SAPIENZA

UNIVERSITA DI ROMA

Nonlinear Effects in Finite Elements
Analysis of Colorectal Surgical Clamping

Scuola di Dottorato

Dottorato di Ricerca in Automatica, Bioingegneria e
Ricerca Operativa(ABRO)

Indirizzo

Dottorato di Ricerca in Bioingegneria

Con il contributo della

Secretaria Nacional de Educacion Superior, Ciencia,
Tecnologia e Innovacior(SENESCYT - ECUADOR)

XXXI Ciclo

Robinson Gabriel Guachi Guachi

Matricola n°® 1700342

Ph.D. Thesis
Academic Year: 2017/2018






Advisors;

Prof. Febo Cincotti

Firma

Co-Advisors:

Prof.ssaFrancesca Campana

Firma

Prof. Franco Marinozzi

Firma

Prof.ssaLorena de los Angeles
Guachi

Firma







Dedicated to

This thesis is dedicated to my
dearest Ronny J. Guachi R. for
teaching me that it is not
necessary beingn adultto be
brave.






Acknowledgements

First of all I am really thankful
Education, Science, Technology anthnovation (SENESCYT)
scholarship scheme and Sapienza University as well for making it
possible for me to study here.

This thesis would not have been possible without the help of my
advisor Prof. Franco Marinozzi, and thank to him for being my contact to
start my application at Sapienza University. | would likegiee my
sincere thanks to my advisor Prof. Francesca Campana who encouraged
and directed me during my Ph.D. studies. Prof. Francexchden there
for me in every troublsituationsand progresg my PhD experience. |
thank her for her patience and for introducing me to the wonderful world
of FEA.

This thesis is a result of discussions awotiaborations with many
people, m particular | wish to acknowledge to Ph.D. Michele Bici who
has directlyhelped me with my research. | cordially thanks to all who in
diverse way contributed in the completion of this dissertation, Marcelo
Calispa, Jean Pierre Cazorla, llaria Conforti, Arun, Saber, Dwi, Sooraj,
Juan Arcos and Israel Granda.

Thank youvery muchto my beloved family, my parents (Cesar and
Vilma), my brother Cesar and my sisters (Emerita, Fatima, Lorena and
Yasmina). My sincere acknowledge to Lorena for her collaboration and
support in these years.

Finally | thank to my darling Cristina Robalinr all her love,
patience, support, and mainly for believing in me. | am highly grateful for
her courage to stay with me during my challenges in the pursuit of my
goals

iThank you very much!, jGrazie mille!, Muchas gracias!.

Robinson Gabriel Guachi Gciai
2018, Rome,Italy






Abstract

Minimal Invasive Surgery (MIS) is a procedure that has increased its
applications in past few years in different types of surgeries. As number
of application fields are increasing day by day, new istize® been
arising. In particular, instruments must be inserted through a trocar to
access the abdominal cavity without capability of direct manipulation of
tissues, so a loss of sensitivity occurs. Generally speaking, the student of
medicine or junior sumpns need a lot of practice hours before starting
any surgical procedure, since they have to difficulty in acquiring specific
skills (hand eye coordination among others) for this type of surgery. Here
is what the surgical simulator present a promisingniingi method using
an approach based on Finite Element Method (FEM).

The use of continuum mechanics, especially Finite Element Analysis
(FEA) has gained an extensive application in medical field in order to
simulate soft tissues. In particular, colorectaiidations can be used to
understand the interaction between colon and the surrounding tissues and
also between colon and instruments. Although several works have been
introducedconsidering small displacementEA applied to colorectal
surgical procedurewith large displacements is a topic that asks for more
investigations. This work aims to investigate how FEA can describe non
linear effects induced by material properties and different approximating
geometries, focusing as tesise application coloreadtsurgery. More in
detail, it shows a comparison between simulations that are performed
using both linear and hyperelastic models. These different mechanical
behaviours are applied on different geometricabdeis (planar,
cylindrical, 3D-SSand a real maal from digital acquisition8D-S) with
the aim of evaluating the effects of geometricfinparity. Final aim of
the research is to provide a preliminary contribution to the simulation of
the interaction between surgical instrument and colon tissuesnuith
purpose FEA in order to help the preliminary-spt of different
bioengineering tasks like foramntact evaluation or approximated
modelling for virtual reality (surgical simulations).

In particular, the contribution of this work is focused ongbesitivity
analysis of the nonlinearities by FEA in the tissoel interaction through
an explicit FEA solver.



By doing in this way, we aim to demonstrate that theupedf FEA
computational surgical tools may be simplified in order to provide
assistace to norexpert FEA engineers or medicians in more precise way
of using FEA tools.



Contents

Chapter I IntroduCHiON..........ccoviviiiiiiiie e e e 1
1.1 MOLIVALION. ... e e 4
1.2.Scope of thelissertation (dissertation contributions)......... 5
1.3.Dissertation OVEIVIEW..........ccceevieeeiieeeiieeeiaaaaeeae e e 1

Chapter 2- State of the Art: Virtual Surgery Simulations, and Finite

Element ANAlYSIS........uuuuuiiiiimcmr e 8
2.1 Minimal invasive surgery and surgical simulatars........... 8
2.2.Continuum Mechanics of soft tissues...........cccceeevveeevieenn. 14
2.3 Finite element Analysis (FEA).........ccccccviviviieiiieeeeceeeenn, 21
2.4 FEA IN SOft ISSUES.....uuviiiiiiiiiiiiiiiiiiienr e ee e e 29
2.5.Commercial surgical simulation............cccccccovviiiienennnnns 32
2.6. SUMMAIY....couiiieiie e eeme e e e e e e e ammmra e e e ennns 33

Chapter 3 Problem definition for colorectal surgery............... 35
3.1.Problem pipeline..........oueiiiiiiiiiieee e 35
3.2.Surgical Tool: Clamp........coovviviiiiii e, 36
3.3.3D modé of the Organ............ceeveeeveeiiiiiieee e 45
B4 . SUMIMAIY ..ttt eee e e e e e e e e e e e e e e e e e e e e aaeeeaeaernennnaannes 58

Chapter 4 FEA setup and input for the Sensitivity Analysis...59
0 M 1 0T U T4 1 0] o SRR 59
4.2.Geometrical MOdelS.......ccooevveeiiiiiiii i 60
4.3.Constitutive models for soft tissue behaviour................. 63
4.4 FEA sefi up and input conditions..........cccoooeeevvveivvicecennnn 65
ST [ ] 1 = Y 70

Chapter 5 Numerical ReSUltS...........ccovvvvviieviiiieeeee, 72
5.1.Case study changing the material models in different

geometrical models............ooovveiiiiiiieeeiii e A 2
5.2.Thickness effect on different geometrical models.......... 81

5.3.Sensitive analysis of force contact.......................cce 85



6. DiSCUSSION Of RESUIS.....iveiieiiiiiiee e 88
Conclusions and fULUIE WOEK........ouvveeiieee e 92
REIEIENCES. ... et a e a5






Chapter 1 - Introduction

The surgical simulators and the preoperative planmiaghe tools that
help surgeons in different medical applications such as improving
dexterity, or to try to understand the possible issues present in a
complicate surgery.

For example in India,he ancient practitioners have used leaves to
represent thie dimensional (3D) flexible tissues and plan the surgical
operation[1]. Nevertheless the problem to elaborate a particular pre
operative planning was an impossible task before the advent of medical
imaging, soa century ago the only way to see inside the patient was
directly in the operation process or by a dissection in cadaverstoDue
these limitations, in the 17 century specific reconstructions were made
by a Sicilian doctor, Giuseppe Saletf. In the 19" century a French
physician, Louis Thomas Jérébme Auzoux improved and popularized
anatomicapapier maché model$3]. Until today the medical student
uses the plastic anatomical models to study and identify the human parts,
its popularity is due to the low cost and the realistic representatibie of
human parts, which can be assembled. Nevertheless these plastic models
cannot supply the use of cadavers or animal to train to new doctors
Currently, in addition to surgical simulator based on virtual reality, it is
possibleto obtain personalized mkaips in relatively short time by
Additive Manufacturing technology. Particularly, Ninjaflex filament can
be useful to obtain models more compliant to reality.

Nowadays, due to the increase immber of MIS and its complexity,
the demands on surgical edtion is exponentially increased. Otherwise,
it is necessary to speed up the learning process so that the surgical
simulator plays an important role for the capability of repeating tasks,
doing the surgical simulator a safad ethical method for surgidahining
and preoperative planning.

Surgical simulators based on virtual reality represent the actual
evolution of medical and surgical meap [4], [5]. They are based on
multidisciplinary expertise that ranges from computer engingeri
automation and sensors, physics, mechanical engineering and, of course,
medical knowledge.The surgical simulator generally uses virtual
patientsIn this way the surgical simulator can reproduce realistic human
anatomy including some pathology, sottistudents can practice on a
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wide range of specific cases with different level of specificity. Hence,
when the student is in learning stage the patient safety is not compromised
even in some cases the surgical simulators provide haptic feedback to the
user In addition, surgical simulation systems can be used to train health
care professional, becoming as a useful tool for ane intraoperative
planning of medical interventional procedures.

Simulation of the physical behaviour of the anatomical distiicter
investigation, of the related parameters of the patients, and of the effects
of the manipulation during surgery is extremely important to reach
reliable simulators useful not only for dexterity mentoring, but also to
achieve preoperative plan.The we of simulation systens highly
significant when complicated surgical procedureguire a customized
pre-operative plan prior to perform an operation as it brings the particular
anatomical details as well as consider the real geometry of the sofstissue
that interact with the surgical device and its properties. These capabilities
of surgical simulatomay help clinicians to increase accuracy of the
surgical procedure artd minimize the patient trauma.

A fundamental research question that hasretanswered yet ithat
how much fidelityis necessary ia surgical simulator in order to provide
anappropriate skilfor real procedureand it is obvious that the fidelity
strictly dependson simulation seup: geometrical model, mechanical
behaviour ofthe soft tissues and boundary conditiom$erms of loads
and constraints, and type of approach adopted for the nhumerical solver.
On the other handor surgicalpre-operativeplanning, accuracy isiuch
more important than in surgical simulator for deityerso that different
levels of fidelity can be determined by the clinical application. For
example, procedures liketapled colorectal enb-end orwhen it is
necessary talarify the mechanics of tissue stapling and associated
phenomenon[6] or in procedure likebiopsies where we have to
understand and predict the trajectory of the needle while penetrating the
tissues in order to reach the tumour.

The numerial approach for finding the solutias a topic related to
the requirement of redime solution. It is necessary for the fidelity of the
reaction chain mediciatool-anathomical district. The complexity of the
physics behind the simulation may ask fofetént numerical approaches
(e.g. linearization of the equations, FEA solvers with different levels of
simplifications), with different level of accuracy and thus final fidelity.
On the other hand, in any case the, haptic feedbacicontribute to the
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high fidelity [7] at the moment to reproduce the interaction between the
soft tissues and a surgical device.

Figure 1.1 explains such concepts through emegal workflow
diagram starting from the data acquisition and reaching at the force
feedback to user through haptic systems (Figure 1.1). In order to ensure
the realtime sensation in the simulation process, the system should
guarantee the information floto the proper speed to obtain a correct
haptic and visual feedback.

