Characterization of Brain Tissue Phantom using

an Indentation Device and Inverse Finite Element
Parameter Estimation Algorithm

By
ELIZABETH MESA MUNERA

emesamun@Qunal.edu.co
CC. 1.037.577.863

A thesis submitted to The National University of Colombia in conformity with the degree of
Master in Systems Engineering

Director:
JOHN WILLIAM BRANCH BEDOYA, PH.D

Co-Director:
PIERRE BOULANGER, PH.D

Universidad Nacional de Colombia
Facultad de Minas
Medellin, Colombia,
2011



Abstract

Needle insertion is a well-known procedure in the medical community due to its application in
Minimally Invasive Surgeries (MIS), such as biopsies, brachytherapy, neurosurgery, and tumor ab-
lation. Neurosurgical needle insertion is a type of MIS which contrary to open surgery, where
surgical manipulations are guided by direct vision, is performed with a restricted field of view,
displaced 2D visual feedback, and distorted haptic feedback. Much research and development has
been done to train surgeons in MIS, but the accurate characterization of soft tissues for haptic
simulation remains a open research area.

Neuronavigators are one of the most popular technologies used during a neurosurgical procedure to
track the 3D location of surgical tools respect to patient anatomy. These devices can rely on optical
or electromagnetic principles and are capable of sub-millimeter accuracy. This research aims to
conduct a comprehensive study of soft tissue characterization using Inverse Finite Element Method
(FEM) for simulating needle indentation into the brain. We estimated the mechanical properties
of soft tissue by minimizing the difference between experimental measurements and simulation
results using the Levenberg Marquardt algorithm. We measured displacements with two different
techniques, including an Optical Tracking System (OTS), and we analyzed the feasibility of using
an Optical Neuronavigator System for the development of in-vivo experiments during needle in-
dentation. We validated the FEM simulation by comparing the obtained 3D deformed geometry
with the geometrical changes measured with a Laser Scanner. One of the advantages of this re-
search is the validation of the results for the characterization of soft tissue using inverse FEM. For
this aim, we compared the force-displacement curve for the optimal set of material parameters,
with respect to experimental measurements. But we also compared the material properties for
the same specimen that were obtained under different tool-tissue interactions. A haptic model,
which included relationships between motions and forces during the indentation, was one of the
contributions of this thesis because of its applicability in surgical simulations. Finally, the results
served as a reference for the design and specification of a new device for tissue characterization in
VIV0.

We concluded that the inverse FEM allows the accurate calibration of silicone rubber with similar
properties to brain tissue, from simpler (i.e. a cylinder) to more complicated geometries (i.e. a
phantom brain). Unlike previous works, we validated our results with multiple tool-tissue inter-
actions over the same specimen and we compared the obtained 3D model with measurements of
a laser scanner. We found that the second order Reduced Polynomial material model gave us
excellent estimations for this type of tissue independently of its geometry. Finally we analyzed
the accuracy of the OTS for the estimation of XYZ coordinates of a set of markers based on the
information provided by a laser scanner and a stepper motor. We concluded this system is accurate
enough for the characterization of soft tissue at the conditions of neurosurgery.

Keywords:

Neurosurgical Needle Insertion, Inverse Finite Element Method, Tissue characterization, Indenta-
tion of soft tissue, Optical Tracking System, Haptics.
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Resumen

La insercién de agujas es un procedimiento reconocido en la comunidad médica debido a sus apli-
caciones en cirugfas minimamente invasivas (MIS), como biopsias, braquiterapia, neurocirugfa, y
remocién de tumores. La inserciéon neuro-quirurgica de agujas es un tipo de MIS que contrario a la
cirugia abierta (donde las manipulaciones quirirgicas son guiadas por visién directa) se desarrollan
con un campo de vision restringido, retroalimentacién visual 2D y retroalimentacion haptica distor-
sionada. Muchas investigaciones y desarrollos se han realizado para el entrenamiento de cirujanos
en MIS, pero la precisa caracterizaciéon de tejidos blandos para la simulacién héptica permanece
como una area de investigacién abierta.

Los Neuronavegadores son una de las tecnologias mas utilizadas durante procedimientos de neu-
rocirugia para rastrear la posicién 3D de las herramientas quirirgicas respecto a la anatomia del
paciente. Estos dispositivos pueden depender de principios 6pticos o electromagnéticos con ca-
pacidad de precisiéon submilimétrica. Esta investigacién pretende conducir un estudio detallado
de la caracterizacién de tejido blando utilizando el Método de Elementos Finitos (FEM) Inverso
para simular la indentacién de una aguja en el cerebro. Se estimaron las propiedades mecanicas de
tejidos blandos al minimizar el error entre medidas experimentales y los resultados de la simulacién
utilizando el algoritmo de Levenberg-Marquardt. Se midieron los desplazamientos con dos técnicas
diferentes, donde se incluye el Sistema de Rastreo ()ptico (OTS), y se analizé la factibilidad de usar
un Neuronavegador Optico para el desarrollo de experimentos in-vivo durante la indentacién de una
aguja. La simulaciéon FEM se validé al comparar la geometria 3D deformada respecto a un modelo
medido por el escaner laser. Entre las ventajas de esta investigacion se encuentra la validacién
de los resultados para la caracterizacion de tejidos blandos utilizando FEM inverso. Para tal fin,
se compararon las curvas fuerza/desplazamiento del cojunto de pardmetros éptimos respecto a las
medidas experimentales. Ademds comparamos las propiedades del material del mismo espécimen
bajo diferentes interacciones tejido-herramienta. Un modelo héptico que incluya la relacién entre
fuerzas y desplazamientos durante la indentacién fué una de nuestras contribuciones por su aplica-
bilidad en simulacién de cirugias. Finalmente, los resultados sirven como referencia para el diseno
y especificacién de un dispositivo para caracterizacién de tejidos in vivo.

Se concluye que el método FEM inverso permite la precisa calibracién de un caucho de silicona con
propiedades similares al tejido cerebral, desde geometrias simples (cilindros) hasta mas complejas
(cerebro). A diferencia de los trabajos previos, en este trabajo se validaron los resultados con
multiples interacciones tejido-herramienta sobre el mismo espécimen y se compararon los modelos
3D obtenidos con las mediciones del escaner ldser. Se encontré que el modelo de material Poli-
nomial Reducido di6 excelentes estimaciones para este tipo de tejido, indepentientemente de su
forma. Finalmente se analizé la presicion de un OTS para la estimacién de las coordinadas XYZ
de un grupo de marcadores en base a la informacién del escaner laser y de un motor paso a paso.
Concluimos que este sistema es suficientemente preciso para la caracterizacion de tejidos blandos
en las condiciones de neurocirugia.

