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ABSTRACT

Traditional surgical training methods, such as practising on animals, cadavers or 

patients, have disadvantages and limits. With the advance in computer and robotics 

technologies, computer-aided surgery simulation provides a great potential to replace 

these methods.

There are many challenges to develop a successful surgery simulator: the de

formable model must be both realistic and computationally efficient; the haptic model 

should detect the collision efficiently and render the force feedback faithfully; surgical 

procedures such as cutting and suturing should be simulated realistically in real-time.

This thesis addresses the simulation of cutting procedures. A tensor-mass model 

is used and a novel method is developed to distribute the external force applied to 

an arbitrary point on the model to its neighboring mesh nodes. The Fourth-order 

Runge-Kutta method is chosen as the numerical integrator of the model.

A new combined subdivision/separation method is developed and implemented. 

The actual intersection points are snapped to the element nodes or the midpoints of 

the edges or faces. The intersected elements will be progressively subdivided or sep

arated based on the results of node snapping. The minimal set midpoint subdivision 

approach ensures that no small or badly shaped elements are created. Therefore the 

stability of the simulation system is increased. To improve the computational effi

ciency, a localized intersection detection method is introduced. The state and lookup 

tables improve the efficiency of re-meshing and keep the consistency of the mesh.

A separated external/feedback force computing method is used for haptic ren

dering. The external force is calculated by the point-based proxy method, while the 

feedback force is computed by the physically based method and then applied to the 

user through a Phantom Premium 1.5 robotic arm.

iii
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Chapter 1

INTRODUCTION

Traditionally surgeons develop all required skills through years of surgical training 

on animals, cadavers and patients. There are many problems with these training 

methods: animals are expensive and do not always reflect human anatomy; cadavers 

have different mechanic properties comparing with living tissues, so that they can not 

provide appropriate physiological responses; training on patients is always risky. In 

recent years, the development and maturation of technologies in Minimally Invasive 

Surgery (MIS) imposed more challenges upon the traditional training methods and 

spawned an alternative approach: computer-based surgery simulation.

MIS is performed through keyhole incisions with the aid of some long rods, a 

laparoscope or an endoscope, and some other surgical instruments such as graspers, 

scissors and staplers. These instruments are mounted on the rods and inserted into 

the human body through the keyhole incisions. Surgeons can operate them from 

outside. The operating scene is viewed through a laparoscope or an endoscope. These 

operating conditions restrict surgeons’ vision and mobility, and require them to have 

very good hand-eye coordination. Surgeons need sufficient training which usually can 

not be acquired by operating on patients.

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction 2

With a surgery simulation system (©  TriS), human body and organs are modeled 

as virtual objects in a virtual reality environment. Surgeons can manipulate these 

objects through haptic devices and do operations as if they were operating on the real 

patients. The operations can be repeated without limit, the results can be recorded 

for late study and the training cost is very low.

Surgery simulation was initially aimed at training surgeons for MIS. In recent 

years, it has expanded to all kinds of open surgeries and has become a research frontier 

in the fields of medical and computer science. It seems that surgery simulation will 

not only replace the traditional surgical training methods, but also play an important 

role in other medical procedures such as surgery planning and surgery pre-operational 

rehearsals.

1.1 M otivation

Computer-based surgery simulation combines several modern technologies together, 

which include computer science, medical science, robotics, biomechanics and virtual 

reality. A successful TriS should satisfy at least two essential requirements:

• Realism: Users should feel as if they were operating on the real patient directly 

when they are using a TriS. Realism includes two aspects: visual realism and 

haptic force feedback realism. Visual realism mainly means realistic deforma

tion, that is, the virtual organs or tissues exhibit physically correct behaviors 

corresponding to the behaviors of real human organs or tissues. Haptic force 

feedback realism means that when the interaction (between surgical tool and 

organ) happens, the force which the user feels is faithful.

• Real-time: It means that any action from the operator should generate an
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Introduction 3

instantaneous response from the simulated organ, whatever the complexity of 

its geometry is. This requires the visual and force feedbacks can be reproduced 

at correct frequencies. To support the real time visual feedback, the deformable 

model should be updated in less than 33ms, while real time force feedback 

requires the forces to be computed with a frequency up to lKHz.

To achieve these two goals, there are three research focuses:

• Developing a realistic soft tissue model

• Developing a realistic haptic model

• Implementing realistic simulations for some main surgical tasks such as cutting 

and suturing in real time

Although many research works have been done in these fields, there is a long way 

to go until the TriS can be used in surgeons’ daily training and replace traditional 

methods. On the other hand, due to its great potential and advantages, more and 

more people are joining this research frontier to make the replacement happen as soon 

as possible.

1.2 Thesis Objective

Developing realistic soft tissue models is the fundamental and first step in surgery 

simulation research. Many of the recent efforts focus on this issue. In addition, how 

to realistically simulate some major surgical tasks such as cutting and suturing is 

another key concern. These surgical tasks are the most important procedures of all 

surgeries and can not be avoided. To a large degree, a TriS actually implements the 

realistic and real-time simulation of these tasks.
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Introduction 4

The objective of this thesis is to design and develop a TriS, which can realistically 

simulate soft tissue palpating and cutting in real time. To achieve such an objective, 

the following tasks need to be addressed:

• To implement a real-time and physically based tissue model.

• To develope and implement a volumetric soft tissue cutting scheme which can 

simulate cutting with high realism in real time.

• To study the haptic rendering methods, and to improve the fidelity of force 

feedback during simulation.

• To design a data structure which can efficiently handle real-time soft tissue 

simulation, topology modification and cutting simulation.

1.3 Thesis Contributions

The contributions of this thesis are:

1. A comprehensive analysis and comparison of the existing physical deformable 

models which can be used for soft tissue modeling in surgery simulation was 

presented.

2. A new force distribution method was proposed. It re-distributes the force ex

erted on any arbitrary point inside a surface triangle of the model to the trian

gle’s three nodes.

3. A new volumetric finite element cutting scheme was proposed and implemented.

• A new combined subdivision/separation method was developed to address 

the topology modification of the soft tissue model. This method decreases
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the number of newly created elements and can handle the situation of 

cutting through the mesh nodes.

• A midpoint subdivision method was applied to the minimal element sets. 

This method makes the element subdivision easier and more efficient. In 

addition, it ensures that there are no very small or badly shaped elements 

generated such that the stability of the simulation system gets increased.

• A localized intersection detection method was proposed and used in the 

simulation. It can detect all intersected elements with high efficiency.

• The state and lookup tables were used in the cutting algorithm, which 

facilitate the topology modification and ensure the mesh be consistent.

4. A physically based haptic rendering method was used to send the faithful feed

back force to the user. The force computed from the physical simulation was 

extrapolated over the known tool positions to achieve the lKHz force updating 

rate.

5. An efficient data structure was designed and used to handle the complicated 

tetrahedral mesh data both geometrically and physically.

1.4 Thesis Outline

The thesis is organized as follows:

Chapter 2 briefly introduces the TriS, its classification and generic architecture. 

A comprehensive review of the previous research work and results, which includes soft 

tissue modeling, haptic rendering and cutting simulation methods, is presented. All 

soft tissue models are divided into two types: point-mechanics based and continuum- 

mechanics based models. Different models such as Mass-Spring Model(MSM), 3D
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ChainMail Model, Finite Element Model (FEM), Boundary Element Model (BEM) 

and Finite Sphere Model (FSM) are discussed and compared. For haptic rendering, 

haptic interface, the problem of different frequencies and force feedback computing 

method are described. Different cutting methods and cutting researches on both 

surface models and volumetric models are presented.

Chapter 3 is the system overview and introduction to the TriS developed in this 

thesis. The system framework and system diagram are given and explained.

Chapter 4 first explains why the tensor-mass model is selected and then the 

mathematical description of the model is presented. A new force distribution method 

is introduced which re-distributes the force exerted on an arbitrary point on a sur

face triangle of the model to its three nodes rather than simply applies the force to 

the nearest node. The Euler and Fourth-order Runge-Kutta numerical integration 

methods are discussed, and their computational accuracy, efficiency and stability are 

compared. Then the Fourth-order Runge-Kutta method is chosen as the integrator 

of the soft tissue model.

Chapter 5 focuses on cutting simulation. It begins by introducing three exist 

cutting methods. Their advantages and disadvantages are discussed. Then a new 

combined subdivision/separation cutting scheme is developed. Based on the node 

snapping results, element splitting is implemented by mid-point minimal set element 

subdividing or element separating. The subdivisions of eight topologically different 

cases are introduced. A volumetric intersection detection method is presented. The 

local search by intersection propagation of this method makes the detection very 

efficient. During cutting, the state table is used to record the state of the intersected 

elements, which make element split more efficient. And the lookup table is used to 

keep the subdividing information and ensure the consistent of the mesh.
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Chapter 6 begins by investigating three haptic rendering methods. Then a sep

arated external/feedback force haptic rendering approach is proposed. The external 

forces are computed by the point-based proxy method. In order to be consistent with 

the explicit finite element soft tissue model used by this thesis, the physically based 

method is used to compute the feedback forces. The forces obtained from physical 

simulation loop are extrapolated over tool positions and then are sent back to the 

user.

Chapter 7 presents some implementation details and the experimental results. 

The hardware and software simulation environments are described. The tetrahedron 

mesh generating software and the construction of the volumetric soft tissue model 

are introduced. How the model parameters are chosen is also explained. The data 

structure of the simulation system is described. Then after the introduction of some 

cutting implementation details, the experimental results of palpation and cutting are 

presented.

Finally, chapter 8 summarizes the thesis and discusses possible future work.
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Chapter 2

LITERATURE REVIEW

Although the history of surgery simulation is not very long, many research projects 

have been done in this area and a large amount of achievements have been published. 

In this chapter, a brief description of the evolution and the current state of the 

TriS will be given; then discussions and comparisons of previous work on soft tissue 

modeling, haptic rendering and cutting simulation will be presented.

2.1 TriS Overview

2.1.1 TriS Classification

According to its components and functionality, TriS can be classified into the following 

three categories [1].

First Generation Simulator

Organs and soft tissues are represented only by geometric models. In these simula

tors, the user can virtually navigate through the human body but has very limited

8
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Literature Review 9

interactions with the modeled organs.

Second Generation Simulator

Human organs are represented by physical models, which not only include the geomet

ric information but also integrate the biomechanics property of tissues. In addition, 

a haptic interface is introduced into the simulator. Users can interact with the vir

tual environment, which means realistic interactions between surgical tools and soft 

tissues, such as palpating, cutting and suturing, are simulated. There are no second- 

generation simulators commercially available now. Most of current researches fall into 

this category.

Third Generation Simulator

Organ and soft tissue models provide an anatomical, physical and physiological com

bined description of the human body. Besides simulating all kinds of surgery proce

dures, the third generation simulators even can simulate the function of some systems 

such as the respiratory and the digestive systems. Because it is very difficult to re

alistically describe the coupling between physiological and physical properties of the 

soft tissue, currently there are very few simulators in this category.

2.1.2 Generic A rchitecture o f TriS

In this thesis, we focus on the second generation simulator. A TriS is based on the 

virtual reality (VR) environment. Users interact with this VR environment through 

input and output interfaces. Traditionally users can only interact with VR applica

tions through vision and hearing. With the advance of haptics and medical robotics, 

touching is added into TriS. The typical input interface consists of haptic device,
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mouse and keyboard. Users manipulate the virtual organs with the haptic device 

and interact with the VR application by mouse and keyboard, while the visual and 

force feedbacks are sent back to users through computer monitor and haptic device, 

respectively. Figure 2.1 shows the architecture of the second generation surgery sim

ulator [2].

Input/Output Device

Force Feedback
Dwice KayimnSMoiiSB Meritor

O J&.

CoHisbfi Detection and Praeasdng

Geometric Modeling Surgery Physical Modeling

Simulator
Haptic Rendering Visual Rendering

Figure 2.1: Architecture of the second generation surgery simulator (source[2])

Recently three frameworks for TriS have been proposed. The first one is the 

SPRING [3]. It is a general framework to create MSM based surgical simulators 

which can perform soft-tissue modeling, some limited rigid-body dynamics and sutur

ing modeling. The second one is the GiPSi [4], which is a general modeling and simu

lation framework for developing organ level surgical simulators. GiPSi includes some 

modules such as modeling tool module, computational tool module, input/output
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module and visualization module, and provides general APIs for these modules. The 

third one is the SOFA project [5]. It is an extendible, open source framework used for 

easy exchange of algorithmic blocks between different research groups. All these three 

frameworks follow the generic architecture of the second generation surgery simulator 

shown in figure 2.1.

2.2 Soft Tissue M odeling

Soft tissue modeling is to represent the bio-mechanical properties of living tissues by 

deformable models and to visualize them to the user. The quality of a soft tissue 

model affects directly the realism and real-time performance of the surgery simulator.

It determines whether the deformation of the tissue is realistic, whether the force 

feedback is faithful, and whether both of them are real-time. Therefore, a good soft 

tissue model must satisfy the following requirements [6].

• Displays smooth deformations

• Reflects faithful and stable force to users

• Shows physically based behavior in real time

• Handles various boundary conditions and constraints

Unfortunately, human tissue is very complex and often behaves viscoelastically, anisotropily 

and nonlinearly. In addition, human body consists of layers of different tissues inter

laced with ligaments and fascias. Thus, very complex models are needed to model 

these objects realistically. In addition while the complexity of the model increases 

the computational intensity significantly increases too, which in turn causes the real
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time requirement very hard to achieve. To meet both the accuracy and speed require

ments, many soft tissue models have been developed and studied. We’ll discuss and 

compare some of them from two aspects: geometric modeling and physical modeling.

2.2.1 G eom etric and Physical M odeling

A deformable model used in the second generation surgical simulation systems in

cludes two components: geometric modeling and physical modeling. Geometric mod

eling provides geometric structure information of the tissue or organ. Usually it is con

structed by using medical image data, such as Magnetic Resonance Imaging (MRI) or 

Computer Tomography (CT) images. Physical modeling adds bio-mechanical proper

ties of soft organ/tissue to geometric model, so that the deformable model can behave 

like a real organ or tissue.

Geometric M odeling

According to geometric modeling method, soft tissue models can be divided into two 

categories: surface model and volumetric model.

