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Abstract

Completely novel applications, termed "of the new era" by some researchers,

have raised a need for accurate models of the mechanical properties of soft

human tissues. These are among the main still unresolved issues which must be

addressed in order for techniques like virtual reality based surgery simulation,

accurate intra-operative navigation, elasticity imaging and some of the reality

augmentation techniques to fully develop their potential and revolutionize sev¬

eral fields of medicine. A lot of theoretical work has been conducted to formu¬

late adequate models for the description of the mechanics of soft tissues. The

developed models can, however, only be accurate if their parameters are subse¬

quently adjusted with experimental data obtained on the modeled materials.

Unfortunately, only very limited quantitative data concerning the mechanical

properties of living human internal organs is available. The reason for this is that

in-vivo experiments on human internal tissues pose extreme technical and ethical

difficulties. Technical difficulties include safety and sterilization issues, but also

the problem of performing in-vivo experiments characterized by well-defined

boundary conditions.

In this thesis a novel device for the investigation of the in-vivo properties of soft

internal human tissues has been implemented. It satisfies the requirements con¬

cerning safety and sterility, and was approved for use by a special commission of

the University Hospital of Zurich (USZ). The experimental method is based on

the pipette aspiration technique which has the advantage of obtaining well

defined boundary conditions even in in-vivo conditions. The developed device

applies a predefined pressure function in the pipette, and dynamically registers a

bidimensional description of the caused deformations. Under the assumption of

axisymmetry, the deformation of the tissue under the pipette is completely char-
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acterized through its profile. Measurement of the profiles of the bulge-shaped

tissue deformation is achieved through a vision-based technique, and is per¬

formed in real-time. The applied pressure function has been chosen to reveal as

much informations as possible about the mechanical properties of the investi¬

gated tissue, including nonlinearity and viscoelasticity.

We fabricated two identical instruments, one for the testing of artificial and ex-

vivo tissues, and one exclusively for in-vivo experiments on humans. With the

developed devices we performed several experiments on a soft silicon-gel mate¬

rial, on different dead animal soft tissues and on living human uterus. The

obtained data has been evaluated in collaboration with Martin Kauer, [Kauer 01],

who identified model parameters of several continuum mechanics models from

the literature for some of the tested materials and tissues.

The model parameters obtained for an artificial gel material have been employed

to predict the result of a traditional tension test, and these were compared with

the data collected from real tension experiments performed on stripes of the

same material. The prediction proved to be very exact, and can be considered as

the validation of the entire process composed of experiment and data evaluation.

We performed several ex-vivo tests on pig kidneys and cow livers. For pig kid¬

ney tissue we performed a series of experiments on the same area of the tissue

and could clearly observe a change in tissue mechanical properties with repeated

testing, which is known as the 'tissue conditioning' phenomenon.

The main effort has been invested in in-vivo studies. We performed aspiration

experiments in-vivo on different positions of several human uteri during hyster¬

ectomy interventions. The performed experiments represent a breakthrough from

several points of view. For the first time pipette aspiration was performed on

human soft internal tissues. Also, the first data regarding in-vivo properties of

human uterus are presented. Furthermore, the gathered data-sets are character¬

ized by well defined boundary conditions and allow model parameters to be

identified. We present the first experimentally determined nonlinear-large-defor¬

mations-model parameters for human in-vivo internal soft tissues. Furthermore,

we also quantitatively investigated the changes in mechanical properties occur¬

ring in first hours after death by repeating the tests on extracted uteri following

hysterectomy interventions and could observe evident changes. We, also, studied

the mechanical differences between myomas of the uterus and the surrounding

healthy uterus tissue.
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Kurzfassung

Präzise und zuverlässige mechanische Modelle vom menschlichen Weich¬

gewebe werden heute in ganz neuen medizinischen Techniken benötigt. Die

Entwicklung dieser Modelle zählt zu den wichtigsten Fragestellungen die noch

beantwortet werden müssen, bevor Techniken wie Virtual-Reality Chirurgiesim¬

ulationen, genaue und fehlerfreie intraoperative Navigation, Elastizitätsabbil-

dungstechniken sowie bestimmte realitätserweiternde Methoden ihre ganze

Stärke entfalten können, und eine technologische Revolution auf unterschiedli¬

chen medizinischen Gebieten auslösen. Zwecks der präzisen und adäquaten For¬

mulierung der mechanischen Weichgewebemodellen wurde bereits substantielle

theoretische Arbeit auf diesem Gebiet geleistet. Die entwickelten Modelle kön¬

nen allerdings nur dann voll zur Geltung kommen, wenn die in ihnen enthaltenen

Parameter genauestens ermittelt werden. Dies ist einzig durch eine Justierung

mit den experimentell erhaltenen Daten erzielbar. Die quantitativen Daten, die

zur mechanischen Beschreibung der inneren menschlichen Lebensorganen

benötigt werden, sind gegenwärtig in einem sehr limitierten Maße vorhanden.

Der Grund hierfür liegt in der Tatsache, dass die in-vivo Messungen an inneren

menschlichen Organen äußerst anspruchsvolle technische Messmethoden

erfordern und außerdem sehr sensible ethische Fragen aufwerfen. Die technis¬

chen Schwierigkeiten umfassen neben den Sicherheits- und Sterilisationsaspek¬

ten auch die Problematik in-vivo Experimente mit gut definierten

Randbedingungen zu realisieren.

In dieser Doktorarbeit wurde ein neuartiges Gerät für die Untersuchung von in-

vivo Eigenschaften der inneren menschlichen Weichgewebe entwickelt. Durch

die Zulassung einer Kommission des Universitätsspitals Zürich (USZ) wurde

sichergestellt, dass das Instrument den Anforderungen hinsichtlich Sicherheit
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und Sterilität gerecht wird. Die experimentelle Messmethode basiert auf einer

Pipettenaspirationstechnik, die sich dadurch auszeichnet, dass auch bei in-vivo

Messungen exakt definierte Experimentrandbedingungen erzielt werden können.

Die entwickelte Einheit wendet eine vorbestimmte Druckfunktion in der Pipette

an und registriert dynamisch die ausgelöste zweidimensionale Deformationen.

Alle mechanischen Deformationsparameter des unter der Pipette liegenden

Gewebes können, unter der Annahme der axialen Symmetrie, vollständig durch

das Gewebeprofil bestimmt werden. Die präzise Profilmessung der Gewebede¬

formation wird durch eine in Echtzeit durchgeführte Verarbeitung der Bilder,

welche eine im Messinstrument integrierte Kamera liefert, gewonnen.

Die angewandte Druckfunktion ist so gewählt worden, dass möglichst viel Infor¬

mation über mechanische Gewebeeingeschaften einschließlich der Nichtlin-

earität und der Viskoelastizität erhalten werden kann. Wir fabrizierten zwei

identische Instrumente, das erste für die Untersuchung von ex-vivo- und Kunst¬

gewebe und das zweite ausschließlich für die in-vivo Messungen an Menschen.

Mit der entwickelten Apparatur wurden verschiedene Messungen durchgeführt:

mehrere Experimente mit einem weichen Gelmaterial aus Silikon, Untersuchun¬

gen von diversen toten Weichgeweben tierischer Herkunft, sowie Messungen an

lebenden menschlichen Uteri. Die auf diese Weise erhaltenen Daten wurden

anschließend in Kooperation mit M. Kauer, [Kauer Ol], ausgewertet. Zudem

wurden die Gewebe- und Materialparameter in Bezug auf verschiedene kontinu-

umsmechanische Modelle aus der Literatur identifiziert.

Die für ein künstliches Gelmaterial erhaltenen Parameter wurden benutzt, um

das Resultat eines traditionellen Spannkrafttests numerisch zu simulieren.

Anschließend wurde das Ergebnis mit den aus realen Spannkraftexperimenten

erarbeiteten Daten verglichen, die an den Streifen des gleichen Materials durch¬

geführt wurden. Die sehr hohe Übereinstimmung dient als Validierung des gesa¬

mten Prozesses inklusive der Experiment- und Datenauswertung. Wir führten

einige ex-vivo Tests an Schweinsnieren und Kuhlebern durch. Für Schwein¬

snierengewebe wurde eine Reihe von Experimenten an der gleichen Stelle des

Gewebes durchgeführt. Dabei konnte eine Änderung der mechanischen Gewe¬

beeingeschaften, die als 'Gewebekonditionierung' bekannt ist, eindeutig erkannt

werden.

Die Hauptbemühungen sind in die in-vivo Studien investiert worden. Wir

führten in-vivo Saugexperimente an verschiedenen Stellen von mehreren men¬

schlichen Uteri während Hysterektomieoperationen durch. Die ausgeführten
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Experimente stellen einen Durchbruch in mehreren Gesichtspunkten dar. Zum

ersten Mal in der Geschichte wurde die Pipettenaspiration an lebendem weichem

internem menschlichem Gewebe erfolgreich realisiert. Ebenfalls sind die ersten

Daten der in-vivo Eigenschaften des menschlichen Uterus präsentiert worden.

Darüber hinaus zeichnen sich die erfassten Datensets durch exakt definierte

Randbedingungen aus und erlauben die Identifizierung von Modellparametern.

Ebenfalls zum ersten Mal wurden Parameter eines nichtlinearen viskoelastischen

Grossdeformationsmodells für menschliches Weichgewebe experimentell ermit¬

telt.

Außerdem untersuchten wir quantitativ die in den ersten Stunden nach dem Tod

auftretenden Änderungen in den mechanischen Gewebeeigenschaften, indem

wir anschließend an den Hysterektomieemgriff die Tests an den extrahierten

Uteri wiederholten. Dabei konnten erhebliche Parameteränderungen festgestellt

werden. Die mechanischen Unterschiede zwischen den Uterusmyomen und

gesundem Uterusgewebe in der Umgebung sind ebenso in der vorliegenden Dis¬

sertation eingehend studiert worden.
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Chapter 1

Introduction

Biomechanics, a term derived from biology and mechanics, attempts to describe

and predict the mechanics of living systems. It investigates the classical fields of

applied mechanics in biological systems, ranging from the study of fluid flow to

the analysis of mechanisms and structures. One of its main concerns is describ¬

ing the elasto-mechanical properties of biological tissues, thereby permitting the

evaluation of the mechanical response of biological structures under physical

load. This helps understand the normal functioning of a particular part of an

organism and allows predictions to be made about failure, and propose methods

of artificial intervention to prevent it. There is clearly a link between the model¬

ing of the mechanical properties of tissues and very practical medical applica¬

tions, such as diagnosis and prosthetics.

However, beside these more traditional utilizations, elasto-mechanical modeling

of soft biological tissues is undergoing a renaissance thanks to new technologies

that are beginning to create completely novel applications. This is the case, for

example, in the growing field of surgical simulation. Particularly important here

appears to be the impulse given by endoscopic surgery. This technique mini¬

mizes the damage to healthy tissue during surgical intervention, resulting in

faster recovery and fewer scars and pain. The advantages for the patient are,

however, paid by the surgeon, who loses direct contact with the operation site,

and is forced to operate with long rigid instruments and to look at the operation

scene on a video monitor. These conditions require excellent skills, which can be

acquired only through hundreds of hours of training. Virtual reality based surgi-
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cal simulator systems offer an elegant solution to this training problem, and have

all the potential to become as popular and useful in surgery as they are in flight

instruction. A user training his skills on a virtual reality surgery simulator nor¬

mally interacts with a virtual patient through a mechanical interface and observes

the virtual operating scene on a video monitor. When the virtual instruments

come into contact with the virtual organs, it is desired that the organs both

deform realistically and produce a realistic reaction force to the mechanical

interface.

1.1 Reality-based modeling

Whether designing prostheses, diagnosing diseases which cause changes in the

mechanical properties of tissues, or implementing a virtual reality surgery simu¬

lator, what is required are very accurate, reality-based elasto-mechanical models

of soft tissues able to predict their behavior under specific circumstances. With

the term reality-based modeling, we refer here to those modeling methods which

attempt to reproduce as accurately as possible the behavior of real and actual

objects.

Accurate models, however, cannot be obtained by pure deduction. It is necessary

to involve observation in the modeling process. In the case of the modeling of

mechanical behavior, this means that it is necessary to perform experiments on

the object being modeled and to use the information obtained from the experi¬

ments to improve the developed models.

One possible (and very often used) modeling process consists of two phases. In a

first phase the qualitative information obtained from observation of the structure

and/or the behavior of the object is used for the formulation of the model. The

outcome of the formulated model should be qualitatively compatible with the

observations, but the actual behavior of the simulated tissue will depend on

numerical values of some model parameters. In the second phase of this model¬

ing method, the quantitative information obtained from experiments on the mod¬

eling tissue is used to determine the numerical values of the model parameters.

We try to choose the numerical values of the model parameters in such a way

that its behavior resembles as much as possible that of the real object we are

modeling. This can be obtained by performing physical experiments on the real

object, and then identifying those parameters which lead to the equal (or at least

to the most similar) outcome in the simulated experiments. This process is nor-
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mally referred to as the fitting of the model's parameters to the observation. Fig¬

ure 1.1 illustrates the modeling process.

A very important part of this process is the design of the experiments on the real

object. The experimentally obtained data should permit robust determination of

all unknown parameters, and should also be complete enough to examine the

suitability of the chosen model.

Determine the geometric configuration of the system

I
Formulate the models of the involved objects. Let their behavior depend on a

set of initially unknown parameters, Su .

I
Formulate the governing equations of motion of the overall system under

consideration, based on the fundamental laws of physics, the models of

objects, and the models of their interactions.

I
Perform experiments on the real system, trying to obtain well defined

geometry of the experiments.

I
Simulate the performed experiments and compare the results with the out¬

come of the experiments.

I
Find the set of parameters Su which minimize the difference between the

simulated and the real experiment.

I I
If there is not a unique solution

for the parameters Su , per¬

form additional experiments

If the model does not fit

the data, change the

model

Figure 1.1. A general scheme for reality-based modeling

1.2 Modeling and testing of soft biological tissues

The execution of the steps listed in Figure 1.1. becomes very complicated for

biomechanical systems if an accurate resemblance to living organisms is

required because of the complexity of biological systems. Just to determine the
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geometry of a system, we need to consider the anatomy of organs, histology of

tissues, and structure and ultrastructure of materials. We have, however, many

tools at our disposal in order to obtain the necessary anatomical information.

Optical, scanning and electron microscopes, laser scanners or MRI-obtained data

all permit a precise geometrical reconstruction of organic systems. Furthermore,

there exist data sets offering a source of anatomical and morphological informa¬

tion about the human body as, for example, the Visible Human Female Data Set

of the National Library of Medicine, [National Library]. The structure of biolog¬

ical materials is studied by well established sciences like biology, biochemistry

and hystochemistry. The most critical part in the described modeling chain is

represented by the formulation of the three-dimensional elasto-mechanical mod¬

els of organic tissues. Biological tissues exhibit highly nonlinear, history and

time-dependent behavior, making the standard material models used in mechan¬

ics inappropriate. A number of models based on different modeling principles

have been proposed. The most accurate results have been obtained through phys¬

ical modeling based on continuum mechanics. Examples can be found in [Fung

93, Maurel et al 98]. In this thesis a model similar to the one proposed in

[Veronda and Westmann 70] and completed by quasilinear viscoelasticity, [Fung

93], was used for further investigation, because it models properties such as non-

linearity and viscoelasticity and is based on physical principles.

The next problem in the modeling process (see Figure 1.1), is to adjust the cho¬

sen model. In order to do that, we need experimental data obtained from the tis¬

sue we want to model. Many experiments on biological tissues have been

performed and documented. In [Yamada 73] for example, the author presents

experiments performed on a great variety of human tissues. Tissues have been

tested on slightly modified standard commercial material testing machines, e.g.

[Conrad et al 66, Fung 67, Diamant et al 72, Arnold 74, Wan Abas and Barbenel

82a], or on special-purpose-developed apparatus, e.g. [Ridge and Wright 66,

Lanir and Fung 74, Pinto et al 75, Stevens et al 78, van Noort et al 78, Aspden et

al 91, Wang et al 92]. In all these references, the experiments were performed ex-

vivo. This means that conditions of the tissues used in the experiments were not

the same as they are in living tissue. We expect, however, that significant differ¬

ences exist between the mechanical properties of dead and living tissues,

[Yamada 73, Black 76, Fung 93]. Since the goal is the modeling of living organ¬

isms, we should aim for in-vivo experiments. This requirement renders the task

very challenging, and, in contrast with geometrical measurements, there are very

few dedicated tools at hand. Consequently, there is very little data documented
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from in-vivo measurements, most of it obtained on external organs, such as skin,

[Cook et al 77, Manschot and Brakkee 86], breast, [Cespedes et al 93], or limbs,

[Zheng and Mak 99, Silver-Thorn 99].

The majority of the instruments developed for in-vivo measurements are based

on the indentation principle. This consists of pushing the target organ with a bar

(indentor), and registering the resulting load/displacement curve. In [Silver-

Thorn 99], the compressive force was measured by a load-cell, while the dis¬

placement of the indentor was registered by the encoders of the linear actuator

used for movement. Measurements were performed in-vivo on lower extremity

limb soft tissues. An interesting technique of building indentation systems is rep¬

resented by ultrasound indentation, [Chen et al 96, Zheng and Mak 99]. Here, a

ultrasound transducer is moved as indentor, and the thickness and the deforma¬

tion of the soft tissue layer under compression are determined from the differ¬

ence between ultrasound echo signals. The main drawback of this technique is

the poor accuracy of the method, [Zheng and Mak 99].

In-vivo measurements of the mechanical properties of soft tissues of internal

organs such as liver or kidney are almost completely missing. In [Ottensmeyer et

al 00] the authors have developed two devices for in-vivo measurement of tissue

properties. Both instruments have been realized as minimally invasive tools and

are based on the indentation principle. One of the two developed tools is capable

of moving the indentor in one dimension and only for small displacements, while

the other is able to cause larger deformations and can move its indentor in three-

dimensional space. However, there is still no published evidence of measure¬

ments performed with the devices. Also, only in-vivo testing on animals was

envisaged. A similar apparatus (built not as a minimally invasive tool, but as a

'pistol' to be used in open surgery) was proposed by [Carter 98, Carter et al]. The

authors have already performed the first in-vivo test on human internal organs.

The main problem of the indentation technique (used in the papers referred to

above) is that it is very difficult to obtain well defined experimental boundary

conditions, because the force actuated by the indentor on the target will not only

locally deform the organ but will also cause some hardly quantifiable motion of

the whole organ. Also those systems retrieving only one dimensional load/inden¬

tation curves provide only limited amount of information about the modeling

process.
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1.3 Goals of the thesis

This thesis provides tools - a method and instrumentation - able to help in the

modeling process of soft organic tissues by allowing accurate measurements of

model parameters for living biological soft tissues. It is conceived in the frame¬

work of a project developing a virtual surgery simulator. It is a large project at

the ETH-Zurich, named LaSSo (Laparoscopic Surgery Simulator), [Szekely et al

00], which aims to create a 'state of the art' simulation system for minimally

invasive surgery. One of the main objectives of the project was to determine

experimentally in-vivo the material parameters of the models used for the simu¬

lation of the deformation of different soft tissues. This objective was intended to

be realized through two Ph.D. theses. The first thesis is the present one, which

should design an experimental method, and implementation of a device to per¬

form the designed in-vivo experiments. The second thesis is assigned to the

mechanical engineering Ph.D. student Martin Kauer, whose task is to choose a

suitable mechanical model of soft biological tissues and implement a method to

determine the values of the material parameters of the chosen model from the

data obtained through in-vivo experiments.

The goal of this thesis is the development of a method and the implementation of

the necessary instrumentation for performing experiments on in-vivo human

internal soft tissues. The main targets are kidney, liver and uterus tissues. The

experiments should be performed during regular surgical interventions in open

surgery. The surgeon is supposed to briefly stop the intervention and to perform

the experiment with the device. The experiment must be short in duration, in

order not to interfere too much with the course of the surgery. The developed

device should be sterilizable, secure and ergonomie for the surgeon. Since bio¬

logical tissues are known to be capable of very large strains and to exhibit strong

viscoelastic behavior, the experiment should test the behavior of the investigated

tissues also for relatively large strains (up to 25%) and should permit the estima¬

tion of time-dependent material parameters.

Furthermore, the experiment should be characterized by well-defined boundary

conditions, a difficult problem under in-vivo conditions. Once developed, the

device should first be validated on soft silicon tissue and then used to determine

the mechanical properties of dead and living animal and human tissue. Studies of

some of the possible correlations between them should also be performed.
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1.4 Thesis outline

In chapter two, the thesis framework is introduced. Also, other possible applica¬

tions of accurate elasto-mechanical modeling of soft biological tissue are investi¬

gated. In chapter three we first study the properties and peculiarities of soft

organic tissues and then investigate the available models and explain in detail the

chosen model. There are two purposes for which the chapter is intended. First,

we need to formulate the chosen model mathematically in order to define which

parameters we intend to determine by measurements, and in order to do so, we

need to know the properties of the materials we aim to model. Second, only after

a qualitative knowledge of the properties of biological tissue, will we be able to

design an experiment from which it will be possible to extract the data necessary

to investigate all of its properties.

In the following chapter, the existing measurement methods will be studied,

ranging from the virtual infinity of standard in-vitro test methods to the few tech¬

niques allowing in-vivo testing. The chapter five contains the design process of

the developed instrumentation, from the specifications of the requirements to the

design of the experimental method, and to the implementation of the measuring

device. In chapter six the intra-operative utilization of the device and the steril¬

ization procedures are described.

In chapter seven we first validate the whole method by performing tests on artifi¬

cial material and then present experimental data for dead animal and living

human tissues. Chapter eight summarizes the conclusions and outlook.
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Chapter 2

Applications of accurate modeling of soft

biological tissues

This chapter reviews the most important practical applications of accurate elasto-

mechanical modeling of soft biological tissues. Since the present thesis has been

conceived in the framework of a project which is developing a virtual reality-

based surgery simulator called LaSSo (Laparoscopic Surgery Simulator,

[Szekely et al 00]), the utilization of soft tissue modeling for the realization of

surgery simulators is considered first. In this context also the LaSSo Project is

introduced and briefly described. Thereafter, other applications of accurate bio¬

logical soft tissue modeling are treated. These include the development of pros¬

theses and the diagnosis of diseases.

2.1 Virtual Reality Based Simulation of Surgery

Minimally invasive surgery was probably the first surgical field to obtain real

benefits from the new information technologies such as virtual reality tech¬

niques. Minimally invasive surgical techniques have brought significant advan¬

tages for patients, but require exceptional skills from the surgeons. The

popularity of the techniques, the difficulty of using them, and a relatively simple

interface between the surgeon and the patient have led much research to develop

training systems. The LaSSo Project has developed a simulator for a minimally
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invasive technique and more precisely for laparoscopic surgery, the minimally

invasive surgery of the abdomen. In the rest of Section 2.1, we limit the scope of

the analysis of virtual reality-based surgery simulators to laparoscopic surgery

simulators. However, the role of tissue modeling also remains valid for the simu¬

lation of other surgical techniques. Simulation of traditional open surgery is

more complex by far, since the interface between the operator and the patient is

very complex. The surgeon can manipulate the tissues with instruments but also

with his hands and he looks directly at a three-dimensional scene.

In order for the reader to understand the necessities of minimally invasive tech¬

niques, we first give a brief introduction to laparoscopic surgery. This will make

clear the motivations behind much recent research into the development of simi¬

lar systems. A short introduction to the main components of a virtual reality

based simulator system for surgery is also given. Among the main components

of this is the modeling of elasto-mechanical properties of soft biological tissues.

Its function and importance in the whole simulator system is described. Thereaf¬

ter, the LaSSo Project is presented.

2.1.1 Laparoscopic surgery

Minimally invasive surgery has recently become a very popular technique to

minimize damage to surrounding healthy tissue normally caused by the process

of reaching the more inaccessible internal organs during interventions. Surgical

and optical instruments are inserted in the body through natural orifices or

through small perforations holes, avoiding the relatively large cuts in open sur¬

gery. The small spatial extent of the tissue injury and the careful selection of the

entry points result in less pain, faster recovery, less scars for the patient and a

reduction in complication risks.

Laparoscopic surgery is the minimally invasive surgery of the abdomen. In order

to make space for the intervention, the abdominal wall is raised through the

intra-abdominal insufflation of C02. The incisions are reduced to three to five

small perforation holes in the abdominal wall, through which round cannulas

called 'trocars' are inserted. These are small devices serving as guideways for

the insertion into the abdomen of the camera and the necessary instrumentation

for doing interventions. In order to reach the points of intervention, long, thin,

rigid instruments are used. The visual feed-back is assured through a laparo¬

scope, which is inserted through one of the trocars and consists of a rigid thin
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tube equipped with a lens system and an optical fiber channel. The optical fiber

allows the scene to be illuminated and is connected to a cold light source, while

the lens system is connected to a video camera and monitor.

Figure 2.1. Laparoscopic surgery

Medical details about the technique can be found for example in [Klaiber et al

93]. An interesting engineering point of view can be found in [Sjoerdsma 98].