Palabras Clave:

Insercion neuro-quirturgica de agujas, Método de elementos finitos inverso, Caracterizacion de Teji-
dos, Indentacién en tejidos blandos, Sistema de rastreo 6ptico, Haptica.
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Chapter 1

Introduction

”In some ideal sense, and presumably with sufficiently good technology, a person
would not be able to distinguish between actual presence, telepresence, and virtual
presence”

Sheridan, 1992

Surgical simulation has revolutionized the way how novice surgeons are trained compared to the
current available procedures. Nowadays, training of surgeons takes place in real-life cases, phan-
tom samples, animal specimens or cadavers, which implies difficulties for ethics approval, for the
ability to evaluate performance and similarities with the reality. Needle insertion is a well-known
procedure in the medical community due to its application in Minimally Invasive Surgeries (MIS),
such as biopsies, brachytherapy, neurosurgery, and tumor ablation. In this research, a simulation
of brain needle indentation is developed using Finite Element Methods (FEM) to model complex
soft tissue responses, which is useful in the development of surgical simulators for training and pre-
operative planning. To obtain the most accurate results compared to real-life cases, it is required
the characterization of soft tissue using in-vivo measurements. We estimate the material properties
of silicone rubber based on different measurement devices, in order to evaluate the feasibility of
using an Optical Tracking System (OTS) during in-vivo experiments for tissue characterization.
Our results can apply to a variety of medical applications, but we emphasize the application to
brain biopsies in which physicians use a needle. Consequently, this study can be used for future
surgical simulations that includes haptic feedback while a needle is inserted into a virtual brain.

1.1 Surgical Simulators for Education

In Virtual Reality, surgical simulation is considered an efficient alternative for the training of neu-
rosurgeons. Surgical simulators have been developed for a wide range of procedures and depending
of their complexity they can be classified in three main categories: needle-based, minimally inva-
sive, and open surgery. This thesis is focus in the first classification.

According to the survey done by Liu et al., Surgical Simulators (SS) training is composed of
a technical (hand-eye coordination) and a cognitive aspects [45]. As one can see in Figure 1.1,
SS can render both haptic and visual information but depending on the application one may have
more importance than the other. Especially in brain needle insertion the visual realism in the
simulation does not need to be as accurate as the haptic rendering. This is due to the fact that
in real procedures the surgeons need to mainly rely on force feedback [9]. Liu et al, also define

12



CHAPTER 1. INTRODUCTION 13

that SS have five main components. The scheme illustrated at Figure 1.2 summarizes its general
characteristics.

TEACHING SURGICAL SIMULATOR

[
integrates

Specialized
Input

Medical &
Educational
Contents

and Output
Devices

I
/ displays Learning
| Theory
track & Physical
replicate Performance
/ render Measurement

Surgeons || Visual Haptic Surgical
Actions Effects || Effects Knowledge

Figure 1.1: Main Aspects in Surgical Simulation for Teaching. Source: Own elaboration based on
[45].

SURGICAL SIMULATOR

N,
=R

[MAIN COMPONENTS OF A]

Performance
Tissue Modeling and and Training
Characterization

Deformable Models Collision Detection

are classified as CO”/SiStSf dﬁ:end\ on include
/ \ Collision Collision [ Material ] [Accuracy} / \
i i - i - Boundin Properties required
[Kmeg;asggally J [Ph‘b(:;c:élv } 2 il P i Task Establishing
I Analysis and
the most common are Visual & Haptic ]mn?l:;:r:;;nt
/ \ Displays
|
Finite-Element Mass-Spring are
Models Models Fa ks

Tactile Visual
Feedback Displays
Force
Feedback

Figure 1.2: Main Components of Surgical Simulators. Source: Own elaboration based on [45].

Sarthak Misra in his PhD Thesis [57], establishes a simple model of information flow for the



CHAPTER 1. INTRODUCTION 14

development and application of a simulator, as follows:

A. Measuring tissue properties using in-vivo experiments.

B. Designing realistic organ computational models.

C. Simplifying these complex models to ensure real time haptic and graphic rendering.
D.

Displaying the information to the user via haptic devices and using immersive virtual reality
environments.

This procedure can be appropriated for needle insertion modeling and it is quite similar with
the one proposed by N. Abolhassani et al [1].

In the last decade, many SS have been developed. The current simulators can be subdivided
into those which have haptic feedback and those who do not have it. Some devices with hap-
tic feedback have been developed by Reachin Technologies AB [70], Simbionix USA Corp [12],
Surgical Science Ltd [47] and Haptica Inc. [34] with applications on Laparoscopic, Percutaneous,
Vascular, Bronchoscopy and Endoscopic Surgeries. The second group of SS is focus on training
surgical skills and allows tracking of tool motion during the simulation. Some relevant companies
which contribute to the development of those devices are: Medical Educational Technologies Inc
[36], VRmagic GmbH [30] and Intuitive Surgical Inc [35] with the latter in charge of designing
the well-known Da Vinci Telerobotic Surgical System [3] (see Figure 1.3). The development of
bioengineering in Colombia and some research done in the area are presented in the Appendix A
for additional information to the reader.

Figure 1.3: The Da Vinci Telerobotic Surgical System [35], [3].

1.2 Motivation

The realistic simulation of surgical procedures has been considered to be an effective and safe
method for the development of surgical training and planning by emphasizing real-time interaction
with medical instruments and realistic virtual models of patients. While the traditional training of
clinicians involves risks to patients (or, when it is used phantom samples, there is not sufficiently
similarities with real-life cases) and increases costs and time, computer-based surgical simulation
provides the following advantages:

v" Possibility to assess the skills of surgeons through structured learning experiences.

v' Possibility to graduate the complexity of surgical training and obtain detailed feedback based
on user performance.
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v Simulators permit the teaching of unusual cases, which is not always possible in real life
scenarios.

v’ Patient safety is not compromised during student training.
v Useful for pre- and intra-operative planning of medical interventions.
v Simulators can control time dependency during training.

The development of Minimally Invasive Surgery (MIS) has significantly reduced the sense of
touch in comparison to open surgery. In many MIS procedures, surgeons must rely on force feed-
back produced by tool-tissue interaction to get a sense of intercommunication.

Haptic models, which include relationships between forces and displacements during the sim-
ulated medical procedure [63], are usually based on biomechanical models. The similarity of the
biomechanical models results with the real medical responses will increase the accuracy of the
simulation. The inclusion of high precision soft tissue models and the consideration of real-time
responses are fundamental to provide a more realistic behavior in a virtual reality-based surgical
simulation. To obtain accurate models of living tissues, is crucial the design of characterization
tools which can be integrated with the operating room environment and can efficiently obtain soft
tissue models. Much of the research and development has been done to improve realism and time
response simultaneously in MIS, but the problem is far from being solved.