• Surface model: Surface models represent the exterior or surface of the object 

by a set of polygons, typically triangles or quadrilaterals. In the early stage 

of surgical simulation, surface models were used by many researchers because 

of their simplicity and computational efficiency. Terzopoulos et al. [7] first 

introduced the physically-based deformable object simulation by using a surface 

model. Kiihnapfel et al. [8] and Keeve et al. [9] also used surface models in 

their craniofacial surgery simulation. A surface model is a hollow shell and 

doesn’t define the internal of the organ. Therefore surface models are only 

good representations for cavernous tissues such as vessels and the gallbladder
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[10]. Their main disadvantage is that they cannot simulate the volumetric 

behavior of human organs, such as pushing on one side of an organ leads to 

the movement of the other side. Moreover, they cannot simulate operations 

that change the inner topology of the object, such as cutting. Although some 

simple cuts are simulated with surface models, they are impossible to display 

the general surgical incisions. With the quickly developed computer hardware 

and increased computing power, the computational bottleneck of volumetric 

models is gradually, although not completely, vanishing. In recent years, more 

and more volumetric models are adopted.

• Volumetric model: The entire object of the volumetric model is discretized 

into many volume elements such as tetrahedron, hexahedron and prism. A vol

umetric model can hold detailed data for the internal anatomical structure of 

the organs and simulate the mechanical properties of heterogeneous tissues. It 

is the natural way to represent the human tissues and organs, and it makes 

cutting and tearing simulation more realistic. Compared with surface models, 

the data structures of volumetric models are much more complicated. Different 

volumetric models have been used in many surgery simulations [11] [12] [13] [14] 

[15]. The main drawback of volumetric models is that they require high com

putational power and large storage space to handle such huge amount of data. 

The intensive computation will affect the rendering speed which eventually will 

have practical implications on the real-time requirement of TriSs.
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Physical M odeling

Physical modeling is based on the following dynamic equation of the deformable 

object:

M U  +  C U  +  K U  =  F  (2.1)

where the dots indicate temporal derivatives, M  is the mass matrix of the object, 

C and K  are the associated damping and stiffness matrix, respectively. U is the 

coordinate displacement vector of the points describing the object, and F is the 

vector of total external forces applied to the object.

By solving the above equation, the force and displacement (deformation) can be 

obtained. According to different ways the equation be solved, deformable models can 

be divided as point-mechanics based models and continuum-mechanics based models

2.2.2 Point-m echanics Based M odel

Point-mechanics based models solve equation 2.1 by using point mechanical theory. 

With this theory, the object mass is considered to be concentrated on discrete points 

and linked to each other with connections which represent the internal forces arising 

from the deformation of the object. Typical examples in this category are mass-spring 

model and 3D chainmail model.

Mass-Spring M odel (M SM )

A mass-spring model consists of a number of nodes connected by springs, and the 

mass of the modeled object is concentrated on the nodes. Each node N is represented 

by its own position, velocity and acceleration. Node N moves under the influence of 

forces exerted on N by the nodes to which N is connected. The spring-mass mesh
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represents the tissue geometry and is used to discretize the equation of motion. For 

a node i, the equation of motion is

TriiUi +  diUi +  k{Ui =  Fi (2-2)

where m* is the mass of the node, dj is the damping factor, ki is the stiffness factor 

and Fi is the external force, U, is the displacement vector of node i.

• Surface MSM

The simplest mass-spring model is the surface model, which represents the surface 

of the object by a node-spring polygons mesh. The typical discretization ways are 

using triangular patches (See Figure 2.2) or Tt — mesh. In Tt — mesh, each node

Figure 2.2: Triangular mass-spring mesh

is connected with a constant number of (i+1) adjacent nodes. Following figure is a 

T2 — mesh, in which each node is connected with 3 adjacent nodes.

MSM is easy to program and demonstrates reasonably fast simulation speed 

due to its simple physical model. It is well studied and widely used for surgical 

simulation, especially in the early stage of the research. The real-time soft tissue 

model for surgery simulation was first presented by Cover et al. [16], where a simple
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Figure 2.3: T2-mesh

surface-based MSM was used to simulate deformation of a gallbladder. Water [17] 

defined a T3 — mesh (regular spring lattices) for modeling facial tissue. He also used 

a Marching Cubes algorithm to generate both the inner and outer surfaces of bone 

tissue. In a craniofacial surgery simulation, Delingette et al. [18] represented the skull, 

skin and muscles by using a three-simplex spring mesh model. The parameters of the 

springs between nodes are constant.

In order to get realistic force feedback, Zhang et al. [19] used a surface MSM to 

increase the computation speed, while representing the effect of the object interior 

with “home springs” . In their model, the simulated surface is divided into small 

triangles and a linear spring is mounted along each triangle edge. These springs are 

called “mesh springs” . The “home spring” connected each node to its initial position. 

When the soft elastic object deforms, it reflects both the shape of deformation and 

the force feedback which is contributed by the interior of the object. Thus, although 

it is a surface model, it can partially simulate the properties of volumetric objects.

Despite its easy implementation and high computational efficiency, a surface 

MSM is not appropriate if the interior of the object must be simulated, such as in a 

cutting procedure. In this situation, volumetric models must be used.
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• Volumetric MSM

Typically, a volumetric MSM is represented by a tetrahedron spring mesh. Same 

as the surface model, object mass is concentrated on the nodes of tetrahedron, the 

edges of the tetrahedron is represented by the springs. The mesh complexity of the 

volumetric model is dramatically increased compared with the surface model. The 

volumetric MSM is mainly used to simulate the inner topological changing procedures 

such as cutting. To achieve real-time performance, some algorithms and methods are 

proposed to increase the computational efficiency.

Mollemans et al. [14] proposed a way to directly calculate the deformation of the 

tetrahedral MSM. In their model, all nodes are divided into two types: joint nodes 

and free nodes. Joint nodes are connected to the bone structure and are fixed. Free 

nodes are able to move in the space in response to the exerted force. To achieve fast 

calculation, a localized deformation method is employed. This method assumes the 

force of a node i at the start of iteration j  can only have been changed when node i or 

a neighboring node has been moved during iteration j - 1. There are two situations a 

node can be included in the iteration calculation: first, the resulting force of the node 

is larger than one tenth of maximum force; second, only nodes which are neighbors 

of a node that is moved in current iteration will be evaluated in the next iteration. 

The authors demonstrated deformation accuracy of their model by comparing with a 

pre-computed finite element model.

Brown et al. [20] also implemented some algorithms to speed up the calculation 

for volumetric MSMs. Under the assumption that the velocity of the nodes, which 

are subject to external forces, is small enough, the mesh achieves static equilibrium at 

each instance. Therefore they used a Quasi-static algorithm which neglects dynamic
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inertial and damping forces. Then the motion of equation becomes:

K U  =  F (2.3)

Compared with equation 2.1, equation 2.3 is easy to solve. However, the compu

tational cost is still high. To further decrease the computational intensity, a Node

ordering algorithm is proposed by the same authors. The outcome of this algorithm is 

a list of ordered nodes. In the list, the displaced nodes (exerted by external force) have 

the highest level; for other nodes, the closer to the displaced node, the higher level 

they have. Using this ordering result, in each calculating iteration, the system will 

stop propagating the deformation further automatically at a level where the displace

ments of the nodes are less than a small pre-specified amount. Using a 20 x 20 x 20 

box spring mesh (8000 nodes and 66,120 links) and a Sun Ultra 60 workstation with 

1GB RAM and one 450 MHz processor, the simulation can maintain a 30Hz update 

rate if these two algorithms are adopted.

Except for tetrahedral MSM, the linked volume model is another volumetric 

extension of surface MSM. It discretizes the volume of an object into evenly spaced, 

cubic elements. The corresponding masses are lumped at the respective centers of 

these elements and interconnected with their neighbors by springs and dampers [12]. 

With the volumetric character, this model can simulate the complex interactions like 

cutting, suturing and tearing. However, the propagation of deformation is slow and 

real time performance is hard to achieve. In order to increase the propagation speed 

of deformation, the 3D ChainMail algorithm was introduced by Gibson [21].
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3D ChainMail M odel

This approach uses the same volumetric discretization as a linked volume model, but 

the elements are interconnected as links of a chain instead of links of springs. Each 

element is connected to six of its neighbors: top, bottom, right, left, front and back. 

Within a certain limit, each element can move freely without influencing its neighbors. 

When the object is manipulated, each element is tested to see if it violates the certain 

distance thresholds it shares with its neighbors. The element will stay in its original 

position if the threshold has not been exceeded, otherwise, it is moved in the desired 

direction and the deformation is propagated to its neighbors. Local deformations are 

generated only if distance thresholds have been exceeded.

The major advantage of this approach is that the deformation results can be 

obtained by applying simple calculations on elements. ChainMail method is relatively 

easy to be implemented compared with other volumetric MSM approaches. A knee 

arthroscopy simulator was developed by using this method [13].

In general, the point-mechanics based model is not considered as a good ap

proximation of the soft tissue because the energy and mass in the model are simply 

concentrated into mass points and link segments, which does not agree with the nat

ural character of the soft tissue. With this kind of models, real-time deformation 

of virtual anatomy can be roughly approximated, but it is impossible to accurately 

simulate the complex deformation and force-feedback interactions that can take place 

during surgery. Another major drawback is that it is difficult to extract parameters 

for th e  hundreds and  th ou san d s o f ind iv id u al springs, m asses and dam pers from  ex 

periments. In addition, how to construct an optimum three-dimensional network of 

springs, masses and dampers is also a difficult problem.
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2.2.3 Continuum -m echanics Based M odel

This kind of model is based on the law of continuum mechanics. The continuous sys

tem of mass and energy is used to model the soft tissue naturally. From this approach, 

more precise deformation and force feedback can be derived because equation 2.1 is 

obtained through the integration carried out over continuous spatial sub-domains or 

elements. The two well-known approaches are finite element model and boundary 

element model. Recently, the mesh free method was introduced into surgery simula

tion, and the corresponding model which adopts this method is Finite Sphere Model 

(FSM).

F in ite  E lem ent M odel

In a finite element model, the entire modeled object is partitioned into a finite num

ber of subdomains or elements. In most cases, tetrahedron elements are used. The 

equations of motion are expressed on each of these elements. An implicit (traditional) 

finite element method merges all these equations into a large matrix system as shown 

in equation 2.1. Then this large matrix system is solved to get the desired deforma

tion. Usually no analytical solution exists so that equation 2.1 must be solved by 

using numerical techniques. The dimensions of matrices M, D and K  are 3n  x 3n, 

where n  is the number of nodes in the mesh. For a volumetric mesh, n usually is quite 

large. To solve such a complicated matrix system with a conventional finite element 

method, the computation is too intensive to achieve real time performance. In order 

to  em ploy fin ite elem ent m eth o d  in  surgical s im ulation , w hich requires real-tim e per

formance with visualization update rate 30Hz and haptic update rate lKHz, many 

simplified approaches over traditional finite element method are proposed and studied 

to decrease the computational cost. Four simplification approaches are described in
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the following:

• Static FEM

The first simplification approach assumes that the model is static and doesn’t  depend 

on time. Under this assumption, equation 2.1 becomes equation 2.3. Although now 

it is relatively easy to solve the system, the computation is still expensive and a real

time application is still not feasible when the mesh is large if we solve this equation 

directly.

• Condensed FEM

The second approach is condensation [22] which was first used by Bro-Nielsen [23] in 

surgical simulation. During simulation, if no incision happened, we are usually only 

interested in the behavior of visible nodes i.e. surface nodes. The computation for the 

inner nodes is therefore not really necessary and can be removed by this condensation 

technique.

The condensation method only rearranges terms in the linear system (equa

tion 2.3), but doesn’t discard any information. The resulting matrix equation has 

the same size as a surface finite element model but still has the volumetric behavior. 

Wu et al. [24] used a hybrid condensed finite element model, which includes a static 

non-operational region and a dynamic operational region, to implement cutting and 

deformation. They also adopted the preprocessing method with the non-operational 

region. The simulation achieved an interactive rate on a current PC platform.

• Pre-computed FEM

The third approach is the pre-computed finite element model. One of the pre- 

computation methods is explicitly inverting the stiffness matrix K, so that the defor
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mation of the system can be got by following matrix vector multiplication:

U =  K -1F  (2.4)

Stiffness matrix K  only depends on the rest shape geometry and the nature of the 

material. If the rest shape geometry of the deformable object keeps the same, K  will 

be a constant matrix and the inverse of K  can be computed before the simulation 

start. Thus this method can greatly decrease the calculation time during simulation. 

Bro-Nielsen [25] is the first person who proposed to use the finite element model in 

real-time interactive deformation simulation. He and S. Cotin implemented a real

time deformation simulation on a tetrahedral finite element leg model [26] [23]. They 

tested this method and demonstrated the following result: when the pre-calculation 

time was ignored, solution by this matrix vector multiplication was at least 10 times 

faster than other methods.

Another pre-computation method is computing a set of elementary deformation 

of the model before simulation starts. Cotin used this method in his linear elastic 

model [27]. Under the linear elasticity assumption, any mesh deformation can be 

computed from a finite set of known elementary deformations. Thus, the interactive 

deformation can be obtained in two steps. First, a set of elementary deformations 

are pre-computed, and then, the real time deformation can be computed as a linear 

combination of the elementary deformations. An iterative method is used to solve 

each linear system. With this method, the force update rate of lKHz can be achieved 

even with a big mesh.

The drawback of the pre-computation approach is that it is only suitable for 

the situation without mesh topology change. Because stiffness matrix K  and the 

elementary deformations need dynamically update under topological change, they
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need to be calculated at every iteration which makes real-time interaction impossible.

• Explicit FEM (Tensor-mass Model)

The fourth approach is explicit finite element model, also called tensor-mass 

model (TMM). It discretizes a 3D deformable object into a tetrahedron mesh. How

ever, instead of deriving a complex description of global interrelationships as obtained 

with a traditional finite element method, tensor-mass model handles each tetrahedron 

individually and then uses the same method as a MSM to iteratively solving the mo

tion equation 2.1.

TMM was first introduced by Cotin et al. [27]. They reached an update frequency 

of 40Hz with a tensor-mass model of 760 vertices, and demonstrated that this model 

has the same computational complexity as a MSM. Then they constructed a hybrid 

volumetric liver model, which is composed of 1537 vertices and 7039 tetrahedra. 