P e

1

Data | Simplifying | .X 3 Force/ [ s

Recorded | e Algorithm Rendering .L' Position ||l S SO
1 " ,

Complex Haptic/Visuall

Real Tissue { Tissue Model Tissue Modelll Display
\ 7’

Figure 1.1. General workflow to simulator development and application. The
highlighted area represents the area of interest of this t{{Rsiproduced from

[8]) -

Each one of these stages can be defined as a[8ltemn which
information about forcenotionrelationship idost or transformedeven
these #Afilterso can be understood
instruments ensitivity. For example: a) when it is necessary to acquire
the medical images, or b) in the laboratory tests that collect experimental
data with the aim to determine the characteristic constants that describe
the soft tissues behaviour. This filter camgly be a simplification of the
tissue model to perform a retitine simulation in terms of visual and
haptic rendering. In fact, the haptic system itmewn dynamics that is
affected by control issues in order to transform the virtual force toward
the ral environment and it is clear that each haptic system has particular
resolution.

As shown in the highlighted part of Figure 1.1, the area of interest of
this thesis may follow in the field of tissue modelling and simulation. The
main goal is to investigathow Finite Element solvers may support
medical simulators and their fidelity. In particular we are going to
determine the importance of parameter that can influence in the
development of complex virtual environment. It is focused on analysis of
the effe¢s produced by: a) geometrical model approximations, b)
different mechanical behaviour of soft tissues, c) thickness variation and
its influence toward force feedback. All of these parameters are analysed
when an interaction between the surgical clamp thedsoft tissue is
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produced. Particularly, this interaction is found in different surgical
processesas: colorectal, bariatric, thoracic surgeries, etc. These
preliminary results will help to researchers to understand the
influence/importance of these pareters in the final results. Indeed these
evaluations can be helpful to justify the simplification of complex
geometrical models or mechanical behaviour giving the possibility to
understand inaccuracy generated by these approximations.

1.1. Motivation

The incrase of MIS implies an increased demand in nundfer
professionals withskills such as handye coordination and dexterity,
because in MIS the doctor does not have direct access to tissue
manipulation. Most important skills are usually acquired through a
repetitive process of surgical procedures that are risky if they are
performed on patients. Many medical students practice by using corpses
or animals but these procedures are subject to ethical problems. At this
point, it is important to note that not ordyhical issues are present but
also anatomical problemarise while using animals. Althougkertain
animals' organs have some similarity with human beings, their anatomy
is completely different. Another problem presents while using human
corpses is the plsjology because they react differently to those of a
living patient. Moreover, in all of these probleibsnust be added the
difficult to repeat the process several times in order to obtaidesieed
skill, since practice omeal organs may be&loneonly one time and of
course all of these factors provide obstacles in learning.

In recent years with the advance of technology, it is possible to think
about recreation of virtual environments that are capable of producing
phenomenon similar to those being fdd®y a surgeon during surgery.
However to obtain a simulation that is close to reality, it is thus necessary
to consider: a) the effects induced by the sis&ues b) accuracy of
geometrical model obtained through images segmentation, and c) the
theory of large displacements, among othels. particular, the
simulations using Finite Element Analysis (FEA) that consider the large
displacement theorjave not extensively documented .yefith this
research we aimo understand the phenomena involved in a surgical
simulation by evaluating the errors that can lead the parameters
approximations induced by the FEA -sgt, and thus, contribute to the
development of more accurate virtual simulators which are capable of
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reproducing the phenomena that are introduced in surgical operations.
The use of virtual environment leads a great advantage for surgical
students who can repeat the simulation processes as many times as
necessary. At the same time, the use of virtual sitats to carry out
preoperative plan helps the doctor to understand the possible difficulties
that hehave to face during a surgical process. Finally, as a third positive
relapse, they can even be used for the design of new instruments for
highly complex argical processes.

1.2. Scope of the dissertation (dissertation
contributions)

The scope of this work includes the following:

V Analysing how a linear or a nonlinear description of the
mechanical behaviour of the soft tissue affect the mechanical
response ofolorectal surgical simulation.

The virtual simulators for preoperative planning or surgical
simulators for specific procedures, often assume an
approximatiorfor mechanical behaviour where typically a linear
elastic behaviour is assigned as mechanidadbeur of the soft
tissues. Those considerations are mainly assumed due to large
number of computational resources necessary to execute a real
time simulation on nofinear behaviour. Having in mirntlatsoft
tissuehas anontlinear viscoelastic properseln, this research we
guantitatively compare nelimear and linear elastic mechanical
behaviours to understand inaccuracy produced while using a
linear approximation. In this way, it can be seen that the
importance of proper selection of mechanical béhavfor
different applications, also considering where it is necessary to
provide a force feedback. Aspects related to this point are
explained inChapter sand some results are publisheddh

V Evaluating the effect related to the accuracy of the organ's
geometrical reproduction in a surgery simulation

In this work,we can investigate colerectal surgical simulation

with geometrical modelef different levels of accuracy, starting

from a plane surface and continuing with a cylindrical surface, a
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3D-SS surface which was obtained from MRI images
(approximation of reamodel without colon folds) sto arrive
towards a real geometrical model whichnsiders the colon
folds. Doing so we aim to understand the influence of the organ's
geometricatletails and relateidiaccuracies that they produded
terms of stress and sina

For the two most complex models, to obtain the 3D model, image
segmentation and reverse engineering-postessing were also
carried out. In particular, we provide two techniques for image
segmentation and model refinement. The first one is a-semi
aubmatic technique using the software-8lizer and the second
one is an automatic technique based on convolutional neural
network (Chapter 3). Finally, HyperWorks software has also
been used in order to generate the meseometrical models
obtained fromthe process of segmentation. This work is
presented itChapter Shave also been published[8]i [11].

Effectsof FEA model seup on forcecontactevaluation

After the understanding of the role of the material model and the
geometric accuracy of the organ, on the ststissin behaviour,
results are discussed in terms of foroatact It is done to better
understading how a specific type of FEA solver, the explicit
one, may helpn a better description of the ndinearity present
in the phenomenon without increasing dramatically the
simulation length.
In a clamping of the colorectal tissues, the quantitativiiatian
of the force feedback is based on variation of the mechanical
behaviour, thickness, and geometrical model. Therefore, in this
thesis we investigate the interaction of surgical clamp with soft
tissues, evaluating the evolution of the force feedbanén the
process of clamping is produced by providing a series of
translational and rotational inputs teach the fixing of the
tissuesAlso the cinematic chain of the surgical clamp is analysed
whenthe surgeon apply a force to fix the tissues. It isartant
to note that the tissues generate a readtiaiesponse of action
on the surgical clamp and this reaction adcansmitted through
the same cinematic chairMore importantly this force is
appreciated irthe handle where the surgebaldsthe sugical
instrument.
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1.3. Dissertation Overview

The dissdation is organized as follows.

Chapter 2 provides an introductiomMIS and surgical simulation in
combination with the essential theory of the continuum mechanics and
FEA, followed by a description of the applitians already done in this
area;a brief explanation of the challenges related to virtual surgery
simulations

Chapter 3describes th&inematic chain of a generic surgical clamp
andit presents the work made on the CT moeebnstruction used for
the geometrical accuracy investigatidwore in details, tiintroduces an
image segmentation process based on convolutional neural network with
the aim of obtaining a more accurate geometrical model.

Chapter £larifiesthe environrent, the FEA selup and related inputs
are discussed in combination with theundary conditiorior colorectal
surgery applicatiorhased irpreliminary topics necessary to carry out the
work.

Chaptel5 presents the results of the sensitivity analysfewif factors
important for modelling tool and tissues interaction

V Meshlength;

V Thecompari son bet ween di fferent
behaviourmodels for surgical simulation;

V Theimportance of geometricaladel of the organ;

V Theeffects of varyinghe thickness of soft tissues

Finally, chapter 6 synthesizes several key points and issues presented
in the previously described sections. After it, conclusions and directions
for future research in the area of realistic modelling of -tizsue
interactions are introduced.

At the end of each chapter, a brief summary of the related topics is
presented according to the overall aim of the work.



Chapter 2 - State of the Art: Virtual
Surgery Simulations, and Finite Element
Analysis

Through time peogl have always intended to understand the human
body, for that reason many ways to represent and model the structure of
the human body have appeared amdlved over time. These techniques
have intended to comprehend and reproduce the functions of observed
phenomenon. The motivation to reproduce a complex study case plays an
important role into pr@perative planning to try to determinate the most
efficient procedure and to anticipate possible complexities present in the
surgery procesd.he medicine as othaciences evolves with the time, in
particular the way to carry out a surgical process has changed from an
open surgery to MIS.

This chapter aims to provide an overview of the state of the art
concerning with this aspects and with the methodologieswihiabe
applied in the next of this work. For these reason, Section 2.1 shows an
overview about MIS and surgical simulators, Section 2.2 presents the
most popular theories of linear and nonlinear elasticity applied in soft
tissues. Section 2.3 provides@rerview about Finite Element Analysis.
Sections 2.4 presents the FEA apply to soft tissigection 2.5
summarises the commercial surgical simulatbisally the Section 3,
describes some important guidelines for research in the area of realistic
modeling of tooktissue interactions.

2.1. Minimal invasive surgery and surgical simulators

MIS stands for Minimal Invasive Surgery. It is a procedure that allows
surgeons to use endoscopic techniques to address a variety of issues
technically MIS refers to any ggical procedure that is performed
through tiny incisions instead of a large opening. During MIS, the surgeon
makes several small incisions in the skin, which typically are few
millimeters long. As it can be seen (Figure 2.1), trocars are located in the
incisions. Through them it is possible insert thecessarysurgical
instruments to the surgery. One of these incisions is used to insert a
laparoscope, which has a tiny, and higbkolution fiberoptic camera on
its end. The images from laparoscope are sennonitors, then the
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surgeon can view clearly the area needing surgery. These visual feedback
is also used as a guide to see into the surgical area and direct the tools
being used, as it is shown in Figure 2.2.

Colon Surgery
Incisions and Port Placement

Laparoscopic surgery Open surgery

(0

Figure 2.1. Colon surgery: Laparoscopiaisgery vs open surgeifReproduced
from[12])

Currently it is possible to speak of two different types of MIS, as
laparoscopic surgery and Robotic surgery. Laparoscopic surgery has
benefitsthat have been well documen{é@]i [19], among them the most
relevant are:

< <K<K

<K <K<LK<LKKL

Less hospital time

Faster bowel function return

Less trauma to organs

A few small cuts versus a large incision

Fewer wound related complications (Less trauntaganuscles,
nerves and tissues)

Less bleeding

Less scarring

The postoperative shetgrm effects and morbidity are less.
Less pain and reduced use of narcotics

Less effect on the immune system

Faster Recovery

In some cases, it is also possible say thatMIS offer a Higher
Accuracy Rate, becauséMIS procedures use videassisted equipment,
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and by the use of a camera is possible to magnify the internal organs in
the screen to obtain a better visualization (Figure 2.2).