1.3 Problem definition

To simulate realistic surgical interventions for needle insertion into the brain, it is necessary to
implement algorithms that are accurate and are computationally efficient [48]. Furthermore, the
accuracy of planning in medical interventions and the credibility of surgical simulation depend on
soft-tissue constitutive laws, the shape of the surgical tool, organ geometry and boundary condi-
tions imposed by the connective tissues surrounding the organ [58]. Simulation results closer to
real-life experiences are obtained when the material properties are estimated using in-vivo experi-
ments. But the in-vivo characterization of soft tissue can not be easily done with standard tests;
therefore, this implies the requirement of new experimental techniques to fulfill this aim.

Considering the current development of real-time deformable models for surgery simulation, the
techniques to acquire brain properties and the integration of haptic feedback into surgical training
interfaces, some challenges need to be addressed in order to define the research problem.

1.3.1 Challenges

Based on the analysis of the current state-of-the art of research, the main challenge is to develop
surgical simulators that can accurately describe the behavior of real-life interventions as well as
being computationally efficient.

Classified according to the thematic, below it is shown that challenges for future contributions
in Needle Insertion Surgical Simulation require to solve the following problems [1], [4], [50], [45]:

e Development of analytical models to estimate needle insertion forces and deformations which
integrate complex tissue properties (considering heterogeneity, anisotropy, non-linearity and
viscosity behavior).

e None of the deformable models presented in previous works [50] simultaneously exhibits all
the characteristics required in surgery simulation, such as speed, robustness, physiological
realism, and topological flexibility. Therefore, one of the most relevant challenges in surgery
simulation implies the development of a deformable model which includes the majority of
those characteristics to obtain biomechanical realism.
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e Implementation of experimental studies to measure mechanical properties in-vivo considering
local and global measurements. This also includes the creation of a database of mechanical
properties which depends on the tissue, gender, age, organ type, and material property esti-
mation techniques. Furthermore, even if so many researchers have correctly calibrated soft
tissue properties by fitting experimental data, they have not evaluated the estimated param-
eters with additional experimental setups corresponding to different tool-tissue interactions.

e Integration of haptic devices with the necessary accessories for the simulation of specific
surgeries and the requirement of degrees of freedom (DOF), range, resolution and frequency
bandwidth, both in terms of forces and displacements.

e Investigation of accuracy requirements to model organs from the perspective of human haptic
perception.

e Evaluation of the impact of haptic feedback for different interface devices, algorithms and
medical interventions.

e Ability to perform visual and haptic rendering in real-time.

e Comparison of results obtained with tool-tissue interaction computational models versus
experimental studies.

e Validation of surgical simulators by comparing the results with expert doctor experiences.

e Comparison among training efficacy of simulators with the current teaching models to in-
crease adoption of simulation technology by the medical community.

Those challenges define the problematic in the area allowed us to determine the problem that
is intended to be solved in the current thesis. This research uses analytical models, based on
continuum mechanics, to characterize the mechanics of a phantom tissue during the indentation of
a needle. Our main contribution is the feasibility study of a new technique, using an OTS, to obtain
material properties in-vivo. As many applications in Systems Engineering, the known problems
that makes this research a complex task are the integration of different technologies (Optical
Tracking system, Laser scanner, motor controls and Force/Torque sensors), the complexity to
simulate -with FEM- soft tissue deformation and tool-tissue interactions, the optimization of the
material properties, and the validation of the model with experimental studies.

1.4 Objectives

1.4.1 General Objective

To determine the mechanical properties of the brain phantom tissue using Inverse Finite Element
parameter optimization algorithm for the simulation of needle indentation.

1.4.2 Specific Objectives

e To establish an experimental protocol for measuring mechanical properties of brain tissue.

e To estimate the mechanical parameters of the constitutive equation for brain by minimizing
the difference between the experimental measurements and the Finite Element (FE) results
using Levenberg-Marquardt optimization.

e To validate the results of the FE simulation by comparing node displacement with experi-
mental measurements in a phantom tissue.

e To define the specifications on the precision of Optical 3D tracking and force sensing for a
new measuring instrument capable of estimate brain material properties in-vivo.
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1.5 Methodology

The first stage of this thesis is the clarification of the medical procedure to be simulated, followed
by the revision of the fundamentals in continuum mechanics, numerical analysis for solving differ-
ential equations with FEM, and tissue characterization. We also searched for the previous works
done in the characterization of soft tissue and the various deformable models that have been used
in surgical simulation.

The second stage of this investigation is the inverse solution of the problem, where the brain
material properties are inferred from experimental measurements of needle indentation. The inden-
tations are first done in a phantom tissue with simple geometry, i.e. cube. Later, new indentations
are considered in the same tissue with a human brain shape. During the experiments, a tracking
device is installed to find the 3D positions, in real time, of some markers located in the needle and
phantom tissue. The needle displacement is controlled using a stepper motor and force and torque
measurements are recorded during the indentation.

The initial approximation to the solution of the problem consists on simple FEM simulations,
i.e. using elastic models and simple geometries. Subsequently, additional FEM simulations are
executed increasing the complexity level. Results are compared with experiments and simulation
results. Using our experimental results, we define the constitutive equation that better fits our ex-
perimental setup. Then, the phantom tissue is characterized by inferring the material parameters
through an inverse-FEM simulation and non-linear optimization.

The validation is done in two different ways, namely: comparing the force/displacement pro-
files of the simulation with experimental data and comparing the 3D deformation of the simulated
tissue with the geometry obtained with laser scanner of the phantom tissue.

Finally, the last stage consists in defining the accuracy of an instrument capable of measure
in-vivo properties based on an OTS. We evaluate its accuracy using the laser scanner and the
information provided by a stepper motor.

1.6 Synopsis of thesis results

A phantom cylinder made of silicone rubber was the first specimen taken into consideration. We
characterized this object in many different ways: under a standard compression test (using the
analytical solution of the problem), under bonded compression test and under indentation with
a flat-tip needle (the last two, using inverse FEM). We found that the hyperelastic model that
better fitted the behavior of the material was the Second Order Reduced Polynomial model. We
also found that the material properties estimated by inverse FEM, under the previous kinds of
tool-tissue interactions, where very closed in all cases. This led us to conclude that this technique
was appropriated and validated for multiple types of studies.