2.1.2 Motivations

There is a great amount of research going on in the field of medical technology.

R. M. Satava emphasizes the changes occurring today in the medical technology

with the words: "Medicine 2001, the king is dead, long live the king", [Satava

95]. The new king (the trend) seems to be the fusion of medical technologies

with the technologies of the new era and the virtual reality discipline, [Burdea

96, Hon 96]. All this is underlined by the fact that there is a major annual confer¬

ence named "Medicine Meets Virtual Reality (MMVR)".

Satava identifies as pivotal the first gallbladder operation performed. The sur¬

geon manipulated the organs of the patient without looking at them directly,

receiving visual information through a video monitor. Besides being one of the

first steps in this fusion between medicine and virtual reality, minimal access

surgery represents perhaps the most important push factor of this fusion.
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Difficulties posed to the surgeon with these surgical techniques have led much

research to develop augmentation devices for endoscopic surgery, e.g. [Fisher et

al 95, Howe et al 95, Cohn et al 95, Oppenheimer et al 99], and many others to

develop simulators capable of providing realistic training units for surgeons or

medical students. The price paid by the surgeon is that he loses direct contact

with the operation site. The necessary visual information is mediated by a (usu¬

ally monoscopic) specialized camera (the endoscope) and is presented on a

screen, distracting normal hand-eye coordination. Due to geometrical constraints

posed by the external control of the surgical instruments through the trocar hull,

the surgeon loses much of the manipulative freedom usually available in open

surgery. Performing operations under these conditions demands very specific

skills from the surgeon, which can only be learned through extensive training.

The basic optical and manipulative skills can be learned today by using inexpen¬

sive traditional training devices. These training units allow surgeons to learn

under monoscopic visual feedback, as well as to acquire basic manipulative

skills of an intervention. This way, the surgeon becomes accustomed to complet¬

ing a particular task, but because the real-life effect is lost, he receives only lim¬

ited training in dexterity and problem-solving. Additionally, the organs used by

these training units are generally made of foam, thereby making realistic opera¬

tive training impossible. While experiments on animals are sometimes used for

testing new surgical techniques, practical as well as ethical reasons strongly

restrict their use in everyday surgical training. Virtual reality based surgical sim¬

ulator systems offer a very elegant solution to this training problem. A wide

range of VR simulator systems have been proposed and implemented in the past

few years covering a variety of minimally invasive techniques such as laparo¬

scopic [Cover et al 93, Baur et al 98, Kühnapfel et al 95, Downes et al 98, Tseng

et al 98], arthroscopic [Ziegler et al 95, Gibson et al 97, Müller and Bockholt 98,

McCarthy and Hollands 98], or radiological [Hahn et al 98] interventions. Based

on the simulation of the mechanical and physiological behavior and the visual

appearance of organs during the interventions, VR-based simulator systems

potentially offer a near-realistic training environment with the possibility of

unlimited training over a wide variety of pathologies.
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2.1.3 The main components of a VR-surgical simulator system: a

brief summary

In order to simulate the properties of a virtual environment we first need a geo¬

metric model, describing the spatial distribution of the components in the virtual

environment. For virtual surgery this model can be obtained from medical

images, such as the "Visible Woman Data", [National Library], or from radiolog¬

ical measurements. The user, training his skills on a VR endoscopic surgery sim¬

ulator, interacts with the geometry model of the virtual patient through a

mechanical interface, which is often called the haptic interface. The haptic inter¬

face accomplishes a double task. On the one hand, it is an input to the simulation

system providing motion and interaction commands, whereas on the other, it

provides the user with kinesthetic information about the virtual environment,

also allowing him to feel the virtual structures. Several haptic devices have been

proposed, from general force feed-back tools, e.g. [Massie and Salisbury 94,

Ching and Wang 97], to instruments specifically adapted for endoscopic surgery

[Immersion 95, Baumann 97].

Figure 2.2. Surgery simulator

The position of the virtual instruments inside the virtual patient can be derived

from the physical position of the haptic manipulator through a coordinate trans¬

formation. Comparing the position of the virtual instruments with the geometry

model of the virtual patient, it is possible to detect contact. At the moment of

contact the simulation should produce an appropriate collision response; these

can be a motion and/or deformation of an organ, a cut, or a perforation. As a

result of this process, the geometric model must be updated and the reaction
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forces should be transferred to the haptic interface. A simplified description of a

virtual reality simulation for haptic output is given in Figure 2.3.

The importance of obtaining knowledge about soft tissue deformation now

becomes evident. A full solution of this problem would lead, on the one hand, to

the realistic change of shape of a virtually manipulated organ, and on the other,

would allow the implementation of a faithful haptic interface (see [Vuskovic et al

00]). As it will be described in more detail in Chapter 3, there are several tech¬

niques which have been developed and implemented for real time simulation of

soft tissue deformation. The state-of-the-art solution in the field of off-line simu¬

lations of biological tissues is the nonlinear continuum mechanics approach,

where modeling is based on physical principles and the continuum mechanics

equations are solved with the finite element method. The major drawback of this

method is the large computational overhead, which has limited its use to off-line

applications or only to simple real-time applications. However, as demonstrated

in [Szekely et al 98], with a proper formulation and implementation through

scalable parallel algorithms on special purpose hardware, the method can be also

used for real-time simulations of complex systems such as the human abdomen.

Virtual instruments positions
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Figure 2.3. Virtual environment simulation for haptic output
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The geometry recalculated in-real time must also be faithfully presented on the

monitor in order to provide correct visual information to the operator. The visu¬

alization for surgery simulators includes many items among which the most

important are the computation of the organ-specific texture, and the implementa¬

tion of accurate illumination models.

2.1.4 The LaSSo-project

The LaSSo project, started in 1995 at the ETH-Zurich, aims to develop a 'state-

of-the-art' minimally invasive surgery simulator. The idea is to re-adjust the

trade-off between computational cost and the achieved realism in favor of the

latter. Even though the calculation in real-time of the developed models might

require higher computational power than is commercially available today, this

goal remains unchanged. As a short term solution special-purpose hardware is

built, [Rhomberg et al 98], and in the future the necessary performance may

become commercially available. The elasto-mechanical modeling of organic tis¬

sue is performed with the tools of continuum mechanics, and effects such as non-

linearity and viscoelasticity of tissues are modeled. Furthermore, this thesis,

together with the one from Martin Kauer, attempts to determine the numerical

values of the material parameters experimentally. Details about the finite ele¬

ment formulation of the models and about the contact detection algorithms can

be found in [Hutter 99]. The visual rendering of the scene, which is the final step

of the simulation, has been developed by [Meier 99]. The chosen haptic device is

an adaptation of the Phantom device, [Massie and Salisbury 94]. More details

about the LaSSo project can be found in [Szekely et al 00].

2.2 Other applications of accurate soft-tissue model¬

ing and possible medical utilizations of the developed
device

Other new medical techniques rendered possible by the incredible progress of

computational power in the last decade aim for a better knowledge of the

mechanical properties of human tissues. In addition, more traditional medical

techniques and procedures like prosthetics and diagnostics could also profit from

accurate modeling of soft tissues and possibly also from a direct utilization of the
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device developed here. The following sections analyze the potential benefits of

accurate modeling in these fields.

2.2.1 Contribution to other 'new-era' medical techniques

Beside the realization of surgery simulators, new computer technologies have

also contributed to advances in other areas of medicine as, for example, in surgi¬

cal navigation such as stereotaxy for limited access brain surgery, [Reinhardt

89], or image guided orthopedic navigation, [Di Gioia and Jaramaz 00]. Here,

pre-operative radiological images of the part of interest of the patient's body are

aligned with the actual anatomy of the patient during operation and the surgeon

is able to observe the intervention also on a visual representation of the radiolog¬

ical data where new information such as tumor extension or the position of

important blood vessels can be added. For rigid alignment (registration), effi¬

cient and accurate algorithms have been developed, [Mainz and Viergever 98].

However, very often the radiological images are taken in conditions different

from those of the intervention where the soft tissues can be differently loaded.

As a result, the radiological data will not be exactly coincident with the real

structures, and the virtual representation of the structures will not be accurate

anymore. This error could be reduced if we were able to predict the changes in

the anatomy due to known different conditions during the operation and ade¬

quately change the pre-operative radiological data, [Hill et al 98, Little et al 97].

This, however, can be done only with fine knowledge of exact elasto-mechanical

models of the structures under investigation.

Application possibilities of accurate models of soft tissues can also be found in

several other fields. For example some new reality augmentation devices for

minimally invasive surgery could be implemented better. For example in [Scil-

ingo et al 97] the authors developed sensorized laparoscopic pincers able to mea¬

sure in real-time, information about the mechanical properties of tissues being

manipulated, and replicate this information to the operator through a haptic dis¬

play. The relation between the measured quantities and the replicated ones is

achieved in real-time through a simple tissue model, and could probably profit

from knowledge of accurate models of the tissue. Another interesting application

can be found in new elasticity imaging techniques, which belong to the next sec¬

tion.
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2.2.2 Benefits in diagnostics

Many diseases cause changes in the mechanical properties of tissues. For exam¬

ple almost all forms of tumoral tissues have different mechanical properties from

those of surrounding healthy tissue. Arteriosclerosis is a disease of the arteries,

resulting in hardening. Fibrosis causes a growth of new fibrous connective tissue

in an organ. Cirrhosis is characterized by the replacement of functioning liver

tissue with bands and lumps of scar tissue. The functional and structural changes
in these tissues also cause the mechanical properties of the affected tissues to

change in a foreseeable manner. Accurate measurements of the mechanical prop¬

erties of healthy and non-healthy tissues are therefore important to medicine. If

the properties of healthy and non-healthy tissues were known, the measurement

of the mechanical properties could be a valuable diagnostic tool.

Elasticity imaging techniques (which will be described in Chapter 4) are proba¬

bly better suited for the purpose of medical diagnosis on internal organs than the

method developed in this thesis, because they can be performed non invasively

and can be considered as a new improved and quantitative method of palpation

which is a common clinical practice for diagnosis, [Scorovoda et al 96]. The

device developed here could be used for diagnostics during surgery as a diagnos¬

tic tool to check in real-time the elasticity of some suspect tissues. If there are

suspects that there could be pathologic changes in a tissue, the standard proce¬

dure of performing a biopsy and ordering a fast histology (which can be per¬

formed in less than 30 minutes and can reveal much more information about the

tissue) is, however, much better suited.

Therefore we don't see much space for direct diagnostic applications of the

device. It is possible that some tests we have not considered, like for example the

testing of elasticity of some baring tissues, muscles or blood vessels, will emerge

as potential applications of the device in surgery.

However, the main application we see for the method is the making of a very

accurate database of the elasto-mechanical properties of healthy and ill human

internal tissues. This database can be used as reference to evaluate with more

precision the data obtained on a patient with easy-to-perform non-invasive elas¬

ticity imaging techniques.
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2.2.3 Benefits in prosthetics

The in-vivo mechanical properties of skin and underlying tissues are very rele¬

vant in the design process of interfaces between a part of the body and artificial

aids such as special seatings for the spinal cord injured, orthotics for diabetic feet

or residual limb-prosthetic sockets. A lot of research has been carried out above

all on the development of prosthesis-sockets for lower extremity amputees.

Comprehension of how the residual limb deforms under load and its ability to

tolerate load is important in order to design sockets which could minimize risks

of clinical problems such as blister formation, ulceration, artrophy and circula¬

tory disorders, [Chapter Chapter Pathak et al 98, Steege and Childress 88]. Many

devices have been developed for the purpose of in-vivo measurements of limb

properties (see [Silver-Thorn 99] for review), and are better suited for this pur¬

pose than the one developed here.

Fabrication of synthetic implant materials for reconstructive and plastic surgery

is another field of medicine profiting from the better understanding of the

mechanics of biomaterials. For really satisfactory replacements of soft tissues

with implants, these not only have to satisfy the constraints on biocompatibility

but also certain requirements on mechanical compatibility between them and the

host tissues, [Bader and Bowker 83]. This can be envisaged by considering the

deformation of the whole system after the implantation under physical load. If

the implant material deforms differently from the original and replaced tissue,

also the host tissue will be forced to deform in a non-natural manner leading to

pain and/or injury. A very interesting new family of materials for implants, with

mechanical characteristics similar to those of living tissues, has been developed

by [Shikinami and Kawarada 98]. In order to be able to fabricate similar artificial

tissues, it is first necessary to know the in-vivo properties of the biological mate¬

rials to be replaced. In this contest, the device and method here developed can be

of considerable value.

Another reconstructive surgical technique which can profit from the research on

the mechanical properties of human soft tissues is tissue expansion technique. It

has attracted attention as an alternative to conventional plastic surgery tech¬

niques in particular for breast reconstruction following radical mastectomy. It

consists of gradual expansion of an inflatable prosthesis surgically implanted

beneath healthy tissue causing growth of new tissue which can be used for cos¬

metic reconstruction, [Duffy and Shuter 94]. Understanding of the stresses



19

induced in the host tissue through the extension of the implant can help in defin¬

ing an optimal expansion process in order to obtain well suited shapes of tissue

and reduce the risk of complications.

2.2.4 Possible industrial applications of the developed device

The obvious fact that testing artificial materials is much easier than biological

tissues in-vivo is more evident for other traditional testing methods than for the

one implemented in this thesis. However, for the method implemented here

experimentation on artificial materials also presents fewer problems. Artificial

materials are often a lot more homogeneous and isotropic, and also the friction

between the device and the investigated material can be determined. Artificial

materials are usually tested by cutting stripes and performing tension tests with

commercial machines. The time overheads of this process are not inconsiderable.

As will be demonstrated in Chapter 7, if a good material model is assumed,

experiments performed with the device presented here obtain data which can be

evaluated to identify the model parameters very accurately. The procedure of

performing the tests with our device is a lot simpler and faster because no speci¬

mens have to be prepared and clamped in the testing machine. However, since

this was not an objective of the project, we did not analyze this application in

more detail.
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Chapter 3

Modeling of soft biological tissues

This chapter examines the structure and the mechanical properties of biological

soft tissues. The basis for this investigation are the microscopic anatomical

details from literature and the experimental data obtained from classical in-vitro

experiments in the past. This will form the basis of the formulation of mechani¬

cal models. The mathematical characteristics of these models will also specify

the kind of experiments that have to be performed to determine their parameters.

In order to formulate the models mathematically, some basic notions of contin¬

uum mechanics will first be given, and then the chosen model will be described.

3.1 Physiology and mechanics of biological tissues

The mechanical behavior of a structure is given by two factors: its architecture,

and by the properties of the materials which compose it. As pointed out in [Vin¬

cent 92, p. 2] confusion about this can arise because what we consider a material

is further made up of structures (at least at the atomic level). While this fact can

be treated as philosophical speculation in the case of traditional engineering

materials, it is of fundamental practical relevance in the case of biological mate¬

rials. The structural complexity of biological tissues is incredible, and renders

very difficult the choice of where to set the boundary between structure and

material. The decision of whether we deal with a structure or with a material is

therefore never absolute, but depends on the size of the specimen of interest rela¬

tive to its components, and on the application requirements. An insightful exam-
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pie about this concept is given in [Vincent 92]. If the mechanical performance of

a trunk of wood has to be predicted, it will probably be sufficient to know the

overall mechanical properties of the kind of wood. However, if the behavior of a

small wood splinter containing some dozens of wood cells has to be determined,

it will be necessary to investigate the size, shape and orientation of the wood

cells, and the mechanical properties of the cell walls.

To summarize, it can be said that the mechanical behavior of a tissue is given by

its morphology, and by the properties of the materials which compose it, where

the level of detail of the structural analysis is defined by the relative sizes of the

test specimen and its components, and by the application. This means that in

order to model biological tissues, we first have to investigate their structure, and

decide afterwards what of its structure we should include in the model.

The morphology of animal and human tissues and organs has revealed that there

are some specific structural elements present in all tissues. These are the so-

called connective tissues which support and bear the units of our bodies. We will

therefore first investigate these structural elements. After, we will examine the

architecture and mechanical properties of some important organs and tissues,

starting with some tissues which are not of direct interest, like tendon and skin,

but whose mechanical properties give precious general information about the

mechanical behavior of biological tissues. Thereafter we will investigate the

architecture of organs which we want to model, and we will then present the

available experimental data.

3.1.1 Connective tissues

All biological tissues are composed of water, ions, macromolecules and cells.

What gives shape to the tissues are their macromolecular components. They are

arranged in complex spatial extracellular networks which form the framework on

which the cells of the organism are anchored. They give physical integrity to

what would otherwise be an undefined mass of cells and cellular products.

Some of the macromolecules are organized in fibers. Other macromolecules

have other functions, such as to prevent interfiber friction or to bind the fibers

together. The macromolecules are produced by specialized cells either attached

to or located near to the fibers. The fibers are surrounded by a hydrated gel

termed ground substance. The components listed in this paragraph, i.e. special-
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ized cells, fiber network, and ground substance, form the so-called connective

tissue.

The mechanical properties of our organs depends on connective tissues. These

properties depend principally on the composition and the dimensions of the

fibers, and on their structural arrangement. There are principally two types of

fibers, collagen and elastic. Collagen fibers are made of a protein called collagen

and the elastic fiber are made of a protein named elastin and of microfibrillar

proteins. Elastin and collagen are therefore the two basic components which

influence the mechanical properties of our bodies and so deserve a brief descrip¬

tion.

3.1.1.1 Collagen

Collagen can be found in all connective tissues, and is the basic structural and

main load carrying element for the soft and hard tissues of animals and humans,

giving strength to tissues ranging from skin to bones. It appears in virtually every

tissue. It is so important that Fung compares its role in our bodies to that of steel

in our civilization, [Fung 93, p. 251]. The collagen molecules are wound together
in structural units named fibrils, and bundles of fibrils form collagen fibers.

Collagens are a family of proteins with similar structures. There are at least ten

different types of collagen in connective tissues, [Silver 87]. Collagens which

form fibers are termed Collagen I, II and III. Collagen I is the most frequent and

is predominant in tissues where tensile strength is required, such as skin, organ

capsules and ligaments. It forms thick (2 h- lOjim) strong fibers. Collagen II is

mainly present in cartilage. Collagen III forms reticular fibers, localized e.g. in

the reticular network of parenchymatous organs such as the liver, kidney and

lung, [Montes et al 84]. Its function in tissues is mainly to maintain the structure

of expansible organs, hi all organs where Collagen III is found, there are also

Collagen I fibers, which augment the physical strength of the tissues. In calcified

tissues such as the bone, a collagen network provides the nucleus for salt deposi¬

tion.

3.1.1.2 Elastin

Elastin is a protein found in connective tissues. It confers elasticity, and the abil¬

ity to undergo large shape changes without damage, and is therefore mainly

present in organs and tissues subject to repetitive stresses. It forms fibers of very
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different sizes depending on the functionality of the organ where it is present.

Electron microscopy shows that elastin fibers in an organ or tissue are intercon¬

nected, forming three-dimensional reticulum systems, whose architecture

depends on the organ and tissue, [Ronchettia and Fornieri 84].

Elastin is the most linear biomaterial known. Its mechanical and thermodynamic

properties are very similar to those of rubber. Classical tensile experiments per¬

formed on a cylindrical specimen of biologically obtained elastin show a fairly

linear load-elongation curve, [Fung and Sobin 81].

Elastin is one of the main components of the walls of arteries and veins and in

particular near the heart, acting as an auxiliary pump by storing the blood energy.

Tissue with most elastin content is the aorta, where elastin represents 30% to

60% of dry weight. It is also an important component of lung tissue. Skin con¬

tains 2%-5% of elastin by weight, [Silver 87].

3.1.2 Structure and mechanical properties of some important tis¬

sues and organs

The organs which are intended to be modeled in the LaSSo project are princi¬

pally the uterus, liver and kidney. However, we will first examine basic tissues,

important because these have been thoroughly studied, and because they permit

an understanding of the mechanical properties of collagen and elastic fibers, and

their networks, and evidence some properties which are also valid for almost all

other soft tissues.

3.1.2.1 Tendon and other parallel collagen fiber structures

Intrinsically, uniaxial tissues such as tendon or ligament are the simplest tissues

for analysis. They are uniaxially loaded in-vivo, and their structure is also

'uniaxial'. It suffices therefore to perform only uniaxial tests, which are easy to

conduct, to characterize their mechanical properties. A lot of experimental data

is available on these kind of tissues, and they provide a great deal of insight into

the properties of biological tissues in general. Tendon is composed almost exclu¬

sively from collagen fibers arranged parallel to the load axis. The collagen fibers

are assembled into fascicles which forms the tendon, [Kastelic et al 78]. Figure

3.1. shows the structure of the tendon. The problem mentioned before of the dif-
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ficulty of separating materials from structures becomes evident even in this tis¬

sue, which is still relatively simple.

TENDON HIERARCHY
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Figure 3.1. Tendon structure. From [Kastelic et al 78].

Several researchers have come to the conclusion that the collagen fibers in an

unloaded state are not straight but crimped, and the wave shape of the crimps is

planar, [Diamant et al 72, Dale et al 72]. As the tendon is stretched, the waviness

of the fibers vanishes until they are completely straight. The effect of this is that

for small strains (up to 3%) the tendon tissue is compliant offering very little

resistance to strain, but as the collagen fibers become fully extended, the tendon

stiffens. Thereafter, the relationship between stress and strain remains fairly lin¬

ear. The two regions in the strain-stress curve of a tissue are generally called the

'toe' region and the 'linear' region respectively, and are very typical for almost

all soft tissues. If the tendon is subject to further load its stress-strain curve enters

a nonlinear region which ends in rupture. A typical load-elongation curve

obtained for a rabbit limb tendon is shown in Figure 3.2, where OA is the 'toe'

region, AB the linear region and BC the nonlinear region preceding rupture. The

slope, tana, can be considered as the "elastic stiffness" for the tendon. It should

not be confused with the modulus of elasticity used in mechanics, and has some

meaning only for tissues which have a well defined linear region. This linear part

is mostly evident in tissues which possess a parallel collagen fiber structure like

tendons, while for many others, it reduces to only an inflection in the load-elon¬

gation curve. Rupture of human tendon occurs at about 50-100 MPa and an elon¬

gation of 10-15%, [Fung 93, p. 260].
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Figure 3.2. Typical tendon load-elongation curve for a tendon. From [Viidik 73].

Further peculiarities are discovered if a tendon is elongated and then kept at a

fixed length. It is observed that the force necessary to keep the length fixed

decreases with time, showing a phenomenon called stress relaxation (Figure

3.3.-left). Also, if a tendon is elongated to an initial length and the load is main¬

tained constant, the tendon creeps (Figure 3.3.-right).
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Figure 3.3. Stress relaxation and creep

This shows time-dependence behavior which is typical for fluids. However, the

tendon is also able to bear a load in tension, which is a property of solids. The

combination of these two factors is termed viscoelasticity. Viscoelasticity is

characteristic of all connective tissues and therefore of all soft animal and human

tissues. Soft biological tissues are therefore classified as viscoelastic solids.
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Their time dependence means that when a tissue is deformed, it will accommo¬

date to that deformation over a period of time. Other experiments also testify vis¬

coelasticity. For example the stress/strain curve depends on the strain rate

(Figure 3.4.).
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Figure 3.4. Load-elongation curve of a rat tail tendon with different elongation

rates (%/min). From [Silver 87].

A further outcome of viscoelastic behavior is that a biological specimen will

exhibit hysteresis, i.e. the stress/strain curve for elongation will be different from

that of retraction, [Viidik 73] (Figure 3.5). The area enclosed by the loop is the

work dissipated in internal friction.
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Figure 3.5. Tissue hysteresis

Viscoelasticity can be intuitively explained in all of its outcomes, as the result of

rearrangement of chemical bonds between the macromolecules which accommo¬

date to the deformation over a short time. The energy required for the rearrange¬

ment of single bonds is very low, lowered by the water which is present in the
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ground substance of all collagenous materials, and which acts as a plastifier,

[Jeronimidis and Vincent 84]. The energy dissipated during a deformation cycle

enclosed in the hysteresis is the work required to rearrange the bonds.

Further characteristic behavior is the conditioning phenomenon. When a tendon

or a ligament is tested in-vitro on a uniaxial testing machine for a load-elonga¬

tion curve, and loaded and unloaded at a constant strain rate, it will show the

classical hysteresis behavior we have already seen. If the specimen is then left

unstressed for a resting period, and then a cycle of loading-unloading at the same

elongation rate is repeated, the load-elongation curve will be shifted, indicating a

change in the mechanical properties of the tissue. Figure 3.6. indicates the

changes in the properties of a rat tendon as a function of the number of cycles.

0
EXTENSION (aL/L)

Figure 3.6. Cyclic preconditioning of rat tail tendon. From [Silver 87].