Light 3
ig so% V
‘— camera
carbon dioxide o

insufflation
laparoscope

laparoscopic \
scissors >
“,
: 4”/10 mm trocar

Figure 2.2. Overview about lparoscopic surgeryReproduced frorfR0])

Nevertheless some Mg ocedures and surgeries may not be suitable
for every patient, and there are some disadvantages of MIS as following:

\Y,

\Y,
\%
\%

Minimally invasive surgery requires specialized hagid
medical equipment

Surgeons need specialized training

The equipment used with MIS more expensive

There are various procedures, especially the most recent
surgeries that may take longer

In view of the great advantages presented by MIS, in the last years has
increased its application in different medical fields. Generally the student
of medicine, or the new surgeons need &dotrs ofpractice before to do
a real surgery process. More in details, it is important to mention that the
MIS implies that surgeons practice a series of tasks to improve their
dexterity skills before to practcin the real patient, like 3Drientation,
instrument handling and one of most important skill is the ‘egyed
coordination.
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Surgical educatiorhas traditionally depended on the apprentice
mentor relationship, and it is the basis of residency trainiograms.
However, the utmost problem for the surgeons to reach a high level of
technical skills is the difficulty to practice in the same conditions that are
presented in a real surgery. Typically the practice process of learning
particularsurgicaloperatons involves animals, cadavers, physical patient
models, and real patients, but all of these present disadvantages. For
example:

a) When animals are used, its anatomy is so different despite of having
certain similarity in some organs or in the form thetse work.

b) In the case of cadavers once the blood flow has stopped, the
physiology drastically changes, so not only the different biological and
anatomical are present, indeed to obtaadavers or animals to
practice a certain number of times to achieve the skill desired represent
a very big trouble and obviously adding the ethical and moral
problems.

c) By other hand the physical patient models like the gedmer
presents a lack gkalistic anatomical features, and it is so difficult to
practice directly in a real patient. All of these difficulties commonly
decrease the speed of learning in the new surgeons.

Some approaches have been introdudedrecent years which
exploited theadvancemenin computer hardware and softwahat can
help toresolveseveral mentioned problems beansof Virtual Reality
(VR) applied in medicine. Important applicationswvafttual Realityare
citedas follows

Computer Aided Surgery
Diagnosis

Pre-opemtive planning
Training

Tele-surgery
Rehabilitation

<K<K <KK<LKKL

Applications in surgical trainingystemuse the knowledge of VR in
combination with simulation techniques for tissue deformation to build
virtual environments for surgical simulatdisat present& morecost
effective and efficient alternatives to traditional training methbys
avoiding ethical problems and providing the facility to repeat the
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procedure for desired numbertwhes. Additionally, the surgical process
basedon VR has become a technolodyat can teachew technigues to
surgeons, to improve their current skills and even determine their level of
competence before they operptgientg21].

Thanks to capability of the computers to solve a lot of differential
equationsn shorter period of time and the development in the computer
graphics in order to obtain higfdelity graphics have made it possible to
create simulations of medical procedures. In addition, the main purpose
for making surgical simulators is to creat®idual environment that is
able to produce the phenomenon present in surgical prdodhss case
the emphasis is given to the ussvironment interaction that means real
time interaction among medicians, surgical tools and simulation of the
involvedphysical process through VR.

In virtual environment there are different methods to create physical
modelling of the organs to analyse the deformation of the internal tissues.
The most used are:

V Massspring damping method
V Finite element method (FEM)
V Long element Model (LEM) method

Each of them has a different level of accuracy in predicting the
physical behaviour, so that they are useful only for a limited subset of VR
applications. Generally speaking fperative planning is one of the
most difficut to be setup according to the fact that it asks for rBade
rendering of complex and multiple aspects (from local anatomy, to soft
tissue behaviour, to stresiain and pressure registration, and so on).

I'n 1991 was presented $ShegdkKyurTsaiul
[22]. Figure 2.3 shows one of the first virtual simulator for endoscopic
surgical process, which allowsalgime visualization of the surgical
procedure along.

The commercial surgical simulators typically make some
simplifications to reduce the computational cesto achieve the real
time simulation[21]. Commonly these simplificatits arebased oriwo
methods:

a) Methods that apply linear elastic mechanical behaviour instead of
hyperelastic mechanical behaviour, and
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b) Methods that solve the deformations fields from fullinear to
linear analysis.

Figure 2.3. The MIStraining system for VRased simulation of the
cholecystectomfReproduced frorf22])

Indeed some of these surgical simulaeused tdrainnew surgeons
through virtual realityandare focused on dexteritgr haptic devices that
mimic the surgical tool where these assumptions apelicable
Nevertheless the linear solution method as describgi ]n[23], solves
only (locally) linear deformations, so its assumptions can be seen as a
drawback that should be noted.

Nowadays, the approaches of the surgical simulators based in VR are
not only useful for applications above mentioned. They also are suitable
to optimize the design of surgical
capable of assessing pathology, or fdigeting novice surgeons, as well
as to understand tissue injury mechanisms and its damage thrdg8holds
In these cases are necessary the development of realistic surgical
simulation systems, taking into account the accurate modelling of organs,
real soft tissues mechanical behaviour and the correct solver able to
calculate in accurate way the deformatigreduced by interaction
between surgical instruments and organs. Therefore, the use of
hyperelastic modelR4]i [27] are requied, because of a major accuracy
is requested in the stresgain evaluation, like in preoperative planning
of surgeres phases as tissue detachnagatimplant analysis.

Finite Element Analysis (FEA) is currently one of the most accurate
ways to simula the interaction among naigid components. Thus its
adoption in medical application can be relevant for a better understanding
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of the phenomena. Otherwise, it has major drawbacks in computation
times, so it is not suitable to be extensively applied i Mevertheless
it can be adopted as a preliminary-gpttool.

The realistic modelling and simulation of tissue mechanics is an active
research area, due to difficulty in finding a mathematical formulation that
describes the behaviour of tissues in défé ranges of straiin an
accurate wayand the difficulty to elaborate experimentgsts to
determindissue parameters.

To obtain a virtual environment where the surgeons can practice by
means of fully immersed realistic environmenittich implies thatthe
surgical simulator mustbe able toshow in an accurate and realistic
mannerfor anatomical details, deformation of the organs and also deliver
anauthentic feedback for todissue interaction to the user.

2.2. Continuum Mechanics of soft tissues

The mehanics of the continuous medium is a branch of mechanics
that starts from the mechanics of partisjstem. The mechanics of the
continuous medium gives us the possibility of study the deformation or
motion of a continuous material under the action ofdsf8], [28]. The
present section provides a brief introduction to the mechanics of soft
tissues using the theories of linear and nonlinear elasticity.

The human organs and the majority of the soft tissaes
inhomogeneouys anisotropic, and viscoelastidor this reasonit is
necessary to establish complex experimental prototmolebtain in
accuratdorm their mechanical behaviour.

The mechanical propegetis of ti ssue can be measu
or nNnex VvVivoo. Neverthel ess, to deter
is necessary to measure the tissue properties in vivo due to the physiology
change that effect drastically in an ex vivo specirasraresult ofthe
variation in temperature and blood circulatiobecoming as a
characteristi¢hathardly can be consider in an ex vivo test. In literature,
the effects of different testing conditiof29] has been studiedyhich
demonstrated that the mission of choosing or determmin&paropriate
soft tissuesonstitutive law capabl® describe the stres¢rain response
when the tissues is subjecteal different load conditionsis not
straightforward.
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In field biomechanics, many laboratory te§®®]i [33] have been
performed to determine the mechanical properties of soft tissues in both
people andnimals. Considering that colon and surrounding tisE38ds
have a mechanical behaviour that is nonlinear viscoelastic but due to
difficulties in performing laboratory tests different wdaq], [34] has
introduced for mechanical behaviour approximations as lieleatic and
hyperelastic material models.

Linear Elastic

Simplified material models such as linear elastic model has been used
in bioengineering simulations that does not involve high accuracy in the
stressstrain evaluations like training of nesurgeons through virtual
simulators based in virtual reality. In fact in this case, the focus is on
dexterity of using haptic devices that mimic the surgical @jol

Materials exhibiting linear elasticity obeysh e gener al i zed
Law, which relates the stressand infinitesimal strains, by the fourth
order tensor of elastic moduti, as:

. 0g (2.1)
where:" represent the Cauchy stress ten8oiis a fourthorder tensor
usually called the stiffness tensol

tensor.

Colorectal tissue studies based on desive test [27] have
determined that, from the statistical point of view, the colorectal tissue
can be assumed to be a@otropic tissue. Also in this case, in order to
reduce the complexity of the problem, some autf@f} [30], [35] have
considered the simplified Linear Elastic (LE) mechanical behaviour of
the tissue. It provides a linear approximatiothef stresstrain behaviour
through the Hook law, Figure 2.4 When the material is isotropic, the
tensors are reduced and the material properties can be described by using
young modulus (E) and Poisson ratio

In the continuum mechanics the law of eleistiof materials is one of
the crucial consideration to take account at the moment to select the
type of analysis
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Figure 2.4. Linear approximation of nonlinear mechanical behaviour
(Reproduced froriB6]).

Hyperelastic

When the materials are undergoing deformation with large strain
typically higher than 192% to obtain a better fitting of their mechanical
behaviour, it is thus, necessary to descthmm by nonlinear elasticity
theory. On the contrary, the hyperelastic modeB]i [27], [37] are
demanded when the strestgsain evaluation requires a major accuracy
such as preoperative plannin§surgical phases which includes tissue
detachment and implant analysis. Hyperelastic models may replace a
nonlinear visceelastic if the simulation does not requires load cycling as
it happens in relaxation phenomer{B88].

Concerning hyperelastic models for bioengineering tissues, many
formulations have developed that have been applied and compared in
literature All of them are based on the strain energy density funcdn (
that can be described in different ways as a function of the fiysir(t
second invariant§) or according the deviator
As a consequence of this, each ofntheequires the evaluation of
numerous empirical parameters that in some cases may be numerous. This
causes a more difficult calibration agi and generally a more difficult
application. Nevertheless, some complex cases require the use of this kind
of mettod. For example, if39] dynamic response of artery segments in
different states (healthy or with pathologies) are resolved through
dedicated numerical simulations Matlab. In that research, Mooney
Rivlin model is applied as a good traoff between accuracy and easiness
of implementation and parameterizatidhanksto a reduced number of
parameters to be calibrated through experimental characterization of the
materals.
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Also the simulations made in Abaqus with the Nmokean model
are described if40] for simulating the tendon of diaphragmatic hernia.
In this case, approximations have been made according to the specific
knowledge of the problem such as isotropic behaviour of the central
tendon.

Among more sophisticated models, the HolzapgkalsserOgden
model (HGO) results is able to accomplish mangrmena present in
biological tissues according to the field of strains that ocplif Its
description is basedn the strain energy function formulated through
different terms which are activated according to the strain field achieved
(linear isotropic behaviour at small strains; anisotropy and \a¢astic
behaviour in the range of large strains). It is applieddrdievascular
applications as reportad [42], where pathologies involve a wide range
of strain.

The most popular used models to describe rubber or soft tissues
hyperelastic behaviour are described as follow:

MooneyRivlin model

The hyperelastic MooneRivlin model is described using the strain
energy density functiow in terms of thdirst "0 and second0 invariant
This phenomenological model uses ttanstants characteristics of the
material# and# , that work well fo moderately large stains generally
up to 100% in uniaxial elongation and shear deformd86i [43], [44]

It is important note that this particular model cannot capthe upturn
(S-curvature) of the forcextension relation in uniaxial test and the ferce
shear displacement relation in shear [45}.