Later and over the same specimen, we compared two simulations of needle indentation with
a flat punch: using a elastic and hyperelastic material. We observed that the hyperelastic model
gave us better results, additionally we knew that elastic material models are suitable just for in-
finitesimals strains which is not our case.

Then, for the indentation of a conical needle into a block made with similar properties to brain,
we evaluated the accuracy of the results by changing the parameters of the mesh. This study gave
the best configuration of the mesh parameters for the indentation of a conical needle. We observed
that we required to use non-linear shape functions to ensure optimal results with less elements
than with linear functions.
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The following step was the simulation of flat and conical needle indentation into a brain phan-
tom. We characterized the brain tissue (which had the same percentage of softener than the
cylinder) using inverse FEM and flat punch indentation. We found that the material properties
differed to the ones obtained for the cylinder. We attributed the discrepancy to the differences
in shape, volume and composition. However, by simulating the conical indentation and using the
properties previously obtained, we validated the material parameters for the phantom brain.

Later, we designed an experiment to evaluat the effect of changing modeling space and material
model in this simulations. We found that both parameters affect the solution. However, the mate-
rial models were the ones with more influence. We concluded that one can sacrifice some accuracy
and use a simpler and faster modeling space (i.e. axisymmetric) than the full 3D model.

We also validated the 3D displacement obtained with the FEM simulation by comparing the
results with laser scanner data. We probed that our simulation allows us to get good results.

Finally we evaluated the accuracy of the Optical Tracking System (OTS) by examining its
measurements in contrast with data coming from the laser scanner and the stepper motor. We
probed that a calibration accuracy of 0.133 mm is good enough for this application. This final
conclusion let us accept the OTS and the inverse FE method as good alternatives to obtain mate-
rial properties trough in-vivo measurements.

1.7 Dissertation Overview

This thesis is organized as follows. In Chapter 2 we present the principles on biomechanics, de-
formable models and needle insertion, that will be required for the understanding of this thesis.
We also emphasize the previous works done in each of these areas. Chapter 3 is focused on the core
of this thesis, which is the mechanical characterization of soft tissue. We present the prior research
done in this field, and we show our methodology and results for material calibration using both the
analytical solutions and Inverse FEM. Later in Chapter 4, we include the study of feasibility about
using an OTS for the calibration of soft tissue during in-vivo measurements. Chapter 5 contains
the conclusions and future work resulting of the research of this thesis. Right after, the Appendixes
A and B provide additional information about the development of bioengineering in Colombia and
some general foundations of deformable models, respectively. Finally, the Appendix C includes
the specifications of the hardware that was used in this research: stepper motor, force and torque
sensor, laser scanner and the OTS.



Chapter 2

Previous works and Mathematical
Foundations

Realistic modeling of medical procedures involving tool-tissue interactions is considered a key
requirement in the development of high-fidelity simulators and planners [58]. Surgical simula-
tors present an efficient, safe, realistic, and ethical method for surgical training, practice, and
pre-operative planning [59]. These simulators are based on realistic human anatomy models and
control physiological responses including certain types of pathology, and in some cases they also
provide haptic feedback to the user. The main idea of including haptic feedback is to allow the
surgeon to feel different resistances while a surgical instrument is interacting with a virtual model.
The aim of needle insertion surgical simulation is to communicate a real behavior of this procedure
to permit a surgeon to efficiently train by the interaction with a visuo—haptic interface.

The first stage, in the haptic-based simulation of needle insertion into the brain, is to determine
a model which characterizes the behavior of human brain tissue. This model can be obtained by
experimentations in real tissues or by measurements using a phantom specimen. Once the soft tis-
sue model is estimated, the second stage aims at establishing the haptic rendering technique which
will be used in the simulation and later transmitted to the user via commercial haptic device.
Then, the geometrical structures are modeled for the visual interface and finally, all the previous
work is integrated to allow real-time user interaction by visual and haptic responses. This thesis
focuses on the first stage previously discussed and we characterize phantom specimens with similar
behavior to brain tissue.

2.1 Brain Needle Insertion

Minimally Invasive Surgery (MIS) is a relative new alternative to an open surgery procedures, it
requires less time than conventional surgery for patient recovery and it decreases the risk to the
patient. However to carry out a MIS, surgeons need to develop advanced skills and therefore, they
require a particular and specialized training methodology. In the last two decades, Virtual Reality
(VR) has been considered as an economical and flexible substitute in the training of surgeons.

Placement of needles in soft tissue has many applications in MIS. Accurate placement of needles
in the brain was one of the first uses of robots in interventional medicine and these techniques have
since been extended to many parts of the body, including prostate, liver, spine, etc. Especially
in neurosurgery, this procedure is commonly used in tumor ablation and biopsies. There is not

19
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a defined tolerance for the accuracy of needle insertion in clinical practice and in general, inser-
tions with more precise needle placement result in more effective treatment or increase the precision
of diagnosis. Specifically, the accuracy required for brain surgery ranges around sub-millimeters [1].

The first stage of a general method for needle insertion consists on the acquisition of medical
images such as Computer Tomography (CT) and Magnetic Resonance Images (MRI), where one
can establish the target position. Once, the location of the tumor is identified in the virtual images,
it is necessary to register the image space to the coordinates system of the tracked instrument that
will be use to remove the tumour [23]. There are two kinds of images which can be used to iden-
tify the target location and plan the intervention route: pre-operative and intra-operative images.
When using pre-operative images, the registration can be obtained by placing a motionless object
on the patient, and once the patient is scanned this reference object will be used to scale the image
compared with the real coordinate system via image processing techniques. Otherwise, by using
intra-operative images the reference object can be attached to the patient or the surgical tool and
then registered in real time, the typical device used for this procedure is called a Neuronavigator
(see Figure 2.1). Many groups have been working in real-time location of neurosurgical tools using
this technique [42], [49].

INFRARED LIGHT
SOURCES

REFERENCE

Figure 2.1: Transnasal Neurosurgery using the Polaris Spectra - NDI Neuronavigator at Clinica
Las Américas - Medellin, Colombia

On the other hand, medical images allow surgeon to plan the intervention by defining the best
way to go through the tissue without affecting sensible areas inside brain. In many cases, a stereo-
tactic frame (see Fig. 2.2) is used and it is defined the insertion point, the angle and deep in which
the needle will be tracked.

Later, the surgeons need to drill the skull and then insert the needle into the brain. During the
insertion, it is crucial to sense very well resistance variation, as it allows to determine the kind of
structure being penetrated by the needle. Finally the needle is removed and the perforated skull
is closed again.

