, we’ll propose different
interaction modes between surgeon and robot and study their
impact on system performance from the point of view of
ergonomics, usability, executed gestures accuracy, and task
duration.
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Using Vibrations for Haptic Feedback
Discrimination in Teleoperation
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Abstract—The European project ACTIVE aims at developing
an integrated redundant robotic platform for neurosurgery.
During tele-operation, the surgeon perceives on a haptic device
the interaction of the tool with the brain tissue by means of
a force/torque sensor mounted on the slave. Moreover, active
constraints prevent damage to eloquent areas and assist the
surgeon by constraining and directing his motions. Having two
sources of haptic feedback, and only one haptic device through
which it can be displayed makes it difficult to distinguish between
the two sources. In this extended abstract, we formalize the
problem and propose a solution based on vibratory feedback.
The platform that we’ve set up in order to take our findings from
virtual reality to teleoperation is described, as well as the current
work we’re performing in order to cover not only forbidden
region active constraints, but also guidance forces.

I. INTRODUCTION

While performing an operation, surgeons must rely on their
senses to understand the environment they are dealing with,
and be able to react to unforeseen situations. In traditional
surgery, the surgeon is situated very close to the operating
scene, and gets the stimuli conveyed directly through the tools
he uses (microscope, scalpel, endoscope, etc...).

In robotic surgery, it is frequent to have the surgeon situated
further away from the patient, so as to leave enough room for
the robot, and to place the surgeon in front of a master station
from which he will control the slave robot (for example, [1],
[2]). In such case, the surgeon doesn’t interact directly with
the tissue anymore, but through a computer/robotic interface
that transmits the stimuli from the operating scene to the
master console. This gives rise to many difficulties (lag time,
limited resolution, possible instabilities, etc...) but also allows
to augment the senses of the surgeon.

When it comes to touch, the interaction that takes place
between the robot and the operating scene can be measured by
a force sensor, and then conveyed back to the surgeon through
a haptic interface. Augmentation usually consist in adding
active constraints [3] (also called virtual fixtures [4]), that
either guide the surgeon in the operation (guidance fixtures)
or assist him in staying away from potentially dangerous areas
(forbidden region fixtures). A recent survey can be found in

[5].

When using both a sensor on the robot and virtual feedback
to assist the surgeon, the main issue is that we have two sources
of haptic feedback, but only one haptic device through which

Domenico Prattichizzo

Department of Information Engineering and Mathematics

Universita degli Studi di Siena
Via Roma 56, 53100 Siena, Italy
prattichizzo @dii.unisi.it

F/T sensor +
instrument

Fig. 1: Teleoperation setup

we can render forces. In this work, we tackle the problem of
rendering these two sources of feedback in a way that is clear
and beneficial to the operator at the master console.

II. COMBINING SOURCES OF FEEDBACK

When two different sources of feedback are used simulta-
neously, they will have to be rendered in some way at the
user’s hand. If the feedback sources never return non-null
forces simultaneously (for example, if guidance forces are
only present when the robot moves in free space), conflict
is unlikely to arise, as only one source is rendered at a time.
When both sources return non-zero forces, a straightforward
approach is to just sum both forces. This is expected to work
well if both forces are orthogonal (for example keeping the
user on a given plane while manipulation tissue orthogonal to
it), since it could be simple to tell the forces apart. It also
works if one of the forces is much higher than the other (a
very stiff forbidden surface, for example), and is supposed to
overcome the other.

If we are interested in keeping the operator aware of the
two sources, they should somehow be distinguishable. Just
adding them will create a resulting force with a different
direction and magnitude. We propose to overlay vibrations on
top of one of the sources to make it easily distinguishable
from the other. We will see separately how to tackle forbidden
region and guidance virtual fixtures.
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A. Forbidden regions

When implementing forbidden region active constraints,
together with force feedback coming from tissue interaction,
there are a couple of design choices to consider. The first
is: where should we use vibration, on the tissue feedback,
or on the virtual feedback? It’s important for the surgeon
to distinguish as clearly as possible any unexpected force on
the tissue, so we consider it’s best to preserve this source of
feedback as close to the original as possible. On the other
hand, the virtual feedback is already something synthetic, so
we consider it’s the best candidate to modify. On the other
hand, we consider a forbidden region as a critical region that
must not be penetrated, so it’s important to make it very easily
distinguishable, and prevent the surgeon from entering it.

In previous work [6], we experimented in virtual environ-
ments, where part of the environment was supposed to repre-
sent a physical reality, and other virtual surfaces represented
forbidden regions. We showed how in certain scenarios, just
adding both sources of feedback naively would cause the user
to fail to notice certain elements that he touched. In order to
overcome this, we first thought about rendering one source
of feedback kinesthetically (render continuous forces), while
the other source would be rendered by having a vibration
convey the magnitude of its force. This indeed made it very
clear as to what was virtual and what was supposed to be
real, but since we’re not able to perceive the direction of
vibrations, the direction of the virtual force was lost. Since
we used kinesthesia to render the physical objects (tissue in
the case of surgery), and vibration for the active constraints,
big penetrations into the forbidden regions, would be frequent.
This was highly undesirable.

In later work [7], we proposed a better solution to render
the virtual constraints. We would overlay a vibrating compo-
nent on top of virtual force. The vibration amplitude would
be proportional to the magnitude of the virtual force, with a
small positive offset at the moment of contact to make it easily
distinguishable. Through an experimental study, we found that
users could easily distinguish the two sources of feedback,
without increasing the penetration into the forbidden regions,
which was our goal.

B. Guidance forces

In the area of guidance forces, the problems we face are of
another nature. Forbidden regions should prevent the user from
reaching a dangerous area, therefore generating force that resist
the surgeon’s motion. On the other hand, a guidance force
should help the surgeon reach a certain goal. The difference is
that in the first case, motion is impeded, while in the second,
a motion should be encouraged. The surgeon should be at all
times in control of the slave, and having the haptic interface
push his hand in a certain direction is deemed dangerous.

The use of vibrations to guide the surgeon is an attractive
one, since the average energy exchange with the hand is zero.
The higher the frequency used, the lower the oscillations it will
cause on the hand. However, as we previously saw, vibration
will not convey the sense of direction that we want to transmit
to the operator. The solution that we propose to solve this
problem is that of asymmetric pulses, where the master device
displays a short strong force in one direction, followed by a

longer lower force in the opposite direction. This creates the
illusion of being pushed or pulled in the direction of the strong,
short pulse. This concept has been employed on un-grounded
portable [8] and wearable [9] devices, where it is clear that
there is no net energy transferred to the hand.

We’ve done preliminary experiments where a clear sensa-
tion of pulling or pushing in a direction can be felt. Even
if the haptic device is released, its vibrations are hardly
perceivable, and it won’t slide towards the direction of the
pushing. Psychophysical studies with more subjects will be
performed to study the usefulness of the illusion in clinically
relevant scenarios.

III. THE PLATFORM

In order to take our experiments from a virtual scenario to
an actual teleoperation setup, we’ve prepared a platform that
comprises a Light Weight Robot (LWR) from KUKA as slave,
and a Sigma 7 from Force Dimension as the master. A 6DOF
force/torque sensor (ATI Nano17) is mounted on the LWR to
measure the forces at the tool tip of the slave. The setup is
shown in figure 1, and has been designed in the framework of
the European project ACTIVE [10].

On the master side, the displacement of the haptic device
is read, filtered and down-scaled. The filtering is necessary
to remove vibrations introduced by the vibratory feedback
techniques mentioned in the previous sections. The positions
are used to control the slave, which measures its interaction
forces with the environment through the force/torque sensor.
The measured forces are filtered to remove mechanical vibra-
tions of the robot at 190Hz and 50Hz (empirically measured,
due to cooling fans) and upscaled. Using the pose of the end
effector, the forces are rotated to the slave’s reference frame,
and fed back to the operator.

Time delays are inevitable, and in order to guaranty safety
and stability of the system, a passivity observer and controller
is implemented, following the theory and algorithms in [11].
The observers measure the amount of energy that enters and
escapes the system through both the slave and master side, and
limit the output of any of the sides when the system is about to
become active. Without a passivity controller, hard contacts are
extremely unstable (causing big and violent bounces), while
keeping a constant contact force on soft tissue can destabilize
the system (the motion and force scaling playing a key factor
on the maximum allowable stiffness before we lose stability).

Figure 3 shows how the passivity layer is situated in the
system. The difference in contact with a soft tissue (the silicon
sample shown in figure 1) with and without the passivity
controller is shown in figure 2. It can be seen how the contact
is unstable in figure 2a, and that it becomes much more stable
in 2b, where the haptic master doesn’t bounce anymore.
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Device

Human
Operator
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Fig. 3: Passity layer
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Fig. 2: (a) recorded force sensor data (black) and position data in vertical direction (perpendicular to contact surface) for master
(red line) and slave (green) devices during contact with a silicon sample located at 0.15m (yellow dashed line), without passivity
controller and (b) recorded position data of master device (slave is slightly shifted in time but not shown) with force sensor
signal (red), the upper bound of the applicable force as calculated by the passivity controller (yellow) and force actually rendered

by the haptic device (green when visible, otherwise red).

Having a working and stable platform will allow us to
extend our work on vibratory feedback that had been done up
to now only in virtual scenarios to the teleoperation domain.
Preliminary tests have been performed, in which a simple
planar forbidden region is introduced inside the silicon sample
shown in figure 1, a couple of centimeters below its surface.
The hidden virtual feature becomes very easy to distinguish
from other unexpected stiff features buried in the tissue, due
to the use of vibration.

IV. CONCLUSION

We have presented for the state of our research concerning
the use of vibrations for haptic feedback in robotic assisted
surgery. When tool-tissue interaction forces are available via
a force sensor, it is important to keep them unmodified to
maximize the realism of this feedback at the surgeon’s hands.
Vibrations are used to modify the virtual forces originating
from active constraints. The cases of forbidden region and
guidance virtual fixtures are treated differently, since the goal
of each is different and requires separate considerations. The
teleoperation platform that has been set-up in accordance to
our needs in the ACTIVE project was described, together with
the considerations we’ve taken for its stability. This paves the
way to new experiments that will be conducted in order to
study the usability of our approach in medical scenarios.
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A new bio-inspired, antagonistically actuated and
stiffness controllable manipulator

Agostino Stilli, Farahnaz Maghooa, Helge A Wurdemann and Kaspar Althoefer, Member, IEEE

I. INTRODUCTION

Robotic manipulators can be divided into different
classes, including discrete, serpentine and continuum
robots [1]. Most robots in use today have a number of
discrete and usually rigid links connected by simple joints.
Our work though has been inspired by biology [2], [3]
- specifically by the octopus, with its soft tentacles and
virtually infinite number of degrees of freedom (DoFs).
Biological studies show that the octopus is capable of
actuating the different types of muscles in such a way
that it can control the stiffness of its arms, enabling the
animal to catch fish, move stones or even walk across the
seabed. Taking inspiration from the antagonistic behaviour
of octopus arms, our robot manipulator makes use of two
fundamental actuation means, pneumatic actuation and
tendon-based actuation, able to oppose each other and thus
capable of varying the arms’ stiffness over a wide range.
Our robot arm can be said to employ two main actuation
mechanisms in a hybrid fashion - intrinsic (pneumatics in
our case) and extrinsic (tendon actuation in our case) [1], [4].

As it is the case for other robots developed recently,
we use extrinsic actuation based on tendons to achieve
bending away from the longitudinal axis of the robot
arm. Tendons that are attached at the tip and intermediate
points of the arm are pulled by externally situated motors
controling the length of each tendon see e.g. Intuitive. The
overall DoF depends on the number of integrated tendons
and fix points along the manipulator [5]. Other manipulators
whose links are moved by tendons are [6]-[10]. Most
tendon-driven robot manipulators cannot lengthen or shorten
their structure longitudinally [11], [12].

While most current robot arms make use of only one
type of actuator such as tendons or motors integrated with
the robot joints, our robot arm employs two actuation
mechanisms. The tendon based mechanism is combined
with pneumatic actuators to allow for antagonistic control.
The pneumatic actuation which can be considered intrinsic
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(a) (b)

Fig. 1. Prototype of the new bio-inspired, antagonistically actuated and
stiffness controllable manipulator in the (a) stiff and elongated and (b)
entirely shrunk state.

actuation provides our arm mainly with extension capability.
Other robot arms that are entirely based on pneumatic
actuation have been developed in the past. One example
of an intrinsic pneumatic actuation principle employed
in a robot arm is the Octarm manipulator equipped with
a set of McKibben actuators connected in series and in
parallel [13]. Another example is the universal joint based
robot for minimally invasive surgery (MIS) [14]; each
finger-like segment is driven by 7 micro-motors leading to
a miniaturized manipulator arm with an outer diameter of
12mm. Another robot arm that is actuated pneumatically
is the soft robot arm developed as part of the EU-funded
project STIFF-FLOP. STIFF-FLOP focuses on exploring
the mechanisms of the octopus and attempts to extract
relevant biological features to develop medical robotics
systems for MIS [15] with integrated sensors [16]-[18].
The STIFF-FLOP robot arm is made up of silicon segments
with each segment being equipped with a set of parallel
compressible chambers; the current prototype consists of
two segments arranged in series [19].

Stiffness variation can be realised with an additional
chamber within the silicone body filled with granular that
can be jammed by applying a vacuum [20]. Hence, the
control of the stiffness of the robot?s body is achieved by
extending the overall robot system through the introduction
of an additional type of actuator.

The concept of polymeric artificial muscles proposed in [21]
to actuate a robot manipulator was furthered in [22] by
integrating granule-filled chambers which when exposed to

52014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery



Fixture Points for
Latex Bladder

Fixture Points for Tendons

Tendon Guide

Polyester Fabric Stretchable
Sleeve Latex Bladder
Pneumatic
Tube
—Tendons

Fig. 2. Section view of the manipulator’s structure.

varying degrees of vacuum could actuate, soften and stiffen
the manipulator’s joints.

Appropriately fusing two different actuation mechanism
often allows enhanced manipulation capabilities above
single-type actuation approaches [4] - enhanced control of
the manipulator’s configuration, stiffness and compliance
can be observed. Such a hybrid robot concept is the
one described in [23]; the authors created a system
where pneumatic actuators are combined with an electro-
mechanical actuation mechanism. Also, the work by
Immegal [24] aims at bringing together extrinsically
and intrinsically actuation principles. The idea of fusing
pneumatic and tendon-driven actuation was also explored
in [25] - in their work, each robot segment is made up of a
pressurizable inner hose inside a surrounding hose and a set
of cables attached to aluminum plates at the top and base
of each of the many segments.

Here, we propose to fuse pneumatic and tendon-driven
actuation mechanisms in an entirely soft outer sleeve
realising a hybrid actuation mechanism, to realize a new
type of robotic manipulator that can collapse entirely, extend
along its main axis, bend along the main axis and vary
its stiffness. The proposed robot arm is inherently flexible
manufactured from segments that consist of an internal
stretchable, air-tight balloon and an outer, non-stretchable
sleeve preventing extension beyond a maximum volume.
Tendons connected to the distal ends of the robot segments
run along the outer sleeve allowing each segment to bend
in one direction when pulled. The developed robot arm
is depicted in Figure 1. The results from our study show
the capabilities of such a robot and the main advantages
of the proposed technique when compared to traditional,
single-actuation type robot manipulators.

II. DESIGN OF THE HYBRID ACTUATION
MECHANISM
A. Structure and Assembly of the Manipulator

A section view of the robot arm is depicted in Figure 2.
There are three main parts that make up the overall
robot structure: an inner stretchable air chamber, an outer,

non-stretchable (but compactable) fabric sleeve and triplets
of nylon tendons per each of the two segments. The outer
sleeve is 20cm in length and has a diameter of 23 mm, when
fully inflated. Since the outer fabric cannot stretch, the outer
sleeve keeps the inner balloon from extending indefinitely
and restricts it in radial direction to a maximum diameter
of 23mm. During transition from complete deflation to
maximum inflation, the manipulator is capable only of
extending along its main axis (translational extension). The
manipulator stiffness is varied by changing the tendon length
- hence, pulling the tendons in at a certain air volume, the
outer sleeve will shorten, whilst increasing its stiffness, and
vice versa.

In our robot, the extrinsic actuators, i.e. the tendons
are guided through specific fabric channels on the outside of
the manipulator sleeve, 120° apart along the circumference
of the robot’s cylindrical body. In our two-segment
experimental system, a triplet of tendons are attached to
the distal end of the manipulator and another tendon triplet
connected the mid-section of the robot - hence, the two
segments of our manipulator can be actuated individually,
Figures 2 and 3.

B. Active Motion Control Setup

Figure 3 shows the setup of the entire robotic system. A

pressure regulator (SMC ITV0010-3BS-Q) is used to control
the air pressure in inner balloon from 0.001 MPa to 0.1 MPa,
allowing the controlled inflation and deflation of the balloon.
An air compressor (BAMBI MD Range Model 150/500) is
employed to provide the required pressure.
The tendons are operated via a pulley system of a 6.4mm
radius driven by DC motors (Maxon RE-max 24) via a gear
(Maxon Planetary Gearhead GP 22 C), allowing us to apply
a torque of up to 2Nm and a force of up to 312.5N at the
outer edge of the used pulleys.

6 Tendons Inn&?r stretchable
air chamber
Tendons Valves
Six DC Pressure
Motors Regulator
LabVIEW
Power Compressor
Control
System

Fig. 3. Active motion control architecture involving tendon and pneumatic
actuation.
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Fig. 4. The manipulator is squeezed through an ENDOPATH XCEL Trocar
(18 mm diameter) and actuated.

A DAQ card (NI USB-6211) and LabVIEW software are
used to control the motors and pressure regulators taking
input from a joystick (Logic 3 JS282 PC Joystick) for remote
control of the overall system. In addition, a button is used
to regulate the pressure inside the robot’s air chamber. In
the conducted experiments, we used the joystick to control
the tendons and thus steer the manipulator whilst keeping
the pressure in the balloon constant. Thus, most of our
experiments allowed controlling the robot’s motion whilst
keeping the pressure and, hence, stiffness, constant - see [26].

IT1I. DISCUSSION AND CONCLUSIONS

We present here a new hybrid and antagonistic actuation
system for a robotic manipulator fusing pneumatic with
tendon-driven actuation. Being inspired by the biological
role model, the octopus, our antagonistic actuation system
aims at modeling the octopus’ way of using its longitudinal
and transversal muscles in its arms: activating both types of
muscles, the octopus can achieve a stiffening of its arms.

Our concept goes beyond state-of-the-art in the field
of soft robotics: our robot is mainly made of thin sleeve-like
components filled with air to achieve a fully-extended state,
and thus can be shrunk to a considerably small size when
entirely deflated. This capability to move between these
two extreme states make the robot a particularly useful
candidate for applications such as MIS or search and rescue.
Our experimental study shows that the our manipulators,
indeed, is capable to bend, to morph from entirely inflated
to completely shrunk as well as to squeeze through narrow
openings.
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Biphasic Media Variable Impedance Actuation
Application in Human Robotics Interaction
Bo Han, Matteo Zoppi, Member, IEEE, and Rezia Molfino, Member, IEEE,

Abstract—A major application today is in robotic systems expected to interact safely and friendly with humans and the
environment. This paper presents a concept of soft serial links actuator- variable impedance actuator using a combination
of fluid and gas to realize the adaptation of the position and stiffness. Because of the high power density, simple structure
and low cost, the variable impedance actuator using biphasic media can be realized with the architecture of a common
hydraulic piston in micro and meso-scale and application spanning from minimum invasive robotics surgery to robotics
locomotion legs, arms and dexterous hands. The schematic of serial links actuator of biphasic media is presented and
model design application in fields such as robot assisted surgery, daily life service robot, industrial robot involved with
human and environment interaction are analyzed respectively. The dynamic model and control strategy are built and

application cases listed with the innovation concept.

Keywords—Variable Impedance Actuator, Human Robotics Interaction.

1 INTRODUCTION

N the growing fields of rehabilitation robotics,
Iprosthetics, wearable robotics, and walking
robotics, variable impedance actuators (VIAs) are
being designed and implemented because of their
ability to minimize large forces due to shocks, to
safely interact with the user, and their ability to store
and release energy in passive elastic elements. This
thesis describes the state of the art in the design of
actuators with adaptable passive compliance.

The working principles of the different exist-
ing designs are explained and compared. Accord-
ing to mechanism design and function, the VSA
are divided into four groups: equilibrium-controlled
stiffness, antagonistic-controlled stiffness, structure-
controlled stiffness (SCS), and mechanically con-
trolled stiffness. In classical robotic applications,
actuators are preferred to be as stiff as possible
to make precise position movements or trajectory
tracking control easier (faster systems with high
bandwidth). The biological counterpart is the mus-
cle that has superior functional performance and a
neuro-mechanical control system that is much more

e  R. Molfino is with the Department of Mechanical and Automation
Engineering, University of Genova, Genova, Italy, 16145.
E-mail: see http://www.pmar.robotics.unige.it/people

e B. Han and M. Zoppi are with University of Genova.

Manuscript received May 19, 2014, revised Jul 11, 2014.

advanced at adapting and tuning its parameters.
The superior power-to-weight ratio, force-to-weight
ratio, compliance, and control of muscle, when
compared with traditional robotic actuators, are the
main barriers for the development of machines that
can match the motion safety, and energy efficiency
of human or other animals.

One of the key differences of these systems is
the compliance or spring-like behavior found in
biological systems [1]. In this paragraph, we present
different types of variable stiffness actuators accord-
ing to their function and structure. Most actuators
with controllable stiffness consist of two classical
stiff actuators that can be easily dimensioned for
the required force or torque. Applications requir-
ing adaptable compliance can be divided into two
groups: those for robot-human interaction and those
to adjust natural dynamics. The distinction between
these groups depends on the primary use of the
compliance within the application.