For a compressible material, thedel has a forras follows:
® 6 0o 6 Oao —0 p (2.2)

NeoHookean model

NeoHo o k ean mo d e | i s so similar t C
corresponds to a hyperelastic model. Commonly it is simple to use and
can make good approximation at relatively small strains and it typically
up to 20%][46]. Sometime this model can be seen as a special case of
MooneyRivlin formwithCy;= 0, and it can be used
is insuficient. [45].
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But, it neither can capture the upturn of stress strain curve. This model
is given as:

w 6 O o —0 p (2.3)
Full polynomial model

This particular model depends on the fir§%d) and secondO)
invariant of the left Cauch{reen deformation tensor.

The polynomial model is given as:

@ By 6 0o Oc B —0 p (2.4)

where:

6 = material constants that control the shear behaviour and can be
determined from uniaxial, biaxial and planar tests.

0 = material constant that control bulk compressibility Enset to 2ro

for fully incompressible rubber. It can be estimated from volumetric test.
0 = Elastic volume ratio

N = Number of terms in strain energy function.

Yeoh model

The main characteristics of this phenomenological model consist on:
i) it can capture upturn of stresiain curve, ii) it has good fit over a large
strain range, and iii) it can simulate various modes of deformation with
limited data[45]. This model is describedy using the strain energy
density function V) in terms of thdirst "0 invariant The Yeoh modek
also known as the reduced polynomial mdatause it corresponds the
form of third-order polynomial.

For compressible rubber, this model can be given as:
w B 6 Ooc B —0 p (2.5)

Where J stands for the Estic volume ratioCig, is the constant
characteristics of the material aBd is a material constant that controls
bulk compressibility.

Ogden model
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The Ogden model also corresponds to phenomenological model with
the particularity that is based on piinp a | staahdinstead o
of invariants. The model is able to capture upturn (stiffening) of stress
strain curve and modelling rubber accurately for large ranges of
deformation for extensions up to 70(46].

w B — ¢ B —0 p (2.6)

wherel is the deviatoric principal stretch , and| are temperature
dependent material properties.

Arruda-Boyce model

ArrudaBoyce model is a hyperelastic and viscoplastic constitutive
model [47] based on molecular chain network. In contrast to the
constitutive models that are used for metals, the Armlace model can
not define the transition point between elastic and inelastic response
clearly.

It has two parameter shear model based only and works well with
limited test datg45]. It is given as:

@ AB — 0 0 - — a 2.7)

where:

6 = characteristic constant of the material

'O = material constant that control bulk compressibility
0 = Elastic volume ratio

am = stretch

Nominal Stress (MPa)

0 05 1 15 2 25 3 35 4 45
Nominal Strain

Figure 2.5. Fitting of different hyperelastic models with uniaxial data
(Reproduced frorfd5])
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Viscoelasticity

The soft tissues often have inherently viscoelastic mechanical
behaviour due that they are comprised of substantial amounts of
interstitial fluid. Therefore, this mechanical behaviour involves a
response that changes with the time as a product of tissue relaxation
which implies different properties from a traditional solid engtls that
typically are described with a linear elastic or hyperelastic behaviour.

The viscoelastic behaviour shows:

V A reduction in stressvith respect to the time when a strain is
applied ands held constant over time. See Fig2ré(a)

V A continue stran over time when a stress is applied @teld
constant over time. See FigWs(b)

V The stress values are dependent on the rate at which strain is
applied. Figure loadinload

€ j cause O A cause

O T effect . £
BE0C0mo stic

viscous

viscops” = viscoelastic

; elastic t

@) (b)
Figure 2.6. (a)Schere of uniaxial strain applied and maintained to a long
slender member associatedth time-dependent stress and strain response. The
time-dependent reduction in stredellows a fixed increase in strairthat
represents a typical stress relaxation respongg; $chere of a tensile stress
applied and maintained to a uniaxial member associatgd time-dependent
stress and strain response. The tidependent reduction increases in strain
following the application of a constant stress which represents a typieap
respons€Reproduced frofd8] ).

creep recovery

Loading

Loading Unloading

Unloading )

@) (b)

Figure 2.7. Relationship stress$rain analysed in load and unlogdocess
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Figure 2.7 represents loading and unloading curves for a typical
(viscoelastic) soft tissue. Where we can see thelinear nature of the
loading and unloading curves as well as the difference between the
loading curve and the unloading curve. Br@ss response also depends
on the rate at which strain is applied (b). Time course of strain for the
material responses shown in (a). Note that the faster strain rate (red)
results in higher stress.

All the above mentioned characteristics together waithonlinear
stressstrain relationship is difficult to do the characterization of
biological tissues in a similar way to linear materials (e.g., most metals).
Due to these difficulties in performing laboratory tests to characterize the
soft tissues some searcheq32], [33] have introduced mechanical
behaviour approximations as linear elastic and hyperelastic material
models but it is necessary to have in mind tha hyperelastic models
may replace a nonlinear visetastic only if the simulation does not
require load cycling like as it happens in relaxation phenomggg&jnit
has recently been confirmed in bioengineering simulatié@s where
visco-elastic properties are invoked in the relaxation step in analysis of
breast tissues by considering timettteand towards infinity.

2.3. Finite element Analysis (FEA)

The Finite Element Method (FEM) is a numerical technique that has
been developed by using concepts based on energy principles for example
the virtual work principle or the minimum total potential erygpgnciple
in order to find a solution for engineering problems. It is difficult to solve
a real life problem with the continuous material approach so the basis of
all numerical methods is to simfylithe problem by discretizing. The
FEA method was oginated from the structure analysis problems in both
civil engineering and aeronautical engineering. By searching approximate
solutions to complex mechanical problems especially in elasticity and
vibration analysig50]. FEM solves partial differential equations on a
defined domain which allows the descigpt of the present phenomenon
in a discrete model.

FEM yields approximate values of the unknowns at discrete number
of points over the domain. As it can be seen in FiguBeghe continuum
is divided into finite number of regions called elements whiol ar
connected by nodes that can be triad, quad, tetrahedrons, briga3ptc.
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[51]. Also interpolation functions are used to approximate the behaviour
of the field variables.

Discretization
Process

—>

Continuous system Discrete model
Figure 2.8. Discretization of continuum

So far between the numerical methods, the FEM has a very good
performance to solve partial differential equations over complex domains
that can vary with time.

The characteristic partial differential equation that can describe the
elements behaviour by the motion of material points of a continuum can
be expressed asdiscrete system of differential equations:

06 66 0o OY (2.9
where:
M= mass matrices
C= damping matrices
K= stiffness matrices,
u=is the vector of nodal displacements,
F and R are the external and internal node force veaspectively.

Each and every one of the elements are defineterms of the
el ement 6s materi al and digtébotiomedf r i c
loading at the nodes of the elemdhis important to note that all these
matrices and vectors may be timgédrdent.

Typically there are two types of analysis: a) linear and b}limear
depending on the characteristic of problems and its condition and
thereafter it is possible to selecs@verimplicit or explicit.

Linear analysis

In industry, typically it is easy to find some problems where certain
type of assumptions are possible. Many of these problems are presented
in structural analysis and due to the linear assumption it can be solved
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with a linear finite element solver. Thatare of the problem can greatly
be simplified if higher order terms are dropped from the deformations and
the material behaviour is assumed to be linear.

There are some parameters to consider when the problem can be
analysed as linear, which are as follow

V  Small deflections
Small deflections occur when obtained or predicted deflections
are smaller than the size of the structure. Therefore, for thin
structuresa deflection that is less than the thickness would be
considered a small deflection.

V Smallrotation

In the FEA codes with linear solver, all rotations are assumed to
be small. It means that any angle measured in radians should be
small enough that the tangent is approximately equal to the angle.
Then the typical range to consider the rotatiofithiw a linear
analysis should be less than-18 degrees.

V Material properties

In a linear analysis all materials aesumd with a linear elastic
behaviour. Despiteof the fact that some materials have an
inherent nonlinear elastic behaviour and althotigey do not
necessarily yield, their nonlinear behaviour enforce the use of
nonlinear codes for solution. On the other haitdis also
importantto consider the case when a structure is going to be
loaded beyond its yield point even in this case thelimeear
analysis would also be required.

V Constant boundary conditions

To consider a linear analysis into a FEA, the boundary conditions
must not be dependent on the load application. Therefore, to
considera linear analysis the boundary conditions should be

constant.

If all the above mentioned conditions are fulfilled, it is possible to
select the linear solver approach Ei. (2.9. Usually in the mechanical
applications, the system is in equilibrium under an action of balanced
forces and torques that cha defined as a static state whigre constant
0 ando are equal to 0. Sihe system remains at rest and considers a static
|l oad. I n some cases where the | o0oa
response may be determined with static analysis by consideengasi
static particular case.
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A static problem that uses finite element solvers will solve the
following equation:

06 "Q (2.9
where:

0: It is the global stiffness matrix (an assembly of individual element
stiffness matrices).

0: It is the displacement vector response to be determined.
"Q It represents the external forces vector applied to the structure.

The above equation is the equilibrium of external and internal forces
and can be solved either by a direct or an iterative solver.

The acquired equilibrium equation for an element can be applied to
each and every one of the elements into which the continuous system has
been divided. Therefore, the equilibrium of each and every one of them
is individually guaranteed. If the equilibriuequations of all nodes that
join all the elements are presentedset of equations obtained that
representghe equilibrium of the whole structure. These equations are
obtained by assembling the equilibrium equations of the different finite
elementghat make up the structure. In every simulation iteration, a large
number of elemendtiffness and elemetfibrce vectors are assembled in
a global system which leads to a system of algebraic equations.

When the nodal displacements of the elements arelatdduthe next
step is to calculate the stress by using the constitutive relations of the
material. In the linear static analysis where the deformations are in the
elastic range, the stresses (U0) are
strai nsoqKldds SlogwHcan be used to cal

Non-linear analysis

The nonlinear analysis refers to large displacement and rotations
which are typically more that 5%. In a FEA there are three basic source
of nonlinearity as follows:

V GeometridNonlinearity
In analyses involving geometric nonlinearity considers the
change of thegeometical cross section as a result of large
deformations. This nonlinearity can be related to large rotation
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and large displacement. All of thegeometical changesugh as
structure deformations are considered in formulating the
constitutive and equilibrium equations. In industris possible

to find engineering applications based on geometric nonlinearity
which involves the usef both large deformation analysis or
small deformation analysis. Additionally, the effect of the
geometry changes may implies a change in the load applied
directiong[50].

Material Nonlinearity

In the real industry, almost all engineering materials are
inherently nonlinear but due to thdficulty to elaborate a single
constitutive law for the entire range of environmental conditions
such as loading, temperature and rate of deformation. Thus, some
approximations are performed to simplify the mechanical
behaviour in order to consider the most repreative effects for

the analysed case. So in this field, the linear elastic mechanical
behaviour is the simplest assumption of all whibften called
Hook-law.

The material nonlinearity involves a nonlinear response in the
stressstrain relationshigvhich can occur when the stress exceeds
the yield stress or foredisplacement law is not linear. A brief
classification of nonlinear mechanical behaviour can be given as
follows:

. Nonlinear elastic

. Hyperelastic

. Elastieperfectly plastic

. Elastietime independent plastic

. Time dependent plastic (Creep)

. Strain rate dependent elastiditplasticity

. Temperature dependent elasticity and plasticity

. Linear elastigerfectly plastic

. Linear elastiglastic

10. Nonlinear elastic model whicharacterize materials with no
fixed definition of yield point such as plastic but the strain is still
limited up to 20 %.