This phenomenon, common to all biological tissues, is termed conditioning. If

the cycling is repeated with same stress levels and strain rates, a steady state is

reached at which the curve remains constant. The specimen is then termed pre¬

conditioned. However, if the cycling routine is changed, the mechanical proper¬

ties start changing again. Very similar behavior is exhibited also by the anterior

cruciate ligament from a rabbit knee joint exposed to repeated loading-unloading

(see Figure 3.7. left). It is possible to observe that the energy loss in a cycle (hys¬
teresis loop) decreases. Figure 3.7. right shows the conditioning phenomenon in

the stress relaxation experiments. The reason that conditioning occurs is that the

internal structure of the specimen changes with loading. It can be considered as

structure modification and is probably due to changes in fiber alignment, and

partial redistribution of the ground substance. From a functional point of view

preconditioning can be considered beneficial, as it leads to more precise transfer

of forces [Viidik 80]. It is possible that this kind of plasticity, irreversible in-vitro
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conditions, is reversible in-vivo over a longer resting period. However, there is

no experimental data from in-vivo measurements to sustain this hypothesis.
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Figure 3.7. Preconditioning of an anterior cruciate ligament of a rabbit knee

joint. From [Viidik 73].

3.1.2.2 Skin

Skin is a multicomponent structure. It consists of a network of collagen fibers,

elastic fibers, nerve fibers, small blood vessels and lymphatics, covered by a

layer made of partially keratinized epithelium, containing hairs and the ducts of

sweat glands. The network is mobile in interstitial fluid. Palm and sole skin pos¬

ses a thick keratinous outer layer which probably influences their mechanical

behavior. Elsewhere, the fibrous networks of elastic and collagen fibers and the

interstitial fluid are mainly responsible for the mechanical behavior of the skin,

while nerves, blood vessels and lymphatics, enmeshed with the connective tissue

network, are considered to be less important, [Kenedi et al 75]. Collagen I and

collagen III fibers are the main components of the skin, and represent 75% of dry

weight, while elastin contributes only 4%. The structure of collagen fibers in

skin is a three dimensional network of fibrils. The fibers are mostly parallel to

the skin's surface, twisted [Silver 87], and interlaced in a parallelogram pattern.

This geometry allows considerable deformations without the stretching of single

collagen fibers, through untwisting of the fibers and through a scissorlike behav¬

ior illustrated in Figure 3.8. Skin is indeed remarkably extensible compared to

parallel-fibered structures as the tendon (50%-100% compared to 10%-15%).
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Figure 3.8. Scissorslike behavior of a collagen meshwork. Redrawn from

[Viidik73].

If skin is submitted to tensile testing it shows an initial compliant toe region

which is longer and lower compared to parallel-fibered structures such as ten¬

don. If further strain is imposed, the fibers will become more and more parallel

(the scissors becoming almost completely closed), and the resistance of skin

becomes much higher, becoming similar to the behavior of the tendon at high

strains. Figure 3.9. shows the load-deformation relation of human skin compared

to other human tissues.

Strain

Figure 3.9. Stress-strain behavior of some human tissues. From [Kenedi et al 75].

The viscoelastic behavior of skin is more evident than in tendons. This is

because the alignment of collagen fibers causes large viscous energy loss,

[Dunn-Silver 83]. Conditioning is a phenomenon also observable in skin.
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Another result in the uniaxial skin tests is the observation that its mechanical

properties vary with the direction of loading, [Silver 87].

In order to conclude this short summary of the mechanical properties of the skin,

it should be said that pure uniaxial tensions do not provide the full relationship

between all the tensorial components of stress and strain. For this reason, biaxial

tests on the skin have also been performed, [Lanir and Fung 74].

At this point we are able to make some general conclusions. Most of the proper¬

ties of tendon and skin are common to almost all animal and human soft tissues.

In uniaxial testing, almost all tissues exhibit a nonlinear toe region, followed by

a stiffening of the specimen. At low strains, tissues are normally very compliant,

and phenomena like fiber straightening and alignment occur. In this region elas¬

tic fibers, if present, normally contribute to the properties of the tissue. At high

strains, the behavior of all collagenous tissues is similar to that of tendons. As

already seen, this is due to the alignment of the collagen fibers, which are ini¬

tially organized in three dimensions. Once aligned and straight, the collagen

fibers offer high resistance to further deformation. Phenomena such as viscoelas-

ticity and preconditioning in tendon and skin are also very common to all biolog¬

ical tissues.

3.1.2.3 Liver

The liver is one of the organs we intend to model in the LaSSo Project. What fol¬

lows here are some basic notions about the mechanical structure of the liver.

The liver is an organ of approximately 2.3 kg with many metabolic and secretory

functions. It is a parenchymous organ with acinar structure divided by the septa

in many small lobules (see Figure 3.10). The whole organ is enveloped by an

elastic capsule (Glisson's capsule). Liver tissue consists of a mass of hepatic,

Kupffer and other cells tunnelled through with bile ducts and blood vessels. Sup¬

port function is accomplished by connective tissues. Stronger collagen I fibers

are found in the Glisson's capsule, in the septa and in the adventitia of blood ves¬

sels. Networks of reticular fibers that surround the vascular and biliary tracts are

formed through thinner, loosely disposed three dimensional fibers of collagen

III, [Peyrol and Grimaud 81]. For the tendon and the skin we have exclusively

talked about tensile experiments. A collagen fiber of the tendon in compression

offers almost no resistance (it bends). These tissues are designed to resist tensile

stress. In the case of liver, the collagen fibers form a complicated three dimen-
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sional structure. Its reticular structure also offers resistance to compressive

deformation. Data from a classical tension in-vitro experiment of rabbit liver tis¬

sue is given in Figure 3.11, [Yamada 73]. Data from indentation experiments can

be found for example in [Wang et al 92].
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Figure 3.10. Liver anatomy. From [Krstic 91].
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Figure 3.11. Tension stress-strain curve of rabbit liver parenchyma. From

[Yamada 73].
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3.1.2.4 Kidney

Kidneys are paired organs responsible for the production of urine. Together with

ureters, urinary bladder and urethra they compose the urinary system. They are

parenchymous bean-shaped organs. Parenchymous organs possesses a support¬

ing connective tissue, the stroma, which is called kidney interstitium for the kid¬

ney. It consists of a fibrous capsule and of loose connective tissue which extends

into the parenchyma (composed of renal cortex and renal medulla). The collagen

content of human kidney is low, the most being of type III and the quantity of

interstiatial tissue is only 5% of the kidney mass. Stress-strain curves in tension

of human parenchyma and the fibrous capsule are given in Figure 3.12. Figure

3.12 shows rabbit renal parenchyma curves.
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Figure 3.12. Stress-strain curve in tension ofhuman renal parenchyma (left) and

fibrous capsule (right). From [Yamada 73].
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Figure 3.12. Stress-strain curve in tension of rabbit renal parenchyma. From

[Yamada 73].
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3.1.2.5 Uterus

Uterus is a pear-shaped hollow muscle organ of the female reproductive system.

It functions are to nourish and house the embryo from the fertilized egg until

birth. It is composed of following main regions:

• the fundus is a curved upper area where the fallopian tubes are connected to

the uterus

• the body (or corpus) is the main part of the uterus and extends from below the

level of the fallopian tubes until the uterine walls and cavity begin to narrow

• the isthmus is the lower, narrow neck region

• the cervix is the part downward from the isthmus until the vagina

• the portio vaginalis is the part of the uterus which penetrates the vagina

Figure 3.13. Uterus with adnexa and the structure of uterine wall, adapted from

[Krstic 91]
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The uterus is 6 to 8 centimeters long whereas its width varies from about six cen¬

timeters at the fundus to about three centimeters at the isthmus. Its wall thickness

is approximately 2 centimeters. However, the dimensions vary very strongly

from subject to subject.

The uterine wall consists of three layers: the perimetrium, myometrium and

endometrium. The perimetrium is the external thin peritoneal covering of the

uterus. The myometrium is the thickest uterine layer and consists of strong

smooth muscle fibres which are disposed longitudinally, circularly, and

obliquely, entwined between elastic and collagen fibres, blood vessels and nerve

fibers. The structure of the uterine wall is illustrated in Figure 3.13. The

endometrium is the inside layer which consists of a simple columnar surface epi¬

thelium and the underlying connective tissue called the endometrial stroma. It is

subject to marked changes during the menstrual cycle.

Leiomyomas of the Uterus

We give here a brief description of one of the most common diseases of the

uterus because we had the occasion to measure the mechanical properties of this

type of fibroid tumor and to compare it to healthy uterus tissue. Fibroids develop

from cells in the wall of the uterus. Myomas growing within the uterine wall

rarely produce symptoms if they are small. Fibroids can also grow in

endometrium, causing heavy menstrual bleeding and severe pain as the uterus

tries to expel the mass even in the case of small fibroids. Some fibroids grow

beneath the outside covering of the uterus, or appear to be as small balls attached

to the uterus. All these tumors can grow much larger than the uterus itself caus¬

ing a variety of symptoms. Leiomyomas are normally much harder than the nor¬

mal uterus tissue.

3.2 Modeling of tissues

The modeling of tissues is a necessary step in analyzing any mechanical property

of tissues. On the one hand, it provides a framework through which the proper¬

ties of the tested materials can be presented concisely and accurately. It allows

the outcome of an experiment on a tissue to be described by only few parame¬

ters, which can be tabulated and used to compare and correlate the properties of
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different tissues, (e.g. healthy versus pathologic or animal versus human or liv¬

ing versus dead tissues), [Fung 67]. On the other hand, modeling allows the

behavior of tissues to be predicted and makes possible the simulation of tissue

behavior.

There are many models developed in the past for soft biological tissues, and

these can assume many forms. Introducing first some basic criteria to differenti¬

ate between groups of models will not only help a better understanding of single

models, but also help to understand the research field better.

The most important feature of a model is specified by the kind of behavior it

must be able to predict, or use to which it is put. Soft tissue models can for exam¬

ple be intended to simulate uniaxial tensile experiments, or can be formulated for

the simulation of general three dimensional manipulation of a tissue.

The next step in classifying a model is to specify its position between structural

andphenomenological modeling. Phenomenological modeling consists of devel¬

oping mathematical relationships that simply describe the outcome of some

experiments. The derivation of the models is abstract and not related to the mod¬

eling object but only to the result of experiments (phenomenon). A pure phe¬

nomenological modeling of the nonlinearity of tissues in uniaxial tensile

experiments has been to propose a function relating the imposed stress

(T:=F/A0, where F is the applied force and A0 the initial cross area of the

specimen) and the caused elongation (k:=L/L0) and to fit the curve to the

experimental data. This has been done e.g. by [Fung 72]:
a(X-Xn) -a(Xn-l) -a(Xn-l)

T=(T0 + b)e
°

-b,whhb = (T0e
°

)/{\-e
°

) (3.1)

for (T0, X0) being an arbitrary point on the curve.

On the other hand, structural modeling starts with a conception of the structure

of the modeling object. The next step is to mathematically formulate the model

and to solve it analytically or numerically for the kind of experiments one wants

to predict. Only at this point it is possible to observe if the simulation
outcomecorrespondstotheexperimentaldata(ifthemodelfitsthedata).Oneexampleofastructuraltypeofmodelforthecaseofuniaxialtensileexperiments,isthemodelofthetendonproposedby[Diamantetal72].Theauthorsimaginedthetendonbehavedlikeaseriesofslendercrimparmsconnectedbysprings,asshowninFigure3.15,andthenderivedtherelationshipsbetweenstressandstrain.Themodelhasbeeninspiredbythewavinessofcollagenfibersandtried



37

to explain the straightening (unbending) of the fibers under small strains. It is,

however, possible to combine the two modeling approaches, by for example

manipulating the relationships derived through structural observations in order to

obtain a better resemblance with experimental data.

Figure 3.14. A structural model for tendon. From [Diamant et al 72].

The next important property of a model is how much it is based on physical prin¬

ciples. For example, the free form deformation techniques (popular in computer

graphics and often used for mechanical modeling of three dimensional structures

in the virtual reality community), are not based on physical properties. They sim¬

ply use parametric interpolative models (as polynomials, splines or superquad-

rics) for the deformation estimation of solid primitives. Other models of three-

dimensional structures, also used in different research for real-time simulation

systems, consist for example of networks of small masses connected by springs.
In this case, some physical principles are involved in the modeling (acceleration
of the small masses, internal reaction forces, etc.) but the structure of the model

is still too simple, and does not correspond to the real structure of an organ.

These type of models are classified by some researchers as 'physical analogies-

based'.

In the next two sections after a brief overview of the most used modeling tech¬

niques for soft organic tissues, the model that has been selected here will be

explained.

3.2.1 Uniaxial models

As seen in Section 3.1.2 biological tissues subject to uniaxial tests exhibit non¬

linear and viscoelastic behavior and preconditioning. There are a variety of

uniaxial models developed in the past which account for some or all of these
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properties. In the previous section we have already seen two different models for

the nonlinear relationship between stress and strain for tensile tests. In the

attempt to model viscoelasticity, one of the most popular approaches was based

on the analogy to a system of discrete elements. Here, discrete elements such as

springs, dashpots and other components are combined together in such a way to

produce similar force/elongation behavior as the one registered in a tensile test of

biological tissues. Although there are some aspects of structural modeling in this

approach, it remains, however, prevalently phenomenological in nature. Some

classical models developed in this way are given in Figure 3.15.
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Figure 3.15. Maxwell, Voigt and Kelvin standard linear viscoelastic models

An excellent survey on the subject can be found in [Viidik 73]. It is possible to

observe that the models are linearly viscoelastic. For large deformations, the

nonlinear stress-strain characteristics however cannot be omitted. In order to

obtain nonlinear relationships with this modeling method, it is necessary to intro¬

duce new nonlinear elements, such as the Coulomb element of dry friction (see

Figure 3.16.

f\F\<Fs, X= 0

\ \F\ > F., X arbitrary

X

Figure 3.16. Coulomb element of dry friction

However, with the introduction of a few new types of elements, it is possible to

obtain similar force/elongation relations to those discovered experimentally,

including nonlinearity, hysteresis and preconditioning. This model was proposed

by [Viidik 68] and is illustrated in Figure 3.17.
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Figure 3.17. Model of the ligament. From [Viidik 73].

Another phenomenological description of nonlinear viscoelasticity was given by

[Fung 72], who developed a theory he termed quasi-linear viscoelasticity

(QLV). This theory is interesting particularly because it can also be applied to the

more complicated case of three dimensional modeling. The models formulated

and implemented in the LaSSo Project are also based on this formulation of vis¬

coelasticity.

The nonlinear stress/strain relations to use with the QLV can be found for a vari¬

ety of tissues in the literature. Reviews on the subject can be found in [Fung 93,

pp. 273-277] or [Maurel 98].

Many uniaxial stress/strain relations have been developed on the basis of struc¬

tural principles (see e.g. [Diamant et al 72, Decraemer et al 80, Kwan and Bow

89]). These relations can also be combined with the QLV, making it a typical

example where structural and phenomenological modeling fuse together.
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3.2.2 Three dimensional models

In the case of uniaxial tests, the outcome of the experiments is inherently simple

due to the limitations imposed on the type of loading (uniaxial stretching) and

consists basically of a single-valued function (T = f(k, t)). This has permitted

the formulation of phenomenological models, which simply describe mathemati¬

cally a measured function. In the case of general manipulation of a three dimen¬

sional object, the task of describing mathematically the outcome of all possible

experiments to which the object can be subjected to becomes more difficult, and

above all, less accurate (examples can be found in the field of geometric defor¬

mation techniques and include nonlinear global deformation [Barr 84] and free

form deformation [Sederberg and Parry 86]).

A structural approach is better suited. One needs to conceive a three-dimensional

structure of the object and if the model is good enough it will automatically be

able to predict the deformation caused by arbitrary-type loading. There are, how¬

ever, numerous different ways to define a structural model. The most important

difference is given by how much it is based on physical principles and/or real

physical structures. A further differentiation is if the model is discrete or contin¬

uous. Some discrete models based on physical analogies are often used for the

realization of real-time simulations of surgery, as for example the mass-spring

models [Kühnapfel et al 95, Downes et al 98, Bro-Nielsen et al 98, Boux de Cas-

son et al 99] or also space-filling spheres models [Suzuki et al 98]. Among these

models, the one developed by Boux de Casson et al is the most convincing.

There, liver was modeled by dividing it in an internal friable material (paren¬

chyma) and an elastic skin (Glisson's capsule). The parenchyma was modeled as

a three-dimensional network of point masses connected with two types of ele¬

ments: linear viscoelastic springs (linear spring and damper in parallel) and vis-

coelastic torsion springs. The capsule of Glisson was modeled as a two-

dimensional network of point masses, joined with viscoelastic linear and torsion

connectors. In order to obtain realistic behavior from the model, the connectors

in the parenchyma were set as prevalently viscous, and the Glisson's capsule as

almost quasi-elastic.

A continuous, physically-based approach is, however, the state-of-the-art

method for accurate modeling of materials. Material here is regarded as a contin¬

uum, and this means we assume it is continuously distributed in space (the den¬

sity exists in every point of the material). This is obviously an abstraction,
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because matter is made of discrete particles separated by voids. Also, there are

often further structures between the dimension of our interest and the particle

level, especially in the case of biological materials. But if these structures are

very small in relation to the size of the specimen we are modeling, we can con¬

sider the material as a continuum, and ignore the structures and the spaces

between their elements, as already discussed in Section 3.1.

The base for the physical treatment of the problem is given by the general axi¬

oms of physics (self-evident principles derived form our experience of the phys¬

ical world, such as conservation of mass, balance of linear momentum, balance

of moment of momentum, balance of energy and the entropy inequality law).
These general principles relate physical quantities such as force, mass, deforma¬

tion, flow, energy etc., and temporal changes of these quantities in the form of

differential equations. They are generally valid for all media, and in their deriva¬

tions no mentions of any material is made. They are, however, not sufficient to

describe the behavior of a specific material subject to experimentation. Experi¬

ence teaches that rubber reacts differently to loading than steel, for example. The

properties of single materials are defined by additional mathematical equations,

the so-called constitutive equations. The mechanical constitutive relations of

materials describe the relations between stress and strain in the material (other
constitutive equations for a material also exist, such as those describing the heat

transfer characteristics, the resistance to electrical flow and other, but are, how¬

ever, not very important in the context of this work). There are many mechanical

constitutive equations developed to describe the properties of many materials.

They describe more or less idealized materials. In the case of solids, the most

important idealized material equation is the Hookean elastic solid, which

describes surprisingly well the properties of many materials around us. Consid¬

erations on the different ways of deriving constitutive equations of materials can

be found for example in [Fung 93].

A physical experiment on a material can be expressed in the form of boundary

value problem equations which relate the above described general principles, the

mechanical constitutive equation of the tested material, and the conditions of the

performed experiment. The solution of these equations determines the physical

quantities involved, and predict quantitatively the behavior of the material in the

experiment. The equations are usually geometrically discretized and solved

numerically. With this method it is possible to simulate accurately the behavior

of a general solid (made of some material we have modeled) subject to general
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deformations. The only drawback of the method is that its utilization for the real¬

time simulation of tissue deformation requires a great amount of processing

power. It is, however, established for off-line accurate simulations in biomechan¬

ics.

3.2.3 Continuum mechanics modeling of tissues

The actual modeling of the mechanical properties of a material is given in this

method by the formulation of its mechanical constitutive equation. In this case,

the structure is no longer defined clearly by some idea of its physical architec¬

ture, as in the case for example of the mass spring model, but is contained in the

mathematical formulation of the constitutive relation.

As already mentioned, the mechanical constitutive equation relates stresses and

strains in the material. As in all physical laws, the constitutive equations also

have to be formulated in such a way as to be valid in all coordinate systems. This

can be achieved by formulating the laws in terms of quantities which maintain

their meaning in different coordinate systems. One example of such quantities

are vectors, which can be expressed in different systems, but maintain their

direction and magnitude. This concept can be generalized to entities belonging to

higher dimensions (such as stress for example) with the definition of tensors.

Tensors, like vectors, change their representations in different coordinate sys¬

tems, but maintain their physical meaning. Tensorial equations are therefore well

suited for the formulation of physical laws. For further insights into this, and for

a mathematical definition of tensors, see [Fung 94 or Lai et al 93].

In order to relate stress and strain, it is first necessary to define these quantities

mathematically. In Appendix A the tensorial definitions of stress and strain mea¬

sures that will be used for the formulation of the selected tissue models are

given. The next step is to relate these quantities in the form of constitutive equa¬

tions. We give here only the necessary information for the comprehension of the

models. For further information, see [Lai et al 93, Fung 94, Bathe 96].

3.2.3.1 Constitutive equation for a nonlinear elastic isotropic medium under

large deformation

The elasto-mechanical constitutive equation of a material relates a measure of

stress with a measure of strain, as indicated in the following equation:
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stress = f(strain) (3.2)

There are many tensors defined in continuum mechanics describing these two

quantities. However, not all the combinations of stress and strain definitions lead

to physically meaningful relations. The basis for deciding which combination is

allowed is the "principle of material frame indifference", which states that the

internal state of the material must be invariant under frame transformation.

In the Appendix A we introduce some basic quantities useful for the description

of material constitutive equations such as the second Piola-Kirchhoff stress ten¬

sor (T) and the right Cauchy-Green strain tensor (C) and prove that they are

both invariant to rigid body rotation. They are therefore suitable for the formula¬

tion of a frame indifferent constitutive equation, which can be expressed in the

form:

T=f(C) (3.3)

In the fact, it can be proved that eq. (3.3) is the most general constitutive equa¬

tion for an anisotropic elastic solid, (see [Lai et al 93, prob. 5.100]). The same

can be obviously stated for the second Piola-Kirchhoff stress tensor ( T ) and the

Green-Lagrange strain tensor (E), which is also invariant to rigid body rotation.

Therefore, also:

T = g(E) (3.4)

is a valid formulation for a material constitutive equation.

It can be proved that the second Piola-Kirchhoff stress tensor (T) and the Green-

Lagrange strain tensor (E) are work-conjugates. If we assume that the material

possesses an incremental potential, then the work increment can be written (in
the summation convention) as:

dW = TijdElJ (3.5)

If we further assume that the potential can be computed only from displacements

we can write:

T,j ~

~lïï- (3.6)

For an isotropic material the potential function can be written as a function of

invariants (see eq. (3.7)) of the right Cauchy-Green strain tensor C, since the

invariants retain their value under all rotations of coordinates.
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h = Cu + C22 + C33 = C„ = tr(C) (3.7)

h = I^Cjj-C.jCj,) = \[{trC)2-tr{C2)]
I3 = det(C)

In the case of a totally incompressible material, the third invariant will be

I3 = 1. A better assumption is that the material is almost incompressible. In this

case it is better to separate the tensor C in a part which describes a change of

shape without a change in volume, C, and the rest. In order to obtain

det(C) = 1, we have:

C= l—rr3C (3.8)
det(C)

We introduce now the so-called reduced invariants, and let the potential function

from eq. (3.6) depend on them. The first two reduced invariants are defined rela¬

tively to C. We have:

Jx = Cn = lxf3n (3.9)

J2 i2i3

J3 = Jdet(C)

We can now rewrite eq. (3.6) as:

T>j = ldE* (3.10)

The only remaining thing at this point is the formulation of the potential as a

function of the reduced invariants. Many descriptions can be found in literature.

We will give here those formulations which will be used for modeling of artifi¬

cial and biological dead and living tissues in Chapter 7 and whose material

parameters are investigated.

The simplest formulation we will use for the potential is the neo-Hookean

model:

W= VL(Jl-3)+l-K(J3-\)2 (3.11)

k [N/m ] is the bulk modulus which describe the slight compressibility of the tis¬

sue.
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Similar to the neo-Hookean model is the Mooney-Rivlin formulation:

W= |i1(1/1-3) + |i2(1/2-3) + Ik(1/3-1)2 (3.12)

For nonlinear biological tissues very often the Veronda-Westmannformulation is

used, [Veronda and Westmann 70]:

U YCi-3) 1 ?

W=^(e -\) + a(J2-3) + ^(J3-\f (3.13)
y ^

Often the second term in eq. (3.13) is omitted leading to what we can call the

reduced Veronda-Westmannformulation :

U YCi-3) 1 ?

W = he -l) + U(J3-l) (3.14)
y ^

For the modeling of some highly nonlinear biological materials as, for example,

the kidney cortex tissue a. polynomial formulation of the strain-energy function

leads to better data-fits:

N

W= ^Jii(J1-3), + 1k(J3-1)2 (3.15)

/ = l

In the above given formulations of the strain energy function, the bulk modulus

k [N/m ] allows for slight compressibility and is not treated as unknown but set

large, compared to the other material constants, to account for the near incom-
2 2

pressibility of tissue. On the other hand ji[N/m ], jiJN/m ] and y[ ] are

material parameters.