1.1 Variable impedance in Human Robotics
interaction

Industrial robots are heavy machines actuated by
stiff systems, and they do not give or comply
in a collision, thereby inducing severe damage.
Therefore, for safety reasons, these devices are
placed in a human-free environment. However, for
some applications, it is useful to have robots and
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humans fulfilling tasks together [3]. This requires
safer robots, which can be achieved by designing
compliant joints. However, with a compliant joint,
it is harder to place the tool center point in an exact
position or to track a specific trajectory accurately.
In this case, an actuator with adaptable compliance
can act stiff during precise positioning at low speeds
(grasping and placing an object) and compliant
when positioning is not as important when moving
at higher speeds (moving from one position to
another) [4]. Most robotic toys are actuated by stiff
electrical drives. This inflexible movement results in
the typical artificial way of moving and interacting.
Especially for cuddly toys such as Huggable [5]
or Anty [6], a compliant, natural movement is
preferred.

Therefore, robots that can assist in the rehabil-
itation process are being proposed, e.g., Lokomat
[7] and Auto ambulator, which impose gait like
motion patterns to the legs of a patient. Paraplegic
patients and stroke survivors often suffer from se-
vere spasms. When using stiff actuators, undesired
motions, such as those caused by spasms, can cause
large actuator forces that could potentially harm
the leg. Adding compliance to the actuation system
can naturally absorb large position errors, thus pre-
venting damage to the system and insuring safety
of the wearer. Additionally, in the beginning of
the rehabilitation process, a relatively low stiffness
might be preferred for safety, and stiffness could
be gradually raised when the patient has regained
a certain level of control over their legs. The Au-
tomated Locomotion Training using an Actuated
Compliant Robotic Orthosis project (ALTACRO) [8]
intends to build a gait rehabilitation robot with
adaptable compliance. This field is growing rapidly
with many compliant systems: Bowden cables [9]
gravity balanced systems [10] ankle devices that
use series elastic actuators (SEAs) [11] and robotic
tendons [12].

1.2 Robotics safety factors involving envi-
ronment around

Robot safety involves several different considera-
tions and depends on many factors, ranging from
software dependability, to possible mechanical fail-
ures, to human errors in interfacing with the ma-
chine, etc. A thorough hazard analysis and risk eval-
uation should be performed according to methodi-
cal procedures specifically for different domains of

application: these methods are receiving growing
attention from both the scientific community and
international standardization bodies. General haz-
ard management considerations are very broad, of
course, and fall beyond the scope of this thesis. A
robot arm that has to interact with humans needs a
very important safety design considerations. Under
no circumstances should the robot arm cause harm
to people in its surroundings, directly or indirectly,
in regular operation or in failures. A type of risk
is the situation in which, in an unspecified instant,
during the execution of a preplanned robot arm
movement, a collision between a link of the arm
and a human occurs. The quantitative analysis of
the trade-off between such risk and the performance
obtainable is one of the objectives of robot safety.
Such analysis has a strong impact on how robot
mechanisms and controllers should be designed
for human interactive applications, giving rise to a
paradigm shift in robot design [13], which will be
examine in detail.

1.3 Human-robotics safety evaluation crite-
rion

As already stated, we will only focus on a particular
aspect of safety of robot manipulators, which is
against unexpected collisions by the manipulator
with a human operator. In the worst case, impacts
could happen anywhere on the manipulator struc-
ture and on the body of the operator, and at any
time during the execution of a planned trajectory.
The severity of injuries caused by collisions is a
well studied subject in biomechanics, with partic-
ular regard to such domains as car accidents or
sports, though only very recently these studies have
been applied to robotics [14]. Researchers have
developed several standard indices of injury severity,
including the Gadd Severity Index (GSI), the Head
Injury Criterion (HIC) [15], the ”3 ms” criterion,
the Viscous Injury Response (VC), or the Thoracic
Trauma Index (TTI). Most of these are related to a
basic tolerance limit curve developed at Wayne State
University (the WSUTL) on the basis of data exper-
imentally acquired from animal and cadaver head
collision tests. The WSUTL is a curve plotting head
accelerations versus impact duration, indicating that
very intense head acceleration is tolerable if it is
very brief but that much less is tolerable if the pulse
duration exceeds 10 or 15 ms (as the time exposure
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to cranial pressure pulses increases, the tolerable
intensity decreases).Gadd plotted the WSUTL curve
in log-log coordinates, obtaining a straight line of
slope —2.5, and proposed accordingly a severity
index as:

t
GSI = / a*dr (1)
0

where « is the head acceleration in g, and the
integral is extended to the whole duration of colli-
sion. A GSI value of 1,000 is generally considered
to be the threshold level or tolerance limit for serious
head injury. Versace [15] proposed a mathematical
refinement of the GSI known as the Head Injury
Criterion (HIC), which is defined as:

HIC = T[% /O l a(t)dt]*? 2)

where T is conventionally the final time of impact.
As the choice of this time is often difficult, it is
recommended to consider the worst-case HIC at
varying T, which corresponds to taking T equal
to the time at which the head reaches its maxi-
mum velocity v(T) (typically, T<15 ms). An HIC
value of 1,000 or greater is typically associated
with extremely severe head injury; a value of 100
can be considered suitable to normal operation of
a machine physically interacting with humans. A
generalization of the HIC to collisions with other
parts of the body can be considered whereby the
2.5 coefficient is replaced by other empirically de-
termined values a(see, for example, [17]) and,
assuming the operator is standing still before the
impact, one can write:

HIC' =T'""%(T)* (3)

In general, evaluation of the above severity in-
dices is numeric, based on either experimental or
simulated data. However, it is instructive to compute
the most widely used index, the HIC, for the basic
case of a single rigid joint moving at uniform
velocity v before impact.

2 SCHEMATIC AND MODELING

Consider the VIA in Fig. 1 in a known initial state.
The VIA moves to another state: call ¢* and ¢®
the volumes of liquid moving in/out the chambers
A and B, respectively (positive if inlet and negative
if outlet); pA and p® are the final pressures in the

Fig. 1: The schematic of variable impedance
actuator using biphasic media

chambers. Suppose the movement of the piston is
in the direction of the chamber B, no external force
is applied to the piston and the type and mass of
the gas fraction in both chambers is the same. Four
cases apply, depending on the relation between ¢*
and ¢%: (1) if ¢* = —¢P, the piston moves of an
amount proportional to ¢ and the initial and final
stiffness are identical (because the volumes of the
gas fractions at the two sides of the piston remain
constant); (2) if qA > —¢gB, the actuator increases
its stiffness and the piston moves of an amount
smaller than in the case (1) (the pressures in both
chambers increase and the gas fractions in both
chambers reduce their volumes); (3) if ¢* < —¢P,
the stiffness decreases and the piston moves of an
amount larger than in the case (1) (the pressures
in both chambers decrease and the gas fractions in
both chambers expand); (4) if ¢* = ¢, the stiffness
in the final state is higher than in the initial state
and there is no displacement of the piston. If the
cylinder moves toward side A, vice versa. In case of
external force applied to the piston, the four cases
above apply but there with a difference of pressure
between the two chambers proportional to the ratio
between the external force and the surface of the
piston. For more details, refer to [2].

2.1 Mathematic model of the serial links
actuator using biphasic media

The schematic in Fig. 2 represents the functioning
principle used in the actuator to achieve the variation
of stiffness. The gas behaves like a nonlinear spring.
Two hydraulic servo pumps are used to move liquid
inside-outside the chambers and so drive the mobile
part of the actuator, represented by the black longer
vertical stick in the middle. Two pressure sensors are
mounted on the chambers to measure the instanta-
neous pressures of the fluid inside.
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Fixed In pulley

Fig. 2: Schematic of the serial links actuator using
biphasic media

The serial links actuator is modeled referring to
the schematic in Figure 2. The following differ-
ential equations hold, linking the output motion
0;(described in this case by the displacement x =
r10; of the piston, r; is the radius of pulley) to the
joint J;, pA and pB, and gas volumes, VA and VB,
and torque 7; in the pulley where 7T} is the active
torque and 73 is the load torque from joint J;:

00+, =T —T 4)
}’191 =X (5)

1
m)'c'—l—u()x:(pA—pB)S—r—lTl (6)

Let m the mass of the piston; / the moment of
inertia(meaning by piston the output link of the
actuator); S the net area of the piston (on which fluid
pressures acts), being identical for both chambers;
6; the angle displacement of the joint J; link and 6;
and 6; the first and second derivative of 6; in the
time; x the displacement of the piston and X and
X the first and second derivative of x in the time;
u; a damping coefficient related to the friction of

the J; pulley ; tp a damping coefficient related to
the viscosity and dissipative properties of the fluid;
CA=pAV4 and CP=pPV?B are the ideal gas constant
in the chambers A and B respectively.

Considering the joint J, and there is no relative
slip between cable and pulley, we get the dynamic
equation as below:

Izéz + ‘Ltzég =1T,—T; @)
r 6 =r16; (8)

Where the 7, is the active torque and 73 is the load
torque from joint J3. Refer to the zoom in part of
Figure 2, the driving cables are coupled each other.
This means that the cables transfer torque in joint
Jy—1 through pulley but fixed in the pulley of joint
Ju—2. We realize the VIA function through the serial
links actuator.

Considering the joint J; and the J,, we get the
dynamic equation as below:

L6+ 16 = T, — Tiyg ®)

ri =ri-16; (10)

L1641+ Hi16i1 = Ti1 — T (1)
riy10i1 =ri6; ...... (12)
1,6, + 16, =Ty, (13)

PO = ry—160,1 (14)

Where the T; is the active torque and 7;, is the load
torque from joint J;; ;. Combine the Eq.s 4, 7, 9,
11, ... 13, we get the equation as below:

Using dynamic equilibrium and combining with
the expressions in Eq.s 4, 5, 6 and combine 15,
(Original derivation to the equation of state of a
hypothetical ideal gas reference [3]) we obtain:

(15)

Y tir V- mry )0+ (Y par '+ por1 )1,
CASr| CBSr|

. - 16
VA(0)— g+ SraBy  VE(0)— B —Srafy O

where qA, qB , and 0, are functions(Simplified model
without consideration of centrifugal force, Cori-
olis force, gravity and Coulomb friction because
of the low velocity application.) of the time. The
structure of this nonlinear differential equation is
Ult,q*,45,6,0,0) =0.
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When the actuator is in equilibrium under an
external torque, the difference between the pressures
in the two chambers is related to the value of the
external torque by the geometry and the design
of the actuator. In the design shown in Figure 2,
the external torque is proportional to the difference
of pressure through the surface area of the piston
and radius : 7 = (p* — pP)Sr;. In statics, for any
given external torque, the values of the pressures
in the two chambers may be any provided that their
difference is the one required to balance the external
torque.

The instantaneous stiffness K(6) of the actuator
(of the link) is the derivative of the external torque
applied to it with respect to the angle displacement.
In our case the stiffness is a function of the volumes
of liquid moved ¢* and ¢®; Considering ideal the
gas, its expression is K(6,):

T

=30

B CA(Sry)? CB(Sr1)?

- ((VA<0> — 50,2 | (VE(0)— g — Srub,
r 2 B r 2

_ <(PAgA1) n (p gBl) ) 17

According to Eq. (17), it is possible and easy to
adapt the stiffness to a desired value or to specific
actuation requirements using ¢ and ¢® as control
variables because we can get the pressure value in
the chambers of cylinder using transducer.

2.2 Impedance control

As illustrated in the schematic of Fig. 1 and math-
ematic model Eq. (16)~ (17), the stiffness and
displacement of the piston can be controlled through
the flows of liquid in the chambers.

Physically, this corresponds to piston displace-
ments and volumes ¢” and ¢? such that the volume
of the gas fraction in the left or right chamber
reduces to zero (assuming that the liquid is incom-
pressible). Following the ideal gas model used, with
gas volume tending to zero the gas pressure and
stiffness tend to infinity. For any assigned ¢ and
¢, the configurations with gas volume equal to zero
are on the boundary of the range of motion of the
piston.

In the special case of same type and mass of gas in
the two chambers, ¢! = c® = ¢ and V4(0) = VE(0) =
V(0); Eq. (17) simplifies to:

Stable poi s
v

~Ji

[o=a Y

Singularity~._

) “-Singularity

dx/dt
[ T U RN~ W VRN S

i i i I L i i L i i
.5 -0.4 -03 -0.2 -0.1 0 0.1 02 03 0.4 05

X

Fig. 3: Working range of the actuator and detail of
the singularity and stable point

" gt —¢B —25x
mi+ ux=c
SENUCRT R IORTEEE N
The singular point is now at X =0 and x = (qA -

q5)/28.
At this preliminary stage of the investigation of
the actuator, we have applied a simple PID controller

with controlled variables ¢* and ¢® with the aim to
)2

investigate through examples the controllability of
the VIA concept proposed. The measured quantities
are the position of the piston and the pressures in the
two chambers. The pressures are used to calculate
the current stiffness of the actuator using Eq.s (17).
Since the position of the link piston depends on g* —
¢® and the stiffness on ¢ +¢%, two PID controllers
are used relating the control flows ¢4 and ¢® to the
position error ¢ and stiffness error eX as follows:

i +dk = eree +Kape® + Kige®

(19)
qA — q‘B = KpKeK —i—KdKeK —i—K,-KeK

From Eq.s (19), ¢* and ¢® are easily expressed as
functions of ee, X and the proportional, derivative
and integral gains.

The schematic of the control is shown in Fig. 4.
The response of the actuator is simulated using all
sets of equations presented above, grouped in a
block having ¢* and ¢® as input and, as output,
the link position 6 and the pressures p# and p5. A
separate block calculates K from p# and p®. 6 and
K are subtracted to the task-desired values at each
control loop, generating the errors e? and eX used
in the two PIDs for the generation of ¢* and ¢5.

The adaptive fuzzy control consists of two parts,
one is the conventional PID controller and the other
is fuzzy controller, two input and three output fuzzy
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> Model of the ;
G7 actuator

[Eq.(8)] p? | [Eq(]

Fig. 4: Schematic of the duel PID control loop

adaptive PID controller is designed in this chapter.
The inputs are the error and the error rate. The
outputs are the Kp, Ki and Kd values.The objective
is to find the fuzzy relations among Kp, Ki , Kd,
error, and error rate. With continual testing, the three
output parameters are adjusted online so as to meet
different requirements and achieve good stability.
Variable PID controller adds the output value of the
fuzzy controller and default PID values.

As we have discussed in paragraph above, the
adaptive fuzzy control can adjust the parameters
of PID online, especially, there are huge overshot
when the encountering unexpected load torque big
enough. Although many researchers in VIAs field
proposed good methods to control the actuator,
there are still some flaws in suspending. Hereby,
we have applied a adaptive fuzzy PID controller
with controlled variables ¢ and ¢® with the aim
to control the system robust, stable and precisely,
as shown in Fig. 5. The measured quantities are
the position of the piston and the pressures in the
two chambers. The pressures are used to calculate
the current stiffness of the actuator using Eq.s (17).
Since the position of the piston depends on g4 — ¢?
and the stiffness on ¢* + ¢®, in order to adjust
the PID parameters online in real time, two fuzzy
controller knowledge base are configured. And also,
two PID controllers are used relating the control
flows ¢* and ¢® to the position error £¢ and stiffness
error € as follows:

3 APPLICATION CASES

The VIA is realized and implemented in the
CloPeMa gripper as shown in Fig. 6 with two linear
motors and four small cylinders connected to the
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Fig. 5: Schematic of the adaptive fuzzy control loop

Fig. 6: The application of VIAs in garment
gripper

two big cylinders assembled on the gripper. The
stiffness of the VIA with respect to the displacement
of the two big cylinders are connected with two
blue tubes which inject or release liquid respectively.
Considering the linkage length at rotation joint of
gripper, the relative stiffness at the fingertip is a
round 1/8 of the VIA stiffness. Hence, the expected
stiffness range at the fingertip is from 2.5 N/m to
25 N/m.

The applications of VIA using biphasic media
can be used in such field such as robotics hand
which can grasp fragile objects and robotics arm
which can avoid collision with human body and
environment around. In this case, the pressure sen-
sor and encoder are used to control the stiffness
and angular displacement. For example, the rethink
robotics company baxter robot is friendly interact
with human because of the arm driving involved
passive elastic joint as shown in Fig. 7. However,
the stiffness is fixed and not stable in high speed.
We are considering replace the passive elastic spring
joint with VIA using biphasic media. And also,
minimally invasive robotics surgery (MIRS), using
VIA between the kinematic modules can do less
harm to human body.

As shown in the Figure 2, assume that the n = 3,

\52014 4th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery

Y1)



CRAS2014 JOINT WORKSHOP ON NEW TECHNOLOGIES FOR ROBOT ASSISTED SURGERY / GENOVA,ITALY, 14 — 16 OCTOBER 2014 7

Fig. 7: Baxter robot friendly interacts with human
for the low stiffness arm

the finger has 3 joints and each joint can rotate in the
coupled way. In this model, we can use the pulley
cable combined with biphasic media VIAs to drive
the motion of each joint and realize the dexterous
hand performance. As is known, when the single
finger has redundancy and touches with the object,
the joints can cause restoring force and torque as
shown in Eq.s (20)

T=J5KrJp56

—Ky56 (20)

Where the Jg is orthogonal matrix. In order
to avoid slip between finger and object, the fin-
ger should apply a bias force f,. And then,
the impedance control formulation as shown in
Eq.s (21)

T =Kp80+J1 1 1)

In which the stiffness errors AK and joint position
errors A@ are controllable and depend on control

parameters Q(liquid flow).
ABO
AK

-

In order to realize the stable grasp of given
object, we need to use joint torque apply in object
by using n fingers. As shown in the Fig.s 8, we
simplify the model to 3 pair of torque and force
stiffness that driving by finger joint torque. The
restoring force can balance 3 DoF of translation and

KG Ks

X K (22)

Fig. 8: Robotics hand grasp model using biphasic
media VIAs

restoring torque can balance 3 DoF of rotation. On
the condition of stable state with disturbing force,
the redundancy finger is helpful. Based on the object
gravity center, the resultant of forces, torques and
internal force stiffness matrix

A= Ko(sxO (23)

The robotics hand impedance control formulation
as below

I =JyW'K,WJe50
=Kp60 (24)
And also, if bias force A, was applied, Eq.s (24)

can be replaced with

[ =Ke30+J WA, (25)

Every actuator can drive the 3 joints of one
finger at the same time using cables parallel con-
nection which means the 3 cables connecting 3
joints parallel but driving by the same actuator. The
robotics hand has five fingers which actuated by
five actuators independently. This way simplifies the
control model and actuation structure. Combined
with the mathematic model of the hand grasp, the
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robotics hand can use 5 actuators to realize the ad-
justment of fingers impedance and posture. Because
of the compact structure and high power density,
this should be a very innovation way.

APPENDIX A
Appendix one text goes here.
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An Actuated, Flexible Endoscope for Laser Surgery inside the Larynx
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Abstract— Transoral laser surgery focuses on contact-less
treatment of disorders of the vocal folds. To overcome limitations
of common microscopic interventions, current research focuses
on the development of endoscopic laser scalpels. This paper
presents a flexible robot for laser phonomicrosurgery. In detail,
the design of endoscopic shaft, multi-functional tip and actuation
are described. First insertion trials on a phantom and human
cadavers have been conducted successfully demonstrating that
proper view onto the vocal folds can be established essential for
intraoperative laser planning and cutting.

Keywords— Laser Phonomicrosurgery, Continuum Robot, Multi-
functional Distal Tip

I. INTRODUCTION

Laser surgery inside the larynx is commonly performed
with extension of the neck and suspension laryngoscopy by
inserting a straight rigid laryngoscope through the oral cavity
and oropharynx to expose the glottic region. Gold standard for
this procedure is a microscopic based approach [1]. Patel et al.
integrated a laser beam deflecting mechanism based on Risley
prisms into a rigid endoscopic device with one degree of
freedom (DoF) at the tip [2]. We are currently developing the
first flexible robot for endoscopic laser phonomicrosurgery
with several DoF [3] (see Fig. 1). The design of our endoscope
was inspired by Simaan et al. [4]. Our endoscopic device will
be combined with an overall control and surgeon-machine
interface as well as a small scale beam deflector [5,6]. In this
contribution we present our system components and current
maneuverability with articulation examples.

Fig. 1. Schematic drawing of the intented use of our new endoscope for laser
surgery inside the larynx.

sagittal view
of patient's head

adjustable shaft

tool fixation
of endoscope

distal tip
connector to (2 DoF)

actuation unit

vocal folds

Fig. 2.
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II. METHODS

The actual prototype of our endoscope consists out of three
main components:

1. A multi-functional distal tip with motorized two DoF,

2. a shaft with a manually adjustable and a rigid section
as well as

3. an actuation unit controlling 1. and 2.

Tip and shaft have a diameter of 19 mm and a length of
approx. 15 cm (see Fig. 2). The overall structure has a central
backbone and three further concentric tubes, all out of Nitinol
(NiTi). The multi-functional tip encases two cameras, light
guides, further channels for tools, suction and irrigation as well
as space for a micro beam deflector for laser cutting of tissue
(see Fig. 3). The tip is articulated in two DoF by the concentric
push/pull wires. The wires are guided inside tubes that allow
for bending of the shaft. Wires and tubes are moved inside the
actuation unit (see Fig. 4).

Adjustable shaft of the endoscope with articulated tip.

Fig. 3. Multi-fuctional tip with encased two cameras, two light guides and
preparation of the electrical connection of the laser beam deflector. A Front
cover in combination with inserted windows (right photograph) seal the tip .
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Fig. 4. Overall endoscope with actuation unit. Three motors for the
articulation of the tip are mounted on a sliding carriers that are translated
by a rotary knob and allow for bending of the shaft section.

The actuation of the tip is controlled by software buttons or
with a 3D mouse. The low level control algorithms are
implemented on an embedded PC which is attached to the
housing of the actuation unit. During phantom and cadaver
trials the endoscope is held at the actuation unit manually by
hands or is fixated on an articulated arm.

During cadaver experiments protection against water,
blood, etc. is achieved by closing the tip with a window and a
front cover. The flexible shaft is equipped with a silicone cover
and the actuation unit is put into a bag.

III. RESULTS

The manually actuated shaft is able to bend to a 90°
position. Additionally, motorized movements of the tip are
feasible in two DoF with each £30°. Velocities were limited to
protect the hardware for safety reasons. Movements of the tip
are visualized in Fig. 5.