The hyperelastic models used to characterize the soft tisaues
been presented in section 2.2

O©CoO~NOOTDWDNPE
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V Constraint and Contadlonlinearity
This type of nonlinearity often occurs due the nature of
simulated phenomenon. Many times the boundary conditions can
be changed through its addition or remotion as the analysis
progress So the nonlinearity involves contact sets in the ehod
which can get engaged or disengaged as a response of applied
loads. Since this is a dependent nonlinear behaviour load, a linear
solver will not handlgroperlythis type of problem.

In the dynamic case that uses a nonlinear anathsi€q. (2.8) cabe
solved by considering the parametérandé. Figure 2.9 summarizes the
application.

To solve a problem using FEA, there are two integration schemes and
its application depends directly on the condition of the problem.

n In an explicit FEM analysisthe state at a given instams a
function of the previous states. The explicit method does the
incremental procedure and at the end of each increment it updates
the stiffness matrix based on geometry changes (if applicable)
and material changes (if applicabl@hen a new stiffnegmatrix
is built and the next increment of load (or displacement) is
applied to the systenAn explicit scheme can easilpe
implementedby avoiding the matrix inversion process but it
potentially requiresncrementghatare small enougto provide
a suiable accurate and stable solution

n In an Implicit FEM analysisthe state at a certain instant cannot
be explicitly expressed as a function of the stathefprevious
time stepbecause after each increment the analysilewton
Raphson iterations in order to enforce equilibrium of the internal
forces with the externally applied load3.he equilibrium is
usually enforced to some user specified tolerance. This scheme
presents the particularity thiatis necessartheinversion of the
stiffnress matrix at each timestep, which is often a
computationally expensive process.
The Implicit scheme is often known as unconditionally stable scheme
whereas the explicit scheme is a conditionally stable scheme. The Figure
2.9shows theeommon fields of application of these scherf®s.
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For all characteristics andl@antages described about FEA to obtain
a discrete approximation in complicated geometrical model (free form
geometrical models) and the capability of the computers to solve a lot of
differential equations in shorter time with good results, the FEM hams bee
extended to medical fields to simulate soft tissue deformijii[27],
[53]i [55] to create simulations of medical procedures.

( Structural Analysis I

Linear Linear
Linear Static Dynamic
Analysis Analysis
V Material
Non
Lineari .
. . \% Geome?:'ic Explicit
Non- Implicit Non-Linear ﬁ Non ﬁ Non-
Linear Analysis . - Linear
Linearity Analysis
V Contact
Non
Linearity

! !

V Short events (mille
seconds)

V Largedeformations

V Complex& large
number of contacts

V Wide variety of
material options

V Long event (Few seconds)
V Small deformation

V Less number of contact

V Simple material models

Applications

V Static strength x g:i;htest
V Pre loading V Explosion
V Gravity loading V Bird strike

Figure 2.9. Applications of implicit and explieihalysis[52]
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Commercial FEA codes for hyper elasticity

Nowadays, there are lot of commercial softwares available to FEA as
for example Abacu$s6], Ansys[57], HyperWorks[52], Comsol[58],
Nastran59], MCS/Marc[60] among otherqTable 2.1)

In Table 2.1, a summary of the most applied material model
formulations is given together with basic references and commercial FEA
codes that have already been implemented.

Hyperelasti Formula Model Software
¢ Material description by: that
Model implement it

Ogden[45] First, second  Abacus/

and third Ansyd

stretches MSC-Marc/
HyperWork/
Comsol

4|n»

Yeoh[45] 6 o First invariant Abacus/
Ansyd
MSC-Marc/
HyperWork/

Comsol

O|o

Mooney G 6 06 6 0 o First and Abacus/
Rivlin [39], second Ansys

[45] invariant MSC-Marc/
HyperWork/
Comsol

Olo
c
°

Neo ® 8 0o o o First invariant Abacus/
Hookean Ansyd
[40], [45] MSC-Marc/
HyperWork/
Comsol

O|o

First invariant Abacus/
Ansyd
MSC-Marc/
HyperWork/
Comsol

Arruda , 6
Boyce[45]

(=
=l

olo
Fal
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To better understanding of continuum mechanics is necessary to
review the concepts of tensors and operations with them, as well as the
differential equations among others concepts. An overview of tensor
analysis is beyond the scope of this chapter[@i]i [63] it can provide
a good introduction to this subject and its application to continuum
mechanics.

2.4. FEA in soft tissues.

In recent years, FEA has increased its applications in medical field
particularly for making preopelige plans to simulate the response of
tissues and organs, design of prosthesis, orthosis and to analyse implants
and simulations of surgef$3]. Soft tissue simulations such as colorectal
simulations (Figure 2.10) may be adopted to understand the interaction
between colon tissues and surrounding tissues as well as the effect of
instrumentsused in this kind of surgical procedures. In this way, FEA
may improve the surgical procedure by optimizing or designing new
instruments for robeassisted laparoscopic or other minimally invasive
surgeries[64]. Moreover, FEA may be useful to set up a virtual
prototyping tool for the peoperative plan according to the particular
characteristics of the patient involved in the surd2n].

The literature pesented in this section is refer to tasks that do not
involve tissues rupture, it mean that is do no insert a surgical tools in soft
tissues. The interaction simulations using FE method is presented in
relation to mechanical behaviour as linear elastit monlinear elastic
(hyperelastic)

[EBJTEO\
£ 7mem

Figure 2.10. FEA in soft tissuapplication
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Linear elastic finite element models

The linear elastic mechanical behaviour is probably the most popular
assumption to simulate the tissues deformation into virsuabery
simulators. Linear elastic mechanical behaviour based on Hooke's law
presents some advantages for example: it needs only two constants to
determine its behaviour (in isotropic and homogenous materials) it
presents a simple way of implementationtthas lower computational
cost. These advantages enablestiga haptic rendering.

FEA commercial software (Tabl@.1) often cannot simulate a
phenomenon in real time because these software involved some steps to
setup the problem before to run FE cdltion. Therefore researchers
have introduced several approaches focused on optimizing FE based
computational technigues to be applicable to surgical simulators where
the real time can be a mandatory factor.

Some researchers have presented-reaktime surgical simulation
system using linear FE modelling. [85], is used a traditional form to
solve a problem using the linear FE model, this approach is applied to
simulate soft tissue deformatis in a craniofacial surgerfp4] Presents
a FEA to analyse the feminine pelvic mobility to understand the stresses
experienced by womn 6 s pel vic system when
participating in physical activities and during different physiological
functions. While in[27] is analysing the influence of Geometry and
Mechanical Properties in simulation of woman pelvic floor with the aim
to understand the mechanism that produce abnormal mobility.

In [66] the authors present a condensation method to an FE model for
reattime surgical simulations, thimethod suggest to render part of all
the nodes only which mean that only nodes undergo displacement and the
near nodes need to be rendered. A comparison between the proposed
method and the conventional linear FE analysis present similar results in
terms ofnodal displacement. Another reseaf6ii] present a real time
simulation, thanks to a pigrocessing of elementary deformations
derived from a finite element method wherein the bulk of the
computations were perfared during the prprocessing stage of the FE
calculation, this method was tested in a-téak hepatic (liver) surgery
simulations.

In surgical simulation, it is possible to find FEA that considers the
fluid-structure interaction68] presers a fast technique for simulating
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fluid-filled elastic objects so this research can be useful to simulate organs
filled with fluid. This approach as compared with experimental
deformation data taken from a flufiled phantom.

Hyperelastic finite element model

Generally a nonlinear analysis involves large displacement and a
hyperelastic mechanical behaviour as is the case of soft tissues undergo
large deformations during surgical procedures. Even in this case the FEA
continue to be a useful and accurate tool. Concerning the hyperelastic
models it is necessary to select the correct model to describe the
mechanical behaviour of ¢hsoft tissues, theeStion 2.2present some
models based in the strain energy function.

In [27] the author present a comparison between Xem;Hookean
and linear elastic, applied to the soft tissues that make up the women
pelvic floor to analyse the displacement when a pressure as product of the
cough is applied, while if25] the Yeo model to the rectum, bladder and
vagina, is applied with the aim to analyse the paivian prolaps@OP)
that is present in women. It allows the surgeon to estimate the functional
impact before implementation.

With the aim to obtain a realistic behaviour of deformable object in
simulation for surgical training, if69] is implemented the hyperelastic
MooneyRivlin model. This work includes a propose scheme forhmes
adaptation based on an extension of the progressive mesh concept to
enable reatime computation of deformation.

Nowadays, it is possible to find software focused on the interactive
computational medical simulation as SOFA (Simulation Open
Framework Arcltecture), which facilitates collaboration between
specialists from various domains, the most important feature of SOFA is
that the simulator is organised in independent components in a scene
graph data structure. Then, in each component it is posseaheapsulate
a particular aspect regarding the simulation such as the degrees of
freedom (DOF), the forces and constraints, the differential equations, the
main loop algorithms, the linear solvers, the collision detection
algorithms or the interaction deeis. In[70] SOFA present an application
to simulate the virtual ablation of a cardiac arrhythmia which is caused
by an abnormal electrical activity in the myocardium. For this simulation
was consider the phenomenological model from Mitchell Scha&tigr
which is able to reproduce the human electrophysiology using
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physiological parameters. Even SOFA can be used for applications based
on augmented realith72]; this type of simulation allows us to estimate

in reattime, the position of the liver internal structures by considering
liver deformaions.

2.5. Commercial surgical simulation.

The surgical simulator system based on virtual reality proves to be a
good option to train new surgeons, to practice new process, to elaborate
preoperative planning that can help to understand tissue injury
mechanismsven to evaluate the mechanical behaviour parameter that
influence in the response of tissues and damage thresholds.

Figure 211 shows an example of virtual surgical simulator that focus
on the hysteroscopy training.

Figure 211. Hysteroscopy trainingimulation environment coupled with haptic
device(Reproduced frori73]).

Many applications of virtual simulations can be focused on the real
phenomena that presents when there is an interaction between organs,
surrounding tissues and surgical tools instead to obtain-timeakffect
on the simulation. As in the case of ymgerative planning, where there
are certain parameters that can influence an achieved accuracy of the
simulation in terms of stresstrain distribution and force feedback.
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Nowadays, it is possible to firmkveral commercial virtual simulators
focused on swical simulations. However, the method used by the
companies to simulate the soft tissues deformation is not easily available.
Most of the commercial surgical simulators have an extensive emphasis
on producing models that are visually appealing. Furtissue material
parameters are tweaked that are based on qualitative evaluation
performed by few surgeons rather than actual material tg8fing

With the aim to obtain a realistic simulation and a complete immersive
experience some surgical simulators provide a force feedback to the user
by the use of haptic systems. For example Reachin TechnologigslAB
presents a cholecystectomy simulator (laparoscopic surgery process).