Research done in the modeling of needle insertion can be classified in five categories according
to Abolhassani et al. in their survey on needle insertion [1]:

e Modeling needle insertion forces to identify the force peak, latency in the force changes,
magnitude of the insertion force and the separation of different forces. During the modeling
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Figure 2.2: Stereotactic Frame

of these forces, it is important to consider the axial rotation, the insertion direction and the
tissue indentation as shown in Figure 2.3.

Force sensor
Robot end-effector Axial rotation

|
Insertion direction

R
1
=

Tissue indentation

Tissue phantom

Figure 2.3: Modeling needle insertion forces [1]

e Modeling tissue deformation during needle insertion which realistically should consider
inhomogeneous, nonlinear, anisotropic, visco—hyperelastic behavior of soft tissue. To accu-
rately estimate this model is necessary to determine biomechanical properties of human brain
tissue through in-vitro or in-vivo measurements. The characterization of soft tissue uses the
constitutive laws and requires the development of spring-mass or Finite Element models for
real-time simulation.

e Modeling needle deflection during insertion into soft tissue one has to consider that the
tissue around the needle tip gets compressed deforming its geometry. The following scheme
illustrates how two different needle tips can vary force distribution (see Figure 2.4).

ﬁ | ﬁs:}\ |

Figure 2.4: Force distribution vs. Needle tip geometry [1]

o Robot-assisted needle insertion allows precise control by using tissue types identification
and their deformation in real-time.
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e Study the effect of different trajectories for needle insertion with the aim to reduce
needle deflection and tissue deformation. Other studies focus on the flexibility of the nee-
dle during insertion to increase its manoeuvrability; they refer to this technique as needle
steering.

According to Abolhassani et al. [1], the simulation of needle insertion into soft tissue can be
divided in pre-puncture or indentation, and post-puncture phases. DiMaio [19] simulated needle
insertion using a linear elastic material model and 2D and 3D FEM. He emphasized the importance
of 3D models for this type of simulation and the necessity of having accurate 3D measurements
in tissue phantoms [39]. Okamura et al. [63] modeled the forces during needle insertion into
bovine liver using a second order polynomial material model and non-linear spring system. They
also evaluated the effect of needle diameter on the insertion force using a silicone rubber phantom.
They concluded that smaller needle diameters lead to less resistance force but more needle bending.
Horton et al. [32][53] implemented a meshless method to model the indentation of brain tissue
using moving least squares shape functions and a Neo-Hookean material model. Many other
authors have worked on the simulation of needle indentation into soft tissue using FEM, for example
[40][62][53][44]. Figure 2.5 illustrates the experimental and simulation work done by Simon DiMaio
in his PhD. thesis [18], where he proposed a method for quantifying the needle forces and tissue
deformations that occurs during insertion.

' © IEEE 2003
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Figure 2.5: Needle Insertion and Simulation Modeling [19] (a) Experimental procedure (b) 2D
Modeling of needle insertion to reach a marker.

2.2 Biomechanics of Brain Tissue

Biomechanics seeks to understand the mechanics of living systems. In this thesis we are focused
in the study of deformation and displacement of a continuous material when is subjected to the
action of different stresses and forces. Since living tissue is composed of a discrete number of cells,
it is not an ideal continuous material. However, it will be considered that living tissue contains
a very large number of molecules and atoms so is reasonable to characterize its behavior using
continuum mechanics theory. The definitions of this section come from the Continuum Mechanics
Theory presented by Y.C. Fung in his books [25], [26] and the notation is according to the book
of Allan F. Bower [6].

This section presents a general mathematical description of shape changes and internal forces
in solids. We also discuss the constitutive laws that relate stress and strains to approximate brain
tissue behavior. An extensive overview of continuum mechanics is beyond the scope of this section,
but [6], [25] and [26] provide a good introduction to this subject and its applications to living tissues.
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2.2.1 General Definitions

This section presents general definitions that are fundamental in the formulation of the governing
equations and the constitutive models which are considered in the development of this thesis. The
reader is not required to understand at this point the precedence of these equations. This section
can be used as a reference in case the reader requires to clarify some definitions or terms from
sections 2.2.2 and 2.2.3. A more comprehensive description can be found in [6].

DISPLACEMENTS AND STRAINS

Displacement Vector (u(x,t)) The displacement vector determines the position of a particle
on the body located originally at a place with coordinates x = (x1, 2, x3) and then moved to the
location y = (y1, Y2, ys) on the deformed body (see Figure 2.6). The displacement vector is defined
in Equation 2.1, in tensorial and indicial notation, respectively*.

u=y-—-x ui(z1, T2, 73,1) = y; — ;5. (2.1)
X2,Y2
Y1Y2:¥3
X1, %2,X3 Deformed
Body
Original
Body
X1, Y1

X3,Y3

Figure 2.6: Deformation of a body

Deformation Gradient Tensor (F;;) This tensor quantify the change in shape of infinitesimal
line elements in a solid body [6] and is defined by Equation 2.2.

Ou;
F=I+u®V, Fip = 055 + ot (2.2)
5':ck
where I is the identity tensor, and §;x is the Kronecker delta defined in Eq. 2.3:
1 ifi=k
b=4 (2:3)
0 ifi#k.

Jacobian of the Deformation Gradient (J) The Jacobian relates the volume changes due to
deformation (see Equation 2.4) and it is directly related with the definition of an incompressible
materiall.

k

*During most of the definitions in this thesis we present both the tensorial and indicial notation.
TIf the material is incompressible the Jacobian has to be one.
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Right Cauchy-Green deformation tensor (C;;)
C=FT.F Cij = FriFy; (2.5)

Left Cauchy-Green deformation tensor (B;;)
B=F.FT Bij = Fy, Fjy, (2.6)

Both the Right and Left Cauchy-Green deformation tensors can be regarded as quantifying the
squared length of infinitesimal fibers in the deformed (I) and undeformed (lp) configuration as it
is shown below:
2 12 1
=m-C-m —=n-B""'n

o 2.7
l% 12 ) (2.7)

where m and n are related with the stretching (dx = lym) and rotation (dy = In) of a material
fiber respectively.

Principal Stretches (A, A2, A\35) The principals stretches can be calculated with the square root
of the eigenvalues of the Right Cauchy-Green deformation Tensor (Cj;) or the Left Cauchy-Green
deformation tensor (B;;).
Invariants of B;; (I1,12,13)
1 1
I, = trace(B) = By, I = 5(112 -B-B)= 5(If — BixBri), Is=det(B)=J> (2.8)

Alternative Invariants of B;; (11,15, J)
- I Bk - Iy 1 (- BixDByi o
Il = J2/3 = J2/3, 12 = m = 5 (Il — J4/3 5 J = d@t(B) (29)

Cauchy’s Infinitesimal Strain Tensor (g;;) It is used when the material is subjected to small
deformations.