Insertion of the endoscope into the larynx of a phantom and
cadavers was successfully achieved. Surgeons as well as
engineers were able to manipulate the endoscopic shaft during
insertion and to adjust the field of view by moving the distal
tip. This facilitated proper stereoscopic visualization of the
vocal folds. Adjunct views obtained from the left camera are
illustrated in Fig. 6.

Fig. 5.

Movement of the motorized tip of the endoscope.

Left camera views onto the vocal folds obtained from insertions into
two human cadavers.

Fig. 6.

IV. CONCLUSION AND OUTLOOK

We build a hybrid-actuated, flexible endoscope and were
able to visualize structures like the vocal folds inside the
larynx. First insertion trials were successfully conducted on a
phantom and human cadavers. We observed that movability is
quite limited inside confined structures like the glottis region.
Thus, future prototypes will focus on reducing the overall
diameter and on integrating of laser delivering fibers as well as
micro beam deflection to the distal tip.
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Abstract— Robot assisted surgery and minimally invasive
robotic surgery inherently entail that the hands of the surgeon
indirectly interact with the patient tissues and organs even if the
operator is out of the affected body. Hence, transferring sensor
information from the inside of the patient to the outside of the
surgeon may certainly improve the perception of the robotic end-
user. To this aim — within the EU framework of the STIFF-FLOP
project (STIFFness controllable Flexible and Learnable
Manipulator for Surgical Operations), we developed a novel
design of miniaturized and magnetic resonance compatible
sensors for force and torque real-time measurements in robotic
surgery. The sensor design has a hollow shape, whose geometry
allows its integration and embedding within snake-like surgical
robots and modular devices. According to typical requirements
and specifications of a surgical procedure, the sensor operates in
a range of force and torque of 0-5 N and 0-5 N-cm, respectively.
Due to a customized tool and calibration procedure, an error of
less than 15% of sensor range can be obtained. This novel
transducer may advance force and haptic feedback in robot
assisted and minimally invasive surgeries.

Keywords—force sensor; minimally invasive surgery; hollow
design; MR compatibility sensin; keyhole surgery.

I. INTRODUCTION

During laparoscopic procedure, robot assisted surgery and
minimally invasive robotic surgery (MIS), surgeons are going
into the human body of the patient with tools which are
remotely interfering with their operating hands [1-3].
Therefore, set of visual instruments are usually employed to
make surgeons able to achieve the surgical tasks. Usually, these
instruments supply a real-time stream of visual information
through local or remote docking stations, providing that
external monitors are available and one or more cameras are
embedded within the surgical tool. Such an approach means
that all information - which are usually transferred into the
hands of the surgeon during an open surgical procedure - are
implicitly replaced and surrogated by means of a unique senor
channel, namely the visual one. Undoubtedly, vision is one of
the most relevant sensors in human being. Nevertheless - due
to the typical tasks of surgery, which usually requires direct
palpation of human tissues, vessels and organs - touch
sensitivity fulfills a not negligible role [4]. As a result, even if
these concerns are largely discussed within the medical
community, supplementary information procured from further
sensor modalities may be beneficial while exploiting robotic
surgery.

To this aim, within the EU framework of STIFF-FLOP
Project - which develops new concepts and class of robotic
devices for MIS based on STIFFness controllable Flexible and
Learnable Manipulator for Surgical Operations [5] — a novel
force and torque (F/T) sensor was conceived. The F/T sensor is
casily integrated in a modular fashion within STIFF-FLOP
manipulator [6, 7]; thanks to its optimized design, it can be
easily adapted and employed within other surgical
manipulators having a snake-like and hollow configurations.
The sensor contains an interesting sets of peculiarities: small
size, reproducible design (due to a 3D printing-base
manufacturing process), magnetic resonance compatibility; it
also allows cables and other linkages to passing through its
structure internally, thanks to its geometry which is built
externally and covers the peripheral area of the robot only.

manipulator
design

manipulator
prototype

distal
segment

clickon

embedded .
mechanism

F/T sensor

proximal
segment

Fig. 1. STIFF-FLOP two segments manipulator with its own modualr
strucutre and the embedded 3 d.o.f. F/T sensor.

II. THE 3 D.O.F. F/T SENSOR

A. Sensor design

Sensor design and characteristics originate from a set of
preliminary and desired specifications and requirements:

Biocompatibility — a device, which has to be fully compatible
vs. surgical application is desirable, therefore it has to avoid
electric power and wires, as well as to elude the presence of
any metal components (in order to pursue whole compatibility
with magnetic resonance scans).

Modularity - the sensor structure should inherently allow the
structural connection between the modules of the surgical
manipulator. Hopefully, it should also leave an internal room
(i.e. auxiliary channel) which may be used to accomplish other
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surgical tasks like the introduction of tools or actuators for a
biopsy or other assignments.

Degree of freedom (d.o.f.) — from a sensorial viewpoint, the
transducer should be able to measure applied forces as well as
torques with a good S/N ratio and precision as it is required by
a surgical task.

In line with these specifications, a ring-shape device has
been designed as it is shown in Fig. 2. The device was plotted
with the Solid Works software environment (by Dassault
Systéemes Corp.) and manufactured in PROJET VisiJet®
EX200 material (by 3D SYSTEM Co. Ltd) with a 3D printer
(ProJet HD3000, by Print It 3D Ltd). The sensor structure is
made a 3 d.o.f. plate, which is supported by 3 equally
distributed cantilevers at 120° on the circular shape (Fig. 2, left
panel). This structure allows measuring longitudinal force, F,
and two torques in the orthogonal plane (M, and M,, Fig. 2, left
panel). The principle behind the F/T measurements lays on the
displacement estimation of each distal section of the 3
cantilevers. The displacement is transduced into a light
intensity modulation, which is obtained by means of 3 couples
of optical fibres (one for each cantilever), namely emitting and
receiving fibres coupled with a digital amplifier FS-N11MN
Fiber Optic Sensor (by Keyence Co., Ltd). Finally, the light
modulation is performed through 3 reflective mirrors, which
are fixed on each tip of the cantilever (Fig. 2, right panel). The
whole sensor restrained within the size of 33x13 mm.

optical
S fibressite

optical fibre
(receiving light)

optical fibre
(emitting light)

Fig. 2. Sensor design and geomtry (left panel) and its principle of functioning
(right panel).

B. Sensor integration

Design of a 2-segmentsSTIFF-FLOP manipulator is shown
in Fig. 1: a modular structure contains 3 air chamber actuators
within each module plus an auxiliary channel allowing tubes to
pass through the manipulator internally. On the periphery of
the sensor, a click-on mechanism is embedded, which matches
with a similar coupled structure designed in the manipulator
(Fig. 1, right panel): the mechanism allows connecting multiple
actuated modules by introducing force sensors in between each
couple of consecutive segments..

C. Sensor performance

A specific tool and procedure for the calibration of each
sensor and release of main characteristics was designed: the
tool allows loading different weights on the sensor which stress
the cantilever plates with different forces and torques [6]. A
Multiple Linear Regression (MLR) method is then applied to
sensor data to infer 3x3 calibration matrix (K..;): this latter
one establishes the relationship between the F/T output (£, M,,

M,) and input signals (i.e. the 3 measurements of light
intensity, as retuned from the FS-N11MN amplifiers, aset of 3
voltage levels, V;, V, and V;). Therefore it holds:

F, "
M, :[Kcah‘b]' v, (M
My V;

The final sensor operative range, in terms of force and
torque, is from 0 to 5 N and from 0 to 5 N-cm, respectively;
proper MLR estimation of K., entails a maximum absolute
error of force and torque of less than 0.3 N and 0.1 N-cm,
respectively.

III. CONCLUSION

A novel bio-compatible and metal free F/T sensor for
robotic and minimally invasive surgery has been presented.
The sensor was originally designed for a specific family of
manipulators  within the EU STIFF-FLOP project.
Nevertheless, due to its hollow shape, size and performance ,
the proposed device lends itself to be used and embedded in
different surgical robots.

Current sensor performances are constrained within a
maximum percentage error of less than 15% of its range . Due
to the sensor manufacturing process and material, a deeper
analysis of its properties linearity and hysteresis should be
performed, as it was already proposed for similar devices and
applications [8-10].
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Abstract— Crossing a stenotic aortic valve with a guidewire
can be a time consuming and risky step during valvuloplasty or
before implanting a heart valve stent. The blind advancement of
a guidewire is associated with adverse effects that can potentially
be prevented by improved catheter guidance. This work presents
the design and performance testing of a novel sensorized catheter
used to facilitate the crossing of a stenotic aortic valve with a
guidewire. The sensing system is based on two technologies that
allow the measurement of blood flow velocity simultaneously with
the automatic identification of anatomical features. This study
presents data where the system was able to recognize the center
of a stenotic heart valve and allow the alignment of the catheter
tip with the valve center, facilitating guidewire traversal. The
clinical introduction of this catheter guidance technology is
expected to minimize surgical risk and improve heart valve
disease management.

Keywords— percutaneous aortic valve, blood flow velocity,
catheters, sensing, cardiovascular, stroke.

I. INTRODUCTION

We are living in an exciting era, in which many cardiac
pathologies that in the past were treated with an open surgical
approach, now can be managed with minimally invasive
techniques. One such pathology is the aortic valve stenosis,
affecting up to 7% of the population over the age of 65 in
western countries (McRae, Rodger, & Bailey, 2009), with a
trend towards increased prevalence. The state of the art
minimally invasive technique used to treat aortic valve
stenosis is catheter based. Here, in sequential surgical steps,
elongated tools are passed from a remote access point through
vasculature to the surgical site in the heart. The initial step is
the advancement of a soft guidewire across the stenotic valve
(Figure 1). This guidewire then serves as a rail on which other
catheters are advanced. The initial placement of this guidewire
is a delicate and time consuming task that can lead to adverse
effects such as detachment of atherosclerotic plaques, calcium
deposits, or secondary thrombus, resulting in stroke. A recent
prospective study showed a 3% incidence of clinical stroke
and a 22% incidence of new defects on magnetic resonance
imaging after retrograde left ventricular catheterization for
aortic stenosis (Chambers et al., 2004).

As suggested by the two surgeons leading the clinical part of
the CASCADE project (EU-FP7), it is urgent to develop
methods for the safer and faster crossing of the native aortic
valve, thus reducing the risk for the patient and reducing the
time required for the preparatory steps of the interventional

procedure. To address this unmet clinical need, Medyria has
developed a catheter prototype integrating the Trackcath
Catheter Positioning System (CPS), a unique technology that
allows catheter navigation in the cardiovascular system.

The aim of this study was to evaluate the performance of the
Medyria CPS when guiding a catheter across a stenotic aortic
valve in an anatomical mock-up that simulates the

interventional procedure.

.':‘

Figure 1: Placement of guidewire through a stenotic valve.

II. MATERIALS AND METHODS

A. Trackcath CPS

The Trackcath CPS consists of a sensing unit (Figure 2) and
processing unit (Figure 3). The sensor is a platinum flow
velocity sensor integrating a temperature compensation
scheme. The sensor pad size is Ilmm x 6mm with a
thickness of 30 um. This allows the easy integration of the
sensor with any type of catheter. Six wires of 100 um
diameter connect the sensor to the control unit. The control
unit is connected via USB to a PC which runs the software
for the processing of the flow velocity signals.

Figure 2: CPS - Flow velocity sensor.
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Figure 3: CPS - control unit.

B. Catheter prototype integrating Medyria CPS

An Amplatz guiding catheter normally used for guiding the
catheter through the valve has been equipped with the flow
velocity sensor on its tip (Figure 4).

Figure 4: Amplatz catheter (right) equipped with flow
velocity sensor on the tip (left).

C. Mock-up of the aorta with perfusion

A rigid plastic 3D printed model of the aortic arch produced
by Materialise (Leuven, Belgium) was used for simulating the
geometry of the anatomy. The aortic stenosis was simulated
adding a metallic ring at the aortic valve resulting in a central
circular opening of Smm. The system was perfused with water
kept in circulation by a peristaltic pump (Figure 5), the pump is
a prototype developed by Medyria (Winterthur, Switzerland)
within the framework of the CASCADE project, it has the
ability for generating controlled flow profiles that resemble the
flow within the aorta.

Figure 5: Mock-up aorta model (left) and peristaltic pump
(right).

D. Acquisition and data processing

The catheter was advanced into the model up to the
ascending aorta. The area in front of the aortic valve was
scanned moving the catheter along two trajectories; in the plane
parallel to the valve, and pushing/pulling along the aorta. While
moving the catheter, the flow sensor was connected to the
controlling unit and the flow signal was processed with the
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Trackcath CPS algorithm. The flow velocity was displayed as
relative velocity with respect to a baseline velocity. The
baseline velocity was acquired by positioning the sensor in a
region of the aorta far from vascular side branches or other
structures that could interfere with the plug flow profile.

III. RESULTS

Figure 6 shows the flow velocity acquired while scanning
with the tip of the catheter on a plane parallel to valve opening
plane. The two peaks represent when the catheter tip is aligned
with the center of the valve.

Velocity relative

16318 17341

Figure 6: Acquisition made while scanning parallel to the
valve plane.

Figure 7 shows the flow velocity acquired while scanning
from distal to proximal towards the valve. The flow velocity
gradually increases as the sensor approaches center of the valve
and recognizes a maximum flow.

Velocity relative

Figure 7: Flow velocity acquired while scanning from
disital to proximal during advancement towards the valve.
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Figure 8: Trackcath CPS identifying the probability of
locating the anatomical landmark (yellow light).
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The Trackcath CPS was able to identify the position of the
appropriate anatomical landmark. A yellow signal indicated
when the catheter approached the center of the valve (Figure 8)
and a green signal indicated when the catheter was aligned with
the center of the valve (Figure 9).
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Figure 9: Trackcath CPS has identified the position of the
anatomical landmark (green light).

IV. DISCUSSION AND CONCLUSION

The Trackcath CPS technology can precisely target the
center of a stenotic aortic valve in the model system described.
Additionally, this pilot study demonstrates that the system
accurately measures the flow pattern in the proximity of the

valve. The signal can be automatically processed with the aim
of finding the flow peak in an automatic way. Our next
foreseen steps will involve the quantification of accuracy for
valve center tracking in comparison to the existing technique
used clinically. This novel technology aims to improve the
safety of guiding a catheter across a stenotic heart valve by
reducing morbidity and mortality associated with procedure as
well as minimizing surgical time.
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Abstract—This paper presents a soft multi-module
manipulator for minimally invasive surgery (MIS). The design
and the materials are bioinspired and try to reproduce some
biological capabilities of the octopus, such as elongation, omni-
directional bending and stiffness variation. Embedded fluidic
chambers allow to pneumatically actuate the manipulator in
order to achieve a 3-D motion, while a variable stiffness
mechanism based on the granular jamming phenomenon allows
to control the stiffness of the arm. The design of three modules
integration and the fabrication phases as well as a preliminary
study on the 3-module manipulator performance are reported.
Elongation and bending have been experimentally evaluated. The
arm is 165 mm long and it is able to elongate up to 53.3% of the
initial length and to bend up to 248 degrees depending on the
combination of the actuated chambers.

Keywords—minimally invasive surgery, soft robot, pneumatic
actuation, modular robot.

I. INTRODUCTION

In the last years surgical procedures have improved with
the aim of reducing the invasiveness of traditional medical
techniques [1]. Minimally invasive surgery (MIS) has
successfully developed with laparoscopic operations, that are
based on the access into the abdomen cavity by 4 or 5 trocars.
Several dedicated accesses are necessary because traditional
tools are elongated but they have a very limited flexibility. In
order to reduce the number of the trocars, more tools can be
inserted from a single access (single port laparoscopy, SPL),
i.e. the umbilical one, or through natural entrance as in natural
orifices translumenal endoscopic surgery (NOTES), avoiding
external visible scars [2]; anyhow these solutions increase the
difficulty of the surgical operations [3, 4]. These limitations
are at the base of the development of innovative
instrumentation with redundant degrees of freedom (DOFs)
that ensure more motility and dexterity during insertion,
control and operations. Articulated tools are able to reach and
work in different districts of the body [5-8] in NOTES or SPL
[9-11]. Articulated robots can be used for optimizing surgical
operations and also as retraction systems, often necessary in
surgery [12]. New technologies allow to design flexible tools
which are safer than the traditional ones thanks to their
compliance with the tissues [13]. Some examples of flexible
manipulators permit to gain a specific configuration when the
working site is reached, but generally they lack stability and

This work has been supported by the EC with the STIFF-FLOP FP7-ICT-
2011.2.1 European Project (#287728).

the contact with the surrounding tissues is not controlled [14].

The growing interest in the study of biological soft
structures, such as the octopus arm and the elephant trunk,
allowed the development of new technologies of fabrication
and use of new materials to design manipulators with
controllable stiffness (from highly compliant to rigid) [15].
The biological inspiration represents an input for the design of
more deformable and flexible manipulators, with a redundant
number of DOFs and mechanisms to control their stiffness.
This leads to the possibility of controlling the interaction with
an object and then with a biological tissue. Several solutions
have been proposed in order to design a soft multi-articulated
robot, and normally actuation systems are based on cables,
passive springs [16], pneumatic elements, tendons [17, 18] or
smart materials such as shape memory alloys [19]. However,
these studies do not resolve the request of combining softness
with the generation of large forces.

This work presents the design of a soft manipulator taking
inspiration by the octopus biological capabilities, and that is
able to elongate, to bend in any direction, to be passively
squeezed and to tune its stiffness.

II. DESIGN AND FABRICATION OF THE MANIPULATOR

The STIFF-FLOP manipulator is based on a modular
architecture that integrates multiple basic units, each
characterized by the same capabilities in terms of 3D motion
and force generation. The design of the first prototype of the
manipulator is shown in Fig. 1.

Vaculm Peumatic pipelines [— Stiffening channels [ Actuation chambers
- - - ' s
L5al
3
- 3
MopuLe 1 MODULE 2 MODULE 3
165 mm

Fig. 1. Overall sketch of the manipulator design.

The overall length is 165 mm and the diameter is 25 mm.
These dimensions are not yet compatible with MIS
procedures, but at this first stage the research has been more
focused on the feasibility and the proof of the modular
concept. In the next developmental phase they will be
optimized for an application in a real medical scenario. The
single module of the arm has a length of 50 mm and consists
of an elastomeric cylinder made of Ecoflex 0050 silicone
(Smooth-On). Three embedded fluidic chambers are internally
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arranged at 120 degrees and they actuate the module when
inflated and controlled by external valves. The actuation of
one single chamber or two chambers simultaneously allows
the omni-directional bending, while the inflation of all three
chambers elongates the module. A central channel is dedicated
to the granular jamming mechanism [21] based on a Latex
membrane incorporating granular material. When an external
pump activates the vacuum in this channel, the granular matter
compacts, thus increasing the internal friction and thus
allowing to vary and control the stiffness of the module. A
detailed explanation of the single module performance is
reported in [22].

The multi-module manipulator integrates three modules, as
visible in Fig. 1. Pneumatic actuation supplies the pressure in
the modules thanks to nine pipelines (Cole-Parmer). The tubes
have an external diameter of 1.5 mm and they are made of soft
silicone which maintains flexibility when the manipulator
moves. Thanks to their flexibility, it has been possible to insert
the tubes inside the actuation chambers with a length longer
than the chambers one (Fig. 2) in order to minimize the tubes
elongation and guarantee the module functionality.

PNEUMAﬁé-:—:é;‘iS

Mobute 1 Mobule 2 Mobute 3

Fig. 2. First phase of three modules integration. The arrangement of the
pneumatic tubes inside the actuation chambers is indicated.

Three tubes pressurize MODULE 1, while the other six pass
through the chambers of this module and go to the other
modules, thus supplying the pressure in the same way. For this
reason, the distal modules are different from the proximal
modules, which is the richest in number of passing pipes. The
tubes are fixed to the bottom and the top of each module with
soft Teflon around thus avoiding possible air leakages also
during motion. Three stiffening channels, one for each
module, are inserted in the manipulator. They are serially
connected; they allow to control the stiffness of the
manipulator without selection of the specific module, by
activating a certain vacuum level in the vacuum line. The
configuration of the tubes for supplying pressure and for
activating vacuum makes the manipulator not yet completely
modular because every module is bounded to the next one by
tubes. Thus in this context the concept of modularity has to be
intended from a functional (each module has the same
functionalities) rather than structural point of view. In next
works, the manipulator will be re-designed in order to pass
from the current multi-module structure to a modular one, thus
obtaining independent modules easily connectable.

The connection with pneumatic pipelines and the
integration of the stiffening channels represent the first phases
of fabrication of the manipulator. Then the consecutive
modules have to be connected. The junction between two
modules is not actuated and it does not include the granular
jamming based stiffening channel. It has been designed in
order to minimize its non-active effect on the system
performance and not to prevail on that. A stiffer material and a
small length have been considered to minimize the

displacement of this zone when the manipulator works: when
in soft state, the rigid junctions do not interfere with the
softness of the modules; when in stiff state, the junctions
contribute to the stiffness of the entire structure. The silicone
Dragon Skin 10 (Smooth-On) has been chosen for this purpose
and has been moulded between the modules for a length of 5
mm. The final step of the fabrication consists of the
integration of a crimped braided sheath around the
manipulator, fixed at the base and the tip. The sheath allows to
increase the motion capabilities, thus avoiding the lateral
expansion of the fluidic actuators when actuated.

The manipulator represents a closed system where every
element is designed inside the basic structure of silicone and
protected by it and the external sheath. This configuration
guarantees that if an actuation chamber or the stiffening
channel breaks, possible dispersion of particles is avoided.
However, the low pressures needed for the chambers inflation
make the breaking of the chambers a very unlikely event and
for the central channel the dispersion of material is almost
impossible because a Latex membrane and a thick silicone
layer confine the granular matter inside the manipulator.

III. PERFORMANCE OF THE MANIPULATOR

For a preliminary characterization of the manipulator, the
performance in terms of elongation and bending have been
studied. The tip of the arm has been tracked for different cases
relative to different values of pressure and different
combinations of actuated chambers. The manipulator has been
fixed at the base in a configuration similar to a hypothetic
medical scenario, in which the base of the arm stops at the
abdominal wall and the tip is free to move in the abdomen. As
shown in Fig. 3, a 6-DOF tracking probe has been fixed on the
tip of the arm and the different positions during the motion
have been acquired with the Aurora EM tracking system.