Depending to the surgical process in which the surgeons desire to get
trained, it is possible to find different surgical simulator for each
particular case for example Simbionix USA @0di75] sells Gl Mentor
IITM, URO MentorTM, PERC MentorTM, LAP MentorTM and ANGIO
MentorTM. The Immersion Medicdl76] provides different surgical
simulator for vascular access and phlebotomy, bronchoscopy and gastro
intestinal procedurepercutaneous transluminal angioplasty and stenting
procedures, myomectomy and basic hysteroscopy skills and laparoscopic
abdominal procedures. Another companies that provide surgical
simulator are; Surgical Science Ltf¥i7], Haptica Inc.[78], Mimic
Technologies Ind.79], and Mentice AB80],

Among the surgical simulators the

force feedback but instead they focuses on training basic surgical skills
or to provide superior visualization capabilities. Some games that
provide these type of simulators are: Medical Educational Technologies
Inc. [81], and VRmagic GmbHB2].

For the use of this type of tools as a method for training or pre
operative planning it ispecessary to carry out a validation process in
order to promote and motivate their use at hospitals or universities but it
is so far for the validation techniques to be subjed83¢

2.6. Summary

This chapter present an overview of MIS, its benefits and
disadvantages as well as an introduction on continuum mechanics
focused on soft tissues modelling with tfealto model surgical tool and
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tissue interactions for the aim of increasing the assesswhaeiructural
simulation of soft tissue for the purpose of a better development of
multipurpose surgical simulators.

We reviewed different mechanical model that are capable to describe
the behaiour of the soft tissue when itndergoes to external forces
These mechanical models are described by characteristic constants
acquired via experimental tests.

The theory and the simulations that are described here it is focused on
the field of modelling methods that employed principles of continuum
mechanics andised FE methods for simulatiomhese topics were
divided that based on linear elasticity and nonlinear elasticity. Even in
Section 2.5 is described some of the commercially surgical simulators
available.

The literature presesitmany researches using FBpplied to tissues
deformations and todlssue interactions using linear elasticity. However,
it is limited the number of studies that have been conducted using the
more realistic hyperelastic models (nonlinear elasticity). On the other
hand, some resedres and commercial softwares use a different approach
principally employed to enable simulations to run in real time but in most
of these simulations, the accurate physics behind tissue deformation is not
considered a priority.
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Chapter 3 T Problem definition for
colorectal surgery

With the aim to speed up the surgical simulations it is necessary to
elaborate a sensitivity analysis of the nonlinearities by .FEA

3.1. Problem pipeline

The following pipeline Figure 3.} summarizes the main stages
involved in a surgical simulation process.

- -

-~ -

- -

— Cuttingand cauterizing

— Instrumentoutput and suturing

Figure 3.1 Pipeline to elaborate a surgical process (The highlighted &ea
themain focusof this chapter).

Each one of these stages is to represent a task in virtual environment.
The area of interest dhis thesis corresponds to the highlighted part of
Figure 3.1 In particular, this chapter presents a description of selected
surgical instrument and its kinematic chain analysis that in many cases is
important to configure the haptic systems (Section 82yvell the 3D
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models and its acquisition methods (Section 3.3). While the analysis of
tissues clamping is explained in Chapter 4.

3.2. Surgical Tool: clamp

In a laparoscopic surgical process, tools are always necessary to
perform manipulation task as surdickamp, needle drivers, etc.

As it was explained in Section 2.1, the MIS has become a popular
technique due to lot of advantages either by using surgical assistant robot
or following traditional (manual) waj84]. Nevertheless, due increase
in application fields, new issues also arise. In particular, instruments must
be inserted through a trocar to access the abdominal cavity without
capability of direct manipulation of tissues so that a loss of sensitivity
occurs. This is caused tiye absence of a direct forémedback resulting
from the interaction between surgical instruments and soft tissues in
conjunction with an indirect field of view which makes the surgeons to
undergo a series of training to acquire proper Feyelcoordinabn and
the correct use of the tools before to do a surgery on real pafignatugh
the manoeuvring of most surgical tools are rather simple, the way in
which MIS is carried out, makes the use of mechanisms involved in tool
and is really challenging bease of using this surgical tool to manipulate
the tissues causes a reduction in the sense of.touch

While performing surgeries of a high level of complexity through
robots or trocaguided instruments, lack of fordeedback represents a
great challenge afor this reason it is important to analyse the concerned
kinematic chain. More in detail, the lack of forisedback represents a
problem in several areas that are strongly linked to engineering
simulations. For instance:

V PREOPERATIVE PLANNING: Theinsertion of instruments
during surgery causes deformations not only on target and
surrounding tissues but also on instruments involved. The
knowledge of forcdeedback can help during preoperative phase
in order to let the instrument be able to reachsihecific target
areas by planning its line of action and displacements. In
addition, it is possible to protect instruments and organs from
damage by optimizing lines of action.

V SURGICAL SIMULATORS AND TELEOPERATION: The
complexity and wider diffusion of M8 require skilled and
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trained operators. For this reason surgical simulators have been
developed in order to accelerate the learning curve. Currently,
these surgical simulators report feedback principally in terms of
visual output with lack of haptic inforation about forces. This

is also due to the fact that a simulation of the real behaviour of
soft tissues may request high computational resources. The
analysis of contact forces through simulation can avoid damage
to tissues by improving skills. Analogoussues arise with
teleoperation systems.

V SURGICAL ROBOT ASSISTANT: Mainly a robot can allow the
use of instruments with reduced dimensions by giving the
possibility to reduce the number of access points. This is one of
the fundamental aspects of M|&4] that allows faster recovery
for the patient. I n addi ti on,
hand can be avoided by using robot. Last but not least, a robot
assistant can make a surgery safer through the use of virtual
fixtures n order to avoid possible haphazard that are accidentally
made by the surgeon. Currently, the usage of virtual fixtures
involves significant physical constraints on the instrument. The
increase of forcéeedback accuracy can lead to an optimized use
of thevirtual fixtures (improving safety, accuracy and speed of
the robotized toolgR4].

As explained, FEA tools may increase the understanding of those
phenomena that is present in surgery when they use to elaborate
preoperative plans and to improsergical procedures. It is necessary to
emphasize that the kinematic analysis of a particular instrument involved
in a surgical process and principally in a laparoscopic surgery does not
represent an isolated analysis. Therefore, FEA may play an impatant
to understand the distribution of stresigain in the clamps and to evaluate
contact force on instrumetissue. Hence, with the kinematic chain
analysis and by correct haptic system, it is possible to transmit the contact
force to the surgeons byqviding a forcefeedback.

Clamp's cinematic chain.

This setion provides models (Figure 3.2nd relationships which can
be used to understand the force propagation in designing advanced
grasper, clamps needle drivers and feneféecting systems.
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Figure 32. Scheme of a generic surgical clamp (a) surgical clamp in maximum
open position (initial position), (b) surgical clamp in maximum close position

(final position).
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Figure 33. Surgical clamp scheme (initial position).
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Relationshipbetween links that makes the kinematic chain can be
understand from Figure 3.

OBl — (3.2
A0 — (3.2)
I (3.3)
OBl —
Q OBID Q (3.4)
o081
OBl ——
OEI
OE1l - -
. -
OET
OET _ (3.5)
Hori zontal dis@d acement of point A
Y& 6 6 (3.6)
where:
C= current position—-—wof point ACO in
0= initial position of poi+rForthsCo i n

purpose it is called as-

The current position reached for po
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The condition that is above mentioned is strongly linkeitie design
of cam (Figure 3Aby means of which the superior clamp is moved to
reach the closed position.
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Cam profile

Figure 34. Cam profile to reach the close or opened position.

To understand the force propagation through surgical clamp it is
necessary to analyse its mechanism (Figusg 3.

0 "0zd (3.11)
o — (3.12)
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It is important to note that the force feedback reached to the surgeons
depends on the dimension of mechanism and the constant of spring used.
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Figure 3.5 Scheme®f force propagation through surgical clamp mechanism
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Clamp's FEA

For our analysis and simulations, we work with the measured
geometryfrom generic clamps (Figure 3.6

(@) (b)

Figure 3.6. Geometrical model of surgical clamp (a) upgergical clamp, (b)
lower surgical clamp.

The analysis is carried out on two geometries: surface models as
shows in Figure3.6 and FEA meshes as depicts in Fig@& Both
geometries are modelled with hexahedron and tetrahedron elements

P
(@) (b)

Figure 3.7 Geometrical model of surgical clamp (a) upper surgical clamp mesh
(b) lower surgical clamp mesh.

The material used for surgical instrument is often the AISI 301 which
has an elastic modulus E=200GPa, density of 7850k d?wisson rati
of 0.28 and yield strength of 205MPa.

The load on the clamp during its closing is consistent with the
recommended pressure measured for completely closing the section of
the colon, 8 gr/mM[85]. In our simulations, the half of pressure value is
directly applied on the upper and the lower mesh of surgical clamp as
shown in Figure3.7. | n Particul ar , 2 repnesentsi P o
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the pressure (in green, Figure B.@&xerted on the surgical clamp to
guarantee the grasping of tissues between the two sides of the clamp.

Figure 38. Geometrical model of upper surgical clamspshavn in light blue;
related applied loads shownn green and the boundary constraint in red.

Concerning boundary conditions and constraihisy are defined
similar to real behaviouin our case, the boundary conditzane of blue
circles (Figure 3.y have been performed by fixing rotations and
displacements in all axes (Figure B.8

FEA simulation corresponds to implicit static analysis is carried out in
HyperWorks by using the OptiStruct solveResults are discussed
according to the achieved stressticbutions.

(b) (©)

Figure 39. ContourMaps with the value of maximum clamp tightening: (a)
Maximum stress in the upper clamp and (b) Maximum displacement obtained in
the upper clamp
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Figure 3.9a), and Figur8.9b) shows the maximumgquivalent stress
distribution of the upper clamp by assuming a pressure value of 4 §r/mm
The upper clamp has stress concentration around 122 MPa while the
maximum diplacement corresponds to 0.4 r{faigure 39(c)).

Contour Plot
Element Stresses (2D & 3Dj(vonhises)
Analysis system
L 1346402

1.196E+02

— 7A7TEHN
— 5.982E+1

Max = 1.346E+02
3D 7750
Min = 0.000E+00
3D 7387

Figure 310. Stress ContouMap of bwer clamp with the value of maximum
clamp tightening

Figure 3.10shows the maximum equivalent stress distribution of the
lower clamp by assuming a pressure value of 4 gflriiive upper clamp
has stress concentration around 135 MPa.

The two evaluatedlamps helps us to understand the security range in
which these works. So with the obtained maximum stress result, the upper
clamp presents a security factor of 1.77 while the lower clamp presents a
security factor of 1.52.

The above security factor valseiggests that the clamps resist the
conditions present in surgical procedures. Once it is obvious that the
clamps will not fail when a surgical environment is being developed,
particularly, when soft tissue deformation is under observation so the
surgicalclamp can be considered as a rigid body.

3.3. 3D model of the organ

From images to 3D: the segmentation process

Segmentation techniques are relevant in many application fields from
artificial vision systems to medical applications and mechanical
engineering. In particular, this field is successfully applied on
microstructure analysis of materigd86]i [89] and it has also peculiar
applications related to reverse engineering of components where it is
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appled for mechanical feature recognition and modelling or measuring
[90], [91]. Sq the methoddescribedin [92] starts from a voxel
subdivision of the digitized shape where some image analysis techniques
are used to classify the 3D feature from the edges of the part.