3.2.3.2 Viscoelastic formulation of the model

Viscoelasticity can be described by means of a theory termed "Quasi-Linear Vis-

coelasticity (QLV)", [Fung 72], which assumes that the stress in material is given

by the sum of the contributions of all past changes in the strain, where the these

contributions decrease over time, as specified by a so-called reduced relaxation

function G{t). This assumption leads to the following formulation of constitu¬

tive equations:

nt)= jGv-jrwnw*. (3i6)

—oo

where T(X) is the elastic part of the response to strain which depends only on

the stretch X and can be determined e.g. through eq. (3.10).
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The usual approach is to describe G{t) through a sum of exponential functions:

G{t) = £c,e
%1

(3.17)

where ct [] and xl [s] again are material parameters. This formulation implies a

discrete spectrum for the reduced relaxation function G{t) which is continuous

in reality (see [Fung 93]). Moreover, in practical applications, we are forced to

approximate G{t) through the sum of a finite number of exponential functions:

m — 1 /

G{t) = £ c,e
%l

(3.18)

/ = o

There are some problems regarding this formulation. In first place it is difficult

to determine maximum relaxation times for most biological tissue, since it

appears to be very large in experiments. Also, fitting of the model to real experi¬

mental data can lead to non-unique results, [Fung 93]. However, this formulation

allows the viscoelasticity of materials to be sufficiently well described only with

few parameters.

3.2.3.3 Material parameters

The actual behavior of the elasto-mechanical model specified in sections 3.2.3.1

and 3.2.3.2 is strongly dependent on the numerical values of the model parame¬

ters. The constitutive equation alone defines only a subspace of the possible

behaviors or, in other words, a family of similar materials. For example, if we

decide to describe a tissue with the Veronda-Westmann formulation, eq. (3.13),
combined with eq. (3.16) and eq. (3.18) for the description of viscoelasticity, the

unknown material parameters are:

2
• ji[N/m ] (multiplication factor)

• y[ ] (nonlinearity factor)

• x0 [],..., im _ i [] (discrete spectrum of the reduced relaxation function)

• c0[],...,cm_l[] (weighting factors)
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Chapter 4

Experimental methods and tools

4.1 Considerations about mechanical experiments on

biological tissues

In the process of designing mechanical experiments on soft biological tissues,

there are some general considerations to be taken into account. Biological tissues

exhibit non-linear, visco-elastic behavior, and are capable of very large strains.

In most cases, the result of testing will also depend on the direction of loading

because of the anisotropy of biological tissues. A perfect experiment should

reveal all of the mentioned characteristics. It should investigate the nonlinearity,

the time-dependent properties, and the load applied should be triaxial, while

allowing very large strains in all directions.

Furthermore, the experiment should be ideally performed in-vivo, since in most

applications in biomechanics we are interested in knowing the mechanical prop¬

erties of living tissues and since the general opinion is that there are significant

differences between living and dead tissues [Yamada 73, Black 76, Fung 93].

Considering the fact that it is almost impossible to fulfill all the above-men¬

tioned requirements because of technical and ethical reasons, the researchers

willing to investigate the behavior of biomechanical systems in very general con¬

ditions (e.g. in the case of a surgical simulator) are virtually forced to generalize
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the conclusions drawn from experiments which do not address all the mentioned

issues. In this case, however, the correctness of the generalization should be

experimentally, or at least theoretically, justified. Some assumptions would

greatly simplify the work of analyzing the mechanical properties of biological

tissues if it could be proved that they lead only to limited errors. For example, if

it were ascertained that the mechanical properties of a particular tissue only mar¬

ginally change in the first hours after death, further experimentation could be

performed ex-vivo. Quantitative studies about how the mechanical properties of

living tissues change from in-vivo to ex-vivo, and how they continue changing

after death are, however, lacking, and are one of the purposes of this thesis.

Another problem encountered by experimenters in biomechanics is how to deal

with the conditioning effect. Should the researcher concentrate only on the

reproducible preconditioned data, or are the first-run data more important? As

already pointed out by [Black 76], the in-vitro preconditioning of tissues data

may lead to further changes of structure and the properties of the specimen as

compared to in-vivo. It is still unclear exactly what processes lead to the condi¬

tioning effect, and it seems to the author reasonable to expect the first-run exper¬

iments to be given in all studies, also when afterwords preconditioned data are

investigated.

A lot of in-vitro experiments performed on biological materials have been docu¬

mented. In the previous chapter we have seen some of the data gathered mostly

through in-vitro measurements. By contrast, very little in-vivo experimental data

is available. In this chapter we first review the existing techniques and instru¬

mentation for in-vitro mechanical testing of biological tissues, and then examine

existing in-vivo techniques. A description of standard testing methods allows a

better understanding of the experimental data presented in the previous chapter.

Furthermore, the review of the existing methods with an analysis of the problems

they pose, and of the techniques developed to overcome some of them, will

prove to be useful for the process of designing new experimental methods.
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4.2 Standard in-vitro methods

4.2.1 Uniaxial tensile testing

The most classic test on biological materials is the uniaxial in-vitro tensile test.

There are data obtained through this kind of testing procedure for a great variety

of dead human and animal tissues. The principle is very simple: a small speci¬

men of tissue is prepared for testing and its ends are gripped by appropriate

clamps which are moved by some actuator system. Usually, the actuation is per¬

formed through motor driven screws or linear motors, and load-force and dis¬

placement are both recorded during the whole time of testing. To eliminate size

effects the results are usually presented as stress (load-force/cross-sectional-

area) against strain (displacement/unstressed-length).

4.2.1.1 Testing machines

There are several commercially available systems performing general mechani¬

cal testing with accuracy (e.g. those manufactured by Instron). However, in order

for them to be applied to the testing of a particular biological tissue, usually

some changes have to take place. In fact, much of the data so far obtained has

been collected using adapted commercial equipment, [Fung 67, Diamant et al 72,

Soden and Kershaw 74, Wan Abas and Barbenel 82a, Dunn-Silver 83, Hoeltzel

et al 92]. A traditional basic setup for a general purpose uniaxial mechanical test¬

ing machine is represented in Figure 4.1.

Force sensor
»!

*l

clamps

»

^

—_

frame

movable cross-head

lead-screws

specimen

Figure 4.1. General purpose testing machine. Adapted from [Vincent 92].
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However, the complex nature of the response of biological tissue to the tensile

experiment, and the necessity to maintain the specimen as close as possible to its

conditions in-vivo, have led different researchers to develop special purpose test¬

ing devices, [Ridge and Wright 66, Pinto et al 75, Stevens et al 78, van Noort et

al 78, Aspden et al 91]. Some researchers have proposed devices designed to

meet the requirements for the testing of a variety of biological tissues. This is

difficult primarily because the mechanical properties vary very greatly from tis¬

sue to tissue. Some tissues, for example, can be largely elongated before an

appreciable force can be measured (e.g. mesentery), whereas other (e.g. tendon)
offer strong resistance to elongation. There are also considerable differences in

the viscous properties of different tissues. For example, whereas a smooth mus¬

cle subject to a uniaxial-relaxation test relaxes to a few percent of the initial

stress in one second, a heart muscle such as the papillary can relax to only about

70% of the initial stress in 1000 seconds. In [Pinto et al 75], the researchers pre¬

sented a general testing device for biological tissues, called the 'biodyne', which

was designed to have a sufficiently broad performance in order to be able to

address the variety of responses of different tissues. In [Stevens et al 78, van

Noort et al 78] also, researchers developed special purpose apparatus with prop¬

erties unavailable in commercial testing machines.

4.2.1.2 Practical experimental problems

Once the testing machine is available, there still remain several problems which

can lead to inaccurate measurements:

• The specimen should be maintained viable. Very often, in order to keep the

conditions as close as possible to those in-vivo, the specimen is soaked in a

saline solution which is kept at the tissue's natural temperature.

• A very subtle problem occurs with tissue clamp-fixing, where very often slip¬

ping occurs. This can lead to significant inaccuracies of measurement. For

example, one may deduce tissue conditioning behavior, where in reality a

simple adjustment of the tissue to the clamps is all that is taking place. The

most common way to fix the free ends of the specimen are vice-type clamps.

This method, however, demands very high clamping pressures to avoid slip¬

ping. Particularly in the case of very fragile tissues, the method is not applica¬

ble, because the clamp pressures necessary to avoid slipping would cause

damage to the specimen and cause its premature rupture. In [Hoeltzel et al 92]

the authors investigated the uniaxial tensile properties of specimens of
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bovine, rabbit and human corneas. In order to attach the fragile cornea tissue,

cyanoacrylate cement was used at both ends of the specimens. This is one of

many techniques which have been implemented in order to minimize the

influence of the clamps. Reviews on gripping techniques can be found in

[Kershaw 71, Vincent 92]. But whatever technique one uses, it is very proba¬

ble that some tissue properties change and/or stress concentrations are

induced in the area near the attachments of the specimen to the testing

machine. The chosen displacement measurement technique can, however,

reduce the induced error. The best method is to not measure the displacement

between the clamps, but directly in the central zone of the specimen. One way
to achieve this is to monitor the distance between natural or artificial marks

on the specimen's surface, [e.g. Lanir and Fung 74]. Today, contactless mea¬

surement of strain in the middle of the specimen can easily be implemented

through a relatively inexpensive video system consisting of a video camera

and microcontroller system used to process the grabbed images.

• A further problem in uniaxial testing is to accurately specify the initial test

conditions (zero stress, zero strain). The main difficulty is given by the very

low stiffness of most biological tissues at low strains, which makes it almost

impossible to attach the specimen to the tensile machine, while being sure

that it is not subjected to initial strain or has not been left slack. The problem

is theoretically analyzed in [Hukins et al 91].

• It is also not obvious how to determine the exact dimensions of a specimen,

and particularly of its cross-sectional-area, because of the pliability of soft tis¬

sues. Analysis of several methods for accurate measurement of the cross-sec¬

tional-area of soft specimens is given in [Ellis 69, Soden and Kershaw 74].

4.2.1.3 Measurement of viscous properties of soft tissues

Biological tissues are said to be visco-elastic, because the energy needed to

deform them can be separated into two components. The first is given by the

elastic energy, which depends only on the induced strain, and is completely

reversible. The second component is the viscous, time-dependent component,

which is dissipated during the deformation in chemical and thermal energy.

Uniaxial testing can be used to determine the viscous properties of the biological

tissues. In fact, experiments such as creep and relaxation uniaxial tests have very

often been presented as proof of the viscoelastic behavior of animal tissues (see
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Figure 3.3). These tests provide us with valuable information about the time-

dependent mechanical properties of tissues of the order of 1 second or longer.

For example, the stress relaxation test can be used to distinguish easily between

the elastic and the viscous component in the uniaxial response, as presented in

[Dunn-Silver 83]. In this reference the authors performed stress-relaxation tests

at successive strain levels on different soft human tissues. A specimen was

attached to the testing machine and then strained at a fix strain rate until 5% of

elongation. Then, the machine was stopped at that fix strain level (5%), and the

stress was allowed to relax until no further change was observed (up to 60 min¬

utes). This procedure was then repeated for 10%, 15%, etc. of strain relative to

the unstressed length. As a result of this procedure, stress-relaxation curves for

strains successively increased by 5% were obtained for each specimen. From

every relaxation curve (obtained at strain s) two numbers were then extracted,

the initial reaction force following the elongation (sFt ), and the elastic part of the

reaction force (sFe ), which is the reaction force remaining at the end of relax¬

ation. For each specimen it was possible in this way to determine the elastic frac¬

tion of the response {sFe/sFl) for several strain levels. This method gives us a

simple way of determining the elastic part of the uniaxial response. There are,

however, also problems. In [Dunn-Silver 83] the specimens were elongated with

relatively low strain rates (10%/min), allowing some of the relaxation to occur

during loading (ideally, the strain should be imposed instantaneously as a step

function). Also, it has not been dealt with the conditioning phenomenon, which

occurs between measurements performed at different strain levels.

Stress relaxation or creep experiments reveal only the mechanical properties of

the order of more then a second. For studies of the time-dependent properties

related to much shorter times, it is possible to perform dynamic tests such as free

vibration and forced oscillation. These kind of experiments are described in

[Vincent 92] among others.

4.2.2 Compression techniques

Compression tests have been performed mostly on cartilage tissue, [Armstrong

et al 84, Mow et al 89], because it is normally subject to compressive loads in-

vivo, and has been designed by nature for exactly the purpose of deforming

under stress in order to help to better distribute contact stresses.
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Compression, however, has also been used to investigate the properties of other

biological soft tissues. In [Makovietskii et al 80] stress relaxation under uncon-

fined compression was studied on samples of rat liver, whereas in [Naili et al 98]

the same type of testing was performed on discoidal specimens of rubber foam,

myocardium tissue in passive state and fibroplastic biological collagenic gels. In

[Wang et al 92] the authors investigated the viscoelastic properties of pig's liver

by combining the indentation method with moire method. The tests were usually

performed using uniaxial testing devices very similar to those described for ten¬

sile tests, and were also very often performed with commercial testing devices.

The methods of unconfined compression and indentation are summarized in Fig¬

ure 4.2.

Many researchers have developed instrumentation and performed indentation

experiments on skin together with the subcutaneous tissues. A particularly inter¬

esting application of the indentation technique has been proposed by several

authors in combination with ultrasound transducers. Most of the devices devel¬

oped were designed for in-vivo experiments, and are the subject matter of the

Section 4.3.1.3.

(Unconfined compression) (Indentation)

Figure 4.2. Unconfined compression and indentation tests.

4.2.3 Biaxial and triaxial testing

The biaxial method is an especially natural way to test important biaxial tissues

such as skin. It addresses the possible (and mostly real) anisotropy of such tis¬

sues. Back in 1974 Lanir and Fung proposed a very sophisticated apparatus for

performing biaxial tests on biological tissues [Lanir and Fung 74]. The mecha¬

nism permitted a rectangular specimen to be hooked with small staples along its

four edges and stretch it independently in two directions. The specimen was
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allowed to float in thermoregulated physiological saline solution, and the

imposed strain was measured optically in the central part of the specimen by

monitoring the movement of artificial marks on the specimen's surface. Many

other mechanisms developed later for biaxial testing have been designed using

ideas proposed by Lanir and Fung, [e.g. van Noort et al 78, Zeng et al 87].

Another way to perform biaxial tests on membranes or vessels is inflation. In the

case of membranous soft tissue, the specimen is mounted flat over a hole in a

chamber and the experiment consists in augmenting the pressure in the chamber

causing the clamped tissue to deform forming a bulge. A similar experiment was

performed by [Hilderbrandt et al 69] on cat mesentery and dog periocardium.

The strain was determined by observing the relative movement of a grid previ¬

ously deposited on the specimen's surface. The theoretical analysis of results of

this kind of membrane inflation experiments is given in [Wineman et al 79].

Inflation tests are also used for the investigation of the properties of arteries. The

artery is normally extended longitudinally to its in-vivo strain condition. There¬

after, the pressure is varied in the artery and its diameter is monitored. Similar

experiments have been carried out in several research projects, [e.g. Bergel 61,

Vito 80].

In [Hoppin et al 75] triaxial tensile experiments on cuboidal specimens of lung

tissues using hooks and strings were performed. The main problem of these kind

of experiments is that it is impossible optically to observe the strains in an inter¬

nal smaller region in order to avoid large edge effects.

4.2.4 Pipette aspiration

Pipette aspiration was used in the past to investigate the mechanical properties of

red blood cell membranes, [Evans 73, Evans and Skalak 79], whereas in [Sato et

al 87, Theret et al 88] it was applied for the investigation of the mechanical prop¬

erties of endothelial cells. In [Aoki et al 97] it was presented as an option to mea¬

sure soft tissue parameters.

Pipette aspiration consists in leaning a tube (pipette) on the investigated mem¬

brane or tissue, and reducing the pressure in the tube. As a result of the pressure

difference, the portion of the specimen under the tube is partially aspirated. The

procedure is illustrated in Figure 4.3.
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Figure 4.3. Aspiration technique.

The measurements were performed optically by observing the aspirated tissue

with a camera mounted on the side of a transparent pipette, as illustrated in Fig¬

ure 4.4.

Video-microscope

Glass pipette

P
atm

Pressure ^t Px ( Specimen

control

system L

Figure 4.4. Realization of pipette aspiration experiments.

The measurements of the maximal displacement L were taken as a function of

pressure difference AP = P} - Patm . By gradually decreasing the pressure in the

tube, a function L(AP) is obtained.

Aspiration technique has several advantages over other experimental techniques.

The load is transmitted to the tissue by a simple pressure difference instead of

through complicated loading mechanisms. It is also possible to investigate local

properties of tissues by choosing a smaller pipette. But probably the main advan¬

tage of the technique is that it produces well defined and easy to describe bound-
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ary conditions of experiments. This is particularly true if the experiments are to

be performed in vivo where the possibilities of immobilization and clamping are

very limited. The aspiration technique intrinsically solves the immobilization

problem, because the pressure in the tube fixes the tissue to the pipette. To ana¬

lyze the data of a performed experiment it is necessary to have well defined

boundary conditions, a point of fundamental importance. It were these reasons

that led us to consider this technique as a first choice for in-vivo experiments on

human internal soft tissues.

4.3 Implemented in-vivo techniques

The first and fundamental distinction is whether the tests are performed in-vivo

on humans or animals. In the case of animals, the requirements are much looser

and often animals are sacrificed after the test. In [Miller et al 00] indentation

tests were performed in-vivo on swine brain tissue. The set-up used for measure¬

ments consisted of a linear motor fixed onto a rigid support over the immobilized

head with brain exposed by removing the skin, the skull and the dura. The tests

consisted in the indentation of the brain with a cylindrical indentor. After the test

the animal was sacrificed with an injection and MR images of the brain were

taken in order to obtain precise information on its geometry.

In-vivo mechanical tests on human patients add new problems to the long list

already seen with in-vitro testing. The two main new problems can be identified

in the safety requirements, and in the difficulty of precisely defining the bound¬

ary conditions of experiments. These two factors are also inter-dependent,

because the safety requirements put severe constraints on the in-vivo clamping

of the tissue. Obviously, the tissue cannot be cut and prepared for testing, and the

experiment has to deal with the complex geometries which characterize living

organisms.

Moreover, to investigate the mechanical properties of internal tissues such as

kidney, liver or uterus tissue in-vivo with invasive techniques, the safety problem

also embraces instrumentation cleaning and sterilization issues. Furthermore, the

experiments must also be ethically justified.
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4.3.1 Non-invasive techniques

The majority of the available data on the mechanical properties of human soft

tissues in-vivo has been obtained on external organs, and has been performed

with special-purpose devices. Most experiments consisted in indentation of skin

and the underlying soft tissues, or in uniaxial and biaxial tensile tests on skin.

4.3.1.1 In-vivo tensile testing of skin

Uniaxial tensile in-vivo tests on skin have been performed by a number of inves¬

tigators, [e.g. Evans and Siesennop 67, Wan Abas and Barbenel 82b, Manschot

and Brakkee 86]. In all the cited references two loading arms were fixed with

adhesive to the skin surface, and then separated. In order to analyze the results of

a similar test it is necessary to know the local skin thickness. A possible solution

is to use an ultrasound technique and determine the skin thickness from the time

between the two ultrasound echoes, as done in [Manschot and Brakkee 86]. In

[Wan Abas and Barbenel 82b] biaxial information on skin deformation was

obtained by monitoring the changes of a grid initially printed on the skin at the

test site.

4.3.1.2 Classical indentation systems

The principle of a general indentation experiment is to press the target tissue

with an indentor against a hard material. In the majority of in-vivo indentation

experiments, the tissue is pressed against a bone, which is assumed to be abso¬

lutely stiff compared to the investigated soft tissue. In classical in-vivo indenta¬

tion experiments, the basis of the device is somehow fixed at the skin of the

investigated skin/soft-tissue composite. The indentor is then moved, and the

position of the indentor relative to the basis of the instrument and the load it is

subject to are measured. The main motivation behind indentation testing on bulk

soft tissue is the need for satisfactory interfaces between the human body and

some external devices such as between the prosthesis and the lower extremity

limb soft tissues, between the buttock tissues and the seat, or between the foot's

plantar tissues and the sole.

The first apparatus developed for in-vivo indentation dates back to 1912,

[Schade 12] when Schade developed an "elastometer" able to register the inden¬

tation depth of a skin surface under application of a constant load (implemented
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through the dead-weight method), and subsequent recovery after sudden load

removal. Other researchers used copies or adaptations of Schade's apparatus to

perform indentation tests, [Bader and Bowker 83, Ziegert and Lewis 78]. Differ¬

ently designed devices have been also developed. In [Silver-Thorn 91, Vannah

and Childress 96] plunger-like tissue testers were developed. In [Mak et al 94,

Torres-Moreno et al 92, Pathak et al 98] the indentors developed were controlled

by microcomputer based systems, allowing different compression histories.

The tester developed in [Pathak et al 98] seems to be the best suited among the

previously mentioned devices. It consists of a linear actuator and a compressive

load cell. The actuation and data acquisition are controlled by PC. The design of

the tissue tester is illustrated in Figure 4.5. The device has been designed with

the aim of performing rate-controlled indentation on residual limb soft tissues,

[Silver-Thorn 99]. In order to estimate the thickness of the soft bulk tissue (from
the skin to the bone) and thus specify the boundary conditions of the experi¬

ments, transverse magnetic resonance images (or alternatively computed tomog¬

raphy scans) of the subject's leg were taken. These steps are a general necessity
if in-vivo indentation testing is performed classically. It is necessary to perform

other tests on the tissue in order to acquire data on the geometrical distribution of

the investigated composite-tissue.

The analysis of measured data was the subject-matter of several studies [e.g.

Hayes et al 72, Zhang et al 97]. [Zheng et al 97] investigated theoretically and

experimentally the effects of indentor misalignment on skin indentation tests.

Figure 4.5. Device for in-vivo indentation of skin and subcutaneous tissues,

[Pathak et al 98]
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4.3.1.3 Ultrasound based indentation

Techniques combining indentation and ultrasound techniques permit indentation

experiments to be performed without previously determining the geometric dis¬

tribution with other experiments. The indentor is not only used to compress the

tissue but also to transmit and receive ultrasound waves. From the difference of

time-of-flight (TOF) measurements of ultrasonic echo signals, it is possible to

determine tissue deformation, assuming the sound velocity in soft tissues to be

known and constant (usually 1540m/s used, [Goss et al 80]). Using this tech¬

nique several indentation testers have been proposed. In [Zheng and Mak 99] the

authors present a pen-size indentation probe, which is manually pressed against

the tissue, and the axial deformation of the tissue is tracked in time with the

above-mentioned technique.

The technique also permits the deformation of different layers in multilayered

tissues to be acquired by tracking the ultrasound echoes coming from the differ¬

ent boundaries between the layers. This was demonstrated in [Zheng and Mak

96] where an ex-vivo indentation experiment was performed on a muscle-fat

porcine tissue specimen.

Similar techniques have also been used to create elasticity images of parts of the

human body. [Ophir et al 91] introduced a new and promising acoustical imaging

method named 'Elastography'. With this technique, the strain field in the tissue

caused by a small compression is determined by means of comparing the pre-

and post-compression ultrasound echoes. Assuming the stress field is constant,

the obtained strain field can be interpreted as a measure of spatial distribution of

elasticity, and can be visualized as a gray level image termed 'Elastogram'. Since

stress distribution will not be constant in the tissue, it is possible to combine the

strain information obtained with theoretical estimates of the induced stress in

order to obtain the local elastic properties of the tissues. With elastography it is

possible to investigate the elastic properties of complicated soft tissue structures

such as breast, [Cespedes et al 93], and detect cancer nodules. Similar ultrasound

techniques have been also used to investigate the elastic properties of internal

organs via non-invasive measurements, [e.g. Yamashita and Kubota 94].

Although these methods can provide valuable qualitative information, they lack

precision and are not a good choice for determining the material parameters of

internal organs. The limits and precision of the technique have been studied in

[Chen et al 96, Ponnekanti et al 95, Kallel et al 96].
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4.3.1.4 MR-based systems

Also other imaging techniques can be used for the purpose of measuring defor¬

mations. Magnetic-resonance, for example, can be also performed before and

after slight deformation of the investigated body part in order to obtain informa¬

tion about the induced strain, [Fowlkes et al 95]. Another very interesting tech¬

nique has been proposed in [Muthupillai et al 95] where very small

displacements caused by propagating harmonic mechanic waves are imaged with

MR-technique. The resulting deformations are, however, too small (ljim or

less) to investigate tissue behavior for strains caused during surgical interven¬

tions.

4.3.2 Invasive experiments

As seen in section 4.3.1.3, it is theoretically possible to investigate the mechani¬

cal properties of internal organs such as liver also through non-invasive proce¬

dures. However, due to the complex geometry and composition of skin and other

structures between the measuring device and the organ of interest, the informa¬

tion provided by these tests is mainly of a qualitative nature. In order to measure

with accuracy the mechanical properties of internal tissues, it is necessary to

investigate them directly, and this is possible only with invasive experimental

techniques. Since it would be ethically inadmissible to subject human patients to

surgical interventions with the sole purpose of investigating the properties of

their tissues, researchers are forced to design the experiments to be performed

during regular surgical interventions. The experiments should be as brief as pos¬

sible in order not to interfere with the real objectives of the intervention. Obvi¬

ously, issues such as sterility of the devices used, and absolute safety must also

be guaranteed.