Aurora Tracking System i
L4aX!
i

Base of the manipulator
and pneumatic pipelines

Tip of the manipulator
and 6 DOF probe

s 5
e (S

Fig. 3. Set up for the tracking of the tip position during manipulator motion.

For each position 100 samples have been acquired and
afterwards elaborated. The tip has been tracked during
elongation and bending movements by supplying different
values of pressure to the chambers. The range of pressure is 0
— 650 mbar with steps of 50 mbar, that means fourteen tip
positions acquired. The pressure 650 mbar represents the
maximum actuation pressure for the single module, as
discussed in [22].

Considering the different structure of the modules, mainly
due to the different number of tubes inside the chambers, the
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manipulator has been tested by actuating firstly the single
modules in order to assess their performance. In the case of
elongation, MODULE 1 has been actuated with the fourteen
pressures cited before, while the other two modules were
passive; the tip position has been acquired. The same tests
have been carried out by actuating MODULE 2, and finally
MODULE 3. The elongation of the single modules is 29 mm for
MODULE 1, 30 mm for MODULE 2 and 31 mm for MODULE 3.
The difference between the elongation can be associated to the
number of tubes that slightly limit the motion of the proximal
module. Moreover, the different values of elongation can be in
part due to the fabrication method that is not yet completely
repeatable at this level.

Fig. 4 shows the position of the tip during the manipulator
clongation, that means all the modules (thus all nine
chambers) are actuated in the same instant with the same
pressure.

-100 ~TIP

z elongation (mm)

-150

-200

0 100 200 300 400 500 600 700
pressure (mbar)

Fig. 4. Elongation of the manipulator when all the modules are
simultaneously actuated with the same pressure. In the insets initial and final
configurations are shown.

From Fig. 4, it is possible to notice that a significant
elongation starts to be visible beyond 200 mbar and it
increases up to 650 mbar for a maximum elongation of 88
mm, that means an elongation of 53.3 % and a final length of
the manipulator of 253 mm. Looking at the elongation of the
single modules, the overall elongation corresponds to their
sum. This means that the external sheath, shared between the
modules, has a length sufficient to guarantee the right
elongation of each module.

Also for the bending, the single modules have been tested
in order to identify possible interesting behaviours. Moreover,
both the cases of 1-chamber and 2-chamber bending have been
tracked. Fig. 5 (Top) shows the tip position when the
chambers M1C1, M2C1 and M3C1 (as indicated in Fig. 1) are
separately actuated; the same test is carried out in the case of
2-chambers actuation (Fig. 5 Bottom). In the case of 1-
chamber bending, the tip is able to describe larger trajectories
than the case of 2-chamber bending. This means the
possibility to cover different spaces and reach the same
position in different ways. Fig. 6 (Top) shows the bending of
the manipulator when the chambers M1C1, M2C1 and M3C1
are simultaneously actuated with the same pressures, as
discussed before. The fourteen positions of the tip have been
acquired to calculate the bending angle for each one. The
bending angle is the angle between the orthogonal line to the
base and to the tip of the manipulator, as indicated in Fig. 6.
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Fig. 5. Tip position during the bending of the single modules. Top: 1-
chamber bending. Bottom: 2-chamber bending.

For a pressure of 650 mbar the tip bends of 248 degrees
respect to the initial position of the manipulator. In the case of
2-chamber bending the following chambers are actuated:
MI1C1, M1C2, M2C1, M2C2, M3C1, M3C2. As shown in Fig.
6 (Bottom), the manipulator describes around the half of the
trajectory described in 1-chamber bending case and the tip
bends of 85 degrees.
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Fig. 6. Top: Tip positions during 1-chamber bending of the manipulator.
Bottom: 2-chamber bending of the manipulator. In the insets the initial and the
final configurations are reported, respectively for 0 bar and 650 mbar.

The values of length and bending of the manipulator are
suitable for an abdominal procedure and compatible with the
dimensions of the current tools used in laparoscopy [23]. Due
to the placement of the manipulator with the tip going down,
as during the entrance of a medical tool in the abdominal
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cavity, the gravity force influences the behaviour of the
manipulator. Theoretically, every module is able of larger
bending, but the action of the gravity force limits the trajectory
of the tip, as reported in the curves of Fig. 5 and Fig. 6. A
theoretical study of the tip position of the manipulator will be
carried out, by eliminating the gravity effect and thus
obtaining a theoretical model for the bending.

IV. CONCLUSION

In this work a new manipulator for MIS has been
presented. In Section II the design and the fabrication phases
have been illustrated. The arm takes advantage of three soft
units connected to form a modular structure. This
configuration allows to obtain a flexible and redundant
manipulator characterized by more dexterity than the
traditional tools used in laparoscopic procedures. The
manipulator is long 165 mm. It is pneumatically actuated by
fluidic chambers, three inside each module. The arrangement
of the actuators and an external braided sheath allow to
elongate and bend the manipulator in every direction.

A central channel is dedicated to the granular jamming based
stiffening mechanism providing a stiffness control of the
modules.

Preliminary tests on the performance of the manipulator
allowed to study the 3-D motion. The overall elongation of the
manipulator, respect to the initial length, is of around 53 %
when it is actuated with the maximum pressure. This allows to
reach a maximum length of 253 mm that is a tool length
compatible for an operation in the abdomen. The different
possibilities of bending, due to the several combinations of the
chambers actuation, permits to reach different positions. 1-
chamber bending allows the tip manipulator to bend of 248
degrees, while in the case of 2-chambers bending the tip
describes 85 degrees.

From a first evaluation of the controllable stiffness, the
system permits to control the arm up to a Young Modulus of
0.91 MPa [24]. It is worth mentioning that future works will
include a more detailed work on the stiffness manipulator
when the vacuum in the stiffening channels is applied.
Stiffness properties will be studied in combination with the
motion in order to assess the potentiality of the manipulator in
MIS procedures.

In addition, future works will focus on the miniaturization
of the manipulator and the design of a functional tip in order
to obtain a device suitable for applications in a real working
scenario.
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Abstract—For the last decades, the interest for the devel-
opment and application of continuum robots within the field
of minimally invasive surgery has gained in popularity, as the
compliance of such robots contributes to the patient safety when
operating in delicate environments. However, due to the complex
interaction with their surrounding environment and the absence
of a closed-form inverse kinematics, precise position control
remains challenging. This abstract presents a finite difference
approach that uses a quasi-static predictive model to estimate
and solve the differential kinematics of robotic catheters in a
constrained environment. Preliminary analysis is performed in
a simulation environment to characterize the kinematic perfor-
mance of robotic catheters.

I. INTRODUCTION

For the last years, the interest for continuum robots has
significantly increased in the scientific community. In partic-
ular, continuum robots are gaining in popularity in the field
of minimally invasive surgery, where their ability to bend and
conform to complex, deformable and delicate environments
contributes to make the operation safer. However, their intrinsic
compliance also makes precise position control of such robots
difficult.

With traditional robots made of rigid links, the inverse
kinematics of the robot can be expressed in a closed form
and thus can be solved to achieve precise position control.
However, this is not the case for the kinematics of continuum
robots, as the robot pose depends on the complex interaction
between the robot and the environment. The nature of this
interaction being specific to the surgical application, this
paper focuses on endovascular interventions where a robotic
catheter is inserted from a single vascular access site and
navigates through a constrained environment — the vasculature
— until reaching a target location. In particular, TAVI (trans-
catheter aortic valve implantation) aims to treat stenosis of an
aortic valve by implanting a stent-mounted bioprosthetic valve
delivered on-site by a catheter. Departing e.g. from the femoral
artery, the catheter navigates up to the aorta and the aortic arch
until reaching the stenotic native valve where the implant is
released [1]. In such scenario, as the catheter advances in the
vasculature, it exerts forces on the environment because of its
actuation, thus deforming the environment, but is also subject
to the environmental forces that tend to bend and deform the
catheter to constrain it inside the vasculature geometry. These
complex interaction forces are distributed along the catheter
and depend on the vessel and catheter geometry, as well
as their respective material properties. A correct and precise
formulation of the kinematics of continuum robots evolving in
such constrained environment should then incorporate all these
factors.

Previous work in the literature focuses on solving the
differential kinematics of continuum robots, as it can be
expressed with a set of differential equations relating the
external and internal forces acting on the robot to the robot
pose [2]-[4]. Although the Cosserat rod theory from which this
set of differential equations is derived can take into account the
distributed external forces acting along the entire robot shaft,
these methods are practically limited to the consideration of
external forces only acting on the catheter tip. The measure
of the distributed force interactions along the entire catheter
would indeed require a sensitive skin with a high resolution
and accuracy over the whole catheter surface, which is beyond
the current state of the technology.

Other groups focused on autonomous steering based on
alternative sensory information (such as position sensing based
on electromagnetic trackers) to help steering the catheter when
reaching a bifurcation [5]-[7]. However, these methods focus
on controlling the catheter tip, thus neglecting the complex
interaction that can arise over the rest of the catheter body.
Current commercial system, such as the Niobe Magnetic
Navigation System (Stereotaxis) or the Sensei Robotic System
(Hansen Medical), present the same limitations.

This paper proposes a finite difference approach to estimate
the differential kinematics of a robotic catheter based on a
quasi-static predictive model [8]-[12] that incorporates the
complex interaction between the environment and the whole
body of the robotic catheter. This model estimates the changes
of the catheter shape and interaction forces resulting from
specific changes in the robot joint variables. The estimated
catheter shape and interaction forces are iteratively computed
based on a minimum argument of the system’s (catheter and
environment) energy. This model uses a pre-operative geomet-
rical model and lumped material model of the vasculature in
which the vasculature surface is spanned with orthogonal linear
springs. Gravity is incorporated and friction is described by the
Coulomb friction model. The catheter is represented as series
of rigid beams that are interconnected by torsional springs
that represent the intrinsic bending stiffness of the catheter.
When a change in the robot joint variables occurs, the catheter-
vasculature system will tend to evolve (“relax”) towards a new
state of equilibrium that corresponds to a minimum energy
state of the whole system. Such a model can then be used
to cope with the lack of sufficient sensory information and
estimate the differential kinematics of the robotic catheter.

In the remaining of this paper, Section II details the
proposed finite difference approach for solving the differential
kinematics of a robotic catheter navigating inside a vascula-
ture and characterizing its manipulability. Section III presents
results of the described method in simulation. Finally, section
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Fig. 1. Control scheme incorporating the estimated Jacobian J. The current

shape ©spape and state g of the catheter are sent to the predictive model to
estimate the Jacobian matrix J of the system. The deviation Az = m:‘ip -
T¢ip is calculated by comparing the current position @¢;y, of the catheter tip
to its desired position m:ip' This deviation is then corrected with the joint
actuations Aq = JA*IAw, which are scaled by K before being sent to the
robot. Note that care should be taken to account for scenario where J becomes

close to singular.

IV concludes by discussing directions for future developments.

II. FINITE DIFFERENCE APPROACH FOR DIFFERENTIAL
KINEMATICS OF ROBOTIC CATHETERS

A. Jacobian estimation

Obtaining an accurate kinematic map of the robotic catheter
in a constrained vascular environment requires knowledge of
the interactions between the catheter and the environment.
The quasi-static predictive model described in [8]-[12] is
used to estimate the changes of the catheter shape and in-
teraction forces resulting from specific changes in the robot
joint variables. Since the input joint variables used by the
predictive model depend on the type and possible degrees of
freedom (DoFs) of the robot, we focus on three actuations
that are typical in robotically steered catheters : catheter tip
bending ¢, catheter rotation ¢, and catheter insertion and
retraction ¢;. By virtually imposing finite movements (i.e. finite
changes in the robot joint variables) in the predictive model
and recording the resulting predicted changes of the catheter
shape, it is possible to estimate a Jacobian matrix to solve the
differential kinematics of the robot. Focusing on point position
control, the estimated Jacobian matrix J linearly relates the
changes in the joint variables Aq = (Ag, Agq, Agy)t and
changes in the Cartesian position of the to-be-controlled point
Az = (Azx, Ay, Az)! as follows:

Ax = JAq @))

Thus, by locally probing the predictive model with different
input actions, such as Agg = (Agq, 0,0), Agr = (0,Ag,,0)
and Ag2 = (0,0, Agy), it is possible to acquire for each state
of the catheter-vessel system an estimated input-output model
in the form of a Jacobian matrix :

j N A.’BO A:El A.’Ez
A Ag A

2

with Axg, Axq and Axs, the finite changes in @ resulting
respectively fArom Aqo, Aqy and Agqs. This estimated Jaco-
bian matrix J can then be used to decide appropriate actions
of the robotic catheter in a conventional control scheme (see
Fig.1).

Fig. 2. Catheter insertion with position control of the catheter tip to follow
the vessel centerline, with a zero friction coefficient. The catheter shape and
the vessel centerline are respectively represented by red and black lines. Top
: insertion length of 330mm. Bottom: insertion length of 695mm.

B. Manipulability analysis

In classical robotics, the concept of manipulability refers to
the ability of a kinematic chain to rapidly adjust its end-effector
in any direction of its workspace in response to given velocities
in its current state. Given the joint variables g, the Jacobian
matrix J(q) € R™*™ and its singular value decomposition
J(q) = UXVt where U = [y, ..., U] € R™*X™ V € RV
and ¥ € R™*" is a diagonal matrix containing the m singular
values o; (1 = 1,...,m) of J, the manipulability of the robot
at a state q is defined as [13]:

wm = +/det(J(q)J(q)) = [[ o (3)
i=1

The Jacobian matrix can be geometrically interpreted as a
mapping that transforms a unit hypersphere in differential joint
space into an ellipsoid in differential workspace with principal
semi-axes o;u;. This ellipsoid is called the manipulability
ellipsoid. To calculate the manipulability ellipsoid resulting
from the mapping of a non-unit hypersphere, the Jacobian
needs to be normalized by the radius of the hypersphere as
described in [13]. While the manipulability is proportional to
the volume of the manipulability ellipsoid, the inverse of the
condition number of the Jacobian matrix

w, — min;o; @)
max;o;
gives a measure of the directional uniformity of the manipu-
lability ellipsoid.

In the context of a finite difference approach estimating
the differential kinematics, the manipulability ellipsoid cor-
responding to a certain robot state can be derived from the
estimated Jacobian J (Section II-A), or directly built by prob-
ing the hypersphere in differential joint space using the above
mentioned predictive model and recording the corresponding
changes in workspace.

III. RESULTS

The aforementioned predictive model is used as a simu-
lation environment in combination with the control scheme
described in Fig.1 to virtually steer the tip of a robotic catheter
along a predefined trajectory. Similar to [12], a 2D virtual
vasculature is generated by projecting in a plane the 3D shape
of an aorta acquired with MR scans. The target trajectory is
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Fig. 3. Kinematic indices w. and w,, during a controlled insertion of the

robotic catheter in the vessel with the vessel centerline as target. Friction
coefficient is zero.

chosen as the centerline of the resulting 2D vessel (see Fig.
2). The catheter is modeled as a 2-DoFs continuum robot with
insertion and tip bending. The length of the local actuator at
the catheter distal tip is 70mm.

We first present results without simulating friction in the
environment. Fig. 3 shows the kjnematicA indices w,. and w,,
computed from the estimated Jacobian J during the catheter
insertion with a zero friction coefficient and Ag; = 1lmm and
Agqp = ldegree. Both indices are following the same trend,
oscillating between 0.2 and 0.55 until reaching the aortic arch
(which correspond at an insertion length of 650mm) where
both indices drop because of the constraints the environment
imposes on the catheter. This can be illustrated by Fig.4. As
mentioned in Section II-B, the Jacobian can be geometrically
interpreted as a mapping between a hypersphere in differential
joint space and an ellipsoid in differential workspace. In our
2D case without friction, the probing circle is shown in the left
part of Fig.4. The resulting mapping in differential workspace
for different catheter states (insertion length of 330mm and
695mm, as shown in Fig.2) in the middle and right parts of
Fig.4. The yellow curves are directly built from the probing in
joint space, while the green curves results from the singular
decomposition of the estimated Jacobian J. The probing order
is indicated by the numbered annotations. When the constraints
imposed by the environment on the catheter are relatively small
(top part of Fig.2 and middle part of Fig.4), the ellipsoid is
symmetric and the approach described in Section II-A provides
a good approximation of the actual Jacobian matrix. However,
when constraints imposed by the environment become large
(bottom part of Fig.2 and right part of Fig.4), w. and w,, are
relatively small and the ellipsoid flattens, indicating that there
is one direction of preference motion in joint space. In this
case, as the local actuator of the catheter lies against the vas-
culature, bending is more difficult than insertion or retraction.
The ellipsoid is then asymmetric, denoting a different behavior
in insertion and retraction. In such case, approximating the
Jacobian with the method described in Section II-A might not
be sufficient. More involved approaches might then be required
to take this phenomenon into account.

Fig.5 shows the probed manipulability ellipsoid for differ-
ent probing radii 74 in differential joint spaces for an inserted
length of 695mm.

Finally, Fig.6 presents the estimated manipulability ellip-
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Fig. 5. Manipulability ellipsoid of the robotic catheter estimated by probing
hyperspheres of different radii 75 in differential joint space for an inserted
length of 695m=
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Fig. 6. Manipulability ellipsoid computed from the estimated Jacobian J
(green) and manipulability ellipsoid resulting from a systematic probing of the
unit circle in differential joint space (yellow) for an inserted length of 710mm
and a friction coefficient of 0.3. The order of probing on the unit circle is as
in Fig.4. The values of w. and w,, are respectively 0.3 and 0.139.

soids when friction (friction coefficient 0.3) is incorporated in
the predictive model and for an inserted length of 710mm.
For such insertion length, the catheter tip is located at the
same position as the case without friction but with a 695mm
insertion length. As in Fig.4, the ellipsoids in Fig.6 result
from probing a unit circle in differential joint space. When
incorporating friction, the probed ellipsoid (yellow curve)
clearly separate the insertion case from the retraction case.
We hypothesize that this might be due to the fact that, in
a very constrained environment, a retraction of the catheter
causes the tip to first move forwards before going backwards.
Although the friction is expected to increase the asymmetry
of the ellipsoid, the reasons for such behavior remains unclear
to the authors. This might indicate the presence of artefacts in
the predictive model that is used.
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Fig. 4. Estimation of the manipulability ellipsoids of the robotic catheter with no friction. The ellipsoids are drawn in a frame parallel to the world coordinate
frame used during simulation (see Fig.2). The direction of positive bending is parallel to the z axis of the world coordinate frame. Left : unit circle of radius
rs in differential joint space (Agq¢, Agp). Middle : Manipulability ellipsoid (green), we. = 0.347 and w,, = 0.512 computed from the estimated Jacobian J
and manipulability ellipsoid resulting from a systematic probing of the unit circle in differential joint space (yellow) for an inserted length of 330mm (see top
of Fig.2). The order of the probing is indicated by the annotated numbers. Right : idem, but for an inserted length of 695mm (see bottom of Fig.2). The values

of we and wy, are respectively 0.149 and 0.151.

IV. CONCLUSION

In this paper, a finite difference approach has been pre-
sented to estimate and solve the differential kinematics of a
robotic catheter constrained in a vascular environment. An
analysis of the manipulability of robotic catheters in such
environment showed that, in highly constrained environments,
the manipulability of the robots becomes asymmetric, thus
calling for the development of more involved control schemes.
Although the analysis contained in this paper is limited to the
control of the catheter tip, the method can be extended for
shape control as it can be applied for any point of the catheter
— given that the catheter incorporates enough local DoFs to
control its shape. Future work includes the development of
an experimental setup including a deformable mock-up and
robotic catheter to investigate further and validate the proposed
approach.
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Abstract—The application of continuum robots in robotic
surgery has evolved within recent years. This paper presents
preliminary steps towards rapid prototyping of customized rod-
driven continuum robots. Design, fabrication, and preliminary
results are described. Objectives are adaptive and cost-effective
fabrication of prototypes as well as decreased production time.

I. INTRODUCTION

Minimally invasive surgery has evolved in a variety of surg-
eries. More recently, the evolution resulted in disciplines such
as natural orifice transluminal endoscopic surgery (NOTES),
robotic surgery (e.g. da Vinci, Intuitive Surgical, CA, USA) or
use of task-specific devices for treatment and diagnosis.

The need for improved intra-operative dexterity, stability, and
flexibility for surgical instruments is associated with on-going
developments.

This work addresses an alternative design and fabrication of
rod-driven continuum robots as potential device for medical
applications. The objective of this work is to analyse the hy-
pothesis: customized rod-driven continuum robots for medical
applications are able to manufacture with rapid-prototyping
methodology exclusively?

We present preliminary steps towards customized continuum
segments with modularized design fabricated with a combina-
tion of recent rapid prototyping technologies.

II. STATE OF THE ART

In this section we describe state of the art design concepts
and principles of existing systems for medical and industrial
applications. Furthermore, we introduce our associated endo-
scopic robot and requirements of the recent development.

A. Design Concepts

Continuum robots represent a physical structure with
typically constant curvature comprising actuated and adapt-
able (multiple) backbones. Mechanical compliance to external
loads resulting from interaction with the environment (e.g.
in anatomical cavities) is another remarkable feature. Walker
highlights the combination of aforementioned properties to
utilize this type of robot in surgical applications in order to per-
form with superior dexterity as well as gentle interaction [1].
A wide range of design principles is currently existing and an
excerpt is presented briefly in the following. Systems based
on a high number of serially and rigidly linked elements
(i.e. snake-like units or pseudo continuum robots) have slowly
reached steps to commercialization [2], [3].

Recent continuum robots are classified with regard to actuation
principles such as external, internal, and hybrid methods.
Simaan et al. developed an externally rod-driven continuum
robot for delicate tasks in laryngeal and urological applications
comprising a fixed central backbone and three concentrically
actuated secondary backbones [4], [5]. Further approaches
employ tendon-actuated springs [6] or inflated flexible tubes
[1].

A recent principle is based on the combination and tele-
scoping of concentric NiTi tubes (active cannulas) with task-
specific curvatures [7]. Roppenecker et al. propose monolitic
designs based on external tendon-driven structures with dif-
ferent shapes and structures (e.g. springs or flexible hinges)
additively manufactured with selective laser sintering (SLS)
[8]. However, material properties in combination with size
constraints limit durability and force transmission.