About 18 percent of the liver mesh (280 vertices and 1260 tetrahedra) is modeled 

as a TMM, and the remaining is a precomputed linear elastic model. With this 

hybrid model, they achieved real-time deformation and cutting simulation. Mor [28] 

adopted the linearly elastic TMM in his cutting simulation. Mendoza et al. [29] used 

a non-linear strain tensor formulation to allow large displacements. Picinbono et 

al. [30] also employed a non-linear tensor-mass model in their real-time simulation of 

laparoscopic surgical gestures on the liver. Their model is valid for rotations and large 

deformations. By adding the incompressibility constraint, the model can address the 

problem of anisotropic behavior and volume variation.

Boundary Element M odel

Boundary element model (BEM) is based on boundary element method [31] and was 

first introduced by Monserrat et al. [32]. Not like finite element model, in which
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the domain of the modeled object is divided into volumetric tetrahedron elements, 

a boundary element model doesn’t use volumetric tetrahedron mesh. It only uses 

the surface of the object. Using the Green solution of the linear elastic problem and 

imposing the boundary conditions in a general way, the system equation becomes:

H  • u  =  G • p  (2.5)

where H  and G are the fully populated influence matrices, u  and p  are the node 

displacement vectors and traction (i.e. surface force) vectors, respectively. In a 3D 

case, H  and G have 3rib x 3rib elements, where n& is the number of nodes.

By explicitly inverting H, the deformations of the nodes can be computed as 

follow:

u =  H -1 G p  (2.6)

Monserrat et al. [33] tested this model with a pig liver, and it yielded quasi exact 

results for displacements of up to 3mm and deformation speeds between 0.04 and

0.4 mm/s. Wang et al. [34] recently employed this model in their simulation of 

neurosurgery. They implemented the prodding, pinching and cutting procedure on a 

simple triangular mesh. The simulation could provide both visual and haptic feedback 

in real time.

Boundary element model is well suited for the simulation of linear elastic isotropic 

and homogeneous materials. When the mesh topology is not modified, it is a good 

alternative to  fin ite elem ent m odel. But com paring to  FEM, BEM has several d is

advantages. First, only homogeneous and isotropic linear elastic materials can be 

modeled. Second, the matrices H  and G are fully populated and cannot be simpli

fied. Third, this model cannot get the displacement of any interior points. Therefore,
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BEM is much less popular than FEM.

M ethod of Finite Sphere

The physical modeling of both FEM and BEM divide the object into element mesh, 

then construct system motion equations based on the mesh and numerically solve 

those motion equations in order to get the deformation and force feedback. The 

contact between tool and tissue must occur at the mesh vertices, which requires the 

mesh resolution be sufficiently high to ensure the calculation accuracy. This in turn 

increases the computational cost. Another shortcoming of FEM and BEM is that 

a constant expensive remeshing operation cannot be avoid when the mesh topology 

changes. To overcome these drawbacks, De and Bathe [35] proposed a mesh-free 

technique known as the method of finite sphere (MFS).

MFS discretizes the computational domain into a scattered set of points. The 

Galerkin formulation is used to generate the partial differential equations (system mo

tion equations). Then the displacement is approximated using some shape functions 

that are nonzero over small spherical neighborhoods of the nodes. During real-time 

simulation, once the tool-tissue collision point is detected, MFS nodes are sprinkled 

in the space, including both the surface of the model and interior around the tool 

tip. Then the tissue deformation is computed. Kim et al. [36] proposed a prediction 

method to decrease the collision detection time in order to improve the computational 

efficiency. A stomach palpation simulator was implemented on Windows NT and the 

dual Pentium 900MHz processors. The geometric model of the stomach has 20,000 

triangles. The simulator achieved lKHz force update frequency and 30Hz visual frame 

update rate.

To meet the requirement of real time performance, a specialized version of MFS,
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i.e. the point collocation-based method of finite sphere (PCMFS) was developed 

by Suvranu De group [37]. They presented a minimally invasive surgery simulation 

system, which uses this PCMFS method to simulate the tool-tissue interaction in real 

time [38].

Lim et al. [39] coupled a geometrically-based cutting algorithm with PCMFS 

to implement the deformation and cutting simulation. They proposed a localized 

PCMFS to speed up the computation for large organ models.

During simulation, although the mesh-free finite sphere method can avoid the 

expensive remeshing when doing the physical computation to get the deformation 

and force numerically. It cannot avoid remeshing in geometric modeling because we 

need render the mesh changes to the user visually if the topologic change happened. 

Further more, how to locate the MFS nodes and choose the proper radii of the spheres 

is not a trivial problem. The research on this method is not as popular as finite element 

method.

In summary, continuum-mechanics based models are more like the nature of soft 

tissue. They are more accurate than point-mechanics based models. In addition, only 

a few material parameters are required to do the modeling, and those parameters are 

coincident with characteristics of real organ tissues. Thus, they can be obtained rather 

conveniently from experiments. The computation problem of continuum-mechanics 

based models is becoming less and less important with the advance of computer 

technology. In the long run, continuum-mechanics based models are expected to be 

able to accurately simulate the deformation of human tissue in surgery simulation 

even without simplifications.
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2.3 Haptic Rendering

Haptics broadly means the touch interactions that occur for the purpose of percep

tion or manipulation of objects [40]. Rendering refers to the process by which desired 

sensory stimuli, such as vision and haptics, are imposed on the user to convey infor

mation about a virtual object. The goal of haptic rendering is to enable the users 

to touch, feel and manipulate virtual objects through a haptic interface. A haptic 

rendering subsystem of the TYiS has two main components [41]:

•  Haptic interface: an electro-mechanical system which is able to exert control

lable force on the user

• Haptic rendering algorithm: which can join the haptic interface and the de

formable object model together to compute the model-based force and feed it 

back to the user

2.3.1 H aptic Interface

A good surgery simulator should provide surgeons the same sensations as in real 

surgery. This is why the haptic interface is introduced into surgery simulation and 

plays an important role in the system. Haptic interface greatly enhances the realism 

of the surgery simulation.

Haptic interface is the input and output device between a user and a surgery 

simulator. It accomplishes two tasks:

• provides motion and interaction commands to the simulation system

• provides force feedback about the virtual environment to the user
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In every degree of freedom, the haptic device can detect either the position (or ve

locity) of the tool or the force on the user’s hand. According to this, there are two 

different types of haptic interface:

• Impedance/force feedback control: the positions or velocities imposed on the 

haptic device by the user are measured and the reaction forces are returned

• Admittance/position-feedback control: the forces applied by the user on the 

tool are sensed and the positions are fed back by the haptic device

Most of current surgery simulation systems use force-feedback control.

2.3.2 H aptic Rendering A lgorithm

Typically, a haptic rendering algorithm is composed of two parts: collision detection 

and collision response. Based on the way the probing object is modeled, haptic 

rendering algorithm can be classified into three categories:

• Point-based haptic rendering

• Ray-based haptic rendering

• Object-based haptic rendering

The simulation of haptic interaction between two 3D objects is desired for many 

applications, but it is very complex and computationally expensive. To author’s best 

knowledge, object-based haptic rendering haven’t been used in the TriS yet since it 

cannot achieve real-time interaction. Therefore we will not discuss it in this thesis.

In point-based haptic rendering, the virtual representation of the haptic interface 

is symbolized as a single point which can probe the virtual objects. The typical 

methods are the “god object” [41] and the “virtual proxy” [42]. In ray-based haptic
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rendering, the stylus of haptic device is modeled as a line-segment whose orientation is 

taken into account. Therefore the collision detection becomes much more complicated 

than point-based haptic rendering. Since it needs to detect the collisions of both the 

point and line with a 3D object, thus multiple contacts must be detected at a time. 

In addition, except for contact force, torque needs to be computed and rendered too 

in this method.

Most of current TriSs use point-based haptic rendering method because it is easy 

to achieve 1000Hz haptic update rate comparing to the other two methods. Zhang [43] 

used a virtual proxy similar to that of Ruspini [42] with modifications in the motion 

of the proxy, which is not guided by a local minimization method but by the physics 

of the system simulated by dynamic lumped finite elements. Kiihnapfel [44] also used 

the point-based method to render the force feedback to the user in his endoscopic 

surgery training system.

As for the ray-based method, due to its complexity and computational intensity, 

it is not as popular as point-based methods. Basdogan et al. [45] used both methods 

in their laparoscopic surgery training system. The interaction forces between the 

laparoscopic forceps and the catheter are rendered by a ray-based method, while the 

interaction forces between the catheter and the bile duct are rendered by a point-based 

method.

2.3.3 Handling Different U pdate Frequencies

T h e forces in hap tic  sy stem s have to  b e ob ta in ed  a t a  frequency o f lK H z  to  give a

realistic sensation of touch. However, the graphic display frames of a TriS are updated 

at a rate of 24-60Hz. The difference of the two update rates can cause an oscillatory 

behavior in the haptic device. Consequently the oscillated device may become highly
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unstable and inflict bodily harm to the user.

To address this problem, many researches have been done. Mark et al. [46] 

proposed to make the haptic device interact with an intermediate model, which is 

updated at the graphical rendering rate, rather than the complete physical model. 

This method only works well when convexity objects are used. Unfortunately, almost 

all of the soft tissues are concave objects. Ellis et al. [47] used prediction and correction 

to obtain a force feedback between the model updates. Adams and Hannaford [48] 

proposed to separate the haptic interface from the virtual environment simulation to 

ensure stability of the haptic interface. Based on the work of Adams and Hannaford 

[48], Mendoza and Laugier [49] coupled the graphic and haptic loops using the local 

topology of the deformable object, so that the haptic interaction between the haptic 

device and the local topology of the model can achieve an update frequency of about 

lKHz. Wang et al. [50] also used a local model-based haptic rendering in their dental 

preparation surgery simulation.

2.4 Cutting

Cutting is a common and critical procedure in all kinds of surgeries, especially in open 

surgeries. But real time soft tissue cutting simulation is still largely unexplored. No 

matter what type the soft tissue model is, cutting changes the topology of underlying 

mesh and re-meshing is necessary. The expensive re-meshing procedure makes the 

computation of the simulation much more intensive. This imposes a great technical 

challenge on real time cutting simulation.

An ideal cutting simulation should meet the following requirements:

• accurately represents and tracks arbitrary cut path
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• the user can see the cutting result without delay

Both of these two requirements are very hard to achieve. In order to accurately 

track the arbitrary cut path, the mesh should be split following the cut path. This will 

inevitably create some very small and badly shaped new elements. Those elements 

will lead to the unstable simulation, which is definitely not allowed. To see the cutting 

result without delay, progressive cutting must be employed. The temporary topology 

modification needed by progressive cutting will slow down the computation and make 

this requirement harder to achieve.

According to the different ways the cutting implemented, there are three types 

of cutting approaches: deleting, separating and subdividing elements. Element dele

tion is the simplest way; it avoids expensive topology modification but leaves a big 

gap as the cutting incision. Furthermore, it violates the mass conservation theory. 

Element separation will not create new elements with the sacrifice of losing cutting 

realism. Element subdivision has the highest realism. Unfortunately it must deal 

with expensive computation and badly shaped new elements.

These three methods are used in cutting both surface and volumetric models. 

But cutting volumetric meshes is very different from cutting surface meshes. The 

intersection detection and topology re-meshing of a volumetric model are much more 

complicated and difficult than those of a surface model. We will review the related 

work with both surface and volumetric cutting as follows.

2.4.1 Surface Model Cutting

Cutting was first applied to surface meshes because the volumetric cutting is too com

plicated. Song and Reddy [51] first proposed an interactive 2D finite-element template 

for cutting the elastic virtual surface. The nodes move as the cutting tool moves over
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a flat 2D tissue surface. Later Reinig et al. [52] suggested a tissue cutting technique 

implemented on a 3D surface. They incrementally updated the vertices, connectivity 

arrays and texture maps to reveal the cut and provide a visually realistic display. But 

they didn’t address the haptic rendering problem. Mendoza et al.[53] implemented 

cutting on a 2D mass-spring surface model by using the element separation method.

Basdogan et al. [54] introduced a non-progressive tissue cutting algorithm on 

FEM models. It maps a 3D problem into a 2D auxiliary surface to simplify the 

FEM calculation. Nienhuys et al. [55] also implemented the cutting on a triangulated 

surface mesh. They suggested using delaunary triangulation to reduce the mesh size 

and enhance the element quality. The delaunary flip method includes two steps: first, 

triangles with an angle approaching 180 degree are flip away; second, the close nodes 

are connected together.

The main drawback of the cutting simulations based on surface models is that 

they cannot represent the interior of the cut. Zhang et al. [56] proposed a novel 

method to address this problem. They implemented the simulation of progressive 

cutting on a MSM which contains mesh springs and home springs. A method was 

introduced to generate the interior surface, referred to as a “groove” , in the opening. 

The groove is a function of the instrument penetration depth. They used this method 

with a liver model initially composed of 2466 triangles and achieved a update rate of 

330Hz for haptic rendering.

2.4.2 Volumetric M odel C utting

Because cutting procedure should display the interior topology of the mesh, more 

cutting researches have been done on volumetric models than on surface models.

The earliest volumetric cutting with element deletion is proposed by Bro-Nielsen [23].
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The cutting was performed by simply removing the intersected elements of the FE 

mesh. Then Cotin et al. [27] used this deletion approach on a tensor-mass model 

to achieve real time cutting simulation. Forest et al. [57] also implemented cutting 

in a real-time surgical simulator with a tetrahedra refining and removing combined 

method. The cutting proceeded in two steps: first the neighboring tetrahedra were 

refined; then a subset of these tetrahedra were removed. The local mesh refining 

decreases the gap and increases the cutting realism.

After implemented cutting on a 2D surface mass-spring mesh using the separation 

method, Mendoza extended the same method to an explicit FEM [29]. The force 

feedback was computed with a buffer model in the latter simulation.

The volumetric cutting simulation using element subdivision method was first 

introduced by Bielser et al. [58]. There are five element intersect cases while cutting 

through a tetrahedral mesh. The authors proposed a generic 1:17 tetrahedron split 

method. That means the cutting procedure always subdivides an element into 17 

smaller elements. The intersected edge or face is split at the intersection, while all 

uncut edges and faces are split at their midpoints. It leads to a single generic subdivi

sion for all five cases. This method can be applied to arbitrary irregular tetrahedron 

meshes, and simulation has high level of accuracy and topological freedom. But the 

universal subdivision scheme results in a rapidly increased number of tetrhedra for 

large cuts, this will greatly increase the computation cost and make the real time 

simulation become hard to achieve. In addition, it is possible to generate hanging 

nodes which have no connections to adjacent tetrahedra, and lead to cracks in the 

mesh.