Until today only few devices have been developed for invasive in-vivo testing of

tissues. In [Ottensmeyer et al 00] two devices for in-vivo invasive experiments

on soft biological tissues were presented. Both devices were designed to pass

through standard 12 mm laparoscopy trockars, and are therefore suitable for

experiments during open or minimally invasive surgery. The first device, named

'TeMPest 1-D', was designed for unidimensional indentation tests with a

±250 jim range of motion and a 200 Hz bandwidth and was intended to be used

for investigation of tissue properties within its linear range.
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The second device, named 'TeMPest 3-D' was designed to investigate the non¬

linear domain of tissue deformation. Its indentor tip is actuated in three direc¬

tions (±10mm in each direction) with a maximal bandwidth of 10 Hz. The larger

displacement of the indentor allows the investigation of the nonlinear properties

of tissues and the motion in the two off-normal directions theoretically permits

investigation of anisotropy. A photograph of the TeMPest-1 device is given in

Figure 4.6.

Both devices however, had still not been used for testing at the time of publica¬

tion, [Ottensmeyer et al 00]. Also, they were envisaged to be used on living ani¬

mals, and no information was given about a possible future utilization on

humans. The main drawback of the method is that the problem of the boundary

conditions of the experiments was not addressed. The outcome of indentation

experiments in in-vivo conditions depends also on factors such as the dimensions

of the investigated organ, or on the motion of the whole organ caused by the

force imparted by the indentor.

Figure 4.6. Device developed for in-vivo invasive testing,

[Oppenheimer et al 99].

A further device for invasive in-vivo testing of the mechanical properties of soft

biological tissues was developed at the 'Department of Surgery at Ninewells

Hospital' in Dundee by Fiona Carter et al., [Carter 98, Carter et al]. The devel¬

oped instrument was an indentation device, designed to be used in open surgery.

The parts coming into contact with the bodies of subjects were sterilizable and

interchangeable. The range of motion of the indentor was limited to 6mm. As a
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safety measure, a buzzer was integrated in the instrument with the function to

acoustically warn the operator if the force or elongation should exceed some pre¬

defined values. A photograph of the device is given in Figure 4.7.

The device has already been used for in-vivo measurements of elasticity on pig

liver and spleen, on sheep spleen and on human liver. The method is simple and

quick, and allows rapid and safe capture of information of tissue elasticity. The

weak points of the method are that 1) the information obtained from the test is

only unidimensional, 2) the load is applied manually causing the indentation to

be discontinuous due to hand threading, 3) the viscoelastic properties of the tis¬

sues were not addressed and 4) in-vivo indentation of internal organs does not set

well defined boundary conditions for the experiments. All this renders difficult

the use of the obtained data for accurate determination of the mechanical param¬

eters of constitutive equations of tissues.

Figure 4.7. Device for in-vivo invasive testing developed by [Carter 98].

Another interesting method was proposed in [Scilingo et al 97], where the

authors developed a sensorized laparoscopic pincer, able to register the angle of

aperture of the pincers and the closing force. The pincer was implemented for the

purpose of extracting the material parameters of a simple mechanical model in

real-time, during regular surgical utilization of the laparoscopic pincer, in order

to replicate the tactile rhéologie properties of the tissue, in real time, onto a spe¬

cial developed haptic display. The developed instrumentation could, however,

also be used for in-vivo measurement of parameters of a more complete model,

to be calculated off-line. However, here also, due to possible slipping, the bound¬

ary conditions are not always well defined.
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Chapter 5

Experimental method and device

5.1 Specification of requirements

The immediate application of the method and instrumentation developed here is

the realization of a gynecology surgery simulator in the framework of the LaSSo

Project, [Szekely et al 00]. This specifies that the target tissues under investiga¬

tion are the internal soft tissues of the female abdomen. The main focus is put on

liver, kidney and uterus soft tissues. The mechanical properties of these tissues

should be investigated in-vivo.

In order to study in-vivo the properties of the above-mentioned tissues with a

satisfying degree of precision, it is necessary to perform invasive experiments

which allow direct contact. This in turn puts severe requirements on the safety

and sterilizability of the developed instrumentation, and as seen in Chapter 4,

poses the problem of obtaining well defined boundary conditions. The experi¬

ment should allow the relevant boundary conditions to be determined, should be

brief and, above all, safe.

Determination of time-dependent viscoelastic parameters of mechanical models

of the tissues of interest requires measurements to be dynamic, and multi-dimen¬

sional deformation information would be a great advantage for the accurate

determination of model parameters.
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5.2 Experimental method

The chosen experimental method is based on the pipette-aspiration technique

described in Section 4.2.4. It consists of putting a tube against the target tissue

and subsequently reducing the pressure in the tube. As a result of the pressure

difference, the organ remains fixed, and a small deformation of the tissue is

caused inside the tube.

In traditional pipette-aspiration the maximal deformation (maximum displace¬

ment at the center of the pipette cross-section) is measured. This procedure leads

to a one dimensional static curve, which provides only limited information on

the elastic properties. Also, deformation is measured optically by observing it

from the side of the transparent pipette usually through a videomicroscope. This

geometry is obviously impossible or at least very difficult to be used in-vivo,

because of the space required to place the optical system beside the pipette.

In the novel method implemented in this thesis the measurement process consists

in varying the pressure in the tube over time and determining the surface defor¬

mation at all times of the experiment. Basically some predefined "vacuum" func¬

tion is applied and the resulting deformation is dynamically registered.

Assuming axisymmetry and homogenous tissue in the portion covered by the

aspiration tube, a complete description of the deformation is given by a profile of

the aspirated tissue (or more exactly by one half of a profile). The aspiration

setup and the profile to be determined are illustrated in Figure 5.1.

The implemented method can be therefore termed as "Dynamic-Bidimensional-

Aspiration Method", where "dynamic" refers to the fact that the deformation is

tracked over time, while "bidimensional" derives from the fact that two-dimen¬

sional information about the produced deformations is retrieved. The measuring

process consists of applying the predefined pressure function Pd{t) and deter¬

mining the resulting deformation-function z(r, t), where z is the tube symmetry

axis, r the radial distance from the center and t the time from the beginning of

the experiment. Figure 5.2 shows the result of an experiment performed in-vivo

on human uterus. It is possible to observe how the profile of the aspirated tissue

follows the pressure curve.
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The observation of the deformation is made possible through a novel periscope¬

like design which will be described in Section 5.4, and which permits the experi¬

ment to be performed in-vivo on human patients.

Profile to be measured

(side-view)

Figure 5.1. Deformation profile

The desired pressure function to be generated inside the aspiration tube is speci¬

fied before the experiment as Pd{t). The choice of a convenient pressure func¬

tion is made depending on which properties of the tissue one is willing to

investigate. We decided to use pressure functions similar to the one of the exper¬

iment whose data are shown in Figure 5.2 (a). It consists of four phases. First, the

pressure is decreased until some specified value, then it is kept constant for some

specified time and then reduced to a small value which is kept constant for the

rest of the experiment. Although each of the phases can influence all of the

model parameters in the parameter identification process (see Section 5.3), the

phases 1) and 3) are above all useful for the determination of the elastic proper¬

ties of the elasto-mechanical model of tissue, while the phases 2) and 4) mostly

serve to investigate the visco-elastic properties of the tissue.

The actual pressure in the tube P{t) is measured over time and is used for the

analysis of the experiment in place of Pd{t).

The radius of the aspiration hole in the implemented device is 5mm.
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(a) Generated pressure difference
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(b) Deformation profiles vs. time

Az[mm]

Figure 5.2. Data acquired during one measurement
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The desired functions z(r, t) and P(t) are determined for discrete values of t.

During an experiment we measure the profile of the deformation and the pres¬

sure in the tube approximately every 65 ms.

The deformation profiles are described by a finite set of points {z ,
r } obtained

by digitizing the radial coordinate r in n (approximately 190) points between its

extreme values (-5mm + 5mm) and measuring the relative z value (which is

determined with a resolution of approximately 27 jim.).

The measurement data originated by an experiment are therefore given by the

matrix z„ and vectors P, and t., which are related to the relative continuous
ij it

functions through:

ztJ
= z(t1}rj), \<i<m, \<j<n (5.1)

P, = P(t,), \<i<m (5.2)

tt = t(tt), \<i<m (5.3)

This data is obtained in real-time, and is immediately available on the host PC

after the experiment in a user-friendly MATLAB form.

The boundary conditions of an experiment are, however, not completely deter¬

mined by the data given in equations (5.1) through (5.3). The vertical force

between the investigated organ and the aspiration tube, the thickness of the organ

and the friction between the tissue and the aspiration tube also influence the out¬

come of the experiment. In our experiments we try to minimize the effects of

these factors:

• We try to lean the aspiration tube onto the target tissue with a vertical force as

small as possible. If the force is much smaller than that caused by the pressure

difference, its influence is negligible.

• We estimate the thickness of the investigated organs. With growing thickness

of the tissue, its influence on the outcome becomes more and more negligible.

We observed that the influence of thickness on the outcome of an aspiration

experiment performed on kidney tissue is almost negligible already for a

15mm thick layer.

• The contact friction between the tissue being sucked-in and the aspiration

tube is an important parameter characterizing the experiment. In our experi¬

ments we tried whenever possible to obtain sticking contacts.
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5.3 Parameter identification

Parameter identification is the part of the experiment which evaluates off-line the

performed measurements. In the framework of the LaSSo Project (see Section

2.1.4), this part was realized by Martin Kauer (see [Kauer 01]) and can be con¬

sidered as a block which receives the measurement data obtained from a bidi-

mensional dynamic aspiration experiment (e.g. the data represented in Figure

5.2) and outputs the elasto-mechanical-model material parameters (see Section

3.2.3.3) as illustrated in Figure 5.3.

The material parameters are evaluated by comparing the experimentally obtained

data with the results of the same experiment simulated for some set of the

numerical values of the material parameters, and by finding the set of material

parameters leading to a simulation which produces the most similar outcome to

the measured data.

The simulation of the performed experiment is achieved via the finite-element

method. Since we have assumed in the chosen continuum mechanics model that

the tissue is isotropic, the application of a constant pressure field will produce

axisymmetric deformations. Therefore, the simulation is performed axisimmetri-

cally allowing the required computational time to be greatly reduced. Figure 5.4

illustrates the generated mesh for an experiment.

C0' •••' Ci

Measurement Data

obtained in-vivo

Figure 5.3. Entire experiment-process

z P t

\<i<m

\<)<n
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Figure 5.4. Finite element simulation of the experiment

The parameter identification process is illustrated in Figure 5.5. It is termed "the

inverse finite element method". The simulation of the experiment gives the

deformation in a finite number of nodes, the element nodes. In a first step, the

nodes defining the deformation profile are extracted and a polynomial fit is per¬

formed to get continuous simulated profiles. Sampling the continuous simulated

data at the same times t1....tk and radial positions r7....r/, as in the experiment, we

can define the function to be minimized as:

'fin Jfi»

X X[z—(rr^M)-zmeas(rJtt,)]2, (54)

> = >oJ=Jo

where M is the vector containing the initially unknown material parameters. The

optimization starts with an initial guess for the parameter vector Mc and is

repeated until the stopping criterias are satisfied. The material parameter vector

M corresponding to the minimum is assumed to represent the real tissue param¬

eters.

In case the tissue is modeled with a strain-energy function given in eq. (3.13) and

its viscoelastic behavior through equations (3.16) and (3.18), M is defined as:

M = [\i,y,c0, ...,cm_}] (5 5)

The material parameters x0, ..., im _ x
are not treated as unknown but set to fix

values specifying the discrete frequencies which approximate the continuous

spectrum of the reduced relaxation function. They are normally chosen in such a

way as to cover the relevant spectrum of the performed experiment, and to be

evenly spaced over it.
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In the identification we use the Levenberg-Marquardt Algorithm from the IMSL

Math-Library, which has already been used in other finite strain applications,

[Moulton et al 95, Kyriacou et al 96].

Contact is treated as deformable-undeformable contact between the tissue and

the aspiration pipette. Friction is modelled with a radial return approach (see

[Vuskovic et al 99]), which accounts for elastic sticking and nonelastic sliding,

[Berg 98]. For further details regarding the finite element simulation of the

experiment, and the optimization of the parameter problem, refer to [Kauer 01].

Measured

profiles

pressures

times

t.

z(r,> O

init. val. of

mat. par.

I
Material

parameters

n,...

Zsim\rp *i)

A ',

Simulated

experiment

Figure 5.5. Parameter identification



71

5.4 Instrument design

The instrument has been designed according to the ideas illustrated in Figure 5.6.

The observation of the deformation is made possible through a periscope-like

design which allows the profile of the deformation to be observed with a camera

mounted at the top of the instrument.

Figure 5.6. Design of the instrument

The profile of the aspirated tissue in Figure 5.1 is measured very accurately, rap¬

idly and without contact with the tissue using a vision technique. The silhouette

of the aspirated tissue illuminated by the optical fiber fixed in the tube is visible

in the mirror mounted beside the aspiration hole with an angle of 45 degrees rel¬

ative to the tube pavement, and is registered by a video-camera placed at the top

of the aspiration tube (see Figure 5.7). The designed geometry renders possible

the implementation of the instrument which satisfies the demands of safety, ster-

ilizability and space limitation.
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y

Mirror

Deformation

Organ

Deformation

Silhouette

(Camera-View)

Figure 5.7. Profile determination

The pressure in the tube is measured through a pressure sensor placed in the han¬

dle of the instrument, and is controlled by the pneumatic system, connected to

the aspiration tube via a flexible silicon tube.

The drawback of the design is that the first part of the deformed tissue is not-vis¬

ible in the mirror because it is occluded by the pavement thickness (0.5 mm in

our device) as illustrated in Figure 5.8. The non-visible part at the edges of the

aspiration hole must be guessed. The accuracy of the guess can be controlled,

since the non-visible part partially moves above the line-visibility level and

enters the visible range with pressure being applied. If one assumes that the tis¬

sue touches both edges of the down-side of the aspiration hole, and if the visible

part is big enough, even for small deformations the guess can be accurately cal¬

culated. Furthermore, the problem can be attenuated by reducing the width of the

tube's pavement.
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pixel data | initial guess

smoothed data

Figure 5.8. Guess of the deformation part near the aspiration-hole edges

The instrument is disassemblable into four components, which are illustrated in

Figure 5.9. The handle is integrated together with the pressure sensor and the

cables (light-fiber, air channel and pressure sensor electronic cables) in what we

can call the body of the instrument. The second component is the video-camera

with close-up lenses. It can be attached to the body of the instrument with a stan¬

dard coupling mechanism used for medical instrumentation. The third compo¬

nent is the aspiration tube, that can be attached to the instrument body with a

simple coupling mechanism. A seal glass isolates the camera from the inside of

the aspiration tube. The air-channels going to the pressure sensor and to the

pneumatic system are continued until the inside of the tube. The connection is

sealed through two sealing rings. The last component is the tube's head which

contains the mirror and the aspiration hole and can be attached to the tube

through a simple bayonet-coupling mechanism. Here also a small sealing ring

guarantees that no pressure is lost through the connection.

The fact that the tube's head can be disassembled allows the head to be removed

and rapidly substituted. This is particularly important during in-vivo measure¬

ments where drops of blood can land on the mirror impeding further observation.

Furthermore, by removing the tube's head the mirror is better accessible for

cleaning. As it will be seen in Chapter 6, this particular design permits steriliza¬

tion with standard procedures for endoscopic instrumentation.

The radius of the aspiration hole in the realized instrument is 5mm. If it is

desired to investigate the properties of smaller samples of tissue, it is possible to

fabricate a new instrument-head with a smaller aspiration-hole.
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In Figure 5.10 and Figure 5.11 the photographs of the disassembled and com¬

pletely assembled instrument are given.

Camera with

close-up lenses

- Camera

Light-Fiber

Body

Easy-Coupling
mechanism

Isolating

glass

- Aspiration
tube

Bayonet-Coupling

Aspira¬
tion Hole"

Mirror

-Head

Figure 5.9. Components of the instrument
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Figure 5.10. Photograph of the disassembled instrument
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Figure 5.11. Photograph of the assembled instrument
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5.5 Vision system

5.5.1 Basic optical analysis of the system

In this section we will briefly analyze the basic optical characteristics of the

vision system. We chose the Toshiba IK-SM50H micro camera head for the

application. The choice was made because of the very small dimensions of the

camera, and its excellent technical characteristics. The image sensor of the cam¬

era is a 1/4 inch CCD. The choice of the focal length of the lenses was made in

order to obtain the required magnification. The necessary focal length f which

the lens should have in order to obtain an image on the CCD with dimension /

from a real object with dimension R placed at a distance r, can be determined

with the laws of basic geometrical optics, as in eq. (5.6).

Figure 5.12. Basic imaging of a thin lens

f=rRT7 (56>

We have chosen to let pass the optical axis of the system through the line of con¬

tact between the mirror and the tube pavement, allowing the deformed tissue sil¬

houette to be observed at the center of the image. This increases the accuracy of

the optical system because, first, the optical aberrations are minimal at the center

of a lens and, second, the problems relating to the self occlusion of the profile

(see Figure 5.14) are minimal. The whole system is represented in Figure 5.13,

where we use the simplifying assumption that the lens used is a perfect thin lens.

With / equal to the height of the CCD sensor (2.71 mm), with r equal to the

medium optical path length (203 mm), and lens with focal length of 24 mm we
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obtain a visible field R of 20.22 mm. This allows the whole mirror and at least

half of the aspiration hole to be seen.

S t

Figure 5.13. Optical path of the imaging system

Observation of the profile through a periscope system can lead to small errors. It

can occur that the view of the real deformation profile is occluded through the

observed object itself. Figure 5.14 illustrates this problem.
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Figure 5.14. Error introduced by the periscope system

The image of the profile will be formed by several light rays, passing tangent to

the surface of the aspirated tissue, and then through the lens ending focused on

the CCD sensor. The best method of estimating the profile measured by edge

extraction of the acquired image is to consider the light ray passing through the

center of the lens (dashed black line in Figure 5.14).

Other light rays tangent at slightly different points will also contribute to forming

the image and will blur it. As described later in the chapter, the profile is deter¬

mined by edge extraction. This guarantees that the defocus causes only very lim¬

ited imprécisions (see [Purl 85]).

In the following, we will determine the difference between the points of inci¬

dence of the central tangent ray and the desired one onto the CCD sensor (Ac ) in

millimeters. Subsequently, we will also determine the resultant error in the esti¬

mation of the profile.
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Let the x-axis of the base coordinate system lie on the lens axis, and its center

coincide with the lens center. Let the coordinates of the aspiration hole center be

called (Tx, T ). Let the height of the deformed tissue relative to the tube pave¬

ment be h, the radius of the aspiration hole r, and the distance between the

beginning of the mirror and the aspiration hole center be d. All parameters

defined here can easily be determined from the aspiration tube geometry. The

center of the virtual aspiration hole behind the mirror has therefore the coordi¬

nates (x0,y0) = (Tx + d,0).

At this point, we introduce the assumption that the profile of the aspirated tissue

can be described by a second degree polynomial. This is a very arbitrary assump¬
tion but will help to estimate the error introduced by the periscope-like design.

By setting the polynomial to pass through (x0 - r, 0), (x0 + r, 0) and (x0, h) we

obtain:

y
= --(x-x0)2 + h (5.7)

r

Introducing at\=tdinat and a/:=tana/, the tangent light ray and the ideal light

ray are described with linear functions y =

atx and y =

atx.

The point of tangency and the slope of the tangent line can be determined by

comparing the two functions and their first derivatives. The solution of this sys¬

tem of equations leads to two results. The solution for point of tangency with

x > xQ
- r leads to:

2/2 r~2 2

at
=
— [x0- ^x0-r ] (5.8)

The correct slope is easily determined with:

a,
=
- (5.9)
x0

leading to the error Ac :

Ac = b{at-at), (5.10)

The best way to judge the relevance of the error is to measure it in pixels of the

used CCD matrix. As it can be seen in eqs. (5.8) through (5.10), the error is a lin¬

ear function of h. For the geometry of the actual system it ranges from 0 for

h = 0mm to 0.021 pixels for h = 5mm.

In this analysis, it has been assumed that the profile of the aspirated tissue had a

quadratic function form and the error Ac obviously depends on the form of the
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function. If the profile function is such that it occludes the view more than a qua¬

dratic polynomial does, the error will be bigger (see Figure 5.15).

Figure 5.15. Error with other profile functions

The worst case for plausible profile functions can be obtained by assuming the

deformation profile to be almost rectangular. In this case the error can be

obtained by:

a z./ \ u( h h\ bhr
Ac

=

b{at-ai)
=

b[-— J
=

_

(5 11)

For h = 3mm which is the maximal deformation obtained in in-vivo measure¬

ments, the worst case error arrives to 2 pixels. However, the profile function will

probably resemble a lot more a quadratic function than a rectangle, and the

obtained error seems negligible enough to render unnecessary any further analy¬

sis of the problem.

5.5.2 Image processing

If the deformation of tissue is to be tracked over a period of time, a very large

number of images must be taken. To reduce the quantity of information, a real¬

time contour extraction of measured profiles is a great advantage. It also allows a

real-time elasticity parameter extraction to be implemented in the future. In our

setup we can achieve a maximum processing frequency of 25Hz, i.e. we can grab

and process 25 images per second. However some communication problems

between the frame-grabber hardware and the CPU cause that some of the images

have to be transferred more than once. This problem does not cause any impreci¬

sion in the system but reduces the processing frequency to approximately 15 Hz.

A typical image grabbed during the measurement process (ex-vivo experiment

on bovine liver) and a short scheme of the image processing algorithm are shown

in Figure 5.16.
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The approach chosen here combines the precision of edge extraction with the

ease of interpretation of thresholded images. The thresholded image gives an

approximation of the searched contour, while the edge image gives precise posi¬

tions of candidate points.

Grabbed image

Figure 5.16. Algorithm for profile extraction

5.5.2.1 Thresholding

One of the advantages of the processing method in Figure 5.16 is that the thresh¬

olding block does not have to provide exact information, but just approximate

the silhouettes. However, it is not possible to use simple single-value threshold¬

ing, because the illumination of the aspirated tissue is not homogeneous, and

because different organic tissues can have completely different reflection proper-
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ties. The method used to evaluate rapidly the silhouettes is presented in Figure

5.17. In a first step the image is thresholded with the level calculated by applying

the SIS-algorithm (Simple Image Statistics algorithm, [Kittler et al. 85, Sahoo et

al 88, Lee et al 90]) to the whole image. Then, the left and right extremes of the

binarized image are determined and the same procedure is repeated for the two

rectangles around the extremes. This is repeated until the extremes are found at

the hole level or until a maximum number of steps is reached.

Figure 5.17. Thresholding algorithm

5.5.2.2 Edge-extraction

The fact that edge extraction is decoupled from the rest of the process makes it

possible to select the edge detection algorithm, making a trade-off between the
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execution time and the achieved accuracy. We implemented several simple and

rapid traditional edge detectors, like Roberts and Sobel operators, and several

optimized derivation filters, discussed in [Jaehne 97a, Jaehne 97b], and decided

to use a derivative filter optimized with a weighted least-squares method, whose

mask is shown for the x -direction in, [Jaehne 97a]. Same coefficients are used to

build the derivation filter for the y -direction, D .

Dx = [-0.0420264 0.229945 -0.833812 0 0.833812 -0.229945 0.0420264] (5.12)

Dx and D are filter masks which are convoluted with the image matrix in order

to calculate the x and the y components of the image gradient field. For a very

insightful description of the subject see [Jaehne 97a].

Subsequently, a thresholding is performed on the modulus of the gradient field

(with non-maximum suppression in the gradient direction). The obtained edge

image is used by the profile-extraction block to identify the pixels to be consid¬

ered candidates belonging to the silhouette contour. Binarizing the gradient field

helps to limit the number of candidate pixels, reducing drastically the computa¬

tion time needed to choose the contour points among them.

5.5.2.3 Profile-extraction

In order to describe how the contour is extracted, let us first define the pixel

coordinates of the images as p
= (x, y), with 1 < x < n and 1 < y < m, where n

and m are the image dimensions. Let also the functions X{p) = x and Y(p) =

y

be the x and y coordinates of a pixel p. We can now define the profile-extrac¬

tion block as a discrete function y = f{x), which assigns to every coordinate x

exactly one coordinate y.

In a first step, the information from the edge and from the thresholded images is

elaborated:

• The edge image provides a set of candidate contour points that can be sorted

in sets relative to their x-coordinate, as follows:

D(x) = {px, ...,pk(x)}, where (5.13)

px stands for p,(x) (the i-th candidate point for coordinate x) and k(x) is the

number of candidate points for x.