Image segmentation is a technique that deals with separating input
data into meaningful parts of the images (which regmés different
objects of interest) with their respective borderlines to perform the
geometry digitalization. It is aimed to increase the quality of data and
information present in a 2D image by isolating areas of interest
(operatively, this process cam been as a reduction of misclassified pixel
on the image]93].

Medicine is a constantly expanding field that also applies on medical
image segmentation in several imaging and acquisition modalities (MR,
Computed Tomography C(T)[94], Positron Emission Tomography
(PET), XRAY, and Ultrasound). Medical image segmentation identifies
and isolates areas of interest in input data in order to analyse the
geometrical model of a tissue or an organ. It splits up the input data into
organs and tissues using features such as colors, texture, motion and edges
among others. However, the automatic segmentation is still a challenge
due to the presence of added noise, artefacts, limitations and unclear
edgeq95]. Concerning medical applications, soft tissue segmentation is
a fundamental issue for the development of Computer Aided Diagnosis
System (CAD) based on Computed Tomography (CT). In the recent
years, soft tissues segmentation such as colon segmentation has increased
its applications in modern medical fields which use CAD in order to
overview the 3D model of the organ and reduce theodocb s dependan
for diagnosis to locate the prior tissue lesions timely and effec{iogly

In medical field, the colon segmentation of human abdominal CT scan
is the basis for analysend identification of cancer nidus by providing
powerful information on CAD such as early polyp detection which can
reduce the incidence of colon canf@4], [91], [96] Moreover, the colon
segmentation may also be introdu¢ednake preoperative planning and
simulations of general surgef§4], [96]. In order to safely differentiate
the colon (foreground) and the no colon (backgroyixbls, an accurate
process is required to avoid erroneous classification. In these cases, colon
pixels may be wrongly recognised instead of noise, artifacts, limitations,
unclear edgef®5] and other organs (such as the lung, stomach, and small
intestine) or different areas with the same intensity values as the colon.
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The segmentation manual process uguddmands a lot of time to
identify and draw borderlines around tissues present in a single
tomographic image. The issue is magnified because of the large number
(3001 600) of images that are required to span the fedoot anatomy
of an individual throuf steps of about 3 mm. For this reason, in the recent
past, semautomatic and automatic segmentation have been extensively
subject of research efforf@0], [97].

Some work related to colon segmentation have bedroduced in
literature each one has its own model, computational complexity, and
overall quality such as regidmased statistics analyqd&1], [94], [98],

[99] which builds local models of the tissue of interest instead of a global
model. Therefore, a segmented image consists of homogeneous regions
characterized by some statistical propertie§98j an isotropic volume

that is reconstructed from the CT images is used taebdrthick region
encompassing the entire colon where the mean curvature, dimensionless
ratio sphericity and minimum polyp size are used as parameters to filter
anomalies and reduce false positives. Other approaches have adopted
probabilistic techniqueg100], [101] The authors in [100] used
probabilistic boosting tree for learning discriminative models for the
appearance of patterns/objects of interest. Also probabilistic Markov
Random Field was introduced[ib01], in order to handle the problem of

an accurately wsupervisegegmentation.

On the other hand, most recent deep learning technique (particularly
Convolutional Neural Network, CNN) has found applications for medical
image analysis focused on medical pattern recognijtiég], abnormal
tissue detectionf91], [103] and tissues classificatidid04] to cover a
broad range of problems related to ophthalmology, pathology, radiology
and disease monitoring for personalised treatment suggeg@®is
Consequatly, authors if103] have used CNN in a set of colorectal tissue
samples to classify regions correspogdio pathological tissues.

In literature, some works have demonstrated how CNN provides
effective results to analyse colon images, those are based on the
segmentation of image regions that contain pathological colorectal tissues
[103], [105]and glandular colon structuf&06], where particularly the
segmentation process is performed on histology imgd¥y, [106]and
biopsy images[103]. Hence, the analysis of colon tissues as pre
processing task for applications such as preoperative planning and
simulations of tissues on general surgery has baedling with the colon
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segmentation technique through the use of a deep and hierarchical
learning about colon features on CT images with CNN. As different from
stateof-the art based CNN methods, the proposed method is focused on
CT image analysis and g¢hnetwork architecture ends with two full
connected layers as a reduced input patch size of 28 x 28 to demonstrate
that smaller patch size provides enough information to classify the
centered pixel and achieve a high effectiveness with an expected
reductian of filtering operations.

In order to overcome the problem of misclassifying colon tissue
pixels, a new method for automatic colon tissue segmentation was
presented which is based on spatial features learnt with use of CNN. The
proposed method was tested with a set of input imagghes from CT
slices.

CNN application for image segmentation of the colon.

In order to predict the probability that a pixel could be part of the colon
tissues or background, we propose a colon tissue segmentation method
based on binary classification by using Leatetwork for handwritten
digit classificatior[107] with the aim of learningolon features in a deep
and hierarchical way. CNN is trained with patches dataset built from CT
images with hundreds of slices to identify colon tissues for each centered
pixel location. Only in the training patches dataset, each patch provides
labeled ifiormation to show whether a centered pixel value is part of the
colon tissue pixels or background. Each training patch passes through a
sequence of convolution layers, layers of ReLU (rectified linear unit),
activation functions (It is used throughout e&fer), pooling layers and
full connected layers to give output of the binary classification label.
During this phase, lower level features (such as lines, edges, curves) are
learned in the first hidden layers which are compounded in higher level
in thesubsequent hidden layers. The workflow of the propossttian is
schematized in FigureRL. In the following suksections, the main steps
are described.

CNN architecture

CNN architecture depicted in Figugell(a) is particularly structured
as a sequencef stages composed of repeated types of convolutional
layers and pooling layers that are followed by a series of fully connected
layers and end with classifying layers in order to perform operations on
the input patches for feature learning and classifingurposes.
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Convolutional layers

They convolve the input data with an established number of (k) linear
convolution filters with a defined size. This layer slides the filters over
the input by computing dot product between the input data and the entries
of the filters to detect and learn local conjunctions of featinoas the
previous layer. Eq. (35).

Q ® Zo &) (3.15)
wherek = 1 , és the iKdex of th&-th feature map,"ﬁQ is the index of
neuron in thek-th feature map andis the input dataw andc are
trainable parameter weights and biases from the visible units to the hidden
units and "Q is the learning-th feature map.

Pooling layers

These are natinear downsampling layers to progressively reduce
the spatial size after obtaining features by using convolutional layers in
order to diminish the amount of parameters and computation in the
network. Its purpose is to merge semantically similar features into one.

Pooling layers establish the size of theioagi a ¢ topool
the convolved featuresver, thendivide convolved features into disjoint
a & regionsand take the mean or maximum feature activation over
disjoint regions to obtain pooled convolved features which can then be
used for classifid#on.

Summary statistics based on mean "mean pooling” or max "max
pooling" value of a particular feature over a region of the input data are
likely computed to obtain much lower dimensions with respect to the use
of all extracted features which can alsmtol overfitting (the production
of an analysis that corresponds too closely or exactly to a particular set of
data).

Fully-connected layers

These are linear combination layers where each node is connected to
all nodes of the previous layer. Eq. (3.16)

® B oo @ (3.16)
wherew is thek-th output neuron and is thekl-th weight between
wandw .
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Figure 3.11. Workflow of the colon segmentation method: a) CNN architecture; b) Overview of the proposed method
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Activation functions

They often follow a pooling layer or fulgonnected layer and apply
a nonlinear activation operation to encode complex patterns of the input
through transformations of the sum of weights of input that goes into the
artificial neurons. There are some wgation functions such as sigmoid,
hyperbolic tangent and rectified linear unit (ReLU). However, RelLU
activation function is used in practice for deep neural networks which is
different from other functions due ibis not continuously differentiable
and aes not vanish for high actitions. ReLU is given by Eq. (317

04 1 A df (3.17

Output layer

It is the last layer in the network and holds the name of the loss
function used for training the network for multiclass classification, the
size of tle output (number of output units) and the class labels.

n Classifier layer
It computes a class label probability of the input data. Softmax
classification layer is the most extensively used in CNNs. Its
purpose is to transform all the net activations infitha output
layer to a series of values which can be interpreted as probability
vector values between 0 and 1 (which has to be positive, smaller
than 1 and sum up to 1). Softmax classification layer applies a
categorical probability distribution basedexponential function
as inEq. (3.18 which denotes for the-th class and an inpuat

0 @MW Q TB Q (3.18

n Loss layer

It computes the difference between true class labels and its
correspondingpredictedclass labels to determine the goal of
learning by matching parameter settings as current network

weights to a scalar value h a t establishes the

settings. Thus, the learning purpose is to findeightssetting
that minimizes thdoss (called also error, cost or objective)
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function. The most widely loss layer for CNNs is thess
entropy loss given by Eqg. (3.19
O Bollw p o0l @ (3.19

where0 0w andw 1 "Yw is the probability that the
indexed sampl@ belongs to a given class.

Data Preparation

Prior to colon tissue segmentation, 75% of the gray scale slices of CT
colon imageg108] (each CT image has approxtely 1600 slices) are
preprocessing to generate a patch dataset that reads the CNN.

Based on the sample size expected by the net{#6rK, the size of
each training patch is 28 x 28 centered on each pixel for the colon pixel
identification. Data set generation uggeund truth images manually
labeled by human in order to assign the corresponding label value to give
i nput as image patches (that is Alo0
ti ssues, otherwise n00) .

Deep learning framework; CAFFE allows us to precesata that
comes from normal image format (.jpg, .png and so on) and LMDB
format. Thus, after obtaining the set of patches, LMDB data set file is
generated to be used as input for the CNN by considering that LMDB is
a compressed format for working withrde dataset.

Feature Learning

The feature learning is performed in the CNN training which is done
through the entire model from input data to loss layer without disjoining
the feature extraction and the classification step. CNN receives raw input
data in LMDB format to produce classification output.

CNN training allows us to learn the hidden patterns from the input data
by using a training dataset. It starts with the first convolutional layer
(convl), where each input image pafchoo from the patch LMDB
dataset is convolved with 50 learnable filters of size 5 x 5. After that, a
downsampling is performed through the pooling layer (pooll) of size
2x2 with stride of 2 in order to reduce the spatial size of representation to
a Yu of its previous size and thweduce the amount of parameters and
computation in the network (Similar settings have been used for the
second convolutional and pooling layers). At the end, the full connected
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layers (fc3 and fc4) act as classifier and contain 500 and 2 output units,
respectively.

Different from original LeNet§107] that uses a layer with sigmoid
activation function after each full connected layer as all layers in the
proposed method are followed by one layer of ReLU activation function
to cause sparsity in the features.

The outpt from the convolutional and pooling layers represent-high
level features of the input image patches (feature extractors). While the
purpose of the full connected layers is used for these features for
classification of the input image into various cladséels based on the
training dataset. Therefore, fc3 and fc4 layers encode the details of
patterns of the input patches. The sum of output probabilities of fc4 is 1.
This is ensured by using the softmax as the activation function that takes
the output of ¢4 as source to provide the central pixel probability
distribution over the labels. The softmax function takes a vector of
arbitrary realvalued scores and forces it into a vector of values between
zero and one that sums up to one.