Bielser and Gross [59] later extended their work by reducing the number of new 

elements generated for each intersected element. Instead of inserting new vertices on
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uncut edges and faces, they only inserted vertices at intersection locations, plus new 

vertices on faces which will be split. This reduces the number of new elements, but 

does not minimize it. Mor [28] extended above work by demonstrating a system that 

generates a minimal set of new elements during cutting, with progressive updates of 

the cut elements while the cut is on going. With this minimal set subdivision, one 

vertex at the point of each face intersection and two vertices at the point of each edge 

intersection are generated, thus only five to nine new elements are created for each 

intersected element. In order to accurately present arbitrary cuts, Bielser improved 

his work by using a state machine to track the topology of each tetrahedron and 

control the progressive subdivision [60].

Ganovelli et al. [61] proposed a method to reduce the computational cost of 

Bielser’s cutting algorithm. They used a tetrahedral mass-spring model, and coupled 

multiresolution and topological modification together. They suggested adopting a 

multiresolution mesh model and dynamically construct a optimized Level of Detail 

(LOD) mesh. The resolution of a given LOD has to be proportional to the proximity 

of the surgical focus area. The operation area has the highest resolution, and the 

resolution degraded smoothly with the increase of the distance from the focus. Before 

this work, none of proposed multiresolution frameworks supports dynamic update of 

the mesh topology.
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Chapter 3

SYSTEM ARCHITECTURE

As we stated in previous chapter, the current TriS includes three parts: real-time 

simulation engine, input interface and output interface. In our system, PHANTOM 

Premium provided by SenAble Technologies is used as the haptic input and force 

output interface. The user also can use the mouse to set some global parameters and 

stop the simulation. The graphic output is sent to the computer monitor.

3.1 System  Framework

Developing the simulation engine is the major part of this thesis work. Simulation 

engine includes three modules: physical simulation, haptic rendering and graphic 

rendering. Physical simulation module models and simulates the soft tissue, which 

includes solving the system equations by a numerical method and implementing the 

cutting algorithm. We put collision detection part into the haptic rendering module 

because it runs in the haptic loop and has a frequency of lKHz. Haptic rendering 

module also includes force feedback computation. Graphic rendering sends the visual 

results of the simulation to users. Both physical simulation and graphic rendering

35
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run in the simulation loop which has an update rate of 30Hz. Figure 3.1 showns the 

framework of our system.

Graphic Renaming

Collision

rtSSlCBl SSwulatJon

Simulation Engine

Figure 3.1: System Framework

When the simulation starts, haptic rendering module always checks the position 

of the tool. Once collision is detected, physical simulation module will be notified a 

contact event, and it then queries the position and force information from the haptic 

loop. By using these data the new position and force of tissue model are computed. 

The new position information is fed back to the user by the graphic rendering module, 

while the force is sent back to the haptic rendering module. After extrapolation, the 

force is sent to the haptic device and is felt by the user.

The implementation of the haptic rendering module is based on the haptic System 

Development Kit (SDK) OpenHaptics from SensAble Technology Inc. Unfortunately, 

its functionality is limited. Therefore, we implemented our own intersection detection 

algorithm and force extrapolating algorithm. As for the graphic rendering, graphic
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library OpenGL is used to control, map and display the virtual scene.

3.2 System  Diagram

The haptics enabled TriS is multi-threaded because physical simulation (graphic ren

dering also) and haptic simulation require very different update rates. These two 

threads run separately in the same time. They communicate with each other and 

share the information including the position of haptic device and the state of the soft 

tissue model. Figure 3.2 shows our system diagram.

Haptic loop: 1KHzSimulation loop: 30Hz

Connect 
to haptic

Physical
simulation

Get current 
tool position

Update 
model state

Initialize 
haptic device

Query current 
haptic state

Connect
simulation

Send model 
state to haptic

Render model and 

tool graphically

Initialize model and 
virtual environment

Send haptic position 
to simulation loop

Generate and 
render force 
feedback

Figure 3.2: System Diagram
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Our simulation loop runs in an update rate around 30Hz. After initializing sys

tem and virtual environment, it reads position data from the shared data structure 

repeatedly at every simulation time step (about 0.033ms). Using these data, it com

putes the new state of the soft tissue model, which includes the position and force. It 

also implements the cutting algorithm if cutting starts. Finally, it updates the model 

position in the virtual environment by graphic rendering.

Once the simulation loop initializes the haptic device, the haptic loop is activated. 

It checks the tool position and store it into the data buffer, and in the mean time it 

implements collision detection by comparing the current tool position with the state 

of tissue model stored in the shared data structure the through collision detection 

algorithm. The results such as touching, untouching and haptic device moving event 

are sent to the simulation loop. If contact detected, it also computes the feedback 

force and sends it back to the device. All these actions are repeated with a frequency 

of lKHz.
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Chapter 4

SOFT TISSUE MODELING

Soft tissue modeling is the most fundamental and important component of a Tris. 

It directly affects the realism of deformation and the fidelity of feedback force. The 

bio-mechanical characteristics of the model also determine the speed of the modeling 

computation, which in turn affects whether the real time performance can be achieved 

or not. To develop a model for real-time deformation, the following three problems 

should be addressed:

• choose the geometric description of the object

•  develop a mathematical model of the elastic deformation

• find a solution algorithm to the motion equations of the model

An explicit finite element model which was proposed by Cotin et al. [27], the 

tensor mass model (TMM), is used as the soft tissue model in this thesis.

39
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4.1 Tensor-Mass M odel (TMM)

4.1.1 W hy Tensor-M ass M odel

A soft tissue model should react to the applied force with a high resemblance to 

real one (realism) and in real time (speed). The deformable models developed up 

to now have prompted one characteristic to the detriment of the other. So that soft 

tissue modeling is still an open research field, and currently there is no any model 

can ideally meet all the requirements at the same time, for example, the physiological 

realism, speed and robustness. Therefore, we must balance the trade-off between these 

characteristics and use the one which is most appropriate to achieve our simulation 

goal.

• Volumetric vs. Surface M odel

The main goal of this thesis is to develop a realistic real-time cutting simulation. As 

we stated before, cutting simulation should handle and display the interior change of 

the soft tissue model. This can only be represented by a volumetric model. Although 

the surface model is simple and easy to implement, we need to choose a volumetric 

model in order to achieve our goals.

•  Point-m echanics Based vs. Continuum-mechanics Based M odel

Continuum-mechanics based models are more complicated and harder to implement 

comparing to point-mechanics based models such as MSM, but their bio-mechanical 

properties are coincident with the natural characteristics of living tissues. Thus the 

computed deformation and force are much more accurate than those resulted from 

the MSM. In addition, it is a reasonable expectation that the computation bottleneck 

will not be a problem any more in the future. So continuum-mechanics based models 

have more optimistic prospective than point-mechanic based models.
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Further more, another drawback of MSM is that it is difficult to determine the 

stiffness and damping parameters for each link, especially when the model is a vol

umetric mesh. In addition, inappropriate parameters are very easy to cause model 

oscillation. As for continuum-mechanics based models, their parameters are easily 

obtained from experiments. Since all bio-mechanical data related to biological soft 

tissue are formulated as continuum-mechanics parameters, such as Young’s modulus 

and Poisson coefficients.

Finally, because the behavior of point-mechanics based volumetric models strongly 

depends on the topology of the spring network, when a spring is removed or added, 

the elastic behavior of the whole system may change drastically, which is not de

sired for the simulation. In summary, continuum-mechanics based models are more 

appropriate for this thesis.

• Implicit FEM vs. TMM

Among all types of continuum-mechanics based models, FEM is the typical and most 

suitable model to do the volumetric modeling. But if we use the implicit (traditional) 

finite element method to solve the motion equations, it would be very hard to achieve 

the real-time requirement with current computer technology. Solving explicit FEM 

doesn’t need stiffness matrix inversion, and it has similar computational complexity 

with the MSM. Therefore tensor-mass model combines the accuracy of the FEM 

and the fast computational speed of MSM together. And it is very suitable to do the 

cutting simulation because its behavior mostly depends on the mesh resolution rather 

than on mesh topology. According to above characteristics, the TMM is chosen in 

this thesis.
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4.1.2 Linear or Nonlinear M odel

For a linear elastic model, any mesh deformation can be computed from the knowl

edge of a finite set of elementary deformations, thus the computation time can be 

optimized. On the other hand, the computation of nonlinear model is very complex 

and hard to be simplified.

Although the physical behavior of the soft tissue is nonlinear, it can be considered 

as linearly elastic if the displacements remain small, which means less than 10% of 

the mesh size [62], Further more, it is reasonable to consider the deformation is small 

in surgery simulation, because when the operator deforms the virtual organ, the force 

applied to the hand will increase proportionally to the deformation, thus preventing 

large deformations. Under this situation, the linear elastic model is good enough to 

represent soft tissue in the simulation.

Therefore, we use a linear elastic TMM rather than a non-linear model [29] in 

this thesis.

4.2 Geometric Description of the M odeled Object

Tetrahedron is chosen as the element shape. So the geometry of the soft tissue is 

described by a set of tetrahedra. The nodal numbering of the tetrahedral elements 

for the model is shown in Figure 4.1. The four vertices of each tetrahedron are 

numbered from 0 to 3. They are ordered such that if you apply the right hand rule 

to the first three vertices, the resultant vector points toward the fourth vertex. The 

nodal numbering of all elements in the model conforms to this rule.
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vo

V3

V I

Figure 4.1: Nodal Numbering of Tetrahedral Element

4.3 M athematical M odel of TMM

Rather than merging the motion equations generated from each element into a large 

global one (see equation 2.1), TMM solves each element independently through a 

local approximation. The mass-lumping method decouples the movements of each 

node. Then equation 2.1 can be written as the set of independent node differential 

equations as follow:

where vtii is the mass of node i. Node mass is proportional to the volume of the 

elements that the node belongs to. It is calculated with the following equation:

In order to get node deformations, a TMM solves equation 4.1 approximately for each

(4.2)
j e E ( i )

vertex of the mesh by an iterative approach. So first we need to compute the force 

applied on each vertex Fj, which can be obtained by the derivation of the elastic 

energy of the model.
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4.3.1 M athem atical M odel of the Elastic Deform ation

According to Cotin et al. [27], a TMM constructs and computes the motion equation 

based on tetrahedral elements. So that the total force at the nodal locations is as 

follow:

F% ~  Fi.elastic T Fijzxt (4-3)

F u s t ic  = K eUe (4.4)

where F,_ is the total node force, which includes the elastic force and external force;

Fi_eiastic is the elastic force caused by the deformation of the model; Fi_ext is the

external force such as the push force applied by the user on the soft tissue.

As described by Cotin, the linearly elastic force acting on each vertex can be 

computed by the following three steps:

1. Define the displacement vector at a point (x. y, z) inside a tetrahedron 7) as a 

function of the four displacement vectors at each vertex.

2. Represent the elastic energy of a tetrahedron by a function of these four dis

placement vectors

3. Compute the elastic force Fi_eiastic applied to the vertex i.

This calculation decomposes the element stiffness matrix into its node and edge com

ponents, with the nodal numbering shown in figure 4.1, K e can be presented as follow:

* & > X C02 K e03

K e10 K eA 13

K e-^ 20 K e-^ 21 K e/ v 22 K e^ 2 3

K e30 K e^ 3 1 K e-^ 3 2 K e-^ 3 3
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Finally the ealstic force F^eiastic on a given vertex Pt is:

F u s t ic  = [Kii]P°Pi + Y ,  iK ^ Pi Pi (4-6)
j € N( P i )

T■where [Ku\ is the sum of tensors [Ku3] associated with the tetrahedra adjacent to 

vertex i\ Pi is the current position of vertex % and Pf  is its rest position; [Kij] is the 

sum of tensors [Kp ] associated with the tetrahedra adjacent to edge(i, j); Tj is the 

set of tetrahedra which adjacent to vertex i; N  (Pi) is the vertex list, those vertices 

are the neighbors of vertex i. Here i and j  indices represent the node or edge to which
T•the tensor matrix belongs. If the index repeat, for example, K u3 related to the force 

felt by vertex i due to its own displacement from its rest position and we call it node
T'tensor. If the index does not repeat, for example, K )■ related to the force felt by 

vertex i due to the displacement of vertex j  from its rest position and we call it edge 

tensor. Because the symmetric of the element stiffness matrix K e (see equation 4.5), 

Kj? equals to the transpose of K p .

All above tensor matrices depend on the Lame coefficients: A and /i, and the 

normal vectors of triangles of a tetrahedron, which we call M  vectors. The tensor 

matrices can be computed using the following equation:

\ F t l  =  1jki 3QV(Ti)

(

AiM Tk' ( M f ) T +  nxM f ( M p )T +  ^ ( M f  ' K )

V

1 0 0 \

0 1 0

0 0 1 /
(4.7)

where MJ1 is the normal vector of the j t h  triangle in tetrahedral element Tl. V(Ti) 

is the volume of Tj.

The M  vector only depends on the rest positions of the four vertices belong to
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tetrahedron Tj, which can be computed as follow:

To compute the deformation of the model and feedback force, we need to solve a 

set of motion equations based on each vertex of the mesh:

This set of equations need to be solved approximately by using a numerical integration 

method. But before integration, the external force Fi_ext should be calculated first.

4.3.2 External Force D istribution

When the scalpel contacts with the soft tissue model, an external force is applied 

on the contact point, and the model is deformed in the neighborhood of the contact 

point. The motion equations of the TMM are based on each node of the mesh, which 

means the external force is applied on the nodes. But the real initial interaction point 

usually lies within the area of a surface triangle of the model rather than on a surface 

node. Therefore, this force must be re-distributed to the nodes. The simplest way is 

to apply this external force to the nearest surface node. We propose a method to re

distribute the force to three nodes of the triangle as follow: The location of any three 

dimensional points with respect to a given triangle can be represented in barycentric 

coordinates [63]. In barycentric form the 3D Cartesian point P  is represented as a 

linear combination of the three vertices making up any triangle.

(4.9)

P  =  M o + b1vi + b2v2 (4.10)
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&0 +  &l +  &2 =  l (4.11)

where vq, v\ , V2 are the three nodes of the tetrahedron; bo, &i, b2 are barycentric coor

dinates of point P, which can be calculated by following equations:

60 =  t “ ! r 12i <4'12)■̂ rea\J- 012)
b i  =  A e a ( T p02) (4 13)

A-eaf-i012 J

h  =  (4.i4)
Area{-L 012 j

(4.15)

where T012 is the triangle with vertices vo,v1,v2. Similar definitions are used for other 

sub-triangles. The area of the triangle, T a b c ,  with vertices A, B  and C  is:

A rea(TABc) = ^ ( A B  ■ A B)(A C • AC) -  (AB • AC)* (4.16)

Then the force Fp acting on point P  is distributed to the triangle nodes vo,vi,v2 as 

b0Fp, biFp, b2Fp, respectively. Figure 4.2 shows the force distribution.