• The thresholded image on the other hand allows an easy extraction of the

approximated silhouette contour:
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yt=ft(x) (5.14)

The selection of the y coordinate for a given x is done by minimizing a cost

function C{p), which is minimized over the set D{x) vj {(x,ft(x))}, containing

the candidate values, and the pixel given by the approximated contour

yt
= ft{x). We define therefore the/f.j function as:

f(x) = Y(pm), with pm g D(x) u {(*,/,(*))}, so that

C(pJ = mini mm {C(p)}> C«x,ft(x))) +Const} (5.15)

In the minimization process we also consider the points of the approximated con¬

tour obtained through thresholding, but we penalize them with a constant factor

in order to give preference to points from the edge image. The cost function

C(p) takes into account the vertical distance of the candidate pixel p from the

silhouette contour given by the thresholded image, the vertical distance from the

last extracted contour point (at the coordinate x-1), and the modulus of the gradi¬

ent field (Vim(x, y) ]):

C(p) =

a, \Y(p) -ft(X(p))\ + a2 \Y(p) -f(X(p) - 1)| - cc3 • \Virn(X(p), Y(p))\ (5.16)

The constants al5 a2 and oc3 are positive weight factors and have been deter¬

mined experimentally. The superposition of an original image and the extracted

contour is given in Figure 5.18.

Figure 5.18. Contour superimposed to image

With some modifications, this method could also be applied to contour extrac¬

tion for objects with a free form, finding an application for example in the field

of automatic contour extraction for image-segmentation of radiological images.

The extracted silhouette y = f{x) can subsequently be transformed in the
aspi¬

ratedtissueprofilez=fasp{r),withycorrespondingtozandxcorrespond¬ingtor,withasimplelineartransformationasdescribedinsubsection

5.5.3.
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5.5.3 Calibration and resolution

We performed the calibration of the vision system with the simple device illus¬

trated in Figure 5.19.

Used to fix the calibra¬

tion tool at the desired

position relatively to the

aspiration tube

Micrometer holder

Instrument tube

Fixation screw

Head

Conus tip

Built-in micrometer, which can be moved

up and down by rotating it relatively to

its holder

Figure 5.19. Calibration device

The method consists of introducing a conus of known length relative to the tube

base and measuring it with the vision system. By rotating the calibration

micrometer the conus tip is moved into the aspiration tube by a known length in

millimeters, while the horizontal position of the conus tip is kept fixed in the

center of the aspiration hole. The correspondence between the pixel-space on the

image and the real length of the introduced conus tip relative to the outer side of

the tube's pavement is obtained by measuring the position of the conus tip on the

image (in pixels). The obtained calibration curve shown in Figure 5.20 is almost

linear for the region of interest, with 1 pixel in z-direction corresponding to 26

jim. Introducing a cylinder with 1 cm diameter in the aspiration hole, we also

determined the pixel-width in the r-image-direction to be 53 jim. This sets the

sampling space frequency in the r-direction, and the resolution for the deforma¬

tion measurements in z-direction, and defines the transformation between the

contours in image space y
= f{x) and the deformation curves z = fasp(r) .

Each of the three fabricated instrument-heads have been calibrated separately.
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180

12 3 4

length relative to tube pavement (outer) [mm]

Figure 5.20. Calibration curve for head-1

5.5.4 Execution times

For images of 180*210 pixels the processing times for some of the implemented

algorithms are given in Table 1. With the chosen edge-extraction algorithm, we

need 39 ms (the sum of terms with a '*') to process an image on a 300 MHz

PowerPC computer system, achieving so the theoretical 25 Hz performance.

Algorithm time

DMA-Frame Grabber to Computer RAM n
*

7 ms

Thresholding n
*

7 ms

Sobel Operator 10 ms

Derivative filter 3rd grade optimized with Taylor series method, [Jaehne 97a]) 15 ms

Least-squares optimized filter from eq. (5.12) 17 ms

Thresholding ofthe edge image with non-maximal suppression in the gradient
direction

-5
*

3 ms

Profile-Extraction block 5 ms

Table 5.1 Execution-times
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5.6 Pneumatic system

The pneumatic system consists of an air container, with air at a pressure pc. This

pressure is obtained in the container before a measurement on the tissue is per¬

formed. It is reached using a vacuum pump, which is then switched off when the

desired pressure is measured by the pressure sensor Sc. The chosen pump is

physically capable of reaching a maximum value of 400 mbar under atmospheric

pressure. This is also the intrinsic upper limit of the pressure level which can be

reached in the aspiration tube in the worst case of all control and security sys¬

tems failing. A second possibility of reaching the desired pressure in the con¬

tainer is also made possible by a 3/2 valve V3, which allows the container to be

connected with a manual pump system (grey in Figure 5.21).

Valve V3 Air-reservoir Valve V2 Valve V! Regulat¬

ing Valve

Filter

H h

$

*K^—

Pressure sensor S,

\ Pressure sensor Sr

Diaphragm-vacuum-pump

Figure 5.21. Pneumatic system

The flow of air between the container and the aspiration tube is controlled by

three valves. The valve V2 connects and disconnects the air flow and V-| con¬

nects the aspiration tube either to the valve V2 or to the outside air. A regulating

valve placed after V-| regulates the air flow and together with the initial pressure

in the air reservoir determines the pressure change rate in the aspiration tube. We

chose to use a pinch flow control valve which regulates the flow by pinching a

silicon tube which we changed between patients. A medical filter used for con-



89

necting the inflator with the patient abdomen during abdomen inflation in lap-

aroscopy is used between the pneumatic system and the instrument, and changed

between interventions.

5.6.1 Pressure control

In order to obtain the pressure curve as the one illustrated in Figure 5.2 b) we

implemented a very rudimentary pressure control system. Since the parameter

identification system described in Section 5.3 needs accurate actual pressure

information but only an approximate adherence to a predefined curve, we con¬

centrated more on accurate measurement of the pressure in the aspiration tube

and less on the pressure control system. The desired pressure curve is obtained

through few simple steps:

1 The pressure in the container is reduced until it falls below a predefined
value. The valve V2 is kept closed while the valve V1 is connected to the V2.

2. After a specified brief interval the valve V2 is opened and the pressure

increases more or less linearly in the aspiration tube.

3. When the pressure reaches a specified value, Pmax, the valve V2 is closed.

4. Then we wait for some specified time (phase 2).

5. Thereafter, the valve V-| is connected to the outside pressure.

6. When the pressure rises above a predefined value (usually -10 mbar) V1 is

disconnected from the outside and connected to the closed valve V2.

7. The last part of the curve (phase 4) is obtained simply by waiting for some

specified time

8. At this point the experiment is concluded by connecting the valve V1 to the

outside again.

Checking of the pressure values in the pressure control task is performed every

20 msec. This relatively high polling time can lead to exceeding of the specified

maximal pressure of phase-2 of the pressure function, especially in the case of

fast increase (when the pinch regulating valve is open). However, also if the

pinch valve is completely open the pressure decreases relatively slowly because

of the small diameter of the pinched silicon tube. Also, a security process run
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every 1ms makes sure that the pressure in the aspiration tube does not surpass a

second security pressure level (set to 150 mbar in our in-vivo measurements).

5.6.2 Pressure measurement

Special care has been dedicated to the measurement of the pressure in the aspira¬

tion tube. The pressure sensor St has been placed as close as possible to the aspi¬

ration tube in order to avoid delays in measurement. Also, the sensor has been

connected to the aspiration tube with a separate air-channel as can be seen in Fig¬

ure 5.22.

This was done because if the pressure sensor was connected to the air-channel 1

directly as in Figure 5.23 (which would have been mechanically easier), the mea¬

surement would have been incorrect because the relatively high velocity of air in

that channel during aspiration cause the pressure to be slightly lower in the air-

channel than in the aspiration tube (P} < P2 < Patm)-

Figure 5.22. Separate air-channel for pressure measurement

The used pressure sensor is a robust industrial stainless steel pressure sensor cell

for use in harsh environments and thus allowing sterilization. The sensing ele¬

ments consist of a temperature compensated measurement bridge. With the spec-
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ified supply voltage of 12V the unamplified output of the sensor is 27 mV for a

measured pressure difference of-100 mbar. The signal is transferred unamplified

to the external electronic system where it is amplified to the desired level by a

very accurate instrumentional amplifier. By transfer of such relatively small

electronic signals in environments rich with electromagnetic sources such as the

operation room, special care has to be taken about shielding the cable.

Figure 5.23. "One-channel-problem"

5.7 Supporting hardware and software

Magnetic valves of the pneumatic system, the vision system, the pressure sensor

and all other instrument controls are connected to a 300 MHz PowerPC based

computer system, running under the hard real time operating system XO/2,

[Brega 98]. The grabbed images are processed in real time and the acquired

curves, pressures and times collected during a measurement are stored in the

RAM of this target computer-system. At the end of a measurement, the data from

the whole measurement period is transferred from the RAM-based file system of

the target-system, via an ethernet connection, to a remote data storage, residing

on the host system (laptop PC). The user controls the experiment and the instru¬

ment through a Graphic User Interface (GUI) on the host computer. The whole

system is shown in Figure 5.24.
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The hard-real-time operating system XO/2 renders possible very elegant soft¬

ware design. It allows several real-time tasks to be implemented and schedules

them in such a way that the user-specified deadlines for the execution of each of

them are guaranteed. Tasks such as pressure-measurement, pressure-control,

image-acquisition, image-processing or security functions can be implemented

separately and in many cases it suffices to define their deadline and period, leav¬

ing the scheduling to the operating system. Otherwise, the execution flow of

tasks or their synchronization can be specified.

Pneumatic system,

analog electronics

and light source

Target system

(PowerPC VME

Board) with

Frame-Grabber

Ethernet connection

(Http, Ftp-TCP/IP)

Host system with

programming envi¬

ronment, visual

interface and mass

data storage

Figure 5.24. The whole system

The used frame grabber possesses two separate memories for grabbed images.

This allows the new image to be grabbed while processing the previous one. The

core of the system consists of a task which coordinates the grabbing and process¬

ing of the images (which are installed as single-time tasks with strict deadlines)
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and retrieves for every processed image the exact time it was taken and the pres¬

sure in the tube at that time, which is retrieved from a ring buffer. A task register¬

ing the pressure in the aspiration tube in a ring buffer is installed to run every

millisecond. The data characterizing the outcome of aspiration experiments

given in eq. (5.1) through eq. (5.3) are obtained in real-time and transferred in a

few seconds to the host computer after the experiment. The data are written as

MATLAB vectors in an ascii-file.

Two security tasks are always installed and run parallel to the measurement pro¬

cess. The first task monitors with 1 KHz frequency that the pressure in the tube

does not surpass the value of 150 mbar under the atmospheric pressure. The sec¬

ond security process controls that the deformation of the tissue (zmax) stays

under a specified value. In the case that one of these two security conditions is

not respected the experiment is immediately stopped and the pressure in the aspi¬

ration tube is normalized.

The GUI is implemented as a web-based interface and is provided by a web¬

server running on the PowerPC board, which calls the applications as CGI pro¬

cesses. This way it is possible to control the instrument during measurements,

and also to observe the acquired images and the extracted profiles in real-time,

with a 3 Hz rate on an intranet. This graphical feed-back makes it possible to

interact better with the instrument, to acknowledge when a measurement period

is finished, and to rapidly check the correctness of measurements.



94 5. Experimental method and device



95

Chapter 6

Intra-operative utilization of the instrument

6.1 Safety of experiments and ethical issues

Special attention was paid to exclude or, at least, minimize all foreseeable risks

for the patient during the development of the measuring instrument. In the case

of invasive experiments, beside the guarantee that absolutely no injury be caused

by the experiment, also the sterility of the employed instrumentation is

requested. Furthermore, several ethical questions arise. In order to perform intra¬

operative in-vivo measurements at the gynecology department of the University

Hospital of Zurich, Swiss legislation requires that the issue is considered by a

special commission composed of doctors and politicians, "Ethical Review Board

Gynecology, Obstetrics, Urology (GGU-USZ) of the University Hospital of Zur¬

ich", which must approve the experiment considering on the one hand the bene¬

fits that the research could bring to science, and on the other hand the possible

risks or pain for the test subjects. Only after the commission had examined our

request to perform experiments and after specialists from the USZ Hospital

ascertained the sterilizability of the device, were we authorized to perform the

measurements. Obviously, no experiments were conducted without the consen¬

sus of patients.
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6.2 Mechanical safety of measurements

To perform measurements on humans the mechanical safety of the measure¬

ments is the first condition which must be satisfied. This means that absolutely

no injury should be caused by the measurements. In the design process of the

device we considered several aspects regarding safety:

• The instrument has been designed with special attention paid to its manage¬

ability and ease of use. Its form and weight permit easy handling. Also, there

are no sharp edges which could cause injuries.

• During an experiment, the pressure in the aspiration tube is reduced to a max¬

imum of 120 mbar under the atmospheric pressure. This small pressure dif¬

ference corresponds to the pressure obtained by loading one square

centimeter with a 120g weight and cannot result in injury.

• The pressure in the tube is constantly measured (with 1 kHz frequency) by a

parallel monitor process. Should the pressure difference for any reason sur¬

pass the value of 150 mbar, the experiment is stopped and the inside of the

aspiration tube is connected to the atmosphere.

• The pressure difference is achieved in the aspiration tube by connecting it

with the air container in which the pressure was previously reduced. For sim¬

ple physical reasons the pressure in the aspiration tube cannot become lower

than the initial pressure in the container. The pressure in the container is

obtained through a small vacuum pump and is regulated to 300 mbar under

the atmospheric pressure with the help of a second pressure sensor before the

experiment.

• Also, in the improbable case that both pressure sensors fail, the pressure can¬

not assume dangerous values because of the limited physical capacity of the

vacuum pump, which can achieve a maximum pressure difference of 400

mbar.

6.3 Preparation of the instrument

In order for the instrument to be allowed to come into contact with the abdomen

of patients, it must satisfy certain hygienic conditions. Especially in the case of

reusable instrumentation, special care has to be taken in order to avoid cross-
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contamination. After each utilization the instrument first has to be cleaned and

then disinfected and/or sterilized. Procedures set by the specialists of USZ Hos¬

pital for the sterilization of our device will be described in the rest of this section.

6.3.1 Mechanical cleaning

After utilization in the operation room, the instrument must be cleaned. The visi¬

ble remains of blood and other organic material first have to be physically

removed using tools such as special brushes or paper towels. This step is funda¬

mental, because organic soiling (e.g. blood) renders the disinfection process less

efficient, as it physically protects the microbes from the disinfecting medium.

Moreover, some of the disinfectants used are partially neutralized by organic

material.

Every instrument developed and intended for reutilization should be designed to

facilitate cleaning, avoiding acute angles and porous or occluded surfaces. The

design of the instrument presented here satisfies these requirements. Also, the

instrument can be disassembled, and the pieces removed, cleaned and soaked

separately in the disinfecting solution.

6.3.2 Disinfection

In the disinfection process, the device is soaked in a liquid that should, after

some specified time (depending on the composition and concentration of the dis¬

infectant), destroy all microorganisms, with the exception of some bacterial

spores. This means that the whole aspiration tube, the handle of the instrument

and the most of the cable have to be left immersed in the liquid. Also, the air

channel, which goes through the instrument handle to the pressure sensor and

then ends in a 3 meter long silicon tube, has to be filled with the same liquid.

This procedure is illustrated in Figure 6.1 and a photograph is shown in Figure

6.2. In the university hospital of Zurich (USZ) we were instructed to use the

Gigasetp FF disinfectant at a 6% concentration for 15 minutes. The solution has

to be filled in the air tube, and changed three times. After the specified time is

over, the instrument has to be rinsed in order to prevent any toxic effects of the

chemicals. If the disinfection is not followed by sterilization, the rinsing is to be

performed with sterile water. Since the guidelines in the USZ Hospital demand a

sterilization procedure for instrumentation coming into contact with human
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blood, we could rinse with non sterile demineralized water. The last step in the

disinfection process is to dry all parts with compressed air.

Disinfecting medium

Figure 6.1. Disinfection procedure

Figure 6.2. Photograph of instrument disinfection
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6.3.3 Sterilization

After the cleaning procedure, the instrument must, as indicated in the USZ

guidelines, still be sterilized. There are several standard procedures used for

medical instrumentation. The most ideal method is autoclavation, which consists

in exposing the instrument to a very hot water steam (121 to 134 °C - depending

on the sterilization program) under pressure. This is a very simple, effective,

inexpensive and environmentally-friendly technique.

Although the instrument was developed to withstand autoclavation procedure,

we decided to use a less aggressive sterilization procedure for the first tests. It is

named cold sterilization or gas sterilization and is performed at 37 °C with ethyl¬

ene oxide gas. The disassembled instrument is put in a metal container. Fragile

parts of the instrument are packed in special-purpose bags which are permeable

to the sterilizing gas. Indicators which change color after being exposed for some

specified time to ethylene-oxide gas are included inside. A photograph of the

instrument prepared for sterilization is shown in Figure 6.3.

Figure 6.3. Instrument prepared for sterilization procedure
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At this point the container is wrapped in special paper and is ready for steriliza¬

tion. After the sterilization procedure is over, the pack is put inside a plastic bag.

The contents of the unopened pack remain sterile for 30 days (see Figure 6.4).
When it is needed, the sterile pack is brought into the operation room and the

instrument can be reassembled and used.

Figure 6.4. Instrument packed and sterilized

6.4 In-vivo invasive measurements on human

patients

We performed the first in-vivo invasive experiments on the human uterus. The

measurements were made during hysterectomy interventions (removal of the

uterus) performed abdominally at the university hospital in Zurich. This choice

was made for several practical reasons. First, for the realization of the LaSSo

Project (see Section 2.1.4) the central organ of the simulator system is the uterus.

It is therefore the object of our main interest. The choice to perform the measure¬

ments during hysterectomy interventions where the uterus is removed from the

body of the patient has been done to minimize the risks of injuries in the absence
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of experience of using the device. It is, however, planned to extend the measure¬

ments also to other organs and tissues. Finally, the measurements were per¬

formed during abdominal hysterectomies because this technique offers a much

better access to the uterus in comparison with laparoscopic or vaginal hysterec¬

tomy.

6.4.1 Abdominal hysterectomy

Total hysterectomy is the surgical removal of the whole uterus. Removal of the

uterus is indicated in a number of abnormal situations, including the presence of

a cancer or of a benign tumor of the type called myoma if it is large or rapidly

growing, or also in presence of cancer of the cervix. There are three ways to do a

hysterectomy: abdominal hysterectomy where the uterus is removed through a

cut in the abdomen, vaginal hysterectomy where it is removed via the vagina and

laparoscopic hysterectomy.

The size of the incision in abdominal hysterectomy depends on the objective of

the anticipated operation and is performed at the suprapubic site just above the

symphysis pubis. Subcutaneous fat and superficial fascia are incised transversely

down to the aponeurosis, which is opened. Thereafter, the rectus muscles are

separated in the midline and the peritoneum is opened by a cut of scissors and

enlarged digitally. Then, the abdomen is carefully explored and the abdominal

incision is retracted widely. Once the peritoneal cavity is entered, the uterus is

relatively easily accessible (if there is a presence of adhesions these are first sep¬

arated). The uterus is elevated by placing special strong clamps at the insertions

of the adnexa and the round ligament on both sides, and pulled upward. Thereaf¬

ter, the uterus is separated from all the structures it is attached to. These include

several holding and suspensory ligaments, the pelvic vascular system, the blad¬

der and the vagina. Once the uterus is removed, control of bleeding and closing

the vagina and the abdominal wall have to be completed to finish the operation.

6.4.2 Consensus of the patient

It is ethically and legally obvious that no experiment can be conducted without

the consensus of the patient. Patients were introduced to the experiment by the

medical leader of the project the day before surgery. The list of arguments

included the following: no change of the surgical procedure, prolongation of the
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operation time by approximately five minutes, no damage to the examined uterus

is to be expected, potential iatrogenic damage to any healthy tissue will be

avoided under all circumstances, strict sterile conditions will be followed, all

patient data obtained will undergo annonymization. Phobia and linguistic diffi¬

culties were the most often reasons not to include a certain patient. Obviously

only those patients who had understood the procedure and given written consent

were enrolled.

6.4.3 Measurement-protocol

We elaborated a measurement protocol for the experiments. Its intent was to pro¬

vide repeatability between measurements performed on different patients, and

was composed in such a way as to retrieve enough information for analysis of

different tissue properties and of changing of these after tissue death. It was com¬

posed in collaboration with Dr. med. Michael Bajka, M.D. at the Department of

Obstetrics and Gynecology of the University Hospital of Zurich.

The first issue specified by the protocol is the introductory information to be reg¬

istered. These are the date, time and place of intervention, the age of the patient

and the pathology that had requested the intervention. The full name of the

patient was not registered.

The protocol then specifies three positions on the uterus on which the measure¬

ments are to be made. These three positions are indicated in Figure 6.5.

dorsal side ventral side
dorsal ventral

Position 1 : ventral

Position 2: fundus

Position 3: dorsal

Figure 6.5. The three positions where the measurements are performed
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When the surgeon has reached the uterus, a first series of experiments is per¬

formed in-vivo on the three specified positions. The total duration of these three

experiments is less than two minutes, and does not interfere significantly with

the hysterectomy intervention. Before every measurement, the area of the uterus

where the instrument was intended to be put on was rapidly dried with a sterile

towel in order to obtain a sticking contact between the aspiration hole and the tis¬

sue. Also, it was paid attention to keep the instrument possibly vertical and to

achieve the contact with the uterus with a possibly small vertical force. These

measures were taken in order to obtain well defined boundary conditions of the

experiments.

The intervention then continues and the uterus is extracted. It is weighed imme¬

diately after the extraction and the weight is registered. It is then weighed again

after ten minutes in order to estimate the quantity of blood lost after extraction.

At this point a second series of three measurements is performed on the extracted

uterus at the same three positions.

Removed tissues are always brought to the pathology department after extrac¬

tion, where they are studied and fixed in formalin. Originally the protocol

included also a third series of three measurements in the specified positions to be

performed the day after the intervention in the pathology department. The first

experiments on a formalin-fixed uterus, however, showed that its mechanical

properties are completely different from those in in-vivo conditions. The fixation

procedure renders the tissue very hard, and in order to be able to measure some¬

thing with the aspiration method, high pressures were required. We decided

therefore to exclude the measurements on the formalin-fixated uteri from the

protocol and determined the material parameters only in the first two cases.

6.4.4 Intra-operative utilization of the device

The device arrives in the operation room sterilized in a sterile and closed pack

from the sterilization department. In the operation the device is handled by two

assistants. The first one is sterile, handles the sterile end of the instrument and

performs the measurements. The second assistant is not sterile and operates the

non sterile end of the instrument, which comprises the electronics and the com¬

puter. The pack is opened by the non sterile assistant without touching the sterile

content. The sterile assistant then assembles the device in the order indicated in

Figure 6.6.
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First, the head containing the aspiration hole and the mirror is coupled with the

aspiration tube through a bayonet-coupling mechanism, and the aspiration tube

is coupled with the body of the instrument in a similar way. Thereafter, one end

of a long sterile bag open at both ends is attached to the back of the instrument

using a special tape. The other end of the bag is brought near to the non-sterile

assistant who introduces the non-sterile camera into the bag without touching the

bag. The camera is then conducted through the bag by the sterile assistant to the

device and connected to it, and the rest of the bag is wrapped up over the camera

cable to a length of 2-3 meters. A glass barrier integrated in the instrument-body

isolates the camera from the inside of the aspiration tube. The non-sterile camera

is in this way allowed to come near to the abdomen of the patient. Use of a sterile

bag is a very common procedure for connecting parts which are difficult to ster¬

ilize and do not have to come into direct contact with the patient. It is mostly

used for connecting cameras, as for example in endoscopy, where the camera is

usually connected to the endoscope in the same manner.

Sterile bag

/ ,

Aspiration-tube Instrument-head

-body

Figure 6.6. Assemblage of the device in the operation room

At this point the end of the instrument cable is handed to the non-sterile assistant

who connects the three endings of the cable respectively to the light source, the

electronic and the pneumatic systems. He also connects the camera to its control

box. At this point the instrument is ready for utilization. Figure 6.7 shows the
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instrument prepared for use, with the camera mounted through the sterile bag as

described previously, and Figure 6.8 shows the non-sterile table with the elec¬

tronic equipment (left) and the sterile table on which the instrument lies (right).

When the operation site is ready and the uterus is visible, the sterile assistant is

allowed to perform the measurements in-vivo and the aspiration tube can be

leaned onto the uterus surface on the areas specified in the experiment protocol.

After the instrument is positioned, the experiment can be performed. The

obtained data are automatically transferred to the host laptop PC where they can

be observed. Thereafter, the hysterectomy intervention can be continued. A pho¬

tograph of an in-vivo measurement is given in Figure 6.9.

After the interruption required for the experiments, the surgeon continues the

intervention and extracts the uterus. The removed uterus is weighed and then

placed onto the sterile instrument-table and the intervention proceeds. Parallel to

the rest of the intervention, the experiments on the uterus are continued as speci¬

fied by the protocol.