In the training stagehe deep learning framework CAFFE was used
to learn the weights of convolutional and full connected layers, which are
being learnt by backropagation with crasentropy loss function. Eq.
(3.19, which is particularly for the proposed method 1 “Yso is
the probability that the indexed samg@ebelongs to the colon tissue.
The loss functiof©O measures how far is the predicted output of the CNN
from the correct outputvhile backpropagation process propagates the
loss function gradient to previs layers. The gradient descent is carried
out based on loss function gradientOf 0 j to adapt the weights in
order to decrease the loss function output by changing the direction that
is contrary to the direction of increasing gradient with a legrrnare of
0.001.

CNN used a patch training set of 282 X @6lon image patches where
patches were sampled randomly from the available samples of training.
The bias was initialized with a value of 0.1. The optimization strategy
uses a minbatch size of D00 training sample patches. The training stage
was performed in 45 x #@erations where we can see a training error of
0.041 and a test error of 0.0485 (based on loss function). Different from
previouly mentioned worKL09], weights were initialized randomly with
a Gaussian distrikiion in order to preserve local structures in the original
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collection of data and perform a stable introduction of the data,
throughout an association between the dimension of the features
produced by the network that still keep the metric informationhef t
original data and its complexif99], [110]

Colon Detection

This stage use the trained CNN whethiaved probabilityr{ "Yso )
by each output patch allows to classify each centesl gis colon tissue
pixel or notcolorectal pixel. At the end, it composes all patches in order
to obtain each corresponding final segmented image.

Results

As apreliminary result, the proposed colorectal segmentation method
has been qualitatively validated on the last 407 slides of CT colonography
imageq108] (Similarly to training stage, input slide images were divided
into input patches of size 28 x 28). Some resulting sed@d images
obtained in colon detecticstage are depicted in Figuré2 With respect
to the ground truth images, it can be observed that the proposed method
identifies a sufficient number of pixels of the colon tissues leading to less
misclassified piels produced by close tissues or organs with similar
texture or color which can be erroneously classified as colon tissue.

For purpose of numerical comparison between accuracy metrics
reported in[90], several approaches that have been introducgaDin
[98], [101] were also compared to the proposed method. Results
summarized in Tab. 1, depicts the average values of the siyngie),
specificity (Sp) and accuracy (Ac) lsing Eqg. (3.20), Eq. (3.21), and
Eq. (3.23 respectively

YQ —— (3.20
Y —— (3.2)
00 —— (3.22
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Figure 312. Some qualitative results: a) CT abdominal image; b) Ground truths;
¢) Segmented Image.

where TP is the number of pixels correctly detected as colon tissue;
TN is the number of pixels correctly detectedbaskground; FP is the
number of pixels wrongly detected as colon tissue; FN is the number of
pixels wrongly detected as background.

Tale 3.1. demonstrates that the proposed method performs better
evaluated datasets in terms of sensitivity and specifiditty respect to
the compared methods, maintaining a very close accuracy value to the
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highest one. By taking average of all Se, Sp and Ac metrics, it can be seen
that the proposed method reaches the highest overall score. The closets
average score (Avg) tha represented by existing meth@@] which is

based on neural network trained with Bayesian regulation #diguorirhe

high rates of true positivity shows that was expected as a patch size of 28
x 28 which provides sufficient tissue information to classify the centered
pixel as colon tissue or background pixel. The relationship between
sensitivity and specificitas depicted in Figur&13 shows that proposed
approach provides better ability to correctly identify colon tissues pixels
and background pixels

Tab. 3.1: Average sensitivity, specificity, and accurate values.

Method Se Sp Ac Avg
[101] 94.1% 94.3% 90.8% 93.07%
[87] 96.02% 96.08% 97.6% 96.57%
[90] 96.75% 97% 98% 97.25%

Proposed 96.9% 98.7% 97.9% 97.83%

method

999%

Proposed...
~ 98%
z [88]
2 97%
£ 96% [85]
3 05%
09
04% %]

03% 049% 059% 06% 07% 08%
Specificity (Sp.)

Figure 313. Plot of sensitivity vs. specificity
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Final 3Dmodel

In order to predict tissue deformations in the preoperative planning
which depends on simulation it is mandatory to have: a) the patient organ
geometrical model, b) knowledg# the organ anatomy, even in some
cases ¢) knowledge of its surroundirggties.

For these case studies, a clinical application of the colorectal surgery
was considered where colon tissues are being compromised. Bityire
shows the area of interest. In particular, for our analysis and simulations,
we assume to work on part of the entire colon that is placed in the zone
between the sigmoid area and the rectum area.

The Large Intestine

Interest area

Figure 3.14 Large intestine (Colon).

The length of the considered part is about 100 mm (7% of the entire
colon). In this colorectal zone, the average outer diameter of the intestine
is about 25 mmilt represents the 3Burface (3D-S) geometric model
adoptedn the thesiss thereal reference

57



3.4. Summary

The Chapter 3 presents the pipeline of the main stages involved in a
surgical simulation process. First of all, we analyse the kinematic chain
of a generic surgical clamp which can be useful to keep in mind when
haptic system calibration is reqed. Furthermore, with the aim of
increasing the speed of the surgical simulations, it was necessary to
analyse the mechanical integrity of clamps by FEA. After verifying that
the security factor of the clamps will not allow the failure whenever
interaction with soft tissue is occurred, the surgical clamps can be
considered as rigid body within surgical simulation.

On the other handniorder to obtain an accurate geometrical model, a
new segmentation process has been proposed which predicts the
probabilitythat a pixel could be a part of the colon tissues or background.
This particular method is based on binary classification by using EeNet
5 network with the aim of learning colon features in deep and hierarchical
way. Therefore, CNN is trained by using t@d#es) dataset built from CT
images with hundreds of slices to identify colon tissues for each centered
pixel location (Figure 3.1%

The post process of geometrical model is the same as described to 3D
SurfacgSection 4.2 Figure 3.1%5hows the 3E5E modkl after it has been
checked and optimized into CATIA.

Figure 3.15 Colon3D-Surface(3D-9).
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Chapter 4 - FEA setup and input for the
Sensitivity Analysis

4.1. Introduction

As discussed in Chapter 2 most of tresearchworks has been
implementedo improve the simulation environment in order to get a real
time sense in terms of realistic organ deformations, haptic feedback or
surgical path planning. Nevertheless, any of these studies catsider
meticulous application of boundary conditions éxerby surrounding
tissuesSome studies works with simple geometrgin [111], to analyse
the prostate deformation by assuming the prostate as sshaggd while
the rectum was considered as a cylinder. Meany@iencouraged the
use of 6generic6d6 symmetric geomet
produced from substantial patient to patient variability and asymmetry
but these types of assumpt®bring difficulty to analyse the relative
influence of geometry.

Following this research line [A12] and[27], the authors analysed the
effects in terms of mesh displacement when linear and nonlinear
mechanical models were used. Mastthe studies mentioned above,
highlights t h e i mportance of the soft t
behaviour. However, few works also incorporate anatomical details in
their simulations and particularly in the colorectal surgery that effects
both material pperties and realistic anatomical details (colon folds)
have not been quantified to obtain accurate simulations as for example in
the tissues clamping.

According to this reviewin the chapter, we analyse three different
issues concerning FEA accuracyaoflamping process:

a) The influence of considering different coloeametrical model
approximations

b) The effect of thickness variation in diféert geometrical models
of colon

c) The influence of the geometrical model in the force feedback.

All the above mentioned case studies also consider the varadtion
the colon'smechanical behaviour passing from linear elastic to

hyperelastic material models
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This chapter is organized as follow: Section 4.2 delivers an
explanation about the differemgeometrical models used for the case
studies that goes from a very strong approximation to more accurate
model that considers the colon folds present in a true colon. The Section
4.3 presents the valuestbk constarg involved inthe description of the
different mechanical behaviour as well as the characteristic thickness of
colon tissuesWhile thefinal Section 4.4 explains tHeEA setup and the
solver selection.

4.2. Geometrical models

Generally speaking, in simulations, accuracy of-fiizen shapes is time
consuming.Since we wanto reduce computation time, we want to
understand how less accurate geometdeangethe result In such
context, thressimplified geometrical models are mented as follows in
order toinvestigate this aspect

The three simplifiedjeometries always reproduce a surface ey be
able to provide an equivalent reactionaaflampingactual caseéWhere
thereference diameter & 25 mm, the thickness 1.2 mnenigthof the
organ portiorl00 mm.

Planar surface (PS)

The first simplified geometrical model presented is ezhlPlane
Surface (PS) (Figure 4.-nd it is the simplest geometrical model that
assumes the tissue as a planar surface. Its dimensions areml@ir m
length, ¢ W¢z* o@a a for width andp&z¢ ¢c8 a a for
thickness. These values are considered for the colon approximated by a
cylinder with an outer diameter of 25 mm that is divided in two semi
cylinders. These seraylinders undergo a plane net operation and then
stacked. From the loading condition poof view, it is assumed to be
completely in contact with the tool that simulates the surgical grasper. It
can be noticed that this model wants to simulate the behaviour of the
material models when the clamp is completely closed.
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Figure 4.1 Plane Surface (PS) (blue colour), and related applied load (green
colour)

Circular surface (CS)

The second simplified geometrical model is ali@rical Surface
(CS) (Figure 4.2 It is an idealization of the colorectal tissue geometry
modelled with an oier diameter of 25 mm and a length of 100 mm. This
model corresponds to a geometry in a position prior to the interaction with
the surgical grasper that in the simulations is assumed as rigid body. (As
it was explained in chapte) 3

z

Y\Lyx

Figure 4.2 Cylindrical Surface (CS).

3D-Simplified-Surface(3D-SS)

The third geometrical model represents a simplified 3D model,
derived from MRI (3BSS), (Figure4.3). MRI was acquired by means of
1.5 T scanner (Sonata Siemens, Erlangen, Germany), with a grased
body surface coil. The 3E3BSmodel was obtained by a semitomatic
segmentation by means of Slicer3D (Version 418)3] according to
DICOM procedures. Generally, manual operations may increase local
accuracy but they are more complex to be checked and replicated on a

61



large number of slices. Nevertheless, they are a valid option in case of
limited parts of orgasm or small details as in the considered case. After
segmentation process, the 3D model has been imported in CATIA to be
checked and optimized. Outliers deletion and holes recovery was
necessary to model the colorecaiface via NURBS, as shown in Figure
4.3 NURBS modellind114] has been made in CATIA, starting frahe

stl tessellation of the 3D model and by adopting reverse engineering
techniques for freéorm modelling. This geometrical model is definable
as a 3D Simplified-Surface (3D-SS) because the obtained surface
approximates the real one without considerthg colon folds. The
assumption oémoothing thecolon folds is due to the goal of reduction

of time consumption maintaining a complex surface close toetle8D
Surface(3D-S).

(a) (b)
Figure 4.3 (a).1 3D-SimplifiedSurface(3D-Sg; (b) 3D-Surface(3D-S)

Some authors recommend to study a simplified geometry as uniform
and symmetrical as possible in order to understand the physical behaviour
in a general way27]. Then, this understanding can be used to evaluate
results of increasing realistic cases soetach uporthe real patient case.

In our case, FEA related to CS may help to understand the distribution of
stressstrain without considering particular geometrical irregularities that
are present in 3i3Sand 3DS. In particular, as it is shown in dtire
4.3(@) andFigure 4.3b), 3D-SS hasnany localdiameterchangegcolon

folds) while 3D-S modeldoes not.
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