4.4 Numerical Integration

When we choose a numerical integration method to solve above question, the following 

three aspects of the algorithm should be considered:

• computational efficiency

• stability

• accuracy
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v1

b 1 F p

v2

b 2 F p

Figure 4.2: Distributing the external force on four nodes of the tetrahedron 

Problems involving ordinary differential equations (ODEs) can always be reduced

These two set equations can be easily solved by numerical integration.

4.4.1 Im plicit and Explicit Integration

There are two categories of numerical integration methods: implicit and explicit 

integration. Implicit approaches are unconditionally stable but computationally very 

expensive. Explicit approaches are computationally efficient but suffer from stability 

problem. We briefly describe these two approaches as follows.

to the study of sets of first-order differential equations [64]. Therefore the equation 4.1 

can be re-written as:

(4.17)

dvi 1
dt rrii

(4.18)
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Implicit Integration

Implicit integrations have unknown terms at both sides of the equation. It computes 

the new position Xi(t + At)  by using the derivative of the next state of the acceleration 

cii(t +  At):

Vi(t + At) = Vi(t) + Atai(t + At) (4-19)

Xi(t +  At) =  Xi(t) +  A tVi(t + At) (4.20)

To calculate x*(t + A t), we need to know w;(t +  At) first, which can be calculated from

<Zj(t +  At). We can use a first order Taylor expansion of the force to approximately

get at(t +  At) from current data.

fi(t + At) = m  + ^ ^ A x  (4.21)

This calculation involves matrix inversion. Although implicit schemes are uncondi

tionally stable, which implies that large time steps can be used, they are still too 

computationally expensive. This prohibits implicit methods to be used in the real

time simulation.

Explicit Integration

Explicit schemes compute the value at time t  +  1 in terms of known values at time 

t. They use the forces at time t to calculate node acceleration a*(i) and velocity Vi(t) 

and then predict the displacement at time t +  At. They are conditionally stable, 

which means they require small time steps to ensure convergence. The advantage of 

explicit schemes is that no matrix inversion is required for updating each vertex. This 

is useful for cutting simulation, because when the mesh topology has been changed,
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only the local tensor matrices [Ku] and [Kij] need to be updated, then the new vertex 

positions can be computed. Because FEM is computationally very expensive, to 

achieve real-time interaction, we choose the explicit integration method to solve the 

system. In the following two explicit integration methods will be discussed.

4.4.2 Euler M ethod

Euler method is a truncated Taylor series in which only two terms are taken into 

account. It is the simplest way to solve governing equation 4.1:

Vi(t + At) = Vi(t) +  cii(t)At

Xi(t +  At) = Xi(t) + Vi(t)At

where At is the time step. This method can accurately solve the differential equation 

only when the first derivative is constant. Otherwise the computation error in the 

single step is proportional to the square of the time step, and the global error over all 

steps will be proportional to the time step At. So that the larger the time-step, the 

larger the error, then numerical divergence may appear. Therefore a very small time 

step is needed to ensure system stability.

4.4.3 Fourth-Order R unge-K utta M ethod

Fourth-order Runge-Kutta (RK-4) method is a predictor-corrector method, which try 

to  com bine th e  ad vantages o f th e  s im p lic ity  o f th e  exp lic it m eth o d  w ith  th e  im proved  

stability of the implicit method. It achieves this by using an explicit method to

predict the solution y ^ h  at tn+1 , and in order to correct this prediction f ( x n+1 , y'nli)

is utilized as an approximation to f ( x n+\, yn+i)-
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As we stated before, in our system, yn+\ is the node velocity at time tn+1 , 

f ( x n+i,yn+1) is the node acceleration at time tn+i. Therefore, the RK-4 method 

can be described by following equations:

h  =  v„

W — 3-(̂ n> X n i Vn)

=  l iA t
A t  A t ,  A t , .

l2 = a(t„ +  —  ,x„ +  —  h ,  v„ +  —  h)

k% =  l2A t
A t  A t ,  A t ,  ,

h  —  +  — , X n  +  — K2, v„ +  — t2j

k4 =  t3At

l4 = a(tn + At, x„ +  A tk3, vn + Att3)

%n+1 =  x n  +  ^  ^4) ^ ( ^ 5)

Where xra+:1 are the node position at time t and t + At, respectively; v is the node 

velocity which can be calculated by equation 4.17; a  is the node acceleration which 

can be calculated by equation 4.18.

Thus, the next value x(t + At)  is determined by the present value x(t) plus the 

product of the size of time step and a weighted derivate. The weighted derivate is 

calculated by four estimated derivates: one calculated at the initial point, two at 

trial midpoints and another one at a trial endpoint. The accuracy of RK-4 method 

increases dramatically comparing to Euler method. The single step error is of order 

A t5, and the global error is of order A t4. The following table shows the computational 

accuracy of these two methods.

From table 4.1, it is obvious that in these two numerical integration methods,
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Single Step Error Global Error
Euler Method 0{At'2) O(At)

Fourth-order Runge-Kutta 0 { A tb) 0 (A f4)

Table 4.1: Computational accuracy of Euler and RK-4 methods

RK-4 method has the higher computational accuracy than Euler method.

4.4.4 C om putational Efficiency and Stability

Both the computational efficiency and stability of an integration method are related 

to the time step of the integration, and they are contradicted to each other. In order 

to have high efficiency, a large time step is needed to be adopted. But the integration 

error is directly decided by the size of time step. If the time step is too large, the 

error will increase rapidly, and the model will become unstable. If a small time step is 

used, the system become more stable but the computational load will increase, which 

results in the increase of the calculation time and makes the real time interaction 

become impossible.

Both the efficiency and stability requirements must be satisfied in order to im

plement a successful surgery simulator. High efficiency reduces the computational 

load and ensures the real-time performance. High stability ensures the model behave 

appropriately and do not oscillate and shoot off to infinity. System instability may 

cause the damage to the haptic device and inflict bodily harm to the user. We should 

balance the trade-off between these two requirements.

This trade-off can be approximately analyzed by examining the maximum time 

step that could be used without causing instability and the actual computing time. 

The ratio between these two time values shows, under the stable condition, the com

putational efficiency of the integration method. The bigger the ratio, the faster the
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computation, thus the higher efficiency of the method. We compared Euler and RK-4 

methods by this approach, the maximum time step and calculation time are obtained 

by using our Pentium 4 PC, with a model size of 100 elements and 50 vertices.

Integration Method Max. Time Step Calculation Time Ratio to Real-Time
Euler 0.0016 0.003 0.53
RK-4 0.032 0.014 2.28

Table 4.2: Computational efficiency and numerical stability of integration methods

As can be seen in Table 4.2, under stable condition, the RK-4 method has the 

higher computational efficiency, so that it is used in our simulation.
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Chapter 5

CUTTING

With a good cutting simulation, users should be able to see the realistic cutting result 

in real time and feel the faithful cutting force by hand through the haptic device. 

There are two main causes that make real-time cutting simulation a big challenge:

• All cutting manipulations change the mesh topology of the soft tissue model 

and re-meshing is necessary. This is a complicated procedure and it becomes 

extremely complex when volumetric soft tissue models are used.

• Cutting changes the stiffness matrix or the governing equation of the system. 

Dynamic reconstruction of the linear system is very expensive, and even worse, 

it invalidates the pre-computation technique which can be used to accelerate 

the simulation.

In addition, cutting will generate many new elements if we ask the splits follow the 

arbitrary cutting path well. This will dramatically increase the calculation complexity, 

add more work loads to the already computationally intensive simulation and make 

the real-time interaction much harder to achieve. Over the past ten years, many 

researchers have worked in this field, but the fully interactive and highly realistic

54
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cutting simulator, which can be used in surgeons’ daily training, are currently far 

beyond reach.

Our goal is to develop a cutting scheme which has improved realism while main

tains the real time interaction. In this chapter, we will discuss and compare three 

existing algorithms, then describe our new cutting method and all its characteristics.

5.1 Cutting Procedure

A cutting procedure includes the following three steps:

• detect intersected elements

• handle intersected elements and modify the topology of the mesh

• reconstruct the linear system and then compute deformation and force

The cutting simulation of this thesis is based on tetrahedral soft tissue model. First, 

the initial contact between the scalpel and the model is detected through the inter

section between the surface triangles and the scalpel, and then the external force is 

calculated. If the force reaches the cutting threshold, cutting procedure starts. Oth

erwise, only deformation will be simulated. Once the cutting starts, the simulation 

loop will construct the intersected element list first, then with the scalpel moving, this 

list will be updated and the intersected elements which the scalpel already left will 

be found and saved into the non-active element list. Finally all non-active intersected 

elements will be subdivided or separated. This procedure repeats until the scalpel 

totally leave the model, then the cutting ends. Figure 5.1 shows the diagram of the 

cutting procedure.
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Figure 5.1: Cutting procedure
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5.2 Cutting M ethod

According to the different handling ways of intersected elements, cutting methods fall 

into the following three categories: element deletion, element separation and element 

subdivision.

5.2.1 Elem ent D eletion  M ethod

This method simply removes each element which is touched by the scalpel during the 

cutting process (see figure 7.4 for surface mesh cutting).

/  cut path

/ /I/ /
/ / / /

/ / . /

/ /
/ /
/

/ V V V

Figure 5.2: Cutting by element deletion on surface mesh

If the cutting limits to one single incision, removing elements usually will not 

affect the total node number of the mesh. Therefore the cutting can be simply im

plemented by deleting the intersected edges of a surface model or deleting intersected 

faces of a volumetric model. This makes geometric modification very easy and avoids 

the expensive re-meshing procedure. Reconstructing the system is also easier for both 

the point-mechanics based soft tissue models and explicit finite element models, be

cause the stiffness matrix can be modified by simply removing the stiffness parameters 

or tensors associated with the deleted elements. But for an implicit finite element
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model, which involves matrix inversion, computational load will increase a lot due to 

the cutting.

Bro-Nielsen [23] first introduced this method to cut an implicit finite element 

model. He removed a tetrahedron element from a simple model with 75 nodes and 

got the real time response. But when the number of mesh nodes increased to 1125, 

the modification of the inverted stiffness matrix took about one minute, which made 

the real time simulation impossible. Cotin et al. [27] used this method to implement 

a real time cutting simulation based on a pre-computed and tensor mass combined 

hybrid liver model. They achieved a real-time visual update rate by using a TMM 

of 280 vertices and 1260 tetrahedra. The element deletion method was also used in 

systems based on the MSM by Neumann et al. [65] and Boux de Casson et al. [66].

Although this method is simple, computationally efficient and easy to implement, 

it has some significant drawbacks as follow:

• This approach violates the physical principle of mass conservation.

• Both the visual effect and the simulation accuracy strictly depend on the reso

lution of the mesh.

• It is possible that all elements connected with a node are deleted, and this 

situation will cause the oscillation of the simulation system.

Only when the mesh resolution is very high, can the visual quality be acceptable. Oth

erwise, the cut part will leave a big gap. Unfortunately, if the resolution increases, 

the computational cost of the simulation will significantly increase. This is not affort- 

ablc for the real-time simulation. In order to balance the trade-off between the good 

visual results and high computational cost, Forest et al. [57] suggested locally refine 

the mesh around the cutting area and then remove the intersected elements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cutting 59

5.2.2 Elem ent Separation M ethod

This kind of method restricts incisions to be aligned with existing edges in surface 

models and faces in volumetric models. Along these edges or faces, the intersected 

elements are separated. That means the nodes on these edges or faces, the edges and 

faces are duplicated. After single cut, no new element will be generated. Even after 

multiple cuts, only small number of new elements will be created. Figure 5.3 shows 

the separation cutting method with a surface mesh.

^ ^ c u t  p a th

/ / Y
/////

/

/ v v V \J

Figure 5.3: Cutting by element separation on a surface mesh 

The major drawbacks of this method are as follow:

• The incision can not follow the cut path well, and the approximation quality 

highly depends on the resolution of the mesh. The cutting face will be jig-jagged.

• ELement separating may create singularities, which means some elements con

necting to the mesh by only one node. This situation will cause the mesh and 

system unstable.
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5.2.3 Elem ent Subdivision M ethod

In this method, intersected elements are subdivided. They are replaced by a set of 

small elements which occupy the same volume but with no proper intersection with 

the trajectory of the scalpel. Comparing to volumetric models, subdividing triangle 

elements of the surface models is much easier. Zhang et al. [56] used this method to 

implement a progressive cutting on a surface MSM.

Cutting Tetrahedra

Subdividing tetrahedral element is very complicated. There are five topologically dif

ferent cases in which a tetrahedron can be cut by a planar surface with one incision [58] 

(see Figure 5.4).

Figure 5.4: Five different cases when cutting a tetrahedral mesh (source[58])

Case A and B represent two full cut situations, in which the tetrahedron is 

completely cut into two pieces. Three types of partial cut can be distinguished by 

the number of edge and face intersections. In case C, only one edge and two faces
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intersect with the scalpel. There are two face intersections in both case D and case 

E, but with two and three edge intersections in each case, respectively.

Subdividing Tetrahedra

There are different ways to subdivide the intersected tetrahedral elements. Bielser et 

al. [58] proposed a generic subdivision method, which always splits each element into 

17 small tetrahedra using midpoints as shown in figure 5.5.

B

B OA B

IS D

C DA C
O  isdse midpoint

C

Figure 5.5: Generic subdivision of a tetrahedron (source[58])

If the edge or face has been cut, then the intersected point will substitute for the 

midpoint of that edge or face. Split edges are replaced by 2 edges with 2 vertices at 

the new location. Unintersected edges get one vertex. This method can accurately

follow  th e  arbitrary cu t tra jectory  and has top o log ica l freedom . B u t th e  universal 

subdivision leads to a rapidly increased number of tetrahedra for large cuts, which 

subsequently makes the computation very expensive. To decrease the number of 

newly created elements after cutting, Mor [28] introduced an improved scheme, which
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generates a minimal set of new elements during cutting. Depending on five different 

cases, 4 to 9 new elements will be created for each intersected tetrahedron. Our 

cutting scheme will base on this approach.