After the measurements were completed, we always performed a second calibra¬

tion to exclude small differences in the mounting of the device. The data was

evaluated using the new calibration data, although we never noticed significant

changes. Thereafter, the instrument was disassembled and any remaining blood

roughly cleaned off. The device was then brought to the sterilization department

and washed and sterilized as described in Section 6.3.
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Figure 6.7. Instrument ready for use on the sterile table

non-sterile sterile

Figure 6.8. The unsterile and the sterile tables
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Figure 6.9. In-vivo experiment
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Chapter 7

Experimental results

7.1 Representations of the experiment-outcomes

All the experimental data presented in this work was obtained with two instru¬

ments: one for in-vivo experiments on humans and one for animal and artificial

tissues. The two instruments were identical and the dimensions relevant for data

analysis are given in Figure 7.1.

I I
H z(t,r)[mm] ||

0.5mm

r
Organ

R = 5mm

Figure 7.1. Relevant dimensions of the instrument
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The quantity of data extracted from a single experiment (z , Pt, tt) performed
as described in Chapter 5 is too large to be given here in written form. For a 100-

second-experiment we obtain approximately 323000 integers

(100sec • 1 profile/0.065 sec • 210integers/profile) for the profiles information,

and further 100/0.065 values defining the vectors Pt and tt. We need, however,

a method to intuitively represent the outcomes of experiments to be able to make

first considerations. The most intuitive way is to extract a single number from

each deformation profile (z(t, r) —» d{t)) and to trace it as a function of time.

Valuable information about the experiment can also be obtained if the deforma¬

tion is described as a function of the pressure difference for times where the pres¬

sure decreases linearly (phase-1 in Figure 5.2-a). Using time t as a parameter,

the desired curve can be obtained from the measurements with: (P(t), d{t)),

0 < t < tx, where tx is the duration of phase-1.

There are several ways to reduce the information about the deformation given

through the deformation profile to a single-valued representation. The most

obvious way is through the maximal deformation at the center of the aspiration

tube:

d{t) = z(0, t) (7.1)

Another way to represent the deformation is to describe the surface area of the

tissue under the aspiration hole. The surface area can be calculated by rotating

half of the profile around the z-axis:

d{t) = S(t) = I 2%r l[-j-z(r, t)\ + 1 dr (7.2)

-5

This representation method has the advantage of producing much smoother

curves, because the information about the deformation is not extracted from a

single point, but from the whole profile. Since the initial part of the deformation-

profile is not visible in the mirror because of the pavement width, the z function

is first approximated by a polynomial passing through z(-5mm, t) = 0 and

z(5mm,t) = 0 and fitting
themeasureddata.Theobtainedcurvesz(t,0)andS(t)dependontheinitialcurvatureoftissue.Thiscanpartiallybetakenintoaccountbysubtractingtheinitialconfigurationfromtherepresenteddata.Theoutcomeofanexperimentcanthereforeberepre¬sentedthrough:(P(t),z(0,0-z(0,0)),or(7.3)



Ill

The curves also depend on the stress rate applied during the experiment and,

therefore, the stress-rate (mbar/sec) always has to be specified. This also implies

that one can compare the curves only if they were obtained with similar pressure

decrease rates. These immediate representations of the experiments make sense,

therefore, only as intuitive illustration of measurements, or as a tool to investi¬

gate repeatability of measurements.

The outcome of the whole process are the identified material parameters which

together with the chosen material model enable the reader to simulate the behav¬

ior of the investigated tissue. The identification of the material parameters

showed, however, to lead to non-unique sets of material parameters depending

on the initial guess (see [Kauer 01]) in case where no a-priori knowledge about

the material is available. Although all of the resulting parameter-sets fit the data

excellently and enable correct simulation even of other types of experiments

(e.g. of the uniaxial tensile test), the fact that the analysis of the same experiment

can generate different parameters renders impossible a comparison of the param¬

eters obtained for different experiments. Since one of our objectives is also to

compare the properties of different tissues, or of the same tissue in-vivo and ex-

vivo, we also need a different method of data representation. A suitable method

is to represent the identified parameters through the outcome of unidimensional

tensile tests simulated with the identified material parameters, as illustrated in

Figure 7.2.

Material parameters identifica¬

tion method

r
— — — — —

I
| ;

I Experiment 1

I

L
_

Figure 7.2. Representation of results through simulation of a tension experiment

This representation method also allows us to compare results from measure¬

ments obtained with different pressure functions P{t). Furthermore, it allows the

Parameter

Identification

Simulation of the

tension experi¬
ment
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curves to be compared to future tensile tests performed on tissues investigated

here.

7.2 Validation of the method and instrumentation on

silicon

In the almost complete absence of quantitative data about the mechanical proper¬

ties of living human tissues, and in particular of the numerical values of parame¬

ters of the chosen constitutive equations, the implemented method and

instrumentation for determining these values cannot be validated by comparing

the results with data from literature. One possible validation strategy is to per¬

form other experiments on some material, and try to predict the outcome of these

experiments using the parameters obtained on the same material with our

method. Comparison of the simulated experiments with real experiments gives

information about the suitability of the used material model, and about the accu¬

racy of the determination of its parameters. This validation strategy is illustrated

in Figure 7.3.

The experiment to be performed for validation should be different from the

experiment used in the method for parameter identification, in order to avoid the

same unobserved errors. It should also be very accurate in order to be used as a

reference. At best, a traditional experiment should be used. For the validation of

our method, we chose to perform the traditional tension test performed with a

commercial tensile machine.

Another problem consists of the choice of material on which to perform the vali¬

dation process. Biological materials are not well suited for the purpose because

of the conditioning effect causing the material properties to change from one test

to the next. If the process of cyclical testing is continued, the material will come

to a point where the test will be repeatable. However, if the testing procedure is

changed, and this happens when we perform experiment 2, the properties start

changing again. Furthermore, as already illustrated in Chapter 4, there are sev¬

eral factors limiting the precision of tensile tests on biological soft tissues.
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Material parameters identifica¬

tion method

r
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Step-1
Experiment 1
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Parameter
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Step-2

Experiment 2
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Validation
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Step-5

Comparison

i i

Figure 7.3. Validation strategy

For the validation process we chose, therefore, to use an artificial silgel (Silgel-
612 from Wacker Chemie). The gel is obtained by mixing two components and

letting the mixture harden. We fabricated two specimens from the same mixture

at the same time and let them harden under the same conditions (see Figure 7.4).
The ratio of the two gel-components was chosen in order to obtain a very soft but

still solid material.

Sample-1 for aspiration tests Sample-2 for tension test

Figure 7.4. Samples used for validation
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7.2.1 Aspiration experiments on silicon and parameter-identifica¬
tion

Specimen-1 was used for parameter identification with the aspiration method

through the instrument developed here. An initial curvature was provided for

better parameter identification. We performed several groups of aspiration tests

on sample-1 with each group performed with the same pressure-rate in phase-1

of the applied pressure function.

In Figure 7.5 we give the center tissue displacement (z(t, 0) - z(0, 0) ) related to

the pressure in the tube for all measurements. Although every group of experi¬

ments was performed on a different day, and the measuring device was reposi¬

tioned for every experiment, the experiments proved to be very repeatable for

equal or at least similar stress-rates. For very different pressure-change rates, a

change in the response function is observed.

120

Group of 4 meas. (-18.5 mbar/sec)

Group of 4 meas. (-24.7 mbar/sec)

Group of 11 meas. (-235 mbar/sec)

Single measurement (-17.8 mbar/sec)

1 1.5

z(t,0)-z(0,0) [mm]

Figure 7.5. Outcome of different aspiration experiments performed on Silgel
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For subsequent parameter identification process we chose the measurement char¬

acterized by a pressure-decrease rate of -17.8mbar/sec and which is depicted

with a black continuous line in Figure 7.5. In Figure 7.6 different representations

of the experiment are given.

z(t,0) [mm]J

100
i P(t) [mbar]

: A
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Figure 7.6. Outcome of the experiment chosen for parameter identification

Phase-4 of the applied pressure function (see Figure 7.6-a) was set to be long

(100 sec) in order to be able to investigate the visco-elastic behavior also for

larger relaxation times. We model the viscoelastic behavior through eq. (3.18),
where we use the sum of four exponential functions to model the reduced relax¬

ation function.

Since we measured the response of the silgel over a 100s-long period, we

choose the largest relaxation time to be x3
= 100 sec. x0 is chosen to be 0.1 sec
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because it is the order of magnitude of the sampling rate of the measurements. In

order to obtain an evenly spaced spectrum, ix and x2 are chosen to be lsec and

10sec.

Preliminary simulations and tension tests proved that a neo-Hookean model, eq.

(3.11), is adequate to describe the elastic response of the studied silgel. We set
7 2

the bulk modulus k to k = 110 N/m and identify the rest of the material

parameters (\i,c0,cl,c2,c3) as described in Section 5.3.

Starting with the following initial guess for the numerical values of the material

parameters: £ = 1500 [N/m2], c0
= 0.5 [], cl

= 0.5 [], c2
= 0.5 [], c3

= 0.5 [], the

parameter optimizing algorithm converges to:

H
= 1814 [N/m2], c0

= 1.05 [], cx
= 1.62 [], c2

= 0.34 [], c3
= 0.19 [] (7.5)

and fits the data excellently (see Figure 7.8).

Since the studied silgel showed very sticky behavior in the parameter identifica¬

tion process, we assumed that tissue nodes stick to the contact surface and do not

move as long as the contact force normal to the surface is positive. As soon as

the contact force changes sign, the node is released again.

As indicated in Figure 7.3, the next step in the validation process is to perform a

second experiment on the selected silgel. We performed three different tension

tests with a three prescribed time-displacement curves (see Figure 7.7) on the sil¬

gel sample-2 (50mm x 10mm x 8.65mm). The tests were performed on a com¬

mercial Instron tensile machine. The three tests were composed of two phases

with different strain-rates.

50 100 150 200 250 300

Figure 7.7. Tension-experiment on sample-2 and the prescribed strain-functions
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The same tests were simulated with the material parameters identified in the

aspiration experiment, and given in eq. (7.5). The comparison of measured and

predicted tensile reaction-forces is given in Figure 7.8 a) and b) where a) shows

the first 20 seconds and b) the complete curves. It can be observed that the pre¬

diction excellently matches the measured data in all phases of the force-elonga¬

tion curves.
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Figure 7.8. Comparison of experiment-2 and its simulation

The outcome of the validation process indicates that the parameters identified

with the aspiration method allow the behavior of the material to be very accu¬

rately predicted. It suggests that the total error in the identification process com¬

posed of measurement and data-analysis is small. It can, therefore, be asserted

that on the one hand the performed measurements of pressures, times, and pro¬

file-data are very accurate, and on the other hand that if the initial conditions of
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the experiment, the contact behavior and a correct constitutive equation for the

tissue are known, the identification process leads to accurate results.

7.3 Ex-vivo measurements

We performed several experiments on dead animal tissues, mainly on pig kid¬

neys and cow liver. The tests were performed on tissues purchased in a butcher's

shop. In the case of cow liver, we were able to ascertain the exact date and time

of death. All of the tested tissues were "fresh" in the common sense of the word.

The behavior of one of the tested pig kidneys was investigated in greater detail.

After the aspiration experiments and the identification of the material parame¬

ters, we cut stripes of tissue, and performed tension tests which we then tried to

predict with the obtained parameters.

Cow liver and pig kidney are similar in microanatomy and function like the

respective human organs described in Chapter 3. They both possesses an elastic

capsule covering and protecting the underlying very soft, complex structures. We

performed aspiration tests without removing the capsule. The outcome of the

experiments reflects, therefore, the properties of the composition of the capsule

and the underlying structures which is of interest for the simulation of diagnostic

palpation.

We performed a series of measurements on a same area of a pig kidney. The

interval between the first three experiments was 30 minutes long. The following
21 experiments were performed with the same pressure-function but with a

shorter inter-experiment time and served to precondition the tissues. Then, after

a one hour interval, further two experiments (nr. 25 and nr. 26) were performed

on the same spot with a 30 minute interval between them. The first experiment

was performed with a slightly lower maximal pressure difference than the other

25, because we decided to augment the load on the tissue slightly after observa¬

tion of experiment-1 outcome. For all measurements, the pressure decrease rate

during the first part of phase-1 of the pressure function was approximately -16

mbar/sec. In Figure 7.9 the applied pressure difference and the resulting defor¬

mations at the center of the aspiration tube are given.
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Figure 7.9. Series of ex-vivo experiments on a pig kidney

Figure 7.10 a) shows the displacement of the tissue at the center of the aspiration

tube relative to the tube base (z(t, 0) ) for phase-1 of the pressure-function (char¬
acterized for all experiments by a pressure decrease of approximately -16 mbar/

sec) as a function of pressure P{t). The curves clearly show the conditioning

phenomenon. With the increasing number of aspiration experiments on a same

spot, the tissue becomes more and more compliant until its behavior converges

to a response which is then repeated for further measurements. Figure 7.10 b)
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shows the outcome of the same experiment expressed through the surface of the

aspirated tissue as a function of pressure difference.
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Figure 7.10. Conditioning phenomenon
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Also the hysteresis of the tissue response can be captured. This is shown in Fig¬

ure 7.11 for the first and the last experiment.

140

120

100

S 80

a. 60
i

40

20

Experiment-1
Experiment-26

j 'r'

/
, I

II <\
I \ ! r

/ / / J"

/ S S rJ

<r~y^ I' J

^^^ ^^/ ?

0.5 1 1.5 2 2.5

z(t,0) [mm]

3 3.5

Figure 7.11. Hysteresis of the deformation at the center

The kidney surface showed a strong tendency to stick to the aspiration tube. In

order to investigate the influence of contact friction between the tested tissue and

the aspiration tube, we coated the surface of the kidney with a water-soap solu¬

tion and performed a third test on the same preconditioned spot (experiment-27)
after a one-hour-interval. The result of this test compared with the other two tests

obtained on the preconditioned spot with "sticking"-contact (26 and 27) is given
in Figure 7.12.

We performed the same series of tests on a second kidney and obtained very sim¬

ilar results. Figure 7.13 compares the response of the two preconditioned kid¬

neys. It is very interesting to observe that the final "elongation" only marginally

depends on the initial configuration of the tissue in the tube. This effect can be

partially explained with the following: the initial positioning of the aspiration

tube is subject to variation because the instrument is manually approached to the

tissue and should be leaned on the tissue with a vertical force as small as possi¬

ble. Since it is very difficult to sense the contact manually, it is possible that

small variations in the actual distance between the tube and the tissue remain.
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However, when the pressure is applied the organ is automatically fixed to the tis¬

sue and the initial difference is eliminated.
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Figure 7.12. Influence of friction on experiment-outcome
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Figure 7.13. Comparison of the response of two kidneys
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We also performed aspiration experiments on a variety of cow livers. In Figure

7.14 we show the results of a series of first-run experiments on different livers.

The experiments were performed on various spots on both sides of the livers

with a pressure-decrease rate of approximately -30mbar/sec.

a)

2 3

z(t,0) [mm]

b)

2 3

z(t,0) [mm]

Figure 7.14. Experiments on different cow livers, a) - b)
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2 3

z(t,0) [mm]

Figure 7.14. Experiments on different cow livers, c)

The experiments show that also on the same liver there are certain differences in

local elasticity.

1.5 2 2.5

z(t,0) [mm]

Figure 7.15. Aspiration-experiments performed on a limited zone of a cow liver
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On a fourth liver we performed a series of experiments (at -11 mbar/sec) on the

same side of the liver and tried to keep the tested spots possibly close together

but not overlapping. The outcome given in Figure 7.15 shows more regular

curves.

It can be observed that the curves obtained on dead animal soft tissues with

(z(t, 0),P(t)) can be well approximated by two linear functions in their begin¬

ning and end phase. This is compatible with observations made for the uniaxial

tension test and can be explained by the straightening of collagen fibers

described in Chapter 3.

We identified the material parameters of the pig kidney whose response was

given in Figures 7.9 through 7.11. Without having any information about the

reduced relaxation spectrum G{t) we approximate it again with a sum of four

exponential functions as in eq. (3.18) with m = 4 and chose the following dis¬

crete spectrum to approximate the real continuous one:

x0
= 0.05 [s], zl

= 0.5 [s], x2
= 5.0 [s], x3

= 50 [s] (7.6)

The spectrum was chosen evenly spaced in the range relevant for the performed

measurements. We note that a similar range is also relevant for the simulation of

surgery.

The material parameters identified for the reduced Veronda-Westmann constitu¬

tive equation, see eq. (3.14), combined with eq. (3.16) and eq. (3.18) are given in

Table 7.1.

Experi¬
ment

|l[N/m2] Y[] c0[] Cj[] c2[] c3[]

(1) 228 5.93 2.68 0.38 1.40 0.45

(2) 113 8.23 9.11 1.48 0.45 0.08

(3) 134 7.50 7.76 0.62 0.56 0.10

(25) 154 6.21 2.30 0.22 0.59 0.25

Table 7.1 Material parameters for pig kidney of the reduced Veronda-Westmann

model

With the parameters listed in Table 7.1, we simulated a tension test with subse¬

quent forced reduction to the initial specimen length. We chose to simulate the



126 7. Experimental results

tension experiments with the strain rate of À, = 0.02 [ 1/sec] because it is similar

to the strain rate observed in the aspiration experiments performed on the kidney.

As a matter of fact, the average value of strongly varying strains observed in the

material during simulations of aspiration experiments is approximately 0.05 [1/

sec]. Figure 7.16 shows the resulting simulated hysteresis loops.

OT
x104 [N/m2

(1)

(2)

(3)

(25)

Figure 7.16. Simulation of tension-tests with subsequent forced reduction to ini¬

tial length for pig kidney (with capsule) with the reduced Veronda-Westmann

model

We also performed the identification of the material parameters for the polyno¬

mial strain energy function model from eq. (3.15) with 5-th degree polynomial.

It fit the data better then the reduced Veronda-Westmann model. Table 7.2 shows

the values of the identified parameters. The outcome of simulated tension test

with subsequent forced length reduction to the initial length obtained with the

polynomial model for the listed parameters is given in Figure 7.17.

In order to check the correctness of the predictions given in Figure 7.16 and Fig¬

ure 7.17 (at least regarding the order of magnitude) we cut stripes of a pig kidney

and performed a tension test. The results are shown in Figure 7.18. There are

considerable differences between the measured and the predicted curves. How-
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ever, if we consider that the investigated stripes of tissue were not covered with

capsule, the anisotropy of kidney tissue and the fact that the stripes were

obtained from a different pig kidney we can conclude that the outcome of our

predictions seems reasonable.

Exper
iment

rNi

_m2_

\l2

rNi

_m2_

^3

rNi

_m2_

rNi

_m2

^5

rNi

_m2

c0[] Cj[] c2[] c3[]

(1) 274 446 631 921 8716 0.31 0.49 1.30 0.63

(2) 247 393 630 964 9696 0.22 0.04 0.89 0.31

(3) 212 456 633 800 10328 0.45 0.44 0.73 0.23

(25) 175 657 5 21 7580 0.79 0.22 0.55 0.33

Table 7.2 Material parameters identified for pig kidney identified for the

polynomial constitutive equation
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Figure 7.17. Simulation of tension-tests with subsequent forced reduction to ini¬

tial length for pig kidney (with capsule) with polynomial model
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Figure 7.18. Experimental data from tension tests on pig kidney cortex

7.4 In-vivo measurements

The device developed in this thesis was used to perform in-vivo measurements

on the human uterus. The experiments were performed in collaboration with the

Department of Gynecology of the University Hospital of Zurich (USZ) during

hysterectomy interventions. A description of the way the measurements were

performed is given in Chapter 6.

The data gathered with these experiments are novel from several points of view.

These are the first mechanical experiments performed in-vivo on human uterus.

Also, for the first time pipette aspiration was used in-vivo on human internal tis¬

sues. Furthermore, the obtained data permit model parameters to be identified

accurately. In collaboration with Martin Kauer, [Kauer 01], we actually present

the first experimentally determined nonlinear-model parameters for human in-

vivo internal tissues. Since some of the studied uteri were affected by myomas

(fibroid benign tumors), we were also able to investigate the differences between

the mechanical properties of healthy and unhealthy tissues. We also performed

measurements on the same organs in-vivo and several minutes after extraction

sample 1

sample 2

sample 3
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and obtained, to our knowledge, the first data indicating quantitatively the

changes in the mechanical properties after death.

We could perform experiments on 6 different uteri which will be referred to as

uterus-1 through uterus-6. On all uteri, except for uterus-2, we performed at least

three in-vivo and at least three ex-vivo experiments (one on the ventral-side, fun¬

dus and dorsal-side), as already explained in the experiments protocol described

in Section 6.4.3. In the case of uterus-2 we obtained only in-vivo data because

the surgeon decided during intervention not to proceed with the removal of the

uterus. The uteri 1, 4 and 6 were affected by myomas (see Section 3.1.2.5).
Uterus-4 was covered with several superficial ball-shaped tumors, whereas the

rest of it seemed normal. In the case of uteri 1 and 6 the tumors reached consider¬

able dimensions and were much larger than the uterus itself.

The obtained data-sets were analyzed in collaboration with Martin Kauer who

identified the material parameters of an appropriate tissue model. Aspiration

tests performed show a near linear behavior of the uterus tissue. The same obser¬

vation was also indicated by [Yamada 73] who tested rabbit uteri in uniaxial ten¬

sion and observed almost linear stress-elongation behavior for extension ratios of

up to 40%. We decided, therefore, to model the uterus tissue with a 2-nd degree

polynomial strain energy function (eq. (3.15) with N = 2). Since we, again, do

not have any information concerning the reduced relaxation spectrum G{t), we

approximate it with a sum of three exponential functions as in eq. (3.18), with

the following discrete spectrum:

x0
= 0.1 [s],Tj = l [s], x2

= 10[s] (7.7)

The spectrum was again chosen evenly spaced in the range relevant for the per¬

formed measurements and is also relevant for faithful simulation of surgery. For

a more accurate modeling of the strongly viscoelastic properties of in-vivo uterus

(as observed in our experiments) the inclusion of larger relaxation times would

be necessary. However, a robust determination of the relative weighting factors

ct can be performed only with longer measurements which are impossible to

obtain in-vivo because of temporal and safety restrictions.

In the following we will describe the experiments performed on the six uteri and

present the obtained results. We also give the age of the patient, the pathology

which lead to the intervention, the weight of the uterus (immediately after

extraction) and its condition. We also indicate the time laps between closing the
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two arteries of the uterus, its extraction from the body, and the conduction of the

measurements.

Uterus-1

The measurements were performed during an abdominal hysterectomy interven¬

tion without adnexectomy being performed on a 47 years old patient suffering

from a large uterus myomatosus. Because of the large myoma the uterus was

extremely big and its weight after extraction was 520 g. We performed three

measurements in-vivo, one on each ventral side, dorsal side, and fundus of the

uterus. The three positions which can be easily identified in a healthy uterus

were almost unrecognizable because of the very large myoma. The uterus was

extracted 15 minutes after the closure of the uterus arteries and the ex-vivo mea¬

surements were performed 10 minutes after the extraction. We first performed 3

measurements; one on each ventral side, dorsal side and fundus of the extracted

uterus.

These measurements were the first we performed in-vivo, and were our first

experience of the in-vivo measuring procedure. After having briefly observed

the results and the tissue the surgeon concluded that it was perfectly safe to

slightly augment the maximal pressure in our experiments. We, then, performed

three other ex-vivo experiments with the increased maximal pressure (approxi¬

mately 130 mbar) and decided to keep that maximal pressure for future in-vivo

and ex-vivo experiments.

In Figure 7.19 a) and b) we give the outcome of the in-vivo experiments. The

first in-vivo measurement (on the dorsal side of the uterus) was performed with

the pinch valve completely open leading to a high pressure rate decrease and to a

higher maximal pressure difference (because of the relatively low polling-rate of

the pressure control task, 20msec, as explained in Section 5.6.1). Figure 7.19 c)
shows the relation between the elongation of the tissue at the center of the aspira¬

tion tube and the pressure difference.

In Figure 7.20 the outcome of the ex-vivo experiments are presented. The exper¬

iments with the 2 suffix are those performed with higher maximal pressure.
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The performed measurements contain some imprécisions due to inexperience of

both the sterile and the unsterile assistants (see Section 6.4) in applying the mea¬

surement procedure. In some experiments it is possible to observe small move¬

ments of the aspiration tube during the last part (phase-4) of the experiment. This

happened because the sterile operator who leaned the instrument head onto the

uterus did not find a position allowing him to keep the instrument still, in partic¬

ular during the last phase in which the pressure difference is too small (approxi¬

mately 10 mbar) to account for the small movements of the aspiration tube. Also,

the instrument was pressed against the tissue with a vertical force different from

zero modifying the assumed boundary conditions.

The parameters of the polynomial material law identified for the presented mea¬

surements are listed in Table 7.3.