1 1 /0u; Ou;
T i J
e=—(uV + (uV €ii = — + . 2.10
2( ( ) )7 ) 2 axj axz ( )
Hence,
Ouy 1 (0us 4 Oua 1 (0uy 4 Ous
oxq 2 (61;2 + 6.’1)1) 2 \ Oxs + oxq
| 1 (Quz 4 Ouy Ouy 1 (Ous 4 Oug
€ij = | 2\ o2, T o Cr 2 \ Bz T 9s (2.11)
1 (Ous 4 Ouy 1 (0Ous 4 Oug Oug
2 6:61 0I3 2 812 813 0I3

Principal values and directions of ¢;; (e;, n{?)) The principal values (e;) of the infinitesimal
strain tensor correspond to the eigenvalues of €;;, while the principal directions (n(’)) correspond
to the eigenvectors of €;;. Therefore,

n® ¢ = ein(i)7 n;i)&?jk = 61'715:) (2.12)

Stretch Rate Tensor (D;;) The stretch rate tensor (D;;) is defined in terms of the velocity of
a material particle (v) at a position (y) in the deformed solid.

1 8vi 8’Uj
== 1
D=3 (5 + 52) (213)

FORCES AND STRESSES

Traction Vector (T(n)) T(n) is called traction or the stress vector, and it represents the force
(P) per unit area (A) acting on a surface with normal vector n.

. dP
T(n)= lim =, Tj(n) = n;0yj, (2.14)
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Cauchy stress tensor (o;;)
oij = Tj(ei), (2.15)

where eq, e, e3 is the Cartesian basis. The components of the Cauchy stress tensor are shown in
Figure 2.7. This stress tensor corresponds to the actual force per unit area acting on the deformed
solid.

e; / \T(e)
T(e3)

Figure 2.7: Components and directions of Cauchy Stress Tensor

Nominal Stress (5;;) Also known as the First Piola-Kirchhoff stress and it defines the internal
force per unit area acting in the undeformed solid.

S=JF .o, Sy = JE; ok (2.16)

Principal values and directions of o;; (o, n()  The principal values (o;) of the Cauchy
(or true) stress tensor correspond to the eigenvalues of o;;, while the principal directions (n(?)
correspond to the eigenvectors of o;;. Therefore,

n® .o = ain(i), ngi)ojk = Jin;j). (2.17)

2.2.2 Equations of Motion and Equilibrium
The main idea of this equations is the generalization of the Newton’s Law of Motion (F' = ma) in
terms of strain and stresses.

CONSERVATION OF LINEAR MOMENTUM

Let us consider that a force b; is applied to the solid, and the displacement, velocity and acceleration
of a particle located at a position y; are denoted by w;, v; and a;, respectively. The Newton’s Law
of Motion in terms of the Cauchy Stress Tensor is, then, defined by Equation 2.18.

80‘i‘
L+ pbj = paj. (2.18)

Vy -0+ pb = pa, 9y,

In the undeformed solid, the conservation of Linear momentum is defined by the Equation 2.19.
0Si;
&ri

V -8S + pgb = ppa, + pobj = poa;- (2.19)
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CONSERVATION OF ANGULAR MOMENTUM

To fulfill the condition for conservation of angular momentum, the Cauchy Stress Tensor needs to
be symmetric. Hence,
Oi5 = 044 (220)

In the undeformed solid, the conservation of angular momentum is defined by the Equation 2.21.

F-S=[F-S|T. (2.21)

PRINCIPLE OF VIRTUAL WORK (PVW)

This principle is the initial step in the solution of the Newton’s Law of motion using a FEM
approach. The Principle of Virtual Work (PVW) presents the equations of linear momentum
balance in terms of integrals instead of derivatives, because this facilitates the accuracy of the
solution during its computation. There PVW is state as the virtual work on a system that results
from either real forces acting through a virtual displacement or virtual forces acting through a real
displacement, where the virtual components correspond to arbitrary and independent variables.
Therefore, Eq. 2.18 becomes Eq. 2.22 and Eq. 2.19 becomes Eq. 2.23:

dv;
14 14 14 Sa

where Sy, 0D;;, dv; are part of the boundary, the virtual stretch rate and the virtual velocity field,
respectively.
. dv;
Vo v, dt Vo S5

where 6Fji is the virtual rate of change of the deformation gradient tensor. For infinitesimal strains,
05 = Sij, the PVW is define by Eq. 2.24.

dv;
/ Jljfsé‘deo + / poltsvid‘/o - / pobi(svidVO — / TzévldA = 0, (224)
Vo v, dt Vo Ss

where 0¢;; corresponds to the virtual infinitesimal strain rate.

2.2.3 Constitutive Equations

There are different constitutive laws that are used to model the mechanical response of a material
according to its behavior. These models are obtained by fitting experimental measurements and
correspond to a set of equations that relate stresses and strains. Even if the constitutive mod-
els are not acquired using fundamental physical laws, they must satisfy the laws of thermodynamics.

The most common constitutive models that have been used to model brain tissue behavior are
outline in the following section.

ELASTICITY

This is the simplest constitutive equation to model brain tissue, and according to the conditions of
the tool-tissue interaction, this model provides a good approximation of the mechanical properties.
An linear elastic model is only valid for small elastic strains, which usually corresponds to values
of less than 5%, and small rotations. Linear elastic materials present a linear relationship between
stress and strain, and they possess a homogeneous stress-free natural state. In the case of elastic
solid materials, they obeys the Hooke’s law and are defined by Eq. 2.25.

oij = Cijkirl, (2.25)
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where Cjji is the tensor of elastic constants. If the material is assumed to be isotropic, i.e.,
uniformity in all directions), the Cj;; tensor can be simplified and the isotropic elastic solid will
be defined by Eq. 2.29.

E v
i = ——&ij + ——¢€kkdij ¢, 2.2
Oij 1+1/{€]+1—2V5kk ]} (2.26)
here, F and v are Young’s Modulus and Poisson’s ratio. This values can also be defined in terms

of the Lamé constants (A and p), the Shear Modulus (G) or the Bulk Modulus (K) [26], as shown
by Eq. 2.27.