Further devices employ intrinsic actuation. The use of three
integrated pneumatic chambers in combination with a separate
sheath and central channel for stiffness adaptation forms the
fundamental design of the STIFF-FLOP project [9]. This
principle shows a reduced internal lumen due to channels and
chambers for pneumatic actuation as well as space for granular
jamming. In this regard smart memory alloy (SMA) and electro
active polymers (EAP) have been used in a variety of systems
[1], [10]. In general, these principles require high voltage or
currents restricting an application inside the human body.

To the best of our knowledge no research group has addressed
the presented combination of rod-driven actuation and flexible
continuum structure without central backbones.

B. Development of endoscopic robot

We address an application of continuum segments in the
field of endoscopic laser surgery in the laryngeal region as
described in [11]. Primary objectives of the recent development
considering aforementioned state of the art are:

e  Compliant but stable architecture to minimize trauma
and injuries to soft tissue

e Increased internal lumen for integration of instrumen-
tation (e.g. optical fibres for laser beam delivery)

e  Modularization and scalability for providing a task-
specific kit

e  Encapsulated combination of sheath and bending con-
tinuum
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Fig. 1. Schematic drawing of exemplary design for rod-driven continuum
segment with three disks and circumferentially and equally spaced rod
alignment.

Our endoscopic robot consists of two continuum segments and
is driven by a customized actuation unit providing four degrees
of freedom (DoF) with motorized and manual actuation.

III. MATERIALS AND METHODS

Based on the work presented in [11], specifications were
determined regarding medical and technological constraints.
We advanced the design to simplify manufacturing, increase
the available lumen and optimize stiffness as well as potential
biocompatibility. We derived from state of the art systems
following specific requirements:

e Large internal lumen

e  Diameter of less than 20 mm

e  Push/pull actuation with rods

e No risk of hydraulic or pneumatic leakage

e  Rapid prototyping as dominant fabrication

A. Design Overview

As described in Sec.II-A, we focus on a combination
of rod-driven architecture and flexible continuum to provide
an encapsulated device. The basic principle is schematically
illustrated in Fig. 1. In this regard, three major design compo-
nents have been identified and analysed: rod-guiding disks,
design of continuum elements connecting disks, and rod-
guidance in-between disks. The diameter and thickness of rod-
guiding disks have been determined to 18.5mm and 2.5 mm,
respectively. Several designs have been proposed incorporating
specific bellow shapes (e.g. triangular, s-shaped, and u-shaped)
based on the results of [12]. Furthermore, cylindrical structures
and embedded springs have been considered. We select silicone
(polydimethylsiloxane (PDMS)) as continuum element due
to high flexibility, simple processing, and biocompatability.
Internal and external rod guidance have been considered in
aforementioned designs. Reduction of friction and optimized
circular bending is expected from rod guidance with additional
spacing disks. This includes circumferentially aligned holes
(see Fig. 1) which have been extensively proposed for tendon
and rod-driven continuum robots.

B. Manufacturing

Selected designs have been manufactured by applying
selective laser sintering (SLS), fused deposition modeling

Fig. 2. CAD model and FDM prototype of exemplary core

Fig. 3. Exemplary CAD model and FDM prototype with inserted SLS disks
of core and drag (cope and rods removed for visualization purposes)

(FDM), and silicone casting. The manufacturing process in-
cludes three consecutive steps:

1)  Design of structural parts: Dependent on the selected
design (see Sec. III-A) rod-guiding disks and/or
spring-connected components are specifically dimen-
sioned, exported to STL format and fabricated with
FDM (Replicator 2X, Makerbot Industries, USA) or
SLS (EOS M280, EOS GmbH, Germany), respec-
tively.

2)  Design of silicone mould: Moulds for silicone casts
were designed according to specific dimensions and
geometric properties as described in Sec. III-A. In
general, established methods for mould design have
been applied for optimized casting. After design of
the mould cavity with boolean subtraction, wall thick-
ness of the mould cavity was examined to be larger
than 1 mm in order to enable demoulding without
component damage. The parting line was defined
symmetrically. Afterwards, blind and open risers were
added to dispense enclosed air. Consecutive silicone
feeding to the mould cavity is implemented with a
pouring basin on a suitable wall. Exemplary mould
designs with inserted core are shown in Fig. 2 and 3.

3)  Silicone casting: Initially, moulds are treated with
releasing agent to minimize the risk of component
damage while demoulding. After preparation of two-
component silicone and insertion of spacing disks,
the cast process is started by continuously feeding the
material to the mould cavity. End disks are glued to
rods. Prototypes with different properties are shown
in Fig. 4.
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Fig. 4. Prototypes of casted continuum segments with a) different bellow
geometries and b) tubular shape and embedded SLS spring

Fig. 5. Proof-of-concept prototype for experimental evaluation (outer
diameter 18.5 mm) with NiTi tubes.

C. Experimental setup

A test bench was implemented to assess the bending
behaviour of a single continuum module incorporating three
sub-segments divided by two disks. Preliminary evaluation
and proof-of-concept of the aforementioned methodology was
conducted with manual actuation, i.e. translational movement
of the rods.

IV. RESULTS AND DISCUSSION

Preliminary experiments described before have been ap-
plied to the sample shown in Fig. 5 in order to characterize
kinematic and mechanical boundaries. After manufacturing of
structural parts and moulds the average fabrication time is
approx. 3 h. Bending from 0° to 90° was achieved with manual
actuation (see Fig. 6). Stiffness can be modified with structural
modifications as presented in Fig. 4.

V. CONCLUSION

This contribution describes methods for design and manu-
facturing of modular rod-driven continuum segments. The pro-
posed work-flow focuses on reduced fabrication time, modular
design, and low-cost applications. To our knowledge this is
the first work towards rod-driven continuum segments without
central backbone. Preliminary experiments have shown proof-
of-concept and further optimization is dedicated to structural
design, actuation, and kinematic models.

Fig. 6.

In-plane bending of prototype from 0° to 90°.

ACKNOWLEDGMENT

This research has received funding from the European
Union FP7 under grant agreement tRALP - n® 288663. We
further thank Alexander Michailik and Benjamin Vollmann for
their assistance in design and manufacturing.

REFERENCES

[11 1. D. Walker, “Continuous backbone continuum robot manipulators,”
International Scholarly Research Notices, vol. 2013, Jul. 2013. [Online].
Available: http://www.hindawi.com/journals/isrn/2013/726506/abs/

[2] C. M. Rivera-Serrano, P. Johnson, B. Zubiate, R. Kuenzler, H. Choset,
M. Zenati, S. Tully, and U. Duvvuri, “A transoral highly flexible robot:
Novel technology and application,” Laryngoscope, vol. 122, no. 5, pp.
1067-1071, May 2012.

[3] J. Shang, C. Payne, J. Clark, D. Noonan, K.-W. Kwok, A. Darzi, and
G.-Z. Yang, “Design of a multitasking robotic platform with flexible
arms and articulated head for minimally invasive surgery,” in IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS),
2012, pp. 1988-1993.

[4] N. Simaan, R. Taylor, and P. Flint, “A dexterous system for laryngeal
surgery - multi-backbone bending snake-like slaves for teleoperated
dexterous surgical tool manipulation,” in /EEE International Conference
on Robotics and Automation, 2004, pp. 351-357.

[S] A. Bajo, R. Pickens, S. Herrell, and N. Simaan, “Constrained motion
control of multisegment continuum robots for transurethral bladder re-
section and surveillance,” in IEEE International Conference on Robotics
and Automation (ICRA), 2013, pp. 5837-5842.

[6] J. Mehling, M. Diftler, M. Chu, and M. Valvo, “A minimally invasive
tendril robot for in-space inspection,” in IEEE/RAS-EMBS International
Conference on Biomedical Robotics and Biomechatronics, 2006, pp.
690-695.

[7] R. Webster, A. Okamura, and N. Cowan, “Toward active cannulas:
Miniature snake-like surgical robots,” in IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, 2006, pp. 2857-2863.

[8] D. Roppenecker, A. Pfaff, J. Coy, and T. Lueth, “Multi arm snake-like
robot kinematics,” in IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 2013, pp. 5040-5045.

[9] M. Cianchetti, T. Ranzani, G. Gerboni, I. De Falco, C. Laschi, and
A. Menciassi, “STIFF-FLOP surgical manipulator: Mechanical design
and experimental characterization of the single module,” in IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS),
2013, pp. 3576-3581.

[10] 1. Walker, M. Darren, A. Dawson, F. Tamar, W. Frank, C. Grasso,
T. Roger, D. Hanlon, E. Hochner, M. William, F. Kier, C. Christopher,
G. Pagano, D. Christopher, H. Rahn, M. Qiming, and I. Zhang,
“Continuum robot arms inspired by cephalopods,” in SPIE Proceedings
Vol. 5804, 2005.

[11] D. Kundrat, A. Schoob, B. Munske, and T. Ortmaier, “Towards an en-
doscopic device for laser-assisted phonomicrosurgery,” in Proceedings
of The Hamlyn Symposium on Medical Robotics, 2013, pp. 55-56.

[12] J. Wilson, “Mechanics of bellows: A critical survey,”
International ~ Journal — of  Mechanical — Sciences, vol. 26,
no. 1112, pp. 593 — 605, 1984. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/0020740384900134

141



A new strategy to build a fully modular soft
manipulator for MIS

G. Gerboni, T. Ranzani, M. Cianchetti, G. Ciuti, A. Menciassi

The BioRobotics Institute
Scuola Superiore Sant’Anna,SSSA
Pisa, Italy
g.gerboni(@sssup.it

Abstract— Soft robotics is currently considered very
promising in the medical field, especially in Minimally Invasive
Surgery (MIS), since it can combine high dexterity and
compliance in the same manipulator, thus resulting in devices
that are safer than rigid-link robots when getting in contact with
tissues. However the construction, miniaturization and control of
such manipulators are severally affected by the number of
modules composing the whole structure. This limitation can be
overcome by using a full modular architecture. In our design, the
whole manipulator is thought to be built by means of several
simpler, yet independent, modules, which can be easily
added/removed to the manipulator, depending on the task. Each
module has a fluidic elastic actuator (FEA) and it is equipped
with its own actuation unit to internally control the fluidic power
and generate the related movements, such as the
bending/elongation of the actuator. The actuation unit comprises
switching valves, a wireless microcontroller and a fluidic
distribution system embedded directly into the module’s soft
body, thus each module results to be a free standing portion of
the whole manipulator.

1. INTRODUCTION

Research in robotics is recently moving more and more
towards soft technologies. To the ultimate extent of avoiding
control complexity and poor environment adaptability of
conventional robots, which are traditionally built of rigid links
and joints, new strategies of actuation by employing compliant
and high deformable materials are becoming appealing among
the robotics community [1]. Thanks to their low stiffness and
high flexibility, soft actuators are sometimes more efficient in
producing high displacements than conventional rigid
actuators. At the same time, given their inherently compliant
body, they are also safer in interacting with the environment to
such an extent that they can even adsorb most of the energy
when facing unexpected impacts. This characteristic is,
perhaps, one of the most valuable feature of soft robots,
because it allows to use highly simplified mathematical models
of the actuator’s behavior, which would otherwise become too
computational complex given the continuity and non-linearity
of the their body. Thus, in principle, their motion planner
controllers can be less accurate since, when moving, the
actuator will not generate serious damages to the surrounding
structures. All these peculiar proprieties have recently brought
the interest towards soft robots, especially regarding
applications with uncertain environments and requiring the

The work has been supported by the European Commission
with the STIFF FLOP FP7-ICT-2011.2.1 (#287728).

interaction with delicate objects. This is the case of surgery,
Minimally Invasive Surgery (MIS) in particular, where there is
the combined need for high dexterity and safe instrumentation.

Several soft robots have been developed taking Nature as a
source of inspiration: the octopus arm is, above all, an
explicative example that demonstrates how a high dexterous
soft structure can accomplish difficult tasks, such as
manipulation, squeezing and grasping, in a safe yet efficient
way [1]. On the same bio-inspired trend, a flexible manipulator
for MIS has been under development within the STIFF-FLOP
project  (http://www.stiff-flop.eu/). = The  STIFF-FLOP
manipulator [6], differently from its SMA actuated predecessor
(the OCTOPUS [1]), exploits fluids for its actuation and it
employs serially connected FEAs (Fluidic Elastomeric
Actuators) to form an articulating arm which is also able to
continuously modulate its stiffness. FEAs are one of the most
exploited strategies of actuation in soft robotics [2]. They are
essentially a bulk of elastomeric material, generally silicone,
which can be moved in several directions by producing the
expansion of fluidic chambers embedded in various areas of
the bulk [2]. These chambers are commonly inflated by
supplying pressurized fluid (air, water, oil, etc.). FEAs translate
the chamber’s pressurization into mechanical power, thus
yielding a displacement of their structure. Fig. la shows how
the FEAs’ power is managed. Besides the main fluidic power

Valve:

Embedded-| =
connectors "

Fig.1 Left: FEA’s architecture and Power Supply system. Right: Prototype
of a single module performing one directional bending by means of its
own actuation unit integrated at its base.

line (blue arrow) there is also an ancillary line (red arrow), i.e.
the electric power line, for the fluidic power distribution among
different FEA’s chambers. While in conventional electric
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Fig.2. System architecture of a modular manipulator with FEAs.

actuators (DC/AC motors, Shape Memory Alloys, etc.) the
production of mechanical work results from the conversion of
the electric energy they receive from the supply, FEAs do not
involve a local transduction (electric-mechanic), but they
exploit all the supplied fluidic energy to produce the final
work. In that sense FEAs are more efficient as actuators, and
the resulting actuation is only dependent on the actuator’s
geometry and/or materials, and not on the energy conversion
ratio. Being a secondary source, used just for control, the
electric energy is supplied in a relatively small amount making
this actuators even safer for a possible application in MIS
devices. Additionally FEAs are extremely versatile since they
can employ the fluidic power using a broad range of possible
designs. But, first of all, they are relatively cheap both in terms
of row materials and manufacturing/production processes,
making them suitable even for disposable instrumentation.
Nevertheless, they also present a few drawbacks which are not
currently turning in favor of the soft actuator’s progression in
the robotic field. Firstly the poor stiffness of their soft links
may eventually represent a problem when considerable high
forces have to be produced by the arm. To this aim, a few
attempts to enhance the otherwise low rigidity of these
actuators can be found in [2], in which there are examples
where the compliant elastomeric material is combined with
rigid fibers or rods, and also in [6], where a jamming based
stiffening mechanism has been introduced and combined with
the elastomeric structure. However the main limitation
regarding the employment of FEAs is the fluidic power supply
system itself, which notoriously requires pipes, connectors and
valves that are bulky components, often made by rigid, or
simply different, materials in comparison with the soft ones of
the actuator. This aspect is of relevant importance when the
FEAs have to be miniaturized to be implemented, for example,
into small and modular devices and their dimensions become
comparable or even smaller than the piping system.

Modularity is another emerging branch of robotics,
according to which complex and high performing robots are
just the result of a composition of several simpler units that all
together can accomplish the complex actuation of the whole
robot structure. This approach is quite well established for
traditional rigid-link robots: Harada et al. in [4] reports an
overview of how a modular approach can help in the
construction and actuation of complex high dexterous robots
inside the human body by means of smaller wireless
controllable magnetically assembled units. However, while in
solely electrical powered robots most of the difficulties related
to the modular approach seem to be solved, in fluidic actuated
robots (built with several FEAs) several issues are still open.
One over all is, again, their dependence on fluidic power,
which is challenging to be integrated in a fully modular system
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[5]. This paper presents an innovative approach in addressing
the actuation of a fully modular soft manipulator made up of
FEAs. An overview of the whole system concept is presented
in the next paragraph (section II), while the single module’s
architecture, its components design and integration are
explained in detail in section III. Preliminary results on the
achievements of the first prototype’s module are reported in
section I'V.

II.  SYSTEM OVERVIEW

As mentioned in the introduction, modular robotics allows
developing high dexterity but also reliable manipulators. The
strength of modularity relays in having simpler and uniform
units, or modules, which can be easily connected together as
well as controlled by the master unit, no matter their
arrangement nor their total amount. Therefore all the units must
share the input signals from the central control, as well as from
the other modules, in the same way. In the case of fluidic
actuators, such as FEAs, these shared signals are of both fluidic
and electric kinds since two are the sources of energy they need
for functioning. In the proposed architecture of a flexible and
soft modular manipulator for MIS, each module has two only
inputs and outputs, as in Fig.2. From the two input lines a
module can gain respectively the fluidic and electric power for
its actuation. The outputs, instead, serve to carry out the two
power lines and make them again available for the following
module. The standard method traditionally used for controlling
robots made up of fluidic actuators uses a parallel instruction
paradigm [2][6], where each chamber in each FEA is addressed
by an externally placed proportional valve from which a long
pipe reaches the specific chamber. In that way the central
system controls proportionally and in a parallel all the DOFs of
all the FEAs. Since each module can have up to N chambers, it
then requires N valves supplied with a likewise number of
pipes, which are passed through the other proximal modules.
Even if this is the faster and easier solution to be implemented,
as well the more intuitive approach for controlling these robots,
it impedes the realization of a fully modular system with all
modules with the same geometry. In modular robotics, indeed,
any addition and/or subtraction of a new unit should have the
minimum impact on the rest of the structure, as well as on the
central system control. In the parallel control paradigm,
instead, both the central system and each unit are influenced by
a change in the number of units. The more M (the number of
modules) changes, the more each module begins to differ from
the others because of the numerous pipes passing through it. In
combination to that, also the central system needs to manage
more proportional lines (for the respective N X M chambers).
To this purpose, a simple relation can underline the difference
among the modules due to the piping system. By indicating by
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m; the i-th module, which is a generic unit between the distal
(m;) and the proximal (my) units, we can define Qi (the
number of pipes passing through the i-#4 module), as follows:

Q=@0N)-N;

From (1) one can evince that with high values of M, either
the complexity of the control system and the amount of pipes
passing through the more proximal modules (Q;) become
unmanageable. Most important, any change (increase/decrease)
of M introduces differences among different placed modules,
which will not be free to be connected everywhere and every
time, depending on the specific task that the final manipulator
has to accomplish. To let the system becoming independent on
the total number of modules (M), as well as on the internal
chamber setting in each module (and so from N), the fluidic
control system of each unit has to be entirely moved on board
the module. In this way each unit preserves the same number of
inputs/outputs, which is exactly the number of the energy
sources required for its functioning. In other words, a module
would become a standalone unit combining a FEA with its own
fluidic control system. Moving just the valves on board the
module, however, does not make it completely independent.
The valve control, indeed, has still to be separately managed by
the central system, by using controlling wires, which again
depends on both M and N and that have to pass through the
other modules anyway. To circumvent this additional
dependence on the final number of controlling wires, each unit
should be required to manage its set of V valves control locally,
without the need of physical connections with the central
system. Therefore, each module needs to incorporate a sort of
distributed intelligence able to both communicate with the high
level controller and distribute the control signals received
among the unit’s valves with low level embedded control
loops. To satisfy this requirement we can take advantage from
wireless technology, which offers the opportunity to manage
the electric control signals between the main control system
(the master) and each module (slave unit), as shown in Fig.2,
without additional wiring. Using this control strategy only a
single electric line (red line) is needed and it serves just for
providing the electric energy for the internal fluidic control and
it is in common for all the modules. This line would be avoided
in the case of modules already equipped with batteries, as
future vision. With such architecture the control paradigm
shifts from a parallel instructions paradigm, where each
chamber was addressed with a centralized and proportional
controlled line, to a serial instructions control paradigm. In the
proposed strategy all the modules receive the regulated
pressure from one main line coming from the central system
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Fig. 3. Left: exploded view of the two connector’s halves. Right:
actuation unit assembly.

and then each on board valve is wireless controlled to locally
direct the pressurized flow to the relative chamber.

II.  SINGLE MODULE WITH EMBEDDED ACTUATION UNIT

The envisioned architecture of each module should present
the four main components of a generic FEA as in the proposed
scheme of Fig.1: the fluidic actuation system (essentially the
FEA addressed by its embedded fluidic power control with
valves and connectors), a perception system (with embedded
sensors for monitoring the fluidic pressure, which drives the
actuation), an embedded control system (with proper driving
electronics to connect to the valves system as well as to the
sensing part); each connected to the corresponding power
source. It follows the description of how these components will
be practically implemented into a single module. For the first
prototype only the parts regarding the actuator and the
embedded fluidic control system will be explored, leaving
apart and for future developments the sensing system. As core
of the actuation there is the FEA, which in the specific case is
represented by a miniaturized version of the fluidic actuator of
the STIFF-FLOP single module [6]. The design of this specific
FEA involves a basic architecture with silicone cylinder (12
mm in diameter) with three embedded chambers, able to steer
in 3D, as well as longitudinally elongate, upon the differential
or simultaneous pressurization of these chambers. The cylinder
is also surrounded by a bellow shaped braided sheath (black in
Fig.1. right) which enhances the module performances in terms
of bending and elongation capabilities. Besides the FEA, which
is completely soft, the module comprises also its distributed
actuation unit, which is a hybrid structure of soft and hard
components, namely a silicone-embedded channeling system
and metallic valves controlled by a miniaturized PCB board.
The approach of combining hard components with soft
structures has been already explored by other groups working
on soft robotics [3], underlining the powerful of this apparently
unconventional combination. By merging hybrid soft-hard
components we can take the advantages as well as circumvent
the disadvantages of both. Hard components are notoriously
reliable, repeatable and often already optimized for a low
power consumption functioning. On the other hand, soft
materials are compliant, therefore safer, and high deformable
so they potentially make larger displacements and, eventually
produce relatively high force nevertheless the soft structure.
Furthermore, given their high versatility and ease of
fabrication, they can assume an infinite number of shapes and
configurations depending on the specific need. In our case, the
main advantages of employing hard components, such as the
valves embedded in the soft body of the FEA, lies in both their
stable and optimized behavior in a miniature size and their ease
of interfacing with a likewise miniaturized control system.

The main constituents building up the module’s actuation
unit will be descripted hereinafter, while Fig. 4 presents a
pictorial view of their integration.