Experiment

rNi

_m2_

"N"

_m2_

c0[] Cj[] c2[]

In-vivo dorsal 646 72546 1.2 37.8 28.1

In-vivo ventral 5708 8686 3.0 2.6 5.3

In-vivo fundus 3229 15828 0.2 0.6 9.2

Ex-vivo dorsal 4043 39566 9.9 0.0 1.1

Ex-vivo ventral 6104 13206 -0.9 2.6 2.0

Ex-vivo fundus 14448 2158 0.4 1.0 0.4

Ex-vivo dorsal-2 5890 45080 5.7 0.5 0.9

Ex-vivo ventral-2 3210 25280 9.7 0.6 1.6

Ex-vivo fundus-2 identification failed

Table 7.3 Material parameters of the polynomial material law for the experiments

performed on uterus-1

The failure of the parameter-identification failure for the second fundus ex-vivo

measurement is due to the fact that the measurement was noisy because of blood

drops which ended up on the mirror. Simulation of tension-tests with subsequent
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forced reduction to initial length for the polynomial model with the obtained

parameters is presented in Figure 7.21. The maximal nominal stress was chosen

to be of 10 x 10 [N/m ], in order to approximately obtain the stretches observed

during performed aspiration experiments.
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Figure 7.21. Predicted stress-elongation curves with parameters obtained from

in-vivo and ex-vivo aspiration experiments on uterus-1



136 7. Experimental results

Comparing figures 7.19 and 7.20 or observing Figure 7.21 it can be observed

that there are clear differences between in-vivo and ex-vivo results. After the

uterus is extracted its tissue starts to relax and already after only 25 minutes,

after cutting its blood supply, the changes are noticeable. Investigation of how

the mechanical changes further evolve would be very interesting, but are limited

by the fact that all extracted tissues must be sent to the pathology laboratory for

investigation.

The relatively poor match between the ex-vivo measurements on the same por¬

tions of the uterus is most probably due to the fact that the two measurements

were not performed exactly on the same spots. The exact spatial extension of the

myoma was not clearly visible and contributes to the variability of the mechani¬

cal properties.

In the original protocol specifying how the experiments were to be carried out, it

was foreseen to perform a further series of experiments on the extracted uterus,

after it was fixed in formalin in the pathology laboratory. However, we could

ascertain that the fixation procedures completely changed the tissue. The uterus

became so hard that it was almost impossible to test it with the aspiration

method. It was necessary to modify several security procedures in the instrument

software and to augment the maximal pressure to more than 200 mbar to obtain

some deformations. Figure 7.22 shows the outcome of these experiments and

illustrate the strong changes of the tissue after the fixation in formalin.
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Uterus-2

The second patient giving consensus for our experiments was operated because

of cervical cancer. It was initially planned to perform hysterectomy with adnex-

ectomy. Two hours after the beginning of the intervention we were allowed by

the surgeon to perform our experiments. The uterus was completely healthy, of

normal dimensions, and the opinion of the surgeon was that its consistency was

also normal. After the aspiration experiments the surgeon continued the inter¬

vention and after another two hours decided not to remove the uterus. We cannot,

therefore, present ex-vivo measurements.

In Figure 7.23 we give the obtained experiments. It can be observed, that the

variability is much less strong from the one observed for uterus-1. Another very

interesting observation which can be made, is that its tissue is much softer from

the one of myomatosus uterus-1. This also confirms and quantifies the empirical

haptic sensations, because the big uterus myomatosus (uterus-1) was much

harder.
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Figure 7.23. In-vivo measurement on uterus-2 a)
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The material parameters identified from measurements on the ventral-side (ven¬

tral-1) on the dorsal-side and on fundus are given in Table 7.4.

Experiment

rNi

_m2_

\l2

N-

_m2_

c0[] Cj[] c2[]

In-vivo dorsal 1437 153 1.2 2.3 7.6

In-vivo ventral-2 1637 1550 9.7 4.2 3.2

In-vivo fundus 2993 9293 0.2 3.1 0.7

Table 7.4 Material parameters of the polynomial material law for the experiments

performed on uterus-2

Prediction of tension-tests with subsequent forced reduction to initial length for

the polynomial model with the obtained parameters is given in Figure 7.24.
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Figure 7.24. Predicted stress-elongation curves with parameters obtained from

in-vivo experiments on uterus-2
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The results for uterus-2 are of better quality from those obtained on uterus-1. We

paid attention not to repeat the errors committed during the tests on uterus-2.

Furthermore, the fact that the uterus was healthy permitted to obtain material

parameters for healthy uterus tissue. Of interest is also the large hysteresis loop

caused by strong viscoelastic properties of in-vivo uterus tissue.

Uterus-3

The third series of measurements was performed on the uterus of a 35 years old

patient suffering from cervical cancer. The uterus was perfectly normal in func¬

tion, dimensions (77 grams after extraction) and consistence. It was extracted

during the intervention for precautional reasons. We performed the in-vivo mea¬

surements approximately 20 minutes after the start of the intervention. We per¬

formed three measurements (dorsal-side, ventral-side and fundus). Four hours

later the uterus arteries were closed and 20 minutes after that the uterus was

extracted. We performed three ex-vivo measurements 10 minutes after the

extraction. Figure 7.25 shows the result of the in-vivo experiments, whereas Fig¬

ure 7.26 those from ex-vivo measurements.
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Figure 7.26. Ex-vivo measurement on uterus-3 c)

The material parameters identified from the presented measurements are given in

Table 7.5 and the prediction of tension-tests with subsequent forced reduction to

initial length for the polynomial model with the obtained parameters is given in

Figure 7.26.

Experiment

rNi

_m2_ _m2_

c0[] Cj[] c2[]

In-vivo dorsal 3044 1879 2.9 3.3 1.6

In-vivo ventral 1239 829 1.4 7.1 4.7

In-vivo fundus 3477 3580 0.5 5.0 1.8

Ex-vivo dorsal 708 3525 16.0 0.1 0.8

Ex-vivo ventral 894 1306 1.7 3.4 1.9

Ex-vivo fundus 754 2914 16.8 1.5 1.6

Table 7.5 Material parameters of the polynomial material law for uterus-3
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Figure 7.27. Predicted stress-elongation curves with parameters obtained

from in-vivo experiments on uterus-3

Comparing Figures 7.25 and 7.26, or considering the predicted tension tests

given in Figure 7.27, it can be observed again that there are very clear differ¬

ences between the in-vivo and the ex-vivo measurements in all considered areas

of the uterus.

Uterus-4

The fourth patient giving consensus for our experiments was a 44-years old

patient subjected to a hysterectomy intervention without adnexectomy because

of myomas on the uterus which were causing pain. The uterus arteries were

closed 30 minutes after the beginning of the operation and 10 minutes later the

uterus was extracted. Its weight after extraction was 169 g. The uterus was a lit¬

tle bigger than normal and was covered by several small ball-shaped myomas.

We performed 5 measurements in vivo and further 7 measurements 10 minutes

after the extraction of the uterus. On the extracted uterus we could measure one
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of the externally grown myomas. In Figure 7.28 and Figure 7.29 we present the

outcome of the in-vivo and ex-vivo measurements.
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It can be observed from Figure 7.28 a) that the pressure suddenly returned to

zero. That happened because the operator moved the aspiration tube which loos¬

ened the "sealed" contact with the tissue.
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Figure 7.29. Ex-vivo measurement on uterus-4 c)

Since the identification algorithm failed to converge probably because of noise

presence in the measurements, we can't present the material parameters.
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Several considerations can, however, be made. Firstly, it can be observed again

that the tissue becomes a lot more compliant after extraction. Only for one ex-

vivo measurement on the fundus the tissue remains hard. This is probably due to

the presence of a myoma under the area where the measurement was made since

there were several small myomas located at the fundus. Furthermore, it can be

observed that the consistence of the myomas is much harder from those of sur¬

rounding healthy tissue.

Uterus-5

The fifth patient was a 77-years old woman submitted to hysterectomy with adn-

exectomy because of a tumor in the adnexes. The uterus was very small but nor¬

mal. After extraction its weight was 35 g. We performed the in-vivo experiments

one hour after the start of the intervention. 20 minutes after the in-vivo tests the

uterus blood supply was cut and 10 minutes after that the uterus was extracted.

The ex-vivo experiments were performed starting from 10 minutes after the

uterus extraction. In Figure 7.30 and Figure 7.31 we present the results. Since the

intervention started earlier than planned we did not have the time to prepare the

tests adequately and in particular we did not have the time to regulate the pinch¬

ing flow valve for the new sterile silicon tube. For this reason, the experiments

were performed with different pressure change rates.
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Figure 7.31. Ex-vivo measurement on uterus-5 c)

The material parameters identified from the presented measurements are given in

Table 7.6. In order to reduce the computation time we identified the material

parameters only for the best measurement on each on the uterus sides. The

choice was made by rapidly analyzing the quality of the extracted profiles, the

presence of noise and the pressure curves.

Experiment

rNi

_m2_

\l2

N"

_m2_

c0[] Cj[] c2[]

In-vivo dorsal-1 4571 27385 0.0 3.2 1.7

In-vivo ventral-1 4171 3270 0.5 2.2 1.4

In-vivo fundus-1 2174 12785 6.0 1.8 1.6

Ex-vivo dorsal-1 445 2242 0.0 15.8 2.0

Ex-vivo ventral-1 464 4859 24.5 0.4 0.7

Ex-vivo fundus-2 764 7802 28.5 0.0 0.8

Table 7.6 Material parameters of the polynomial material law for uterus-5
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The prediction of tension-tests with subsequent forced reduction to initial length

for the polynomial model with the parameters from Table 7.6 is given in Figure

7.32.
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Figure 7.32. Predicted stress-elongation curves with parameters obtained

from in-vivo experiments on uterus-5

Uterus 6

The sixth uterus we could test was extracted because of a very large myoma

myoma from a 56 years old patient. The intervention was a hysterectomy with¬

out adnexectomy. The in-vivo tests were performed 1 hour after the start of the

intervention. Thereafter, the blood supply to the uterus was cut and 20 minutes

later the uterus was extracted. The ex-vivo tests were performed 10 minutes after

the extraction of the uterus. The uterus was very similar to uterus-1, with a very

large myoma which grow much larger than the original uterus. The weight of the

uterus after the extraction was 624 g. We performed five measurements in-vivo

and five ex-vivo. We performed one of the in-vivo measurements in a position

where it was evident that the tissue was fibrous. However, almost the entirety of
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the uterus surface was most probably fibrous tissue of the myoma. Figures 7

and 7.34 give the results of the tests.
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Figure 7.33. In-vivo measurement on uterus-6 c)
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Figure 7.34. Ex-vivo measurement on uterus-6 c)

The identified material parameters for the polynomial law are given in Table 7.7.

The prediction of tension-tests is given in Figure 7.35.
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Experiment

rNi

_m2_

\l2

rNi

_m2_

c0[] Cj[] c2[]

In-vivo dorsal-1 14513 1467 0.1 1.4 0.0

In-vivo ventral-1 5642 2493 0.7 1.4 1.7

In-vivo fundus-2 9570 1450 0.3 1.3 0.5

In-vivo myoma-1 9085 3175 0.0 2.0 0.5

Ex-vivo dorsal-1 731 4459 0.0 2.7 0.0

Ex-vivo ventral identification failed

Ex-vivo fundus-1 1297 9591 0.3 3.0 0.2

Ex-vivo myoma-1 2996 10452 5.1 2.9 0.8

Table 7.7 Material parameters of the polynomial material law for uterus-6

in-vivo ex-vivo

x10°[N/rrr] x10°[N/rrr]
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Figure 7.35. Predicted stress-elongation curves with parameters obtained

from in-vivo experiments on uterus-6
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Chapter 8

Conclusions and outlook

8.1 Conclusions

Much research has been invested in studying the mechanical properties of bio¬

logical tissues, and still data of the greatest practical importance relating to the

properties of living human tissues are very limited. As a matter of fact, most

experimental data available was obtained ex-vivo on animal tissues. This is due

principally to two reasons. First, the ex-vivo experiments on animal tissues per¬

formed in the past are to be considered as tools of fundamental research in the

area, and were dedicated more to the development of generally valid models for

biological tissues and modelling techniques than to practical applications. Sec¬

ond, in-vivo testing of human tissues, especially in the case of internal tissues,

pose severe ethical and technical problems.

In recent years, accurate models of human soft tissues have been requested by

very practical new applications, and a few devices for in-vivo testing of internal

human tissues have been proposed. The device developed in this thesis repre¬

sents a breakthrough in the area for several reasons.

The novel design of the device permits pipette aspiration to be performed in-vivo

on humans. This experimental technique has a huge advantage over other meth¬

ods because it produces well defined boundary conditions even in complex envi¬

ronments. Furthermore, the device retrieves in real-time accurate bidimensional
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description of tissue deformation, and the evolution of the experiment is tracked

dynamically with relatively high temporal resolution, also permitting the vis-

coelastic properties to be investigated. Several other constructive ideas permit

easier cleaning and sterilization, and increase safety.

The characteristics of the developed instrumentation mentioned above, allow

high quality data on the mechanical properties of soft tissues to be obtained, ade¬

quate for the accurate identification of material parameters of mechanical models

of soft tissues, as demonstrated in collaboration with Martin Kauer. The valida¬

tion process performed on a soft silicon material indicates that if a good model of

the tissue is assumed, the measured data lead to very accurate model parameters.

The data from in-vivo experiments on human uteri presented are, to our knowl¬

edge, the first obtained in-vivo on human uterus and among the first data

obtained on human internal tissues. This data also permits the first accurate

experimental determination of nonlinear viscoelastic material model parameters

for living human internal tissues. Furthermore, we also investigated the changing

of the mechanical properties of the uterus in the first hour after death, and could

clearly observe changes. These investigations represent, to our knowledge, the

very first study quantitatively investigating changes in the mechanical properties

of human soft tissues after death. Also, we quantitatively investigated differ¬

ences between the mechanical properties of healthy uterus tissue compared to

that of fibroid benign tumors grown on investigated uteri.

In the presented thesis, a method for investigation, the design of the device, its

use in-vivo and data obtained from several ex-vivo and in-vivo experiments is

presented, and in Martin Kauer's thesis a way of evaluating the data here

obtained is proposed. The two theses together present a novel, complete method

for the in-vivo experimental determination of the material parameters of nonlin¬

ear viscoelastic continuum mechanics material models. We also demonstrate the

whole process with real in-vivo experiments on human internal tissues.

8.2 Outlook

If the proposed tools and methods are accepted by the scientific community as

one of the standard ways of investigating the properties of soft tissues, then

extensive experimental studies could be performed with them. Effort can be
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invested in making a database of the mechanical properties of living healthy and

unhealthy tissues required by a growing number of new medical techniques.

In order for the proposed techniques to become widely used, further analysis of

some questions is still necessary. The influence of capsules covering some of

organs on the outcome of the aspiration experiments should be investigated. We

suggest the first analyses to be performed ex-vivo on animal liver or kidney, per¬

forming aspiration experiments before and after surgical removal of a part of the

capsule. The presence of the capsule can also be included in the model. Also

needing further investigation is the influence of anisotropy on the measurements.

We assume the deformation of tissue during aspiration to be axisymmetric,

which is not necessarily true for anisotropic materials.

From a technical point of view also some additional features could be added to

the system. For example, a better pressure control system can be implemented.

The system should permit an arbitrary predefined pressure function to be real¬

ized, and should be able to control with accuracy the prescribed values by con¬

trolling valves 1 and 2 and the regulating valve. In order to determine the

boundary conditions with better completeness, the vertical contact force with

which the instrument is pushed against the tissue could be easily measured by

placing a ring-shaped load cell between the body of the instrument and the aspi¬

ration tube. Aiming for complete registration of the relevant boundary condi¬

tions, a further improvement could be added. In the proposed design, the camera

looks at the mirror where it registers the silhouette of the aspirated tissue, but it

also has a direct view of a part of the aspiration hole where the deformation of

the tissue can be observed from above. This part of the image can be used to

determine the movement of the tissue surface during the aspiration process, and

help in the identification of friction occurring between the aspiration hole and the

aspirated tissue.

In the present implementation, the pressures and the profiles are measured in

real-time by on-line elaboration of the acquired images, but the evaluation of the

acquired data via the inverse finite element method is carried out by Martin

Kauer off-line on a different computer system. Integrating the whole software on

a single platform and achieving a faster implementation of the material parame¬

ters identifying algorithms would allow the instrument to be more easily used,

would permit utilization for medical diagnostics, or its use in the soft materials

industry.
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Appendix A

Some continuum mechanics quantities for

the formulation of constitutive equations

A.l Measures of strain

Nonlinear analysis of large displacements, large rotations and large strains has to

be performed in order to become realistic results of soft tissue manipulation in

surgery. Let us first define some basic quantities and notations. The basic quan¬

tity we need is one describing the motion of the matter. An obvious approach

would be to follow in time the motion of all material points. In particle physics

we could theoretically simply number all the particles and track their motion in

space and time. In continuum mechanics this is not possible. The material points

can, however, be identified by referring to their position at the beginning of the

motion. We therefore define the motion equation of matter as:

x = x(X, t), where x(X, 0) = X (8.1)

Consider a body in euclidean space, which is subjected to large displacements

and rotations, and to large strains. A material element dX at time 0 will be trans¬

formed to the material element dx at time t:

dx = x(X+ dX, t)-x(X, t) (8.2)

This, however, is exactly the definition of the gradient of the vector field x, and

thus:
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dx = FdX^ with F=Wx (8.3)

F is a second order tensor called deformation gradient at X.

If we look at the change in the magnitude of dx :

(dxfdx - {dX)TdX = dXTFTFdX- {dX)TdX = dXT{FTF-I)dX (8.4)

we can observe that the unique condition for a local rigid body transformation is

that F is a proper orthogonal tensor in X. In this case, all the infinitesimal vol¬

umes which are located in X at time 0 will undergo rigid body rotation.

Body at time t
(Xj, X2, X3)

*3

*1

(Xl,X2, X3)

Body at time 0

*2

Figure 8.1. Displacement vector

Second order tensors, as F, can be represented by 3 x 3 matrices whose compo¬

nents depend on the coordinate system in which the tensor is expressed. The car¬

tesian components of the tensor F are:

dx} dx} dx}

Wx W2 W3

dx2 dx2 dx2

dXY dX2 dX3

dx3 dx3 dx3

Wx W2 W3

(8.5)
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One very interesting property of the deformation gradient is that it can always be

decomposed in a unique product of two matrices (see proof in [Bathe 96]]):

F = RU (8.6)

where the R is an orthogonal tensor representing the rotation of the body and U

is a symmetric tensor. This decomposition is known as the polar decomposition

theorem and means that the local deformation can be decomposed in first apply¬

ing the transformation defined by the real symmetric tensor U, and than rotating

the stretched body.

Let us now consider what kind of transformation is caused by a real symmetric

tensor U. A real symmetric tensor always has 3 mutually perpendicular eigen¬

vectors, with respect to which the matrix representation of U is diagonal. This

can be represented with the spectral decomposition of U :

U = RLARTL (8.7)

where A is diagonal, and RL contains the principal stretch directions. This

means that a material element dX along one of the three principal directions will

not be rotated but only stretched by the amount defined by the respective eigen¬

value of U.

The polar theorem, therefore, isolates the effective deformation (stretch tensor

U) from the deformation gradient that also includes rigid body rotation.

We define at this point the right Cauchy-Green strain tensor.

C = U2 (8.8)

Considering that:

FTF = (RU)TRU = UTRTRU = UTU = UU = U2 (8.9)

the new strain tensor can be derived from the deformation gradient F through:

C = FTF (8.10)

We are able now to define the Green-Lagrange strain tensor as:

T 1 7 1 ] T

^(u2-i)

=v-{c-i)=

V--T

E=RL
1 2

2-(A2-/) *l = ^U-I)
=i(C-/)=

XFF-I) (8.11)

This strain measure only depends on values defining stretch, and is independent

of the body rotation described by R. If we further consider that rigid body trans¬

lation does not change the deformation gradient either, we can conclude that a

necessary and sufficient condition for a deformation to be a rigid-body motion is
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that all components of the Green-Lagrange strain tensor be zero through the

body.

Since the Green-Lagrange strain tensor depends only on the deformation gradi¬

ent F it doesn't depend on frame translation. Furthermore, since it depends only

on the stretch tensor U, it is also insensible to material rotation. This can also be

proved by calculating the Green-Lagrange tensor of a rigidly rotated material. If

we describe the rotation of the material through an orthogonal tensor Q and if

we indicate the quantities after the rotation with a
'*' symbol, we obtain the fol¬

lowing deformation gradient:

F* = QF (8.12)

Further, we have:

I(F*V-/) = \{FT$QF-I) = i(/^F-/) = E (8.13)

The same can be stated for the right Cauchy-Green deformation sensor, which is

also insensible to material translation and rotation:

C* = F*TF* = FTQTQF = C (8.14)

A.l Measures of stress

Intuitively, stress is defined as F/A, where F is the force acting on an area A.

More generally stress describes internal surface forces between different parts of

matter. Let us consider a small surface element separating two imagined small

volumes in a continuum, as in Figure 8.2.

Volume

AF,

Volume ^_l jfy

(3
1

Volume

Figure 8.2. Stress vector
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Let be the orientation of AS be defined by the unit vector n
.
The Cauchy stress

vector is defined at point P at the area S as:

lim —=

as^oAS
(8.15)

It is assumed in this definition that the stress vector in a continuum depends only

on three parameters: the point P, the unit vector defining the orientation of the

surface, and time.

Consider a small (infinitesimal) cube with faces perpendicular to the cartesian

axes, as in Figure 8.3.. We call the three visible faces as AS}, AS2 and AS3,

*3k

*2

-

*1

Figure 8.3. Stress components

where ASt are chosen perpendicular to base axis xt. Let call the Cauchy stress

vectors acting on faces ASX, A,S2 and AS3 as tx, t2 and t3. Let the cartesian

components of the stress tensors be:

tf hi hi hi (8.16)

It is now possible to define the Cauchy stress tensor in cartesian coordinates as:

[T]

hi hi h?>

h\ hi h?>

h\ hi h?>

(8.17)

It can be easily shown (see [Lai et al 93, pg. 175]) that J is a symmetric tensor,

and that the stress acting on an arbitrary infinitesimal area AS whose orientation

is defined through the unit vector n can be calculated with:



168 Appendix A. Some continuum mechanics quantitities

t„ = Tn (8.18)

For reasons which will be understood when we consider the formulation of the

mechanical constitutive equation of materials, we also present two other mea¬

sures of stress which are less obvious and which do not have direct physical

interpretation.

The first Piola-Kirchhoff stress tensor

The infinitesimal area dA0 at time 0 in the undeformed state will be transformed

in dA at the current time t. Let the orientation of the infinitesimal area be n0 at

time 0 and n at time t. Let also df be the force acting on the deformed area

dA- n, t be the corresponding Cauchy stress vector and T the corresponding

Cauchy stress tensor.

The first Piola-Kirchhoff stress tensor T0 is defined by:

?o=ro«o> (819)

where t0 is a "pseudo" stress vector, which has the same direction as the stress

vector t, but is calculated relatively to the undeformed area dA0 :

df=t0 dA0 (8.20)

The relation between the first Piola-Kirchhoff stress tensor and the Cauchy stress

tensor can be derived by considering how the area dA0 changes through the

deformation defined by the deformation tensor F. It can be rapidly derived (see

e.g. [Lai et al 93, pg. 145]):

(8.21)dA n = dA0(detF)(F T)n

From eq. (8.21) and

df = tdA = t0 dA0

it follows

to = ro«o
dA

_

dA0
'

TdAn

dA0
= T(de

(8.22)

(8.23)

Since the above equation must be true for all n, we finally obtain the relation

between the first Piola-Kirchhoff stress tensor and the Cauchy stress tensor:

T0 = (detF)T(F~T) (8.24)
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The second Piola-Kirchhoff stress tensor

It should be noted that the first Piola-Kirchhoff stress tensor is in general non-

symmetric. Also, it relates the initially undeformed area with the actual force.

One way to balance this discontinuity between the present and the past in the

tensor definition is to imagine that the force acting on the infinitesimal area has

been subjected to the same transformation as the material itself. This assumption

makes it possible to obtain this imagined initial force from the actual real force

through the inverse of the deformation gradient:

df=F~ldf (8.25)

We are now able to define the imagined initial stress vector:

df=t dA0 (8.26)

and the second Piola-Kirchhoff stress tensor:

? = Tn0 (8.27)

The relation with the first Piola-Kirchhoff and the Cauchy stress tensors is easily

obtained through:

df = Fdf = FtdA0 = FTn0dA0 = TQn0dA0 (8.28)

leading to:

t = F~lT0 (8.29)

and finally:

T = (detF)F~lT(F~T) (8.30)

We conclude by noting that this tensor is generally symmetric. Furthermore, it is

invariant under rigid body rotation:

f* = {detF*)F*~lT*{F*~T) = (detQF)(QF)~\QTQT)(QF)~T = (8.31)

(detF)F~lQ~lQTQTQ~TF~T = (detF)F'1 T{F~T) = T
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