The advantage of element subdivision method is that its visual realism is very 

high. To achieve this, many small tetrahedra have to be created, which greatly 

increases element number and thus slow down the simulation substantially. Even 

worse, the small or badly shaped tetrahedra created during cut will cause simulation 

instability. Another problem with this method is: it doesn’t handle the case which 

the mesh node is cut.

5.3 Combined Subdivision and Separation Cutting  

M ethod

When we develop a cutting scheme, three requirements should be always in mind:

• The resulting incision should follow the arbitrary cut path as closely as possible, 

so that the simulation will have very realistic visual feedbacks.

• The number of newly generated element should be as less as possible, so that 

the computational cost will not increase significantly, and therefore the real-time 

interaction can be maintained.

•  There should be no very small or badly shaped elements created after cutting 

so that the simulation system can keep running stably.

To achieve these requirements, we introduced a midpoint minimal set subdivision and 

element separation combined cutting method.
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5.3.1 M idpoint M inim al Set Elem ent Subdivision

Our tetrahedron subdividing is based on the minimal set subdivision method proposed 

by Mor [28]. Instead of using the actual intersection points to do the splitting, we 

use midpoints only. That means the intersected edges are split at edge midpoint and 

the intersected faces are split at each triangle’s centroid (Its Cartesian coordinates 

are the means of the coordinates of the three vertices). Therefore, two new vertices 

at each edge intersection and one new vertex at each face intersection will be created. 

Depending on the five cutting topologies stated above, 4, 6, 6, 8, and 9 new tetrahedra 

will replace each intersected element, respectively. The subdivisions are shown in 

figure 5.6.

C D E

Figure 5.6: M idpoint su b d iv ision  for five different to p o lo g y  cases

Five different subdividing procedures are developed for these five cases. One 

important thing must be addressed during cutting is: keeping the consistency of 

the mesh. This is not a trivial problem because each vertex is neighbored by many
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tetrahedra and each edge is also neighbored by many tetrahedra. When one edge is 

split and two new vertices created, all neighboring elements of this edge should be 

split into the same two vertices. By properly designing the data structure and using 

lookup table, we can handle this problem efficiently.

Although topologically only five different cases exit when cutting a tetrahedral 

mesh (here we don’t consider the situation of cutting through the node of tetrahedra), 

each case has multiple different orientations based on the ordering of the vertices and 

the cut edges. We must distinguish those different orientations before we can use 

the subdividing procedure to do the splitting. For example, case C, in which the 

tetrahedron is partially cut by one edge and two face intersections, has six different 

permutations (see figure 5.7). They correspond to different edges being cut. We need 

to know which edge is the intersected edge, then the subdividing and topological 

re-meshing can be proceeded.

32

1
1

20

32

3

0
3

Figure 5.7: Six different orientation for cutting case C 

To deal with this problem, we define a generic orientation for each case, and then
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rotate the vertices of each intersected element to fit into this orientation. Therefore 

all subdivisions in the same type can be implemented with the same subdividing 

procedure. The original element is removed and the set of new tetrahedra are created.

5.3.2 Elem ent Separation and Three N ew  Topology Cases

The most important advantage of the element subdivision method is that the cut 

surface can exactly follow the cut trajectory. Unfortunately, when the scalpel passes 

closely to the original vertices, very small or badly shaped tetrahedra will be created. 

Those elements can become unstable during simulation and cause the system crash. 

Although our midpoint subdivision method can avoid this problem, it sacrifices the 

realism of visual feedback. The cut surface is approximated and jig-jagged. The 

approximation error becomes bigger when the intersection points are close to the 

original vertices. Furthermore, it is possible that the scalpel passes through one of 

the original vertex during cutting. The element subdivision method cannot handle 

this situation. To solve these problems, we introduce element separation method, 

which separates elements by one of the triangle face (see figure 5.8), into our cutting 

scheme.

Figure 5.8: Separation of two tetrahedral elements
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G H

Figure 5.9: Three topology cases when cutting path passes through nodes

Due to the introduction of element separation, three new subdivision cases are 

needed to address the situations when one or two original vertices are separated. 

Figure 5.9 shows these three new cases.

Case F and G are two complete cut situations, which correspond to cutting 

through one node and cutting through two nodes, respectively. Case H is partially 

cut through one node. Figure 5.10 shows the minimal element subdivisions of these 

three cases.

Figure 5.10: Three topology cases when cutting path passes through nodes
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5.3.3 N ode Snapping

Node snapping is used to move the intersection points to the midpoints of edges and 

faces or to the original nodes. Once the edge intersection detected, the distances be

tween the intersection point and two original edge nodes are calculated. Then these 

values are compared with a threshold, if the distance is within the threshold, the inter

section point will be snapped to the corresponding original node. Otherwise it will be 

snapped to the midpoint of the edge. For face intersection, if the corresponding edge 

intersection point already snapped to one original node, the face intersection point 

will be snapped to one original node of the face, or the midpoint of the edge which 

faces to the original node to which the edge intersection point snapped. According 

to the node snapping results the algorithm determines whether the intersected ele

ment will be subdivided or separated. Figure 5.11 shows the snapping method of the 

intersection points.

5.3.4 Record Inform ation for Intersected Elem ent

Combined subdivision and separation together, eight topologically different cases exist 

in our cutting scheme. For an intersected tetrahedron, how to efficiently record the 

cutting state and distinguish which case it belongs to is a difficult problem. We 

introduce a state table, which can clearly and efficiently describe the cutting topology 

of the tetrahedron; and use a lookup table to remember the new created nodes which 

must be used by future splitting the neighboring elements.

State Table

Since different cases are distinguished by different number of intersected edges, faces 

and nodes, the state table must show this information. Furthermore, for each inter-
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a) Intesected edge points snap to the original nodes

P) Intersected edge points snap to the midpoint of the edge

c) Intersected face point snap to the original node

d) Intersected face point snap to the midpoint of edge

Figure 5.11: Intersected node snapping
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sected edge, face and node, the following two kinds of information should be recorded:

• the geometric data: which record the identification number of the intersected 

node, edge and face. In addition, if more than one node or edge or face are 

cut, the intersection order should be recorded too. This information will help 

us distinguish the different orientations in the same topological case.

• the state of split: whether the node, edge, or face is already split or not, use 

“true” or “false” to remember it. During re-meshing process, if the split state is 

true, we need to search the lookup table to get the newly created nodes. If the 

split state is false, the newly created nodes should be recorded in the lookup 

table for future split of the neighboring elements.

1 2 3 4
Intersected face face id 43 50

split true false
Intersected edge edge id 43 50 100 101

split true false false false
Intersected node node id 43 50 100

split true false false

Table 5.1: State table for intersected elements

Lookup Table

In a volumetric mesh, each triangle face has two neighboring tetrahedron elements, 

while each edge and node may have many neighboring tetrahedra (some nodes have 

more than thirty tetrahedra connected to it). Whenever one edge or face is subdivided, 

all its neighboring elements must be subdivided with the same newly created nodes 

in order to keep the consistency of the mesh. But not all of them are subdivided in 

the same time. So that once an edge or a face has been subdivided, the newly created
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nodes information should be kept to be used by the future split of all its neighboring 

elements. In our cutting scheme, three lookup tables are used to keep this information 

for intersected nodes, edges and faces, respectively. The following is a lookup table 

for intersected edges.

index edge id origNdl origNd2 newNdl newNd2 totalNeib
1 25 43 50 100 101 6
2 40 15 20 102 102 4

Table 5.2: Lookup table for intersected edges

In above table, origNdl and origNd2 represent the two original nodes of the edge; 

newNdl and newNd2 represent the newly created nodes due to edge split; totalNeib 

represents the number of elements which contain this edge but haven’t been split yet. 

Whenever one neighboring element split, the totalNeib will decrease by one. Once 

the value of totalNeib becomes zero, the corresponding intersected edge entry will be 

deleted from the table. When a cutting procedure ends, all lookup tables should be 

empty. The lookup tables for intersected faces and nodes have similar structure.

5.4 Intersection D etection

In a surgery simulation system, both visual and haptic rendering are based on results 

of collision detection. It is necessary to know where the collisions are so that defor

mation and force feedback can be computed. In our simulation system, currently we 

don’t consider the self-collisions of soft tissue. Only collisions between the surgical 

tool and soft tissues are addressed. Here we divide the collision information into two 

types:
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• Collision state: the contact state between the haptic device and the soft 

tissue model, which includes three states: the scalpel touching, untouching and 

moving on the surface of the model.

• Intersection state: the intersection states between the cutting edge (scalpel 

edge) and the tetrahedral elements; the cutting face and the tetrahedral ele

ments.

The first type of information is provided by the haptic SDK OpenHaptics. It only 

gives the touching, untouching and moving event notifications. We need to detect the 

intersection information by using our own algorithms.

Detecting the intersection between the scalpel and a volumetric model is much 

more complex than that between the scalpel and a surface model. W ith surface 

models, only single point collision detection algorithm is needed. As for volumetric 

models, a multiple point collision detection algorithm is required. In our simulation 

system, the detection of intersection is implemented in two steps:

• Detect the initial intersected tetrahedra

• If the scalpel is moving on the surface of the soft tissue model, detect consecutive 

intersections by using intersection propagation

5.4.1 C utting Surface

Ideally, the interaction between the scalpel and the soft tissue model should be mod

eled as the interaction between two 3D objects. But this approach is too computation

ally expensive to implement in real-time. With our haptic device Phantom Premium, 

a point is used to represent the front end of the haptic device. During simulation, 

we can only get the point position of the haptic device. It is impossible to simulate
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the cutting using the interaction between a point and a volumetric soft tissue model. 

In order to implement volumetric interaction, we use a line segment to represent the 

scalpel.

When a volumetric object is cut by a scalpel, the intersection can be obtained by 

sweeping a finite length of cutting edge through the object. So, the cutting surface 

can be defined as the planar surface swept by the cutting edge during different time 

steps. After the scalpel contacted with the soft tissue model, we can query haptic 

interface to get the proxy position and the actual haptic device position. The line 

between these two points is used as the cutting edge. Figure 5.12 shows the swept 

face of the scalpel between two time steps, which creates one edge intersection and 

two face intersections.

Figure 5.12: Intersections between the cutting surface and a tetrahedron 

5.4.2 Initial Intersection D etection

As the haptic device only gives us the initial contact notice and the positions of the 

proxy and device, we need to find out the information of the initial contact element, 

which includes the index, the geometric and physical parameters of the element.
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The following algorithm (in pseudocode) is used to implement this task. The initial 

intesection is obtained by global search.

IF (scalpel has contacted with soft tissue model) 

query the proxy position and device position; 

construct scalpel edge by proxy and device positions;

FOR (all surface triangles)

IF (triangle intersected with the scalpel edge)

find the tetrahedral element which contains this

surface triangle; 

return the tetrahedron element id;

END IF

END IF

After finding the initially active surface tetrahedron, the next step is to find the 

initially active tetrahedra list by using the following pseudocode:

save the active surface tetra into active tetra container;

active_tetra = active_surface_tetra;

WHILE (scalpel tip is not inside the active_tetra) DO 

F0R(all other three faces of the active.tetra)

IF (the face intersected with the edge of scalpel)

find the neighbor tetrahedron of this face;
save this neighbor tetra into active tetra container; 

active_tetra = this neighbor tetra;

BREAK;

END IF
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When the while loop ends, all active tetrahedra will be saved into the active tetrahedra 

container.

5.4.3 Localized Intersection D etection

Before mesh topology modification, the tetrahedron elements which intersected with 

the cutting surface should be found. When we detect the intersection, two tests are 

required: the intersections between the scalpel edge (cutting edge) and the faces of 

the tetrahedron; and the intersections of the swept surface (cutting surface) and the 

edges of the tetrahedron. Both tests can be implemented in two ways: the global 

search or the local search.

Global search tests the intersection with each tetrahedron of the mesh repeatedly. 

Although the implementation logic is simple, it takes much longer time to get the 

result especially when the mesh size is big. Local search is based on the following 

fact: for sufficiently small time step At (maximum 0.033ms) the probability of finding 

new active tetrahedra and new active point tetrahedron in the direct neighbors is very 

high.

Localized intersection detection is implemented by intersection propagation. The 

neighbors of initial intersected tetrahedron will be tested to find the active point 

tetrahedron and other active tetrahedra. At next time step, the status of all the 

active tetrahedra will be checked and updated. If the scalpel already passed through 

the tetrahedron, it will be put into the splitting tetrahedron list. And its neighboring 

elem ents w ill b e checked for th e  in tersection , any neighbor w hich  in tersected  w ith  th e

swept face will be put into the active tetrahedron list. The tetrahedra which still 

intersected with the cutting edge remain in the active tetrahedron list. The following 

is the pseudocode which implements localized intersection detection:
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FOR (each active_tetra)

IF (this active_tetra doesn’t intersect with new scalpel edge) 

store it into split.tetra container; 

remove it from the active_tetra container; 

find the edge which intersect with the cutting face; 

find all neighboring tetra of this intersected edge;

FOR (each of the neighboring tetra)

IF (its face intersects with the new scalpel edge) 

save it into the active_tetra container;

END IF;

END IF

5.5 Semi-Progressive Cutting

With an ideal cutting simulation, users should be able to see the visual feedback 

without delay. This requires the subdividing and re-meshing be processed while the 

cutting is on going. As we stated before, according to this criteria, cutting simulation 

can be classified into two categories: non-progressive and progressive cutting. In 

non-progressive cutting, the model updating will not start until the whole cutting is 

finished.

Progressive cutting can be divided further. The first type is: once the scalpel 

intersects with the element, it will split by generating temporary subdivision. When 

the scalpel completely left the element, its subdivision will be finalized. The second 

type is what we used in this thesis, and we call it semi-progressive cutting. In this 

method, the individual element will only start splitting when the scalpel leaves it. The 

first method can track the tool path without any delay, but the temporary subdivision
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brings more overheads to implement and increases the computational cost. Although 

the second method will generate a small lag between the incision and the position of 

the scalpel, it is more computationally efficient. Furthermore, if the mesh resolution 

is high, this lag is small and can be ignored.
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Chapter 6

HAPTIC RENDERING

There are three kinds of haptic rendering method: point-based, ray-baaed and object- 

based method. Due to the real time requirement of the surgery simulation system, 

the computational cost of both ray-based and object-based methods are too high to 

achieve the real-time haptic update rate with current computer technology. So, the 

point-based haptic rendering method is used in this thesis.