A. Embedded connectors (single inlet-multi outlets)
According to the scheme of Fig.2 each module gains the
fluidic power from the single supply line (in blue), which runs
through the whole manipulator. Since the fluid has to reach all
the chambers inside the FEA, at the inlet of each actuation unit
a sort of ramification of the main line is necessary. In particular
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each module has to produce at least N branches from this single
line, to connect the fluid supply to each valve inlet.

Standard commercially available connectors do not offer
enough geometry variety, hence a custom connector with
branched channels and thought for being constructed directly
into the soft material has been developed. By taking as source
of inspiration the techniques used for developing microfluidic
circuits [7], we optimized a slightly modified method to
fabricate a custom fluidic channeling system directly integrated
into the elastomeric bulk of material which is also composing
the FEA. This method essentially involves the production, by
molding, of the two halves of the channeling system,
respectively depicted in yellow and transparent blue in Fig 3.
The bottom half (yellow) has dedicated grooves on its upside,
which allows the distribution of fluid towards the outputs
(valve’s inlets). These grooves are all connected to a central
hole, which serves for connecting the inlet pipe. The top half
(in blue) has three outlet ports for the valves on the upside,
while it can perfectly mate the bottom half at its downside, as
shown in the exploded view of Fig.3 (left). The two halves are
finally hermetically sealed by pouring an additional outer layer
of silicone around the two merged parts, visible in Fig.3 (right).
To guarantee a minimum expansion of the inner channels due
to the FEA’s driving pressure, thus creating therefore
negligible loading losses, the embedded connectors were
developed by using a stiffer silicone in the areas surrounding
the channels.

B. Embedded valves and wireless system control

Developing efficient and reliable but also miniaturized and
soft valves is still an open issue in the state of the art [2], thus
commercially available, but rigid, highly miniaturized solenoid
latching two-ways valves (Lee Products Ltd, UK) have been
selected. The choice of employing a bi-stable mechanism
(latching) for the valve actuation is justified by the need of
having low power consumption components to be integrated on
the single module. The valves need power just for switching
(open-closed passage) with a duration of 1 ms, leading to a
total powering consumption of about 1.8 mJ per switch. They
are small (3 mm as maximum diameter) and lightweight (300
mg each), thus up to three valves can be easily be integrated
into the actuation unit of its associated FEA (close-ups of
Fig.4) Given the conceived control logic, two-way valves act
as simple logic gates which connect or isolate the
corresponding chamber from the common line, whose pressure
is proportionally regulated from the master unit. Therefore by
controlling both the main pressure line and the valves, each
chamber can be inflated or deflated. A preliminary test on the
maximum input pressure these valves can resist in a closed
state. They experimentally demonstrated to tolerate up to 15 psi
(with less than 2% of leakages) of input pressure, which is far
above the actuation pressure range (0-8 psi) of the current FEA.

The custom made PCB electronic board, shown in Fig 4
(center), is devoted to the low level control of each unit. The
main component of the board is the miniaturized wireless
microcontroller (CC2430, Texas Instruments, USA) which
integrates a telemetry module (i.e. 2.4 GHz IEEE 802.15.4 and
ZigBee® systems) and is combined to dedicated drivers
(A3901, Allegro Microsystems LLC, USA) for the valves. The
board sizes 10.8 mm in diameter and 2.3 mm in thickness and
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Fig4. Actuation-unit assembly. Left: exploded of soft modular
manipulator’s main components (FEA and actuation units). Centre: single
actuation unit with valves and embedded connectors. Right: valve.

is also able to manage data from sensing systems (due to the
availability of dedicated input on the microcontroller with the
ADC converter), which has not yet been integrated on the
current prototype.

IV. RESULTS AND CONCLUSIONS

Fig.1 (right) reports as an illustrative example, one module
which is actuated in one bending of its DOFs by means of the
integrated actuation unit with valves, electronic board and
embedded connectors. Future works envisage a detailed study
of the static and dynamic behavior of each module for
evaluating important actuation parameters, such as the
accuracy, actuation speed, stability, etc. The preliminary results
of the integration process proved the feasibility of the fully
modular approach. In particular pressure tests on the custom
made silicone embedded connectors showed their reliability in
functioning as well as repeatability in fabrication. Among five
connectors all fabricated with the same procedure, just one
turned out to produce high pressure losses (up to 3% of the
supplied pressure).

In order to build a soft manipulator which has a fully
modular architecture, the current work aimed at demonstrating
the integration of all the components involved in the actuation
of a single independent module. Connectors, valves and
embedded control circuit have been added on board of a single
FEA module, composing its own actuation unit and making it
independent from the structure of other modules composing the
final manipulator. Furthermore, by using the wireless link for
controlling each module, the single module’s design and
performance optimization can be done completely regardless
the total amount of units which will be included into the final
manipulator.
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Abstract—In this paper we present a method introducing the
validation phase in the context of robotic-assisted surgery. We
propose here a method which, starting from medical knowledge,
is able to perform validation of a surgical robot, either telemanip-
ulated or autonomous, during the task execution. This validation
method takes into account the operator skills and can be used
for training and for evaluating the safety of a surgical tool.

[. INTRODUCTION

The execution of a surgical task implies considerable
effort and psychological stress for surgeons. New technologies
appeared in the last 20 years to support nurses and surgeons
within the operating rooms [1]) and the complexity of such
systems is expected to increase in the early future. A possible
drawback of this “technology-oriented” surgery is related to
the need of coordinating in a seamless way heterogeneous
hardware, software and middleware. The design of more
sophisticated software architectures is the crucial point to
successfully integrate heterogeneous subsystems and a possible
high form of embedded intelligence.

An example of a possible solution to handle complexity in
surgical robots was proposed in [2] where a robot had to insert
in an autonomously way a needle in the human body (in this
case a phantom). A robotic software architecture was designed
to coordinate sensing, low/high level controllers, reasoning and
human-robot interfaces to plan and perform the task.

In parallel with the work done by the EU projects
BRICS (www.best-of-robotics.org/) and RoboEarth
(www.roboearth.org) for mobile and service robotics, during
the project Eurosurge (FP7-ICT-2011-7, www.eurosurge.eu)
we proposed a workflow to execute simple surgical tasks
exploiting the a priori surgical knowledge (provided by
interviews with surgeons and radiologist) during the surgery
planning phase [3]. The ontology-based paradigm proposed
in the Eurosurge project is based on

1) a ComponentOntology that describes the interface of
software components by means of models, and

2)  a TaskOntology that describes the different phase of
the surgical task.

Task ontology was already used in other research fields (e.g.
web services [4]) but it was never applied for surgical operation
planning.

From the workflow described in [5], we are able to verify
that a surgical system is performing the task we designed it for.
Nevertheless, we did not evaluate the surgical specifications.
This means that we have to introduce the operator in the loop,
in order to check if our system meets the user specifications.
To this end, we introduce in this paper a basic validation

Task performance

—>( Ontology Validation
Task

description

Fig. 1. This picture show the general work-flow.

procedure for surgical robots and tools. Since our architecture
is component-based, the validation procedure can start from
each component specification in the surgical field. In other
words, to check if the system is performing correctly from the
surgical specifications point of view, we apply boundaries on
certain variables related to the components.

We describe a robotic surgical task as a chronological
sequence of actions; each action is characterized by a set of
parameters that allows to define when its execution can be
considered ‘“‘safe” according to the best-practice in surgery
(i.e. literature) and the information given by expert surgeons.
Figure 1 shows the proposed workflow. The most important
phase is the definition of the boundaries where the mea-
surements collected during the execution should stay (i.e.
upper and lower bounds of some physical variables). Examples
of these values are the time of application of a given tool
(e.g. the electrosurgical knife), the operating temperature of a
cryoablation needle or the distance of a tool from a human
organ. Once we have defined the steps to accomplish the op-
eration and the parameters used to validate the task-ontology,
it is possible to perform the off-line verification process as
proposed in [5] and then the validation phase. Validation, in
this context, consists of the “run-time” comparison between the
nominal parameters of some variables described by surgeons
and the actual measurements of the same variables collected
during the execution of the operation. If the important variables
remain within the defined boundaries (i.e. parameters), then
the operation can be declared “valid”. We call “Checker” the
software module dedicated to such comparison.

This validation procedure allows to re-use the previously
designed TaskOntology enriched with the boundaries related
to some specified parameters. Notice that both the parameters
and their safety/goodness values are specified by the medical
knowledge and experience. To this end, the validation proce-
dure can be performed online during the task execution and
these parameters can be adjusted with respect to the ability and
skills of the operator. Hence, the same procedure can be used
in the training phase to validate the students level of expertise.
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II. SCENARIOS

To clarify the concept proposed in the previous section, we
describe few scenarios where the integration of the validation
process within the planning and the execution of a robotic
surgical task is important.

Ontology
Protegé-OWL \
Verification
BIP
Validation G¢U|

Fig. 2. This figure shows the steps managed by the software architecture
during a supervised surgical intervention.

The first example is the validation of a surgical task
performed by a surgeon as shown in Figure 2. An expert
surgeon describes using the “OWL” language ([6]) the surgical
intervention. The description contains all the steps of the
operation, the boundaries of the critical values such as the
minimum distance of a scalpel from an artery, the maximum
execution time, etc. This description is translated by an auto-
matic tool in a language, like BIP [7], which formally verifies
the correctness of some properties like “reachability” or “dead-
locks presence”. Once the verification has provided a positive
outcome, it is possible to translate the OWL description
into a finite state machine (FSM). The FSM is a supervisor
controlling the robotic architecture; a common choice for
implementing the FSM in a software architecture is by using
the “rFSM” toolbox [8]. When the finite state machine is
created, it is possible to execute the surgical intervention.

During the training phase, a student performs the desired
task and the data from the sensors available in the operating
room (such as trackers, timers, force sensors) are collected by
the software components that send the data to the “Checker”
module that validates at run-time the execution of the student
comparing his/her performance with the set of parameters
(conditions and bounds) defined in the pre-operative phase. If
some constraints are not respected, a graphical user interface
can notify to the trainer surgeon that the actual execution
differs from the correct execution. This workflow allows to
create a feedback to increase the safety of the task performed.

In the second scenario we can imagine either that the
robotic system is autonomous or that the user is expert.
Here the same validation procedure is used for validating the
robotic system during a surgical task instead of validating the
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Fig. 3. This figure shows the steps managed by the software architecture
during an automated surgical procedure.

skills of a student during training. As shown in Figure 3, a
software system coordinates the robotic arms based on the
measurements and events coming from the sensing system.
The finite state machine defined in the pre-operative phase has
a twofold use: it is implemented in the Validation block as
before and the same FSM is also present in the Coordination
block. The FSM copy is used by the Coordination block to
control, monitor and coordinate the all components of the
robotic architecture.

To effectively handle the low-level software components
it is worth designing the architecture complying with the
“Component-based” paradigm ([9] [10]) such as OROCOS
[11] or ROS [12]. During the execution of the procedure
in this scenario, the information will be gathered from the
robots during the task and the data can be compared with
their nominal parameters defined in the ontology. The role of
the surgeon is to supervise the operation performed by the
“Checker” software module. In case of unexpected events and
situation that the autonomous system cannot manage, the sur-
geon is informed by a graphical user interface. Then he/she can
interact with the software architecture by activating emergency
procedures or, at the end to the surgical procedure, updating the
design parameters in the ontology for the future procedures.
This update will not affect the verification procedure, which
has not to be repeated.

III. CONCLUSION

In this article we proposed the validation phase for an
ontology-driven software architecture that starts from the
knowledge of the surgeons to validate the execution of a
surgical intervention by the Task-ontology module. The pro-
posed method and guidelines shall be implemented in future
developments using formal methods and be tested on more
realistic experiments involving surgeons and radiologists.
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Abstract—This paper presents a new C++ library for the
development of software for haptics technologies. It was created
to overcome limitations in existing solutions, including the lack
of support for Linux for many devices and the burdensome
integration with ROS. The main features of the new library
include the possibility of designing and adding in real-time new
haptic devices, objects and effects, the connectivity with ROS, and
the availability of a Qt-OpenGL widget for the visualization of
the scene. The new library outperforms existing solutions, such as
CHAI3D, both in framerate and haptic smoothness. An example
of application is shown, which uses the new library to introduce
haptic feedback in a teleoperated laser surgery system.

[. INTRODUCTION

This C++ based library was created to overcome limitations
of already existing solutions. For example, the OpenHaptics
Toolkit [1] is not well maintained, supports just a few devices
and the code is not accessible. The CHAI3D libraries [2]
are open source software; however they lack in the support
of hardware-software combinations, for example only Force
Dimension products are supported on Linux and Mac-OS; also,
the graphic rendering is written in GLUT, which is not standard
OpenGL; finally, the computation is too slow when processing
high-resolution meshes. The Haptik Library [3] is probably
the best suited open source software for general purpose but
it comes without graphic rendering, which has to be manually
implemented; also, the Linux port lacks many features com-
pared with the Windows version and is not maintained.

To realize the library, a physical engine based on instanta-
neous force calculation has been written and basic interfaces
have been designed. Then, a few examples of haptic device
handlers, objects and effects have been implemented. Also,
messaging over ROS [4] has been introduced to allow easy
introduction of haptic devices in already existing robotic
software.

II. LIBRARY STRUCTURE

The structure of the library is presented below.

A. Haptic World Class

The central class is HapticWorld. It coordinates all the
elements that are added in real-time. It is an event-driven
interface, with asynchronous methods accessible from the main
program, and three timers: one of them checks if the graphic
scene is rotated and accordingly updates the graphic rendering,
one publishes available messages on ROS, and one computes
force feedback for all the haptic devices connected.

HAPTICWORLD CLASS

class HapticWorld :

public:
HapticWorld(QwWidget* parent = 0);
void addHapticDevice (HdHandlerx device);
void addHapticElement (HapticElementx element);
void addRosPublisher (RosPublisher publisher);
void addRosSubscriber (RosSubscriberx subscriber);
void shutdown() ;

protected:

Sl ]x/

i

public QGLWidget {

It must be noted that it is a QGLWidget. Thus, it can be
included in Qt GUIs or shown as a separated window. If the
widget is not shown, both haptic feedback and ROS messaging
continue to work.

e addHapticDevice is used to add the handler of an
haptic device which can interact with the scene.

e addHapticElement allows to insert a new object
or effect in the world.

e addRosPublisher and addRosSubscriber in-
clude the parts intended to send and receive messages
over ROS.

e shutdown is used to kill the haptic callback and the
ROS thread before closing the application.
B. Drawable Items

Haptic devices and elements are considered drawable, in
the sense that they need to be drawn somewhere in the scene.

DRAWABLEITEM ABSTRACT CLASS

class Drawableltem {
public:
DrawableItem(float alpha=1.0f);
virtual void initGL();
virtual void draw() = 0;
float getAlphal();
void setAlpha(float alpha);
protected:
float alpha;
i

The abstract method draw must be implemented for each
derived class. It is called during the OpenGL updates of
HapticWorld (if the widget is shown).

The virtual method initGL should be overridden if some-
thing has to be initialized before calling the drawing method.
As it is, it just returns without doing anything.

An implementation with transparency support is recom-
mended. To allow it the floating number alpha was intro-
duced. It can be set in the constructor or with the setAlpha
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method and read from getAlpha. Its value ranges from 0.0,
that means fully transparent, to 1.0 that stands for completely
opaque.

C. ROS Publishers and Subscribers

For full integration with ROS, two abstract classes have
been designed. An implementation of RosPublisher is
used to send messages.

ROSPUBLISHER ABSTRACT CLASS

class RosPublisher {

public:
virtual void advertise(ros::NodeHandle& node) = 0;
virtual void publishAction() = 0;

bi

The advertise method must be implemented to ad-
vertise a topic on the given ROS node handle. The
publishAction method is called periodically and is used to
send messages over the advertised topic. A RosSubscriber
is used to receive messages.

ROSSUBSCRIBER ABSTRACT CLASS

class RosSubscriber {
public:

virtual void subscribe(ros::NodeHandle& node) = 0;
by

In the implemented class, the subscribe method should
connect a topic to a particular callback. Both interfaces allow
handling several topics at the same time.

D. Haptic Device Handlers

The abstract class HdHander has to be implemented to
use a new haptic device.

The HdHander has a native coordinate system, which
should correspond to the built-in coordinates of the device,
and a transformed one, that maps the coordinates of the haptic
peripheral to the world coordinates, optionally rotating them.

HDHANDLER ABSTRACT CLASS

class HdHandler: public DrawablelItem, public RosPublisher {
public:

HdHandler (Mat9 iRot, Vec3 iTra, float alpha=1.0f);

void transform(float transfMatrix[16]);

void resetTransform();

Vec3 getTransformedPosition();

virtual Vec3 getPosition() = 0;

Vec3 getTransformedVelocity();

virtual Vec3 getVelocity() = 0;

Mat9 getTransformedRotation();

virtual Mat9 getRotation() = 0;

virtual bool getButton(unsigned char i) = 0;
virtual unsigned char getButtonNumber() = 0;
void setTransformedForce(Vec3 force);
virtual void setForce(Vec3 force) = 0;

virtual void advertise(ros::NodeHandle& node);
virtual void publishAction();
virtual void draw();
virtual void shutdown() = 0;
protected:
Sl %/
bi

Figure 1. HdHandler graphic drawing — the red vertex is the position, the
green one is a rotation reference (e.g. in the reference system of the Sensable
Phantom Omni it points in the directions of the buttons)

topic Buttons a numeric value, corresponding to the com-
bination of buttons pressed.

There is also a default implementation of the method draw
(that can be further overridden in the handler implementation)
that paints a colored pyramid in the transformed position and
orientation, as in Figure 1.

The parameters of the constructor are the initial rotation (a
3 x 3 matrix) and translation (a 3-D vector) of the haptic refer-
ence system, and the initial transparency of the drawing. The
geometrical transformation can be altered by the t ransform
methods (which requires the new 4 x 4 rotation matrix, column
major) and reset to the initial one with the reset Transform
method.

The abstract methods getPosition, getVelocity,
getRotation, getButton, getButtonNumber, and
setForce must be implemented to get the device in-
puts and set the force feedback in the device coordi-
nates (the transformation is handled by the library with the
——-Transformed—-- methods).

The shutdown method is intended to release the haptic
device resources before closing the program.

The only example of haptic device handler that has been
implemented so far is the one for the Sensable Phantom Omni.
The methods cited above are implemented in a specific way
for this device, by the means of the low level functions of the
OpenHaptics Toolkit. In addition the get Instance method
is used to get a unique instance of the class, if the device is
ready, otherwise a void pointer is returned.

PHHANDLER CLASS

It implements the RosPublisher interface. The
advertise and publishAction methods are used to
send on the topics Position, Velocity and Rotation
the transformed kinematics of the haptic device, and on the

class PhHandler :
public:

static PhHandlerx getInstance();

void 1initGL()

void draw();

void shutdown() ;

Vec3 getPosition();

Vec3 getVelocity();

Vec3 getAcceleration();

Mat9 getRotation();

void setForce(Vec3 force);

bool getButton(unsigned char i);

unsigned char getButtonNumber();
protected:

Jxk[o ] x/

public HdHandler {

bi

E. Objects and Effects

Objects and effects are inserted in the scene using imple-
mentations of the same abstract class, HapticElement.
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Figure 2. An example of HeightmapElement — a gray scale image is
mapped to a depth map where darker means deeper

HAPTICELEMENT ABSTRACT CLASS

e magnetic is a force that pushes the device towards
the surface from both sides, the further it is, the
stronger the effect.

e damping is a damping effect, increasing below the
surface.

Each force type is ignored if its value is negative.

An example of haptic effect is the device friction com-
pensation. In this case the draw method is empty (it doesn’t
draw anything) and the force computed is proportional to
the velocity of the haptic device h and to the friction
coefficient to be compensated (given in the constructor).

FRICTIONCOMPENSATIONEFFECT CLASS

class HapticElement : public DrawableItem {

public:
HapticElement (float alpha=1.0f);
virtual Vec3 computeInteractionForce (HdHandlerx h) = 0;

bi

class FrictionCompensationEffect :
public:
FrictionCompensationEffect (float friction);
virtual void draw();
Vec3 computelnteractionForce (HdHandler* h);
protected:
SH[e ] xS
i

public HapticElement {

It is a DrawableItem: initial transparency is set in the
constructor and the draw method can be implemented if
needed.

The computeInteractionForce method should be
implemented to evaluate the interaction of the object or effect
with a haptic device handler, and to return the corresponding
3-D force. This method is pure virtual and thus it doesn’t put
any limitation: for each class implemented, the programmer is
supposed to decide and to implement the physical laws.

An example of an object is a height-map mesh.

HEIGHTMAPELEMENT CLASS

class HeightMapElement :
RosSubscriber {
public:

HeightMapElement (float keepInArea=-1.0f,
float stiffness=-1.0f,
float magnetic=-1.0f,
float damping=-1.0f);

void subscribe (ros::NodeHandle& node) ;

void changeMap (const meshConstPtr& msq);

Vec3 computelnteractionForce (HdHandler* h);

void draw();

protected:
SH[e ] */
bi

public HapticElement, public

III. EXAMPLE OF APPLICATION

In this section an application example in the context of
robotic laser surgery is presented. It uses the Sensable Phantom
Omni both for simulating the touch of the surface (stiffness
and damping effect) and to drive the surgical laser during a
procedure. In this application, a virtual scapel is added to the
scene and used to guide the surgical laser. Friction is reduced
to provide the impression of using a real scalpel to cut the
tissue. The 3-D reconstructed image of the surgical scene is
sent via ROS to a HeightmapElement and the position of
the haptic device is sent back to the laser micromanipulator.
The 3-D graphical output is presented to the user as in Figure 3.

The haptic simulation of a high density mesh has outper-
formed CHAI3D both in framerate and in haptic smoothness.

EXAMPLE OF APPLICATION

It subscribes to a ROS topic to receive point-clouds in a cer-
tain format. Every time that one is received, the changeMap
callback is used to change the rendered mesh, as shown in
Figure 2.