5= 2Gv G(E-2G) Ev
S 1-2v 3G-E  (1+v)(1-2v)’
G:)\(l—Zu): E 7
2v 2(1+v)
A A E

V=301 0)  BE—N 2 b

CGBA+2G)  A1+v)(1-2)
B= 0 - ; = 2G(1 +v). (2.27)

Additionally if the analysis can be done assuming Plane Stress (where one dimension is very
small compared to the other two, then o33 = 093 = 013 = 0) or Plane Strain (when the length of
the structure is much greater than the other two dimensions, then £33 = €93 = £13 = 0) the elastic
constitutive equation is defined as follows.

e Plane Stress: 5
v
%ii =1, {&j + 1_1/5kk5ij} ; (2.28)
e Plane Strain:

E v
% =11, {Eij + 1_2V5kk5ij} : (2.:29)

HYPERELASTICITY

These constitutive laws apply for materials that show an elastic behavior under very large strains.
Hyperelastic models are required when the material is subjected to finite displacements, whereas
Elastic theory is restricted to infinitesimal displacements. Hyperelasticity constitutes the basis for
more complex material models including phenomena such as viscoelasticity and tissue damage [22].
The constitutive equation for a hyperelastic material is derived from an analytic function of the
strain energy density (W) with respect to the deformation gradient tensor (Fj;). The strain energy
can be defined in terms of the invariants (Iy, I, I5) of the Left Cauchy Green Deformation Tensor
(B), the alternative invariants (I, I, J) of B, or in terms of the principal stretches (A, A2, \3), as
shown by Eq. 2.30.

W(F) =U(I1,I,I3) = U(I}, I, J) = U(A1, A2, A3). (2.30)

Later, W is related with the Cauchy Stress Tensor (o;;) to model the behavior of a hyperelastic
material (see Equation 2.31).

1 ow

i = =Fig=——1.

Oij N ik 6ij

For instance, we can relate the stress o;; with the Strain energy function defined in terms of
(11,15, J) as follows:

oij = 2 [ ! (aU + I aU) B;j — (IlaU +2128U> % _ iaUBikBkj + aUéij (2.32)

(2.31)

J J2/3 871_1 1671_2 61_1 81_2 3 J4/387f2 W

Depending on the complexity of the Strain Energy Function W, different features such as nonlin-
earity and anisotropy can be included into the model [22]. Some of the most representative forms
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of the Strain Energy density, which are usually included in commercial FEM software [68] and are
considered in this thesis, are described as follows:

1. Polynomial Strain Energy
N

N K '
E: - 2*3V+§:3%Jfbm, (2.33)

i=1
where C;; and K; are temperature-dependent material parameters. The initial shear modulus

(10), Young’s Modulus (Ey) and bulk modulus (Kj) are given by:
po = 2(Cro + Cor), Ey =6(C10 + Cor), Ky = 2K;. (2.34)

2. Reduced Polynomial Strain Energy Potential: corresponds to the Polynomial form for j = 0,
as shown by Equation 2.35.

N g _
573Z+§:§%J—U”, (2.35)
=1

H'Mz

where the initial shear modulus, Young’s Modulus and bulk modulus are given by :

Ho = 2010, EO = 6010, KO = Kl. (236)

3. Ogden Form: This model keeps into account the strain-hardering effect and it has been
widely used in rubber-like tissue modeling [22].

N
2 1 «; « « Kl 7
U= E:lgA‘+AZ+A1—$+§ (J —1)%, (2.37)
=1

« 2
i i=1

where \; = J~Y/ 3\, and p;, a; and K; are temperature-dependent material parameters.
The initial shear modulus, Young’s Modulus and bulk modulus for the Ogden form are given
by :

N N
:Z’u“ E0:3Z‘LL“ K():Kl (238)
i=1 i=1
For special choices of p; and «;, the Mooney-Rivlin and Neo-Hookean non-linear forms of

the strain energy density function can also be obtained.

4. Neo-Hookean Solid: This form could be derived from the Polynomial form with N = 1 and
appropriate choices of C;; or from the Ogden form with N =1 and a; = 2.

U= 010(11 — 3) + %(J — 1)2. (239)

The initial shear modulus is pg = 2C19, and the initial Young’s modulus is Ey = 6C1g.

5. Mooney-Rivlin Solid: This form could be derived from the Ogden form with N = 2, a; = 2

and ap = —2.

U:Cmdr4»+aﬂz—3y+%HJ—U% (2.40)
where C1g, Co1 and K; are temperature-dependent material parameters, and are defined as
follows:

p1 = 2Cg, pa = 2Co1, Mo = p1 + 2, Ey = 3uo, Ko = K. (2.41)

Soft biological tissues can be approximated as nearly incompressible materials based on their
high water content. To model incompressible materials using any of the previous models, one
simply needs to set the last term equal to zero. This is because the Jacobian is equal to 1 in the
case of fully incompressible materials, hence the last term is null.
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VISCOELASTICITY

When it is considered an Elastic model, we assume that the procedure is reversible because de-
formation occurs under infinitesimal speed. In consequence the amount of energy transmitted to
the body, when it is deformed, is restore once the load is retired. But when deformations are done
at finite velocities, the thermodynamical equilibrium is not always satisfied, dissipating energy in
form of heat [2]. Opposite to elastic and hyperelastic models, viscoelasticity takes into account the
thermal effects, therefore it is considered that all the deformation energy is not restored.

Any body considered to be viscoelastic, presents stress relazation, creep, and hysteresis. The
first term indicates that stresses decrease with time after the material is submitted to a constant
strain state. The creep is observed when the material continues to deform after it is submitted to a
constant stress state. Finally, hysteresis refers to the material path dependance in the strain/stress
loading curve [26].

Even if in some cases the brain has been modeled as viscoelastic, this type of material model
wont be taken into account in the simulations that will be done in this thesis. We just wanted to
clarify the general differences between hyperelastic and viscoelastic material models.

2.3 Deformable models for soft tissue simulation

Different deformable models have been used for interactive object simulation. These models can
be selected according to the application where parameters such accuracy or speed may be not
relevant. In surgical training, the main requirement is accuracy and the use of pre-recorded data
is feasible. However, deformable models for surgical simulation need to be fast but, at the same
time, keeping an acceptable level of fidelity to allow real-time interactivity. According to Meier et
al. in their survey, in this context, deformable models can be divided into three basic groups (see
Figure 2.8): heuristic approaches, continuum mechanical approaches and hybrid models [50].