6.1 Point-based Haptic Rendering

In this rendering method, the haptic device is modeled as a point, known as the haptic 

interface point (HIP), and only this point interacts with the virtual objects. When 

the user moves the haptic device and the collision detection algorithm detects that 

this point is inside the virtual object, the depth and indentation are calculated. Then 

the feedback force is computed based on the indentation and is sent back to the user. 

There are three main approaches used by the haptic interfaces to calculate the force 

in point-based haptic rendering:

• Penalty-based method

77
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• Constraint method

• Physically based method

6.1.1 Penalty Based M ethod

Penalty based method is the earliest haptic rendering method. This kind of method 

computes the force feedback by knowing only the location of the haptic point. The 

history of the HIP position is not taken into account. It models surface contacts by 

generating a repulsive force which is proportional to the amount of penetration. That 

means the deeper the penetration is, the bigger the computed force will be. The force 

is calculated by applying a mass-spring mechanism:

F,haptic

{—kx — cx)n if x  < 0 

0 otherwise
(6 .1)

where k and c are the rigidity and viscosity of the collision, respectively; x  is the 

penetrated distance. The force always points to the normal direction ft of the contact 

surface (see figure 6.1).

Hapic interface

Force direction

Virtual object

Figure 6.1: Penalty based haptic rendering

Penalty based methods behave poorly when the virtual environment contains
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thin or overlapping objects. Therefore in 1995, Zilles et al. [41] first introduced the 

constraint based method.

6.1.2 Constraint M ethod

Constraint methods describe the interaction between objects based on non-penetration 

constraints in the virtual environment. Two points are defined in this method. One 

is HIP, which represents the real position of the haptic device and can penetrate into 

virtual objects. The other one is the virtual point, called god-object or proxy, which 

traces the position of HIP but will remain on the surface of the virtual object. Sim

ilar to penalty based method, the reaction force of constraint method is computed 

depending on the penetration. The force calculation equation is:

Fhapuc = f(d)  (6.2)

where f ( d ) is the function of the penetration d, which can be linear or nonlinear; 

Fhaptic is the feedback force which is sent to the user.

God-object algorithm and proxy algorithm are the typical constraint methods. 

The differences between these two algorithms are:

• The god-object is a point and the proxy is a sphere. Using a sphere as a virtual 

representation of the haptic point avoids some rounding-off problems such as 

falling into small gaps between the primitives of the virtual object.

• Only proxy algorithm supports dynamic environment or deformable models 

The proxy algorithm is used in our simulation.
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Proxy Algorithm

Proxy algorithm was proposed by Ruspini et al. [67], it is a constraint method which 

can be used by a deformable object to render feedback forces. The proxy is a finite 

sized, massless substitution of the haptic device in the virtual environment. When 

the proxy contacts with a virtual object, its motion is obstructed by the object and it 

quickly moves to a position which minimizes its distance to the haptic interface point 

along the constraint surface, see figure 6.2.

Haptic position = God-object position

Virtual object

Figure 6.2: Proxy haptic rendering method

The proxy algorithm introduces some modifications in order to take into account 

of the moving primitives due to deformations. After the soft organ deformed, the 

proxy will be constrained by the deformed surface. The new proxy position is ob

tained by interpolation from the old proxy’s position, see Figure 6.3. This method 

will give the users a smoothly transition between discrete low-frequency model up

dates so that they can get the realistic sensation of soft tissue deformation.

God-object
position

Haptic
position
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Last prow position
Intermediate proxy position

New proxy position

Virtual object

Figure 6.3: Simulate deformation by using intermediate proxy position

The proxy algorithm computes the force using a mass-spring mechanism, and 

takes into account the history of the haptic position. It can solve the corner ambiguity 

problem (see figure 6.4) which cannot be avoided by the penalty method.

Force 
direction

Haptic
position Force

direction

Virtual object

Figure 6.4: Ambiguity of the force direction

6.1.3 Physically Based M ethods

B oth  p en a lty  and constra in t based  m eth od s com p u te  th e  feedback force by using  a

force proportional to the penetration depth of the tool in the soft tissue model. Thus 

the force is only calculated from the geometric constraint instead of the physical de

formation. Deformable models based on the biomechanics properties of living tissues
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lead to physically meaningful forces and are very likely to provide a realistic feeling 

to the user. Physically based methods calculate the force according to the physical 

deformation, which is depending on the physical properties of the object such as su

perficial tension, rigidity, stresses, etc. Thus different soft tissue models have different 

force computing methods.

6.2 Separated External and Feedback Force Com

putation

Usually, the external force and feedback force are calculated using the same haptic 

rendering method. These two forces have equal magnitude but with opposite di

rections. In this thesis, two different methods are employed to compute these two 

forces.

6.2.1 External Force C om putation

PHAMTON Premium is used as the haptic device in this thesis, therefore, OpenHap- 

tic SDK is adopted to handle part of haptic rendering problem. OpenHaptic SDK 

uses proxy algorithm to implement the haptic rendering. In our simulation, after 

the tool-tissue contact has been detected, we use proxy algorithm to calculate the 

external force which is applied to the soft tissue model.

6.2.2 Feedback Force C om putation

The integration of force feedback to surgery simulation is almost as important as 

visual feedback. With precisely computed force feedback, it is possible for the user 

to feel haptic sensations close to reality. On the other hand, adding force feedback to
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the simulation brings additional constrains, make soft tissue modeling more difficult. 

Because force computation depends on the chosen deformable model, and requires 

soft tissue models to have high accuracy and computational efficiency.

Only since the second generation surgery simulator, can the force feedback be 

added to the system. Until now, how to render the faithful force to the user is still 

a problem far to be solved. The deformable object modeling technology hasn’t been 

mature yet; current models cannot represent the living tissue accurately. Moreover, 

the feedback force is different during different simulation procedures such as palpating, 

cutting and suturing. I t’s hard to simulate those different forces properly with one of 

the current soft tissue model.

As we described before, the force calculation of proxy algorithm is based on mass- 

spring mechanism. But the soft tissue model in this simulation is a finite element 

model; the force computed from the proxy algorithm cannot faithfully represent the 

force produced by the model. In order to improve the fidelity of the feedback force, 

the physically based haptic rendering method is used to compute the feedback force.

6.3 Physically Based Force Feedback

The simulation loop provides us a discrete time series of parameters (U, Pn /q), which 

represents the force Ft applied to the tool in position Pi at time These parameters 

are updated with the simulation rate, i.e. around 30 Hz. The computed force cannot 

be sent to the haptic device directly and feedback to the user because the haptic force 

should be updated with a rate of lKHz in order to make sure that the user has a 

realistic sensation.

In order to achieve the lKHz force update rate, the extrapolation method is 

used to generate intermediate forces. This method estimates the current force by
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extrapolating the previously computed force from last simulation time step.

6.3.1 Force Extrapolation

To solve the different rates problem between visual and haptic display, Ellis et al. [47] 

first proposed to extrapolate the force obtained from the physical simulation. They 

suggested using the equal time sampling to numerically predict the force and adopt 

a correction term to take into account the error incurred at the previous time steps. 

Picinbono et al. [68] introduced and compared three force extrapolation methods: 

constant extrapolation, time linear extrapolation and position linear extrapolation. 

Later they implemented these force extrapolation methods in a liver surgery simula

tion [69]. The linearly elastic finite element liver model has 8000 tetrahedra, and a 

500Hz haptic update rate was achieved based on a 25Hz visual update rate.

As stated above, for each physical simulation step, a set of forces is computed. 

The time between two successive force sets is about 0.033ms. Good quality force 

feedback requires lKHz update rate, which means the time between two successive 

forces is 0.001ms. Force extrapolation uses an extrapolation function F(t)  to calculate 

the estimation of the force at time t(tn < t <  tn+1) to achieve lKHz force update rate 

based on the known data (U, Pi, Fi), i = 0 . . .  n.

6.3.2 Extrapolation M ethods

There are three typical force extrapolation methods which were proposed by Picin

bono et al [68]: constant extrapolation, linear extrapolation over time and linear 

extrapolation over position.
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Constant Extrapolation

Constant extrapolation uses the previous force i7) as the estimated force during time 

U < t  < U+i. The extrapolation function is as follow:

Fest(t) = Fi U < t < t i+i, i  = 0 . . . n  (6.3)

This is the easiest way to produce the estimated force. In addition, all applied forces 

are valid because they come from the physical simulation. The disadvantage of this 

method is that the obtained force is discontinuous (see figure 6.5).

j, Force

Figure 6.5: Constant force extrapolation 

Linear Extrapolation over Time

This method estimates the current force value by extrapolating over time. Let’s define 

F - i :  F  as previously  ob ta in ed  force from  physica l s im u lation  at tw o previous tim e  

step ti- 1  and U, respectively. Now, we want to estimate the force at time t during the 

current simulation time step, i.e. U < t  < tj+i. We can get the following extrapolation
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function based on linear extrapolating over time:

t — t,
F L M  = Fi +  , -  f i - i )  =  (6.4)

Figure 6.6 shows the extrapolating.

Force
•  F orce obtained from 

physical simulation

0 1 2 3 4 5 Time step

Figure 6.6: Force linear extrapolation over time

Linear Extrapolation over Position

In surgery simulation, the tool position determines the deformation or model position, 

and then the model position determines the force applied to the tool. Since the haptic 

loop detects the haptic device position with a rate of lKHz, therefore, we can query 

the tool position with a frequency of lKHz. So it is more reasonable to estimate the 

force over tool position.

Because the tool position is a vector, we need to project it on the line defined 

by two previous positions Pi and P*_i (see figure 6.7). Then we can write the linear 

extrapolation function as follow:

FL(t) — Fi+  _  Fi_,) t i < t <  U+u i  =  0. . .  n (6.5)
\ \ F  ~  - n - i l l
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From the above equation, we know when P,_i, Pi and P  are in a line, the position 

projection will not introduce extrapolation errors.

Fi

Fm

V
Pi-1

Fp(t)

proj

Figure 6.7: Force linear extrapolation over tool position
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Chapter 7

IMPLEMENTATION AND  

RESULTS

Even though the general theories of the surgery simulation system are well under

stood, implementing a surgery simulator is still full of challenges. As the developer 

need to combine several different technologies, such as multi-threaded programming, 

computer graphics, numerical methods, haptic devices and their developing environ

ments, together. Many of the implementation details directly affect the performance 

and quality of the system. In this chapter, some of them will be introduced and the 

experimental results will be presented.

7.1 Environment of the System

The simulation system was implemented on a PC with a Pentium IV 3.60 GHz proces

sor by using programming language C ++. The haptic device, which connects to the 

PC through a parallel port, is PHANTOM Premium 1.5 from SensAble Technologies 

Inc. It has six degree of freedoms (DOF) for force input and three DOFs for force

88
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feedback. The source code was developed with MS Visual C + +  6.0, using OpenGL 

library for graphic rendering and OpenHaptics SDK (from SensAble Technology Inc.) 

for haptic rendering.

7.2 Implem entation of Soft Tissue M odel

Most of the object models in virtual environment and 3D graphics are surface models 

since showing the interior of the objects usually is not required. Thus it is easy to 

find the surface geometric models of some soft tissues/organs such as heart, liver and 

stomach, but the volumetric models are hard to obtain. Therefore we must construct 

a volumetric model first.

7.2.1 Constructing a Volum etric Soft Tissue M odel

There are many mesh generators both in public and commercial domains [70]. We 

selected several tetrahedron mesh generators from public domain: DistMesh, Geom- 

pack++, LBIE-Mesher and GiD. After comparing their functionalities, we chose GiD 

as our tetrahedron mesh generator.

Giving boundary and volume, GiD can generate a consistent tetrahedron mesh. 

The mesh data can be exported as a .msh file. Besides tetrahedron information, the 

triangle mesh of the selected surface can be easily obtained.

By using some commercial software, for example Simal, realistic soft tissue/organ 

models can be generated from real medical data, such as magnetic resonance imaging 

(MRI) and computer tomography (CT) images. Due to lack of real data and the 

proper software, currently in our simulation, a hexahedron shaped model is used to 

represent the soft tissue. This mesh is composed of 50 nodes and 100 tetrahedra.
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7.2.2 Tissue Param eters

Tissue parameters greatly affect the realism of soft tissue simulation. Unfortunately, 

due to the complexity of human tissues, currently it is very hard to get the accurate 

experimental data about the parameters of different tissues/organs. So we aimed to 

find tissue parameters that were roughly correct and appeared appropriate.

In our tensor mass model, the elastic force at a node is calculated by adding 

together all elastic force contributions from the adjacent tetrahedra (see equation 4.6). 

Thus for each tetrahedron, we need to calculate its four node tensors and six edge 

tensors first by using equation 4.7. This equation shows that only Lame coefficients A 

and p  are needed besides the rest position of the tetrahedron. These two coefficients 

can be calculated from two continuum mechanics parameters of the material: Young’s 

modulus and Poisson’s ratio, by using equation 7.1 and equation 7.2. In addition, 

we need to know tissue density to compute the node mass. Finally to construct the 

governing equation of the system, the damping parameters are also needed.

A -  (1 - 2̂ K1 + .) ™

(7-2)

where E  is the Young’s modulus and v is the Poisson’s ratio.

We adopted human liver’s parameters as our model’s parameters. According 

to the study and experimental results of [71], [72] and [73], we chose the Young’s 

modulus as E  = 642.55Pasca and the Poisson’s ratio as 0.47 in our soft tissue model. 

By using above equations 7.1 and 7.2, the Lame coefficients of the tissue model can 

be computed. The same value will be used for the whole model.

We used uniform tissue density and set the value as 1.05g/cm3, which was ob
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tained from [74], As for the damping parameters, we used the same value as that 

suggested by Mor [28]. A value of le-5 1/sec is used for a, and 2e-5 m * sec is used 

for (3. The damping coefficient can be calculated from the following equation:

{C\=a{M\  + l3[K\ (7.3)

where [M\ and [K\ are the mass matrix and stiffness matrix, respectively.

7.3 Data Structure Design

The data structure of a volumetric finite element model is very complex. There 

are two sets of data need to be stored and manipulated. One set represents the 

geometric information of the model, such as 4 vertices, 6 edges and 4 triangle faces 

of a tetrahedron; tetrahedral neighbors by the vertex and tetrahedral neighbors by 

the edge. The other set represents the physical information of the model, for example 

the mass of node, the node and edge tensors of the element. These two sets of data 

should be easily referenced by each other.