The force feedback is the composition of the different force
types selected in the constructor:

e keepInArea is the stiffness of the four transparent
walls enclosing the haptic device in the vertical space
over or below the mesh.

e stiffness is the stiffness of the mesh.

int main(int argc, char xargv[]) {
ros::init(argc, argv, "PhantomInputDevice");
QApplication a(argc, argv);
HapticWorld world(0);
PhHandlerx phHandler = PhHandler::getInstance();
if (phHandler !'= 0) {
world.addHapticDevice (phHandler) ;
world.addRosPublisher (phHandler) ;
} else {
ROS_WARN ("Phantom device not ready");
}
HeightMapElement hMap(-1.0f, 0.3f, -1.0f, 1.5f);
world.addHapticElement (&hMap) ;
world.addRosSubscriber (&§hMap) ;
FrictionCompensationEffect fcEffect(0.6f);
world.addHapticElement (& fcEffect);
world.show() ;
a.exec(); //this ends when the window is closed
return 0;

This example improves the work about haptic shape per-
ception of 3-D reconstructed surface for laser surgery presented
in [5] adding visual feedback. We believe that giving visual and
haptic feedback together during laser surgery will increase the
surgeons’ hand-eye coordination and thus improve the safety
of the surgical procedure.
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Figure 3.

Example of application built with the library

IV. CONCLUSION

A new haptic library and an example of use have been
presented. This library makes use of very generic interfaces,
well suited for the addition of new device handlers, objects
and effects. The connection with ROS is easy and the library
outperforms exisiting solutions such as the CHAI3D both in
terms of framerate and haptic smoothness when processing
high density meshes. The example shown uses the new library
to introduce haptic feedback in a robotic laser surgery system.

Future improvements to this library include the possibility

to use two Phantoms at the same time, writing new haptic
handlers for different devices, adding torque support. New
objects and effects to be used in the scene will also be written.
This library will be distributed for free or as open software for
the benefit of the community.
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Abstract—As the field of Computer-Integrated Surgery is
becoming more mature, initiatives arise to harmonize
research, and provide widely accepted de facto standards
and platforms facilitating the sharing of knowledge and
know-how. Open source projects offer great opportunity to
extend the reach of a small community, thus numerous
projects were started recently to develop a core hardware
and software infrastructure for the needs in the field the
surgical robotic. This paper provides a brief overview of the
most important platforms and initiatives based on their
availability, functions and active support of the user group.

I.  INTRODUCTION

Robot manufacturers consider hardware design and
software programs their key asset, protecting it in various
ways, especially in highly competitive areas, such as
medical robotics. However, the research community
definitely needs accessible platforms and solutions to
achieve consensus regarding future development. High-
level robot controllers, such as the Real-Time Application
Interface (RTAI) for Linux have already been
available [1]. Recently, a much appreciated rise of the
open source efforts can be witnessed in the domain of
Computer-Integrated Surgery (CIS); both public invest-
ment resulted in general open know-how, and some key
industrial stakeholders decided to support these efforts.

II.  MEDICAL ROBOT SOFTWARE

In this work, free and open source options are
reviewed, where one has complete control over the
software components, which allows customizations of the
program code. In addition, there usually exists a
developer community, which continuously develops and
maintains the software.

A. 3D Slicer

3D Slicer' is probably the most popular open source
software that can be used for image processing and
visualization, particularly for medical images [2]. The
software is available for Windows, Linux and Mac
OS X. The operation of the Slicer 3D relies on the
NA-MIC kit and other software components such as
Tcl/Tk, VIK and ITK [3]. VTK (Visualization
Toolkit) and ITK (Insight Segmentation and
Registration Toolkit) components are described later.

3D Slicer has been employed in numerous research
and clinical projects [4]. Using the OpenlGTLink,
robotic platforms were serviced for brain tumor
removal [3] to prostate biopsy [5]. The software was

! http://slicer.org

used as part of an Open Core Control software for
surgical robots, which shows the flexibility of the 3D
Slicer [6]. Not only the position of the actuators can
be visualized, but one can also specify control
boundaries that cannot be crossed during the
intervention—also called as virtual fixtures.

B. Visualization Toolkit (VTK)

Visualization Toolkit is also for free, used for image
processing, visualization, 3D computer graphics
volume rendering, scientific visualization and
information visualization [7]. The software can be
modified and expanded with other modules thanks to
the object oriented design [8]. Programs can be
created in C++ Python, Java and Tcl language, and
3D Slicer is built to the top of VTK.

C. Insight Segmentation and Registration Toolkit (ITK)

ITK is for image segmentation and image regist-
ration [9]. It has a vast collection of algorithms for
analyzing biomedical images, which was made within
the framework of the Visible Human Project [10]. The
3D Slicer is using ITK, as a component.

D. Computer Integrated Surgical Systems and

Technology (CISST)

CISST is a collection of libraries which can be a
useful tool in the field of CIS and any medical robotic
application. These libraries and functions are used by
the Surgical Assistant Workstation. It supports inter-
changeability, therefore the devices that meet the
basic requirements are becoming interoperable with
each other [11].

E. The Image-Guided Surgery Toolkit (IGSTK)

IGSTK supports the development of image-guided
applications [12], where intra-operative tracking is
involved. It provides the following main features [13]:
e  read and display medical images,
e interface to common tracking ,

GUI and visualization capabilities,
multi-slice axial view,

3D Slicer Application

Slicer Base | Module 1 | | Module N
VTK Tcl
OpenGL Window System

Computer Hardware

Figure 1. The modularity of Slicer 3D [5].
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e four-quadrant view (axial, sagittal, coronal or 3D),

e point based registration,

e robust common internal services for logging,
exception-handling and problem resolution”.

F. Medical Imaging Interaction Toolkit (MITK)

MITK is for the development of interactive medical
software for image processing. MITK expands VTK
and ITK with some interactive components [14].
Thus, the combination of these increases the versa-
tility of the platforms. The most prominent module of
the program is the interactive segmentation.

G. Public software Library for UltraSound (PLUS)

PLUS is yet another open software platform written is
C++ and built on the NA-MIC Kit [15]. The PLUS
software package contains a lot of tools that are
related to the ultrasound calibration and processing,
supporting optical and electro-magnetic trackers and
ultrasound imaging devices [16]. In the future, PLUS
will be equipped with da Vinci support, where the
research interface is already in an advanced stage.

H. Nat. Alliance for Med. Image Computing (NA-MIC)

The NA-MIC? kit is not a standalone software, rather
a collection of tools and methodologies [17]. It
contains several software packages which have been
described already (ITK, VTK and 3D Slicer).

1L Surgical Assistant Workstation (SAW)

While creating an experimental robotic surgical
system, many different components can be (re-)used.
These devices can be integrated using SAW, from
Johns Hopkins University (JHU). It supports the most
common tools of CIS, such as stereo viewers, haptic
devices, tracking systems, the 3D Slicer, various
research robots and most prominently, the da Vinci
(Intuitive Surgical Inc.) master console and robotic
arms [18]. It was written in C++ and the research was
mostly funded by the National Science Foundation
(NSF). Thanks to its modular structure, the SAW can
be easily expanded with new components in a
research system. As a result, many different devices

Ultrasound
Microscopes

Research Robot Interfaces
(JHU, Other)

Intuitive Communications
Interface

! !

S T L Lo R M R o
: Intuitive AP } Device APIs | OP?/?:;E:IOH :Visua"za,iongs \;ideo
Gt e s i ! ubsystem
| Robot AP T Rl
___________________________________________ (PR L | SRS
+ Stereo processing + Haptics
Research « Tool tracking « Task modeling
Applications * Image registration « Skill Assessment

« Interactive visualization + Remote telesurgery

and SUbSyStems * Ultrasound « Ete.

Figure 2. Architecture of the Surgical Assistant Workstation [19]

? http://www.igstk.org
? http://www.na-mic.org

can be integrated into one: e.g., a snake robot could be
controlled with a da Vinci console for laryngeal
surgery [19] at JHU (Fig. 2).

J. The Common Toolkit (CTK)

The goal of CTK" is to support biomedical image
computing, the scope of current CTK development
efforts includes DICOM support, DICOM Application
Hosting, Widgets and Plugin Framework.

K. NifTK
NifTK is a platform, combining NiftyReg, NiftySim,
NiftyRec and NiftySeg via the viewer NiftyView,
developed at the Center for Medical Image
Computing at UCL’.

III.  SYSTEM-RELATED APIS

While the academic community typically tries to

develop generic solutions supporting a wide range of
components and devices, some manufacturers developed
particular APIs for their own system. For example,
Medtronics’ intra-operative navigation systems feature a
StealthLink research interface [20].
The da Vinci Surgical Systems that is deployed most
widely globally is not provided with open access by
default. A user cannot retrieve any data from robot, the
components and the programs cannot be changed, and
there is no information about of the basic operating
principle. (This is also due to liability issues.) Some
limited information can be recorded with data collection
tools [21]. Yet, these systems become transparent using
open source software, once their manufacturer allows
access to it [22]. (See Section V.)

IV.  RESEARCH HARDWARE ENVIRONMENT

Fundamental research cannot easily be accomplished
with closed systems, but there are examples, where
closed systems became partially accessible for
researchers. In the case of the da Vinci, there exists a
real-time stream of kinematic and user event data from
the robot that can be read, also known as the da Vinci
Application Programming Interface (API)°. However, the
total replacement of certain closed components of the
robot (including the complete controller) can transform
the da Vinci into an open source platform, as it is
discussed in Section V.

One of the most successful open source robots is the
Raven II, a former competitor to the da Vinci [23]. The
development started more than 10 years ago at the
University of Washington, supported by DARPA. With
the help of the National Institutes of Health (NIH), 8
robots have been built and distributed to North-American
and European sites. It has an open control architecture,
based on the Robot Operating System (ROS)’. Applied
Dexterity Ltd. was founded to sell the robot as a research
platform, and to build the community. Current price of
the system is around $300k.

* http://www.commontk.org/index.php/Main_Page

> http://cmic.cs.ucl.ac.uk/home/software/

¢ http://surgrob.blogspot.hu/2009/11/da-vinci-news.html
7 http://www.ros.org
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Other groups decided to use general purpose robot
arms for surgical mock applications, such as the WAM
Arm from Barrett Technology Inc®.

V.  THE DA VINCI RESEARCH KIT

One of the most capable, recently realized platform is
the da Vinci Research Kit (dVRK). It is a collection of
retired, first-generation da Vinci robot components with
additional open source control electronics and open
source software.

A. Hardware components
The dVRK consists of the following parts’:

2 da Vinci Master Tool Manipulators (MTMs)
2 da Vinci Patient Side Manipulators (PSMs)
A stereo viewer
A foot pedal tray
Manipulator Interface Boards (AMIBs)

e Basic accessory kit.
These are the original, unmodified mechanical
components, thus a functional da Vinci Classic can also
be transformed into a DVRK. Since the da Vinci is a
commercial system, some of the components are still not
available to researchers. The system does not include a
number of other items, such as the Endoscopic Camera
Manipulator (ECM), but these are not strictly necessary.
Even for research operations, however, control
electronics and control software are essential.
JHU, Worcester Polytechnic Institute (WPI) and their
partners decided to create a new, open controller [24].
(The source files of the control electronics are also
available online'’.) The system is equipped with an IEEE
1394a Firewire interface that is capable of a
communication speed of 400 Mbit/sec. It is important to
create a real-time connection between devices, which is
desirable for a surgical robot system, so it can be operated
with the necessary degree of security. The control box
consists of two pieces of FPGA and two pieces of Quad
Linear Amplifier (QLA). This assembly is sufficient for
driving one robotic tool (Fig. 3). If one wants to operate 2
da Vinci Master Tool Manipulators (MTMs) and two da
Vinci Patient Side Manipulators (PSMs) then four boxes
of control electronics are needed—consisting of 8 pieces
of FPGAs and QLAs in total.

The da Vinci research kit follows the centralized
computation and distributed I/O idea [25]. This means
that only the control electronics maintain contact with the
peripheral inputs and outputs and all calculations are
performed centrally by a main computer, which is located
at the control units. The central unit is usually a Linux-
based computer, which is extended by a real-time
component.

B. Low level software architecture overview

The firmware of the FPGA modules is available on the
internet, which can be freely modified, thanks to the BSD
license'".

¥ http://www.barrett.com/robot/products-arm.htm

? http://research.intusurg.com/dvrkwiki/index.php?title=Main_Page
' http://jhu-cisst.github.io/mechatronics/

' http://jhu-cisst.github.io/mechatronics/ website

PCside Control electronics side Mechatronics side

‘ FPGA H QLA ‘

i i Master Tool

Manipulators
‘ FPGA H QLA ‘

PC

<Real time> ‘

FPGA H QLA ‘
i |_|ii| PatientSide

Manipulators
‘ FPGA H QLA ‘

Figure 3. Schematic representation of the hardware structure

The connection through the firewire cable can be
implemented with standard Linux C++ libraries and there
is a solution to realize a real-time software subsystem
over firewire (RT-FireWire) [26]. In this case, the
computer and the FPGA modules are capable of
communicating with each other.

Linux is the preferred PC side operating system for its
open access. Furthermore, there also exists a real-time
extension to Linux, called RTLinux, which basically is a
Linux OS that runs under the control of a hard real-time
microkernel [27]. This means that all of the
computational deadlines have to be respected during
operation.

The software architecture of a surgical robotic system
can be divided into five functional layers (I-V) and three
development layers (A-C), presented in Fig. 4 [28]. The
development layers are stratified by the complexity of the
programming language tools used. The functional layers
are sorted by the complexity of their function. Owing to
the centralized computation, all of the functional layers
are implemented on the PC side.

One must be aware of this grouping, because the
various software pages in different levels are represented
in different ways. Therefore, they are also connected with
each other in various ways.

Once the components are pieced together, the robot can
be used at a completely open research platform thanks to

the extensive high-level software support provided by the
SAW and CISST libraries".

VI.  THE FUTURE ROADMAP

The dVRK is a great advancement in the field of open
source surgical robotics, since it fees the access to a
clinically used system. A research community has been
formulated around the 17 DVRK systems currentl;/
deployed, having regular open meetings and workshops'”.
In Europe, prior FP7 actions of the EU have already given
a boost to synchronized robotics research (e.g., the
EuroSurgeM, I-SUR", ACTIVE'® projects.), or the Joint
Worksho on Computer/Robot  Assisted  Surgery
(CRAS)" series. Further, the IEEE Robotics and

"2 https://trac.lcsr.jhu.edu/cisst/wiki/ /sawIntuitiveResearchKitTutorial
1% http://research.intusurg.com/dvrkwiki/ /index.php?title=Main_Page
' http://www.eurosurge.eu/eurosurge/

'3 http://www.isur.eu/isur/

' http://active-fp7.ew/

7 http://www.cras2014.eu/about.html
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Automation society has also created a study group'® for
the generalization of surgical robotics, and soon, a
workgroup for surgical robotics ontologies is to be
established'’. This is expected to have a great impact on
the entire field, given the generally increased
governmental interest and support towards open source
research.

VII. CONCLUSION

Open source surgical robotics promises to make surgery
safer and more effective, and stimulate further innovation
in the field. The paper reviewed the currently available
software and hardware platforms, and provided some
highlights to their features and projects realized on the top
of them. It is expected that the prominence and
significance of open medical research will grow
tremendously in the future, largely relying on these
technologies.
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Abstract—Current surgical navigation systems are visualising
the tool pose relative to pre- or intraoperative image data. When
a robot is used for positioning, further information is available,
but often not utilised. In this paper, a visualisation concept of a
robot for image-guided therapy interventions including its pose,
the current state as well as the measured forces at the tool center
point is presented. This information can be used for navigation
purposes and force monitoring. Furthermore, the visualisation of
the current robot state gives the surgeon a direct and intuitive
feedback on the current system state, e.g. if the robot is position
or impedance controlled and if virtual fixtures are active.

I. INTRODUCTION

In surgical navigation systems the pose of the tool is
displayed relative to pre- or intraoperative images. When
a robotic systems is used for tool positioning, further
information 1is available, but often not included in the
navigation display. By visualising additional information
such as the measured force at the tool tip, e.g. a drill tool
or a grasping device, useful information about the current
contact forces can be provided to the surgeon. Furthermore, a
feedback of the current state of the robot can be helpful for
the surgeon, e.g. which virtual fixtures are activated, which
zone is active, and if requested transitions are succesfully
performed.

II. MATERIALS

In the following section, the setup consisting of a light
weight robot (LWR) with an open interface for image-guided
therapy (IGT), an exemplary state machine for IGT, and a
customised 3D Slicer module for visualisation and state control
is described. Further information about the interface, the state
machine, and the 3D Slicer modul were published in previous
papers [1], [2].

A. Light Weight Robot

The LWR was used due to its applicability to the field of
robot assisted surgery. On the one hand, it is reconfigurable
while holding the pose of the end effector caused by the
kinematic redundancy. On the other hand, the LWR is able
to estimate the external forces at the tool center point (TCP)
based on integrated torque sensors in each joint and, hence, can
be directly used for the given purpose without any additional

TABLE I: List of the states as well as their command and
acknowledge parameters for the exemplary state machine (img
= image space, rob = robot base coordinate system; 0 = free,
1 = aware, 2 = locked)

state parameter (command) parameter (acknowledge)
IDLE

Free

Virual- coordinate frame = {img, rob}; geometry = {cone, plane};

Fixtures geometry = {cone, plane}; active zone = {0, 1, 2};
position vector = x;y;2;
normal Vector = nginyin.;
cone angle = «;
Path coordinate frame = {img, rob}; active zone = {0, 1, 2};
destination = x:y;2;A;B;C; reached target = {true, false}
MoveTo  coordinate system = {img, rob};  reached target = {true, false}

destination = x;y;2;A;B;C;

hardware. In prelimanary studies an open interface concept
based on the OpenlGTLink protocol was developed (Fig. 1)
and three general groups of interfaces were identified: visu-
alisation, state-control, and sensor. The visulaisation interface
allows for transmission of the pose of each joint of the robot
as transformation matrix. The state-control interface provides a
cyclic bidirectional communication with an is-alive-check used
to operate a finite state machine running on the robot control by
string commands (see TABLE I). The OpenlGTLink Protocol
was used due to its small footprint and its broad usage [3].
The state machine and the two interfaces are described below.

1) Simple IGT state machine: This examplary state ma-
chine provides states typically needed for IGT interventions
with robot systems (see Fig. 2). In the Free state the robot
can be moved manually and freely by the surgeon and, hence,
can be utilised for registration purposes. For the prepositioning
phase the two impedance controlled states VirtualFixtures and
Path were defined. In the first one, the workspace is restricted
by active constraints [4] of a plane or cone geometry. In
the second one, the robot can be moved on a linear path in
cartesian space towards a target point. The MoveTo state can be
used for the autonomous movement of the robot and, thereby,
is predestined for the targeting phase of a surgical procedure
such as drilling. In the IDLE state, the robot is holding its
position with maximum stiffness.
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Visualisation State control

OpenlGTLink OpenlGTLink
OpenlGTLink | | OpenIGTLink

2

Fig. 1: Interface concept for the integration of an robot into
an image-guided therapy system

Robot Control

Fig. 2: Simple state machine example of a robot for image-
guided therapy

2) LWRStateControllF: For the communication with
an external control system an open interface based on
OpenlGTLink was developed and described previously
[1]. Via this interface, command strings of the type
“CommandName;py;pa;..;p,~° can be received by the robot
control and are mirrored back towards the state control includ-
ing additional information about the robot state. In TABLEI,
the command set and the parameters contained in the acknowl-
edge strings for the exemplary state machine are given.

3) LWRVisualisationlF: In addition to the state control
interface a visualisation interface was developed. This allows
for sending transformation matrices from the robot control to a
visualisation software. In first performance tests it was shown
that a visualisation of the robot pose is possible with update
rate > 60 Hz and a latency < 100 ms [2] including the whole
visualisation process.

Fig. 3: Visualisation of the robot relative to the target in 3D
Slicer and the experimental setup

B. LightWeightRobotlGT

LightWeigthRobotIGT" is a control and visualisation 3D
Slicer module developed for the LWR. This module enables
a cyclic communication with the state machine running on
the robot control via the described interfaces. Commands used
for operating the state machine, to activate or deactivate the
visualisation interface, and to shut down the state machine
are supported. The parameters p1, .., p, needed for the proper
initialisation of the different states can be set as well.

III. VISUALISATION CONCEPT

In this section, the visualisation concept of a robot for
image-guided therapy is presented. This concept includes the
representation of forces, the pose, and the current robot state.
The focus of this paper is set to the force display and the
visualisation concept for the robot state.

A. Robot configuration

For the visualisation of the robot configuration the position
of each joint relative to the robot base coordinate frame is sent
from the robot control via the LWRVisualisationlF interface
represented by the homgeneous transformation matrix T Base-
A STL file of each part of the LWR and the used tool is
loaded to the 3D Slicer scene and automatically connected
to the corresponding transformations. Thereby, the robot is
automatically visualised in the base coordinate system. To
visualise the robot in relation to the target region, which
is normally displayed in image space or CT-base coordinate
frame respectively, the transformation B2°T o1 needs to be
connected with and observed by all models of the LWR (see
Fig. 3).

B. Forces

To represent the information of a force the following
aspects are important: the force application point, the absolute
value of the force, and the direction in which the force is

Thttps://github.com/SNRLab/LightWeightRobotIGT
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Fig. 4: Force visualisation at the tool center point of LWR

applied. The force vector contains two of these details and the
current pose of the robot is known to the robot control. For
the display of vectors, arrows are an intuitive way, hence, a
3D arrow is chosen for this purpose.

The orientation of the force vector can be represented by a
rotational matrix, which describes the rotation from the robot
base coordinate to a coordinate frame with the z-axis in the
direction of the force vector f. This rotation can be computed
by

B2 Riorce = R (6)Ry (6) M
with the two euler angles
¢ = — arcsin S and (2)
[I£1]2
@ = arctan & 3)

z

The third rotation around the z-axis is not needed for the
visualisation, because the chosen object is symmetric to the
z-axis. By adding the translation B2*°tpcp from the base co-
ordinate system to the force application point the homogenous
transformation matrix B2%¢Ta,,ow from the robot base to the
coordinate frame at the tool center point with the z-axis in
direction of the force vector is given by

BaseTA _ BaseRArrow ‘ BasetTCP
ITow (0 0 0) ‘ 1 .