[DEFORMABLE MODELS]

are divide in

HEURISTIC HYBRID CONTINUUM
APPROACHES MODELS MECHANICS
APPROACHES

are

Deformable tenso:j—rrllass
Splines pafeelHis

[sprlng mass linked ]

Fast Finite Tensor
Elements (FFE) Precomputation

models volumes

Figure 2.8: Deformable Models Classification. Source: Own elaboration based on [50]

If we compare the relation between computational efficiency and material fidelity, Finite Ele-
ment Methods (FEM) and Mass—Spring Systems allow the user to get high fidelity representation
of human soft tissue behavior or high speed responses in the human—computer simulation for surgi-
cal training, respectively. Considering the importance of both aspects, some other methods permit
to combine both advantages in simulators such as Multi—Rate Finite Element and Mass—Tensor
Methods [2]. The main reason of the lower speed of FEM compared to Mass-Springs Methods is
its complicated requirement of meshing. During a FEM simulation, when the models is cut, the
mesh has to be redone in real—time because this method does not allow any kind of discontinuities.
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On the other hand, a Spring-Mass System, which is an approximation of a biomechanical system
and consists on a group of masses connected with springs, allows the elimination of the springs
that interfere with the cutting tool. This elimination at the same time, affects the accuracy of the
simulation.

None of the deformable models simultaneously exhibits all the required characteristics in surgery
simulation such as speed, robustness, physiological realism and topological flexibility [50]. Hence,
the hybrid models can integrate some good characteristics but sacrificing the high level performance
from the original methodologies. This section outlines several different deformation models, their
performance and utility. For more detailed information, the reader should review the comparison
of the most important methods for simulating surgical interventions by Meier et al. in [50] and
the Appendix B.

2.3.1 The Finite Element Method

The Finite Element Method (FEM) is an alternative way to solve partial differential equations. In
this application, the main goal is to solve the equilibrium equations given by the integral form of
the Newton’s Law of Motion (see Eq. 2.22) knowing the values of forces and/or displacements at
the boundary. To the person who is interested in learning the basic concepts in FEM, we strongly
recommend to follow the online course done by the Professor C.S. Uppadhay [73]. The FEM is
classified in three sections [11]:

A. Preprocessing section where the material properties, mesh, and matrixes are defined and
initialized.
B. Processing section is the main part of a FEM program. Here the stiffness matrix, displace-

ment and force vector are defined. Additionally, the Boundary Conditions (BC) are applied
and the system of equations is solved.

C. Post-processing section where the results are interpreted and visualized. This includes the
calculation of stresses and strains.

The FEM method solves a system of equations [K]{u} = {F} obtained from the Principle of
Virtual Work, where K is the stiffness matrix, u is the displacement vector and F is the force
vector. This method can be subdivided in 7 stages presented as follows:

Stage 1: Consists on the definition of elements and nodes, which will allow us to discretize the
domain £2; to find an approximated solution of the equation using a simplified model.

Stage 2: Once the groups of elements with their corresponding nodes are determined, the next
step requires the definition of an interpolation scheme generally defined by equation 2.42.

ui(x) = Z Ne(x)u?, (2.42)
a=1

where x denotes the coordinates of an arbitrary point in the solid and N?(x) represents an
interpolation function that must satisfy the Kronecker Delta given by equation 2.43. Those
interpolation functions are defined as functions with local support, which are only non-zero
in a small part of the domain ;.

N*(x") = {(1) i Z ; Zb) (2.43)

Similarly, the virtual velocity field (dv;(x)) can be interpolated in the same way as shown by
Eq. 2.44.

dvi(x) = N*(x)ovf, (2.44)
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The shape functions N can be established for any P order, by the definition of the Lagrangian
Shape Functions (see Eq. 2.45)

k Toxox
N = ] Gt = L2 (P, (2.45)
j=lg#i Tt T

Stage 3: This step consist in the Element Calculation where [K¢] and {F¢} are defined for each
element in the domain ; using the shape functions previously mentioned.

Stage 4: Now it is required to get together all the Stiffness matrices [K¢] and load vectors {F¢}
of each element in the domain €2; into a global stiffness matrix [K] and a global load vector
{F}. This stage is called Assembly.

Stage 5: Consists on the application of the Boundary Conditions.
Stage 6: Solve the system of equations using {u} = K|~ '{F}

Stage 7: Post-process the FE solution to obtain nodal displacements, forces, stresses at any point.
This is stages requires the evaluation and validation of the solution, to conclude if it is good
enough.

2.3.2 Previous Works in Soft Tissue Simulation

Finite Elements are well-known methods for accurate simulations, and have been studied from
many points of view as detailed in [5], [82]. In the field of Surgical Simulation, in 1999, Cotin,
Delingette and Ayache proposed a calculation of soft tissue deformation based on FEM resulting
in promising results, showing near real-time simulation and high accuracy with nonlinear modeling
[13]. Later in 2000, Szekely et al. applied FEM for Laparoscopic Surgery Simulation, which is a
common application because of its technical skills required by the surgeon for doing the interven-
tion. As a result they identified the mesh generation problem in highly irregular geometries [69].
Then in 2003, Viceconti and Taddei review some proposed solutions for this inconvenient, which
consisted on automatically generate a FE meshes form Computed Tomography. They concluded
saying that algorithms for automatic mesh generation had greatly improved, but their adoption by
the biomedical community is still limited. Moreover, none of the methods described satisfy all the
requirements in terms of automation, generality, accuracy, and robustness imposed by a clinical ap-
plication [75]. Other issue concerning mesh generation is the cutting process in deformable objects
which was covered by Nienhuys in his Ph.D Thesis also in 2003. During his research he had the
same inconvenient of real time response but also he got accurate characterization of tissue behavior
[61]. In view of the non-linear, anisotropic and heterogeneous behavior of human brain tissue, the
numerical models which approximate and predict its responses should include those considerations.

From the perspective of brain simulation, this topic has been analyzed especially by Ashley
Horton, Adam Wittek, Karol Miller, Tonmoy Dutta-Roy and Zeike Taylor from the Intelligent
Systems for Medicine Laboratory, School of Mechanical Engineering at the University of Western
Australia [32], [80], [79], [81], [78]. In 2005, Wittek et al. proposed a non-linear biomechanical
model to compute brain shift with high level of precision [80]. In recent years, Wittek and Miller
continued working in the analysis of brain deformation from different scenarios, among which is
needle insertion [79], [81], [55], [32]. They computed the deformation field within the brain re-
sulting from craniotomy-induced brain shift by using hexahedron-dominant finite element meshes
combined with non-linear finite element formulations. They also work in needle insertion into
the brain considering Meshless methods, especially Moving Least Squares (MLS) Approximation.
They compared the results with experimental measurements obtaining similar results (see Figure
2.9). However as one can see in the same figure, the differences in the experimental measurements
for the left and right hemisphere are very high. In consequence, many models and simulations could
possibly fit those data. We adjudge this measurement differences to problems with the experimen-
tal setup. Subsequent in 2008, they proposed a study scheme to simulate needle insertion using