In order to implement real-time cutting simulation, changing the state of the 

model should be finished on-the-fly. To help facilitate the modification of the model, 

we need a memory structure that would be easily and quickly updated, for both 

adding and removing elements to the model. Another character of our data is that 

they are dynamically increased. Therefore, we cannot predict how many elements the 

model will have after the cutting occurs.

There are two types of structures which are suitable to store unknown number of 

elements in C++: the vector and the linked list. We will compare these two structures 

as follow:
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• Vector: A vector represents a contiguous area of memory in which each element 

is stored in turn. Random access to a vector, which means accessing to any one 

of the elements, is very efficient. Insertion and deletion of an element at any 

position other than the back of the vector are inefficient.

• Linked list: A fist represents noncontiguous memory doubly linked through a 

pair of pointers that address the elements to the front and back allowing for 

both forward and backward traversal. Insertion or deletion of elements at any 

position within the fist is efficient. But random access, on the other hand, is 

not well supported.

The most important requirement to the data structure used in our simulation 

system is random access to any element. Random deletion is desired too, since we 

need to remove the original tetrahedron when it has been subdivided. But neither 

vector nor linked fist can meet these two requirements in the same time.

We use vector containers to store our objects such as nodes, triangles, and tetra- 

hedra. We can avoid deletion in the middle of the container by replacing the subdi

vided tetrahedron with a newly created tetrahedron. The main components of data 

structure in our simulation system are shown in Figure 7.1.

FEM.Object represents the soft tissue model, which is in the highest position of 

our object hierarchy. It includes three categories of data:

•  Geometric data of the soft tissue model, which are stored in the TetVolume

ob ject. FE M _O bject conta ins a  poin ter to  th is  object.

• Physical data of the soft tissue model, which are stored in the vector container 

of TetFEMElement. FEM_Object also has a pointer to this container.
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•Vector oonaS w  of Rode objects 
•Vector cffitaner of triangle objects 
■Vector container of tetrahedron objects

•Vector container of dements 
-TetValimw object 
•Vector container of aflectedNode 
•Vector container ofaffectodTetra

■Tetrahedron Object
■narmVeeSorMf*)]
■demNo(toTan£orMafric«s(4]
■etemEdpT8nMrMatoc«[6j 
■Vector oontaiiw of neibElemldByFace 
•6 Vector containers ofneifaElemltiByEdge

Figure 7.1: Data structure at simulation object level

• Other data related to the system simulation, such as affectedNode, affectedTetra 

and integrator, ect.

Geometrically, the soft tissue model is composed of node, edge, triangle and 

tetrahedron. Figure 7.2 shows the structure of those objects.

TetVotame
Vector conatiner of node <
Vector container of triangle objects 
Vector container of tetrahedron objects I

Tetrahedra
i-Tetrald
• N w t e t ' t ]

- Surface T r ia n g ^ l

Notteto
Current P osta l 
Rest Position 
External Farce 
Tdal Force 
Mass
Tetrahedron neighbors

* - * Triangle i -
Edge

• TriangWd
• Modepj
• anSurfaoe

- Edgetd
-Nodef2j

Figure 7.2: Geometric data structure of the tissue model
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Node is the most basic data structure. It not only contains the current and 

rest positions, but also contains the physical information such as force and mass. 

Tetrahedron, triangle and edge objects all contain the pointers to the nodes which 

they have. TetFEMElement object can obtain the node information through the 

pointer to corresponding tetrahedron.

7.4 Implementation of Cutting

Due to the complexity of topology modification and system reconstruction, volumetric 

cutting simulation is very hard to implement. In Chapter 5, the details of our cutting 

scheme had been introduced. Here we only briefly describe the major functional

ity of the most important three procedures in the simulation: AdvanceSimulation(), 

geoMeshReconstruct() and reconstructFEMObject().

7.4.1 Advance the Sim ulation

When the simulation starts, the simulation loop will do three types of initialization. 

The first is to setup the OpenGL graphic environment; the second is to initialize the 

haptic device and start the haptic thread; the third is to load the geometric soft tissue 

model and construct the FEM_Oject (physical model) system. During the last step, 

the physical data of the soft tissue model will be built and stored, which means the 

node masses, node and edge tensors will be calculated, and the neighbor elements of 

the node, edge and face also will be found and stored. After these initialization, the 

AdvanceSimulation() function will be called each time the simulation loop advance the 

system time and simulation will keep going. Following is the pseudocode of function 

AdvanceSimulationQ.
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AdvanceSimulationQ

IF (cutting == true)

IF (active_tetra_list == empty)

find the initial contact surface tetrahedron; 

find initial active_tetra_list;

ELSE

update active_tetra_list;

IF (non-active_tetra_list_empty == false)

call function geoMeshReconstruct(non-active_tetra_list); 

call function reconstructFEMObjectO; 

compute the deformation and force; 

update geometric model with new position;

ELSE

IF (non-active_tetra_list_empty == false)

call function geoMeshReconstruct(non-active_tetra_list); 

call function reconstructFEMObjectO; 

non-active_tetra_list_empty = true; 

compute the deformation and force; 

update geometric model with new position;

7.4.2 R econstructing G eom etric M esh

This procedure reconstructs the geometric mesh of the soft tissue model. Which 

includes following steps:

• subdivide or separate each non-active tetrahedron based on the intersection type 

(case A to H) it belongs to; add newly created nodes, edges and faces into their
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container and the lookup tables; replace the old tetrahedron by a set of newly 

created tetrahedra.

• find all uncut neighboring tetrahedra of this non-active tetrahedron, update 

their information about edge and face neighboring tetrahedra

• construct affacted TetFEMElement list.

•  construct affacted node list.

Following is the pseudocode for this procedure: 

geoMeshReconstruct()

FOR (each non-active tetra)

find all uncut neighbor tetrahedra of this non-active tetra; 

FOR (each of uncut neighbor tetrahedron)

update the information of face neighbor; 

update the information of edge neighbor; 

split this tetrahedron based on the intersection case; 

construct affacted tetra element list; 

construct affacted node list;

FOR (each affacted node);

update the neighbor information of the node

7.4.3 R econstructing FEM  System

After geometric mesh modification, the FEM system is reconstructed by calling func

tion reconstructFEMObjectO. This function implements following tasks:

• Update physical parameters of each affacted TetFEMElement, which include: 

the volume, 4 node tensors and 6 edge tensors.
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• Update the node mass and node tensor sum of each affacted node

Following is the pseudocode for this procedure: 

reconstructFEMObj ect()

get all affacted TetFEMElements;

FOR (each affacted element)

update the volume of the element; 

update its 4 node tensors; 

update its 6 edge tensors; 

get all affacted nodes;

FOR (each affacted node); 

update node mass;

update the sum of node tensors from all neighbor elements 

at this node

7.5 Palpation Simulation Result

With the volumetric soft tissue model described in 7.2.1, we can perform the real 

time palpating simulation. When the virtual scalpel touches the model, it starts to 

deform. Because palpation doesn’t change the topology of the model, all the physical 

parameters of the soft tissue model, such as the node masses, node tensors and edge 

tensors, will keep the same. With the advance of the simulation, the integration 

method will be called continuously and the node positions and forces will be updated 

repeatedly. The deformation becomes bigger while the palpating force increases but 

is still within the cutting threshold. Figure 7.3 shows the result.
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Figure 7.3: Deformed soft tissue model

7.6 Cutting Simulation Result

When the system detects that the external force exceeds the cutting threshold, the 

cutting simulation starts. We implemented the cutting simulation using two different 

cutting approaches: element deletion method and combined subdivision/separation 

method. The two simulations perform on different hexahedron shaped soft tissue 

models. The mesh resolution used for deletion cutting is two times of the mesh 

resolution used for implementing our cutting method.

7.6.1 C utting R esult by Elem ent D eletion  M ethod

The cutting simulation by element deletion method uses a hexahedron shaped model 

with 85 nodes and 258 tetrahedra. The average mesh resolution is 0.5 cm. Figure 7.4
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shows the cutting results by element deletion. The experimental results show that

Figure 7.4: Cutting result with element deletion method

during cutting, all the tetrahedron elements which contact with the cutting tool will 

be deleted. There is no lag between the incision and the tool. With the cutting tool 

moving on the model, a big gap with the size of mesh resolution will be displayed as 

the cutting incision.

7.6.2 C utting R esult by Combined Subdivision and Separa

tion M ethod

The cutting simulation with combined subdivision/separation method uses a hexahe

dron shaped model with 50 nodes and 100 tetrahedra. The average mesh resolution 

is 1.0 cm. Figure 7.5 shows the result.
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Figure 7.5: Cutting result by combined subdivision and separation method

From the above result, we see, although the mesh resolution is one time higher 

than the mesh used in our method, the cutting by element deletion still creates a 

big gap. While our cutting algorithm can trace the tool path well and has a realistic 

visual feedback. The calculation time for an entire loop is 0.032 ms, that means the 

cutting simulation has a real time update rate of around 30Hz.

In addition, with the force extrapolation, we get a physically based force feed

back with an update rate around lKHz. The figures also show that there is a 

small lag between the scalpel and the cutting incision, because the combined sub

division/separation method is a semi-progressive cutting scheme.
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Chapter 8

SUMMARY

The goal of this thesis was to develop a surgery simulation system which can simulate 

some common surgical procedures. In particular, we aimed to simulate soft tissue 

cutting and tried to improve its realism while maintaining real-time interactions. In 

order to achieve this goal, first, a volumetric finite element soft tissue model was 

created; second, a novel combined subdivision/separation cutting method was devel

oped; third, a realistic force, which was calculated based on the physical deformation, 

was sent back to the user. This force feedback allows the user to have the sensations 

of touching and cutting the virtual soft tissue.

To build the soft tissue model, first the existing deformable object models were 

investigated. After compared the advantages and disadvantages of those models, the 

tensor mass model was chosen as our soft tissue model because it has finite element 

model’s accuracy and mass spring model’s computational efficiency. More important, 

the tensor mass model supports topology modification well. Then the explicit fourth- 

order Runge-Kutta integration method was used to solve the motion equations of the 

model. This method has high accuracy. Although the computational cost of each 

time step is higher than Euler method, RK-4 method can handle much larger time
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steps comparing to Euler methods. Therefore, the overall computational efficiency 

and stability of RK-4 method is higher than that of Euler method.

After the construction of the soft tissue model, more efforts were put on the 

cutting simulation. A new combined subdivision/separation method was proposed to 

simulate the soft tissue cutting. This volumetric cutting approach well balances the 

trade-off between simulation realism and computational efficiency. On one hand, the 

element subdivision and separation combined method ensures the incision following 

the arbitrary cut path and showing realistic visual feedback. On the other hand, 

the localized intersection detection and the efficient topology modification method, 

all contributes to the improvement of the computational efficiency. In addition, the 

proposed midpoint minimal set subdivision greatly increases the stability of the sim

ulation system.

Faithful force feedback is another way to improve the realism of surgery simula

tion. In this thesis, we separated the feedback force computation from the traditional 

haptic rendering method. The proxy algorithm was used to compute the external 

force, while a physically based method was used to compute the feedback force. The 

force obtained from physical simulation was extrapolated based on the known haptic 

positions in order to achieve a force update rate of lKHz.

The experimental results showed that the system can simulate soft tissue palpat

ing and cutting with high realism in a real-time rate. The visual feedback is realistic 

and the haptic force feedback is faithful and smooth.

8.1 Contributions

The main contributions of this thesis are:
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1. A comprehensive analysis and comparison of the existing physical deformable 

models which can be used for soft tissue modeling in surgery simulation was 

presented.

2. A new force distribution method was proposed. It re-distributes the force ex

erted on any arbitrary point inside a surface triangle of the model to the trian

gle’s three nodes.

3. A new volumetric finite element cutting scheme was proposed and implemented.

• A new combined subdivision/separation method was developed to address 

the topology modification of the soft tissue model. This method decreases 

the number of newly created elements and can handle the situation of 

cutting through the mesh nodes.

• A midpoint subdivision method was applied to the minimal element sets. 

This method makes the element subdivision easier and more efficient. In 

addition, it ensures that there are no very small or badly shaped elements 

generated such that the stability of the simulation system gets increased.

• A localized intersection detection method was proposed and used in the 

simulation. It can detect all intersected elements with high efficiency.

• The state and lookup tables were used in the cutting algorithm, which 

facilitate the topology modification and ensure the mesh be consistent.

4. A  p h ysica lly  based  hap tic  rendering m eth o d  w as used to  send  th e  fa ithfu l feed

back force to the user. The force computed from the physical simulation was 

extrapolated over the known tool positions to achieve the lKHz force updating 

rate.
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5. An efficient data structure was designed and used to handle the complicated 

tetrahedral mesh data both geometrically and physically.

8.2 Future Work

We had developed and implemented a surgery simulation system which can simulate 

surgical palpating and cutting with improved realism in real-time. However, there are 

some areas within this research and the experimental simulator which can be explored 

further.

1. This thesis used a linearly elastic soft tissue model which is only valid when 

the deformation is small. The soft tissue can be more accurately modeled, for 

example, some other living tissue characteristics such as non-linear elasticity, 

anistroscopics can be included into the soft tissue model in the future. Some 

other efficient explicit or implicit numerical integration methods can be studied 

to replace the Fourth-order Runge-Kutta method used by this thesis.

2. In the experiment, the current hexahedron shaped model can be replaced by a 

real soft organ model such as the liver or the heart model. How to generate the 

volumetric organ mesh from real medical data need further investigation.

3. A good collision detection algorithm is very important to the surgery simulation 

system. More research effort can be put into this part to develop and apply more 

efficient 3D object collision detection algorithms.

4. How to model the force feedback during cutting is still an open topic, more real 

life experimental data are needed to support this research.
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Appendix A

GLOSSARY OF TERMS

TriS — Surgery Simulation System

M IS — Minimally Invasive Surgery

SSS — Surgery Simulation System

M SM  — Mass-Spring Model

FE M  — Finite Element Model

B EM  — Boundary Element Model

FSM  — Finite Sphere Model

M R I — Magnetic Resonance Imaging

C T — Computer Tomography

V R  — Virtual Reality

A PI — Application Programming Interface
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RAM  — Random Access Memory 

TMM  — Tensor-Mass Model 

FE — Finite Element

PCM FS — Point Collocation-based Method of Finite Sphere

LOD — Level of Detail

ODE — Ordinary Differential Equation

RK-4 — Fourth-order Runge-Kutta

HIP — Haptic interface point

DOF — Degree Of Freedom

SDK — Software Development Kit

OpenGL — Open Graphics Library
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