For the representation of the force the magnitude is of impor-
tance as well. This can be included by multiplying the rotation
matrix B2*°Rp,.ce With the absolute value of the force vector.
Thereby, the force vector orientation, position, and size can be
described by the similar transformation

Base _ ||f||2BaseRArrow ‘ BaLsetTCP
AArrow - < (O 0 0) ‘ 1 . (5)

Thereby, a linear transformation including all necessary infor-
mation for force representation is defined, which can be used
to transform a 3D arrow, so that the arrow tip points to the
force application point in the direction of the force vector. The
size of the 3D object is proportional to the absolute value of
the force (see Fig. 4). An advantage of this concept is that the
OpenlGTLink TRANSFORM data type can be used and, thus,
the LWRVisualisationlF interface.

“

MoveTo

Path

Free

Fig. 5: Visualisation concept of the current state of the robot
by a color coding for the different states (IDLE = blue;
VirtualFixtures/PathImp = dark green; Free = green; MoveTo
= orange)

C. Current robot state

To give an intuitive and direct feedback of the current robot
state to the surgeon a color coding for the robot states and
the active zones of the virtual fixtures was developed for the
examplary state machine (see Fig. 5 and Fig. 6). Therefor,
the received acknowledge string is read and according to the
information the display in 3D Slicer is adapted.

1) Impedance based states: For the Free state a light green
was used, whereas for the VirtualFixtures and Path state a
darker green was used (see Fig. 5). Futhermore, the active
virtual fixture is displayed in relation to the robot and changes
its color according to the active zone of the active constrains.
The used constraint concept distinguishes three zones: free,
aware, and locked. Here, a colour coding from blue to red is
used (Fig. 6).

2) Position controlled states: For the position based state
IDLE the robot colour is changed to a dark blue. In the
state MoveTo orange is used because this colour is widely
understood as an alarm signal and, hence, gives a warning
to the surgeon that the robot is now moving autonomously.

IV. CONCLUSION

In this paper a visualisation concept was developed and
implemented for the experimental setup consisting of a LWR
with an open interface extension and a 3D Slicer module. By
using this interface concept information about the measured
force and the current robot state could be directly displayed in
3D Slicer in relation to images of the target regions. Thereby,
an intiutive feedback on the current state and the success of
the requested transition is given to the user. Furthermore the
active virtual fixtures are automatically displayed in relation
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Fig. 6: Visualisation concept of a active planar virtual fixtures
in the two zones free (left) and locked (right)

to the robot and the target region and their position can be
checked as well.
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I. ABSTRACT

Autonomous navigation with robotic catheter, which can
be seen as a specialization of continuum robots, inside the
aorta is a challenging task due to the deformable and dynamic
nature of the aorta and due to the fact that the geometry varies
considerably from patient to patient. A reinforcement learning
(RL) method, Q-learning, is applied to navigate inside the
aorta. The knowledge learned by the robotic catheter in a
given 2D aorta mesh is transferred by means of the action
value function to a modified 2D aorta mesh. In the first mesh,
for testing with the knowledge from training on the first mesh,
the action value function is initialized using the knowledge
from the first mesh. In the second mesh, for testing with
the knowledge from training on the second mesh, the action
value function is initialized using the knowledge from the
second mesh. In the second mesh, for testing transferability
of training knowledge from the first mesh to the second mesh,
the action value function is initialized using the knowledge
from training on the first mesh. The initial result shows that
the knowledge transferred from the first mesh to the second
mesh by using action value function enables autonomous
navigation in the second mesh. The initial result shows also
that the RL algorithm does not depend on the 2D aorta mesh
but rather depends on the robotic catheter which learns the
knowledge.

II. EXPERIMENTAL SETUP

The experiment is done using a catheter simulator
provided by University of Leuven which has both a 2D
aorta mesh as an environment and a simulated catheter as
a robot shown in Figure 1. The catheter simulator employs
a minimum-energy principle to compute the next state from
the current state and the current action [1]. The current
state s; is defined as a B-spline representation of L 3D
points from catheter simulator where L is the number of
nodes. L varies depending on the length of the catheter. For
learning the catheter-aorta interaction modeling, the B-spline
representation has 30 nodes. The touch state t; is defined by
comparing the distance between the nodes of the catheter and
the wall of the aorta with a predefined threshold distance t,..
If the measured distance is less than ¢;,., then it is considered
as touching and if the measured distance is greater than
ti-, then it is considered as not touching. The action space
consists of three types of actions: translation, bending and

Goal

Catheter
shape

Current
touch states

Predicted
touch states

Predicted

catheter
shape
X
Trarslation Bending Rotation
Action 0.0 -0.05 0.0
Return 0.0 00 00
Fig. 1. The catheter simulator: The current state which is the current catheter

shape is shown with a green spline curve and the predicted catheter shape is
shown with a red spline curve. The touch states of the catheter nodes for
the current state are shown with green mini squares. The touch states for
the catheter nodes of the predicted catheter shape are shown with red mini
squares. The goal for autonomous navigation is shown with a red bar at the
beginning portion of the ascending aorta.

rotation. The translation actions are of two types: push and
pull. The bending actions are also of two types: bending left
and bending right. Due to 2D aorta mesh, the rotation actions
are not considered.

The model has six components: touch state ; € R30%1,
entrance point p, € R3*!, tip point p; € R3*!, current state
s; € RIOXL current action a; € R2*! and reward r, € R*L.

During training, the catheter simulator is started by
considering the initial state and the initial action as current
state and current action respectively. Every time after updating
the model with the current state and current action which are
inputs to the catheter simulator, the current state is updated
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with the next state which is output of the catheter simulator.
Similarly after generating the next action, the current action
is updated with the next action. An episode of the training
phase is completed when the tip of the catheter reaches the
goal. After performing a required number of episodes, the
training phase is completed.

During testing, the catheter simulator is started by taking
the initial state and the initial action as current state and
current action respectively. After executing the current action,
the next state is perceived. The optimal action for the next
state is selected and the next reward is calculated. The action
value function for the current state and current action is
updated. Every time after updating the model with the current
state and current action which are inputs to the catheter
simulator, the current state is updated with the next state
which is the output of the catheter simulator and the current
action is updated with the optimal action which is the next
action.

III. METHOD

Reinforcement learning (RL) is a goal oriented learning
from the interactions between the actor, which is the robotic
catheter, and the environment, which is the 2D aorta mesh [2].
In RL the actor learns what to do and how to map situations
to actions in order to maximize a reward. The cost function
which is used to calculate the reward is shown in Equation

(1).

—100 if tip touches the wall of the aorta and
action is push

100 if tip touches the wall of the aorta and
action is pull, bend or rotation

r(n) =4 —200 if tip touches not and

action is pull, bend or rotation

200 if tip touches not and
action is push

M if tip reaches goal

where M is a large positive constant.
The return is calculated as a discounted sum of rewards using
Equation (2) [2].

N
R; = Z’Yi_lrﬂ—i 2)
i=1

where NV is total number of steps and -y is discount rate.

The action value function Q™ (s;, a;) is defined as the expected
return when starting from current state s, taking action a and
following policy 7 which is a mapping from current state s to
current action a to be taken [2]:

Qﬁ(st,at) =E, [Rt|3t =Ss,a; = a]

3

During training for a given number of episodes, the training
data is generated for a policy = and a joint probability
distribution (JPD)

“

is learned [3]. The return is calculated for each state and action
per episode and the model is updated. For the action value

p(ts, Pe, Pt, 8¢, @, 1)
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function which has three components (current state s;, current
action a; and return R;), the JPD

p(StyanRt) )

is learned. Monte Carlo (MC) which is one way of solving RL
problems by applying averaging returns is used for training.
The pseudocode for training using MC method is

initialization;
while not the last episode do
generate an episode using policy ;
if an episode is completed then
calculate the return R; for each state s; and
action a; in the episode;
update Q(s¢, ar) with Ry;
increment an episode counter;
else

end

end
Algorithm 1: The pseudocode for training using MC method

Q-learning is an off-policy Temporal-Difference control
algorithm [2].

Q(st,ar) <+ Q(sy,a) + (6)
@ |T41 + ymax Q(st41,a) — Q(shat)}

where « is step size and « is discount rate. If « is 1, Equation
(6) is simplified to

)

The action value function Q(s;, a:) is updated in each step
(lﬁsing Equation (7).

During testing using Q-learning method until the catheter
reaches its goal, the catheter shape is perceived and the return
is calculated using Expression (3). The action with a maximum
return is executed. After executing the optimal action, the next
catheter shape is perceived. The optimal action for the next
state is selected and the next reward is calculated to update
action value function of the current catheter shape and current
action using Equation (7). Then the current state is updated
with the next state and the current action is updated with the
optimal action. The pseudocode for testing using Q-learning
method is

Q(3t7 at) Tt + Y méirx Q(st+17 a)

initialization;
perceive the current state s;;
select an optimal action a* = arg max, Q(s:, a);
update a; with a*;
while tip of catheter not in goal state do
execute a¢;
perceive the next state S;41;
select an optimal action a* = arg max, Q(s¢+1,a);
calculate the next reward 7;41;
update Q7 (s, a;) with ryp1 +vQ(8¢41,a*);
update s; with s;41;
update a; with a*;
end
Algorithm 2: The pseudocode for testing using Q-learning
method
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To calculate analytically the quantity given by Expression
(3), we used a mixture of Gaussians for modeling the joint
probability distribution given by Expression (5). Mixture of
Gaussians are discussed in-depth in the book by Mclachlan
and Peel [4]. The values for the constants used in the method
are shown in Table I.

TABLE I. Values for constants used in the method
| Constants | Values
0% 0.9
« 1
tir 4dmm
M 5% 10°

IV. RESULTS

In Figure 2, 2D aorta meshes used during training and
testing are shown. To get mesh II, mesh I has been modified
in abdominal aorta, descending thoracic and aortic arch parts.
The boundaries for sectioning the aorta are shown in Figure
2. Five episodes have been run for training and testing.

() (b) (©

Fig. 2. The 2D meshes used in the experiment during training and testing. A
is a boundary for transition from abdominal aorta to descending thoracic aorta
or vice versa. B is a boundary for transition from descending thoracic aorta
to aortic arch or vice versa. C is a boundary for transition from aortic arch
to ascending aorta or vice versa. In order to show the modifications made on
mesh I to get mesh II, the two meshes are superimposed. The color of mesh
II has been changed to red for contrast.

The result of testing using Q-learning for three runs is
shown in Figure 3. In Figure 3a, the average of the three runs
for testing on mesh I with action value function initialized
from training on mesh I is shown with thick red line and the
three runs are shown with thin red lines. The vertical error bars
shown with red represents the standard deviation of the three
runs shown with thin red lines. The training on mesh I is shown
with black line. In Figure 3b, the average of the three runs for
testing on mesh II with action value function initialized from
training on mesh II is shown with thick red line and the three
runs are shown with red thin lines. The vertical error bars
shown with red represents the standard deviation of the three
runs shown with thin red lines. The average of the three runs

for testing on mesh II with action value function initialized
from training on mesh I is shown with thick green line and
the three runs are shown with thin green lines. The vertical
error bars shown with green represents the standard deviation
of the three runs shown with thin green lines. The training on
mesh II is shown with black line.

Training and Testing on Mesh |

— Training
— Q(s,a) initialized from Training on Mesh |

700000

600000

500000

400000

Accumulated Reward

300000

200000,

’ Episodes ’
(a)

Training and Testing on Mesh I

— Training
— Q(s,a) initialized from Training on Mesh Il
— Q(s,a) initialized from Training on Mesh |

600000

550000

500000

Accumulated Reward

450000

2 3
Episodes
(b)

Fig. 3. In the pictures, accumulated reward versus episodes is plotted for
training and testing using mesh I (a) and using mesh II (b) where Q(s,a) is
action value function.

As shown in Figure 3a when RL algorithm is tested in mesh
I by initializing action value function with training from mesh
I, it could not reach the level of the accumulated reward of
the training within five episodes. The percentage discrepancy
D, is calculated using Equation (8)

_ ‘Xe — Xt‘
Xi

where X, is experimental value and X, is theoretical value.
The percentage discrepancy between training in mesh I which
is taken as X, and testing in mesh I which is taken as X, at the
fifth episode is 8.21%. The reason for not reaching the level
of the accumulated reward of the training is the cost function
defined in Equation (1) does not reward some catheter aorta
interactions correctly. One of such catheter aorta interactions

D, % 100%, ®)
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is that if the tip of the catheter touches the left wall of the aorta
(i.e. the wall of the aorta where z-coordinate of the catheter tip
is greater than z-coordinate of the wall of the aorta provided
that the catheter is in the abdominal aorta or the descending
thoracic aorta as shown in Figure 2) and the next action is bend
left, according to the cost function the reward is 100 instead of
-100. The wrong reward will affect updating the action value
function of the current catheter shape and current action using
Equation (7).

As shown in Figure 3b when RL algorithm is tested in mesh
II with action value function initialized from training on mesh
I, it rose above the level of the accumulated reward of testing
with action value function initialized from training on mesh
IT within three episodes. The percentage discrepancy between
testing with action value function initialized from training on
mesh II which is taken as X; and testing with action value
function initialized from training on mesh I which is taken as
X, at the fifth episode is 0.1%.

The higher the number of the accumulated reward is,
the safer the autonomous navigation inside the aorta is. A
higher number of accumulated reward indicates less number
of occurrence for catheter tip touching the wall of the aorta.

V. CONCLUSION

The initial result shows that by using RL algorithm, the
skill learned in one environment can be transferred to another
environment. Because of the differences in size and shape of

aorta from patient to patient such transferability of skills are
very crucial for navigating autonomously in aorta. As future
work, the RL method will be extended to 3D and human
knowledge or prior knowledge will be added for obstacle
avoidance. Further the extended RL method will be tested in
a 3D rigid mock-up.
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I. ABSTRACT

Despite the growing popularity of catheter based therapy
in cardiovascular diseases, the operation of steerable catheters
is still inaccurate due to their inherent compliance and in case
of cable-based steerable catheters friction between cable and
catheter sleeve. The performance of most catheter therapies
such as cardiac ablation depends on the accuracy of catheter
tip navigating and settling on the target position of the heart
tissue, which is moving dynamically when the heart is still
beating. Since it is a tedious task, in fact any method to
improve the catheter tip steering is welcomed.

To improve the positioning accuracy of cable-actuated
steerable catheters, this paper proposes the use of joint
probability density [1] based catheter modelling and model
based catheter steering. The joint probability distribution of
the catheter handle displacement, the catheter tip position, the
catheter shape and the bending angle is learned. Based on the
learned model, a position control of a conventional ablation
catheter is developed.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig.1.
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Fig. 1.
which is driven with a tendon mechanism and bends only in one direction.
Two web cameras (Logitech C170) are mounted side by side above the testbed
at a height of 25 centimeters. A catheter drive system is used for steering the
ablation catheter autonomously.

In the experiment, a RFA ablation catheter (EndoSense SA) is used,
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From the two web cameras, the 600 x 450 resolution
images of the catheter are captured, from which the following
parameters are extracted: (1) the shape of the catheter, (2) the
tip of the catheter, (3) the bending angle of the catheter (4) the
rotation angle of the catheter. For the purpose of extracting the
parameters listed above, we used an OpenCV implementation
programmed in Python [2]. The catheter drive system provides
the actions push, pull, bend and rotate on the catheter with a
precision of 0.2 micrometer in translational movement and 2.1
degree in rotary movement. The handle of the ablation catheter
is mounted on a bending device as Fig.2 shows, which is driven
by a step motor and the displacement of the handle corresponds
to the bending angle of the catheter distal section.

Actuator

Fig. 2. The catheter bending device. The handle of the ablation catheter is
mounted on the two components of the bending device. A step motor is used
to increase and decrease the displacement of the catheter handle.

III. METHOD

Due to the compliance of the catheter material and un-
known internal friction and associated internal load, the precise
modelling of the tendon-driven catheter is still challenging and
is being studied by a number of groups, e.g. [3], [4], [5], [6],
[7]. Most of these methods focus on the bending angle of
the distal section and require the internal information of the
catheter which is difficult to know for a conventional ablation
catheter. This paper provides a data driven method for learning
the model of the catheter distal section in 3D cartesian space
where the internal information of the ablation catheter is not
required.

The bending function of the catheter driver and the ab-
lation catheter system is studied through an experiment. By
controlling the actuator of the bending device, the displacement
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of the handle increases and decreases between 0 mm and
4.7 mm. From the camera images, the tip of the catheter,
the bending point and the distal base point of the catheter
(Fig.4) are extracted, where the bending point is the transition
position between passive catheter body and distal bending
segment and the distal base point is a position on the catheter’s
body at a distance of 1 cm from the bending point. With
these three points, the bending angle of the catheter distal
section is calculated. Fig.3 shows the bending angles of the
catheter with respect to the displacement of the catheter handle.
A clear hysteresis-like behaviour can be observed from the
figure: The red curves show the bending angles of the catheter
when the handle displacement increases. The bending angle
starts to rise when the handle displacement increases from 1.5
mm. The blue dash curves show the bending angles of the
catheter when the handle displacement decreases. The yellow
star is the current bending angle of the catheter which is 30
degrees. When the bending angle decreases from 30 degrees,
the catheter bends following the green curves. Due to the
internal friction and load of the catheter, the catheter can not
straighten itself again once it has been bent. Therefore, the
bending range of the catheter in the experiment is from 11
degrees to 50 degrees.
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Fig. 3. The hysteresis model of the catheter bending

Since the internal friction of the catheter is difficult to be
precisely modelled, a learning method is used to model the
behaviour of the catheter distal section. Two joint probability
distributions

p(obaptvaadpush)ap(obaptvaadpull)7 (1)

are learned from the training data, where 6, stands for the
bending angle of the catheter, p; is the 3D position of the
catheter tip, a vector of coefficient « is used to represent
the shape of the catheter distal section and dy,,s, and dpu;
represent the push and pull distances of the catheter handle.
From these two joint probability distributions, the relationship
of the push distance, bending angle, catheter tip position and
the catheter distal shape can be captured.

Since the catheter can also be rotated by the catheter drive
system, the steering actions include catheter bending and
rotation. Figure 4 illustrates the rotation and bending actions

of a catheter distal section as well as its workspace (bowl
shape). The yellow, red and green points represent the catheter
tip, bending point and distal base point respectively. The red
dash line is the rotation axis of the catheter. According to the
rotational symmetry, the shapes of the bended catheter distal
section are the same in any rotation angle. Once the catheter
distal section is modelled for a given rotation angle, the
catheter tip in the other rotation angles can be calculated with
a rotation matrix R with respects to the rotation axis (BA).
As a result, the available positions of the catheter tip can be
calculated as the workspace of the catheter distal section,
which is represented as the shaded bowl shape surface in
Figure 4.

Catheter Tip (C)

. p --------------------------------
Distal base point (A) Bend Point (B) |

Workspace of catheter tip

Fig. 4. The catheter steering mechanism and the catheter tip workspace

For steering the catheter, a reference position of the catheter
tip is selected on this bowl shape surface workspace. Based
on the reference tip position, the expected bending angle can
be calculated using

E[6y]p] - )

If the bending angle of the target tip position 8}, is larger than
the current bending angle, the control action dp,s, can be
calculated using

E [dpusn|pe] - 3)
Otherwise, the pull action is needed which is given by,
E [dpull|pt] . (4)

Transforming the detected catheter, reference tip position to a
local coordinate system, which the original point of the system
is placed at the distal base point of the catheter and the rotation
axis BA is aligned with the x axis, and projecting the catheter
tip and reference position into Y-Z plane, the rotation angle
between the catheter tip and the reference position can be
calculated. As a result, the bending action and rotation action
are determined and catheter distal section is controlled.

IV. EXPERIMENTAL RESULTS

After training the catheter distal section model in one
rotation angle, based on the trained two joint probability dis-
tributions (expressions (1)) the expected catheter tip positions
are estimated with the bending angles using

E [p:|65] . (&)
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The bending angle increases in the available range from 11
degrees to 50 degrees in each degree. Therefore, the position of
the catheter tip in each bending angle is calculated which is the
trajectory of the catheter tip in the rotation angle. By rotating
the catheter tip trajectory around the rotation axis BA (Fig. 4)
from 0 to 360 degree in every 2 degrees, the workspace of the
catheter tip with respect to a bending point are calculated, as
the green bowl shape surface represents in Fig. 5. Since the
catheter can not straighten itself again once it has been bent,
the bottom of the bowl shape area can not be reached by the
catheter tip.
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Fig. 5. The catheter tip workspace and the detected catheter distal section

The blue curve in Fig. 5 represents the detected catheter
distal section and the red dot is the detected catheter tip. The
red dash line which represents the rotation axis BA aligns
with the x axis and the blue diamond mark is the bending
point of the catheter.

In order to test the trained model and the steering al-
gorithm, a wire is placed nearby the ablation catheter. The
crossing point between the wire and catheter tip workspace is
detected which is selected as the reference position. According
to the expressions (3) and (4), the tip of the catheter is steered
to approach to the wire as Fig.6 shows: the Fig.(a),(c) are the
detected catheter (blue curve) and wire (yellow curve) before
the steering actions. The red dot represents the catheter tip
and the red star is the crossing point between the wire and the
bowl shape workspace, which is the reference position of the
catheter tip. After the steering actions, the catheter tip moves
approaching to the reference position as the Fig.(b),(d) shows.

For testing the repeatability and the accuracy of the
steering method, 25 different reference positions are selected
by placing the wire in random poses nearby the catheter. The
catheter is steered from the random starting poses to reach
these reference positions.

Figure. 7 shows the positioning error which is the distance
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Fig. 6. Catheter distal section before steering (a,c) and after steering (b,d),
with different reference positions and starting poses.

measured between the catheter tip and the reference positions.
As can be seen from the figure, the tip of the catheter is
steered approaching to the reference positions in all of the 25
repetitions of the tests. The average positioning error of the
repeatability test is 3.56 mm and standard deviation is 1.48
mm. The error is mainly caused by the 3D image processing
and the catheter drive system. Therefore, in the immediate
future, the image processing method will need to be enhanced
and the hardware of the catheter drive system should be
improved. On a longer term, the problematic effects such as
the rotational stiffness of the catheter in different insertion
length and the possible contact with the environment will
need to be investigated.
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Fig. 7. The results of the repeatability test
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