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ABSTRACT

IN VIVO INDENTER EXPERIMENTS ON SOFT BIOLOGICAL TISSUES
FOR IDENTIFICATION OF MECHANICAL MATERIAL MODEL AND

CORRESPONDING PARAMETERS

Petekkaya, Ali Tolga

M.Sc., Mechanical Engineering Department

Supervisor: Assist. Prof. Dr. Ergin Tönük

September 2008, 347 Pages

Soft biological tissues, being live and due to their physiological structures,

display considerably complex mechanical behaviors. For a better understanding

and use in various applications, first study to be carried out is the tests made

particularly as in vivo. An indenter test device developed for this purpose in the

METU, Department of Mechanical Engineering, Biomechanics Laboratory is

operational.

In this study, in order to carry out precise and dependable tests, initially, various

tests and improvements were conducted on the device and the software

controlling the device. At the end of this study, displacement and load

measurement accuracies and precisions were improved. Better algorithms for

filtering the noisy data were prepared. Some test protocols within the software

were improved and new protocols were annexed. To be able to conduct more

dependable tests a new connection system was attached to the device. In order to

study the anisotropic behavior of soft tissues ellipsoid tips were designed and

produced.

In the second phase of the study, tests on medial forearm were carried out. In

these tests, hysteresis, relaxation and creep behaviors displaying the viscoelastic
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properties of the soft biological tissues were observed. In addition to viscoelastic

behaviors, preconditioning (Mullin’s) effect and anisotropic response were

examined. By using the results of the relaxation and creep tests, parameters of

the Prony series capable of modelling these data were determined.

With this study, some important conclusions regarding the soft biological tissues

were drawn and thus the behaviors of the soft biological tissues were better

understood. Besides, the difficulties inherent to in-vivo tests were recognized

and actions to reduce these difficulties were explained. Finally, clean

experimental data, to be used in the computer simulations, were obtained.

Keywords: Soft Biological Tissues, Indenter Test Device, Viscoelasticity,

Anisotropy, In-vivo Experiments
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ÖZ

MEKANİK MALZEME MODELİ VE İLGİLİ PARAMETRELERİN
KESTİRİLMESİ İÇİN YUMUŞAK BİYOLOJİK DOKULAR ÜSTÜNDE

YAPILAN YERİNDE İNDENTÖR DENEYLERİ

Petekkaya, Ali Tolga

Yüksek Lisans, Makina Mühendisliği Bölümü

Tez Yöneticisi: Y. Doç. Dr. Ergin Tönük

Eylül 2008, 347 Sayfa

Yumuşak biyolojik dokular canlı olmaları ve fizyolojik yapıları sebebiyle

karmaşık bir mekanik davranış sergilerler. Bu mekanik davranışın iyi anlaşılması

ve çeşitli uygulamalarda kullanılması için yapılacak ilk çalışma özellikle yerinde

(in-vivo) olarak gerçekleştirilecek deneylerdir. ODTÜ Makina Mühendisliği

Bölümü Biyomekanik Laboratuarında bu amaç doğrultusunda geliştirilen bir

indentör deney sistemi mevcuttur.

Çalışmada ilk olarak hassas ve güvenilir deneylerin yapılabilmesi için indentör

ve sistemi kontrol eden yazılım üzerinde çeşitli çalışmalar yapılmıştır. Çalışma

sonucunda yerdeğiştirme ve yük ölçüm hassasiyetleri geliştirilmiştir. Alınan

gürültülü verinin filtre edilmesi için daha iyi yöntemler önerilmiştir. Yazılımdaki

bazı deney protokolleri geliştirilerek yeni protokoller eklenmiştir. Yine daha

güvenilir deneylerin yapılabilmesi için cihaza yeni bir bağlantı sistemi

eklenmiştir. Dokuların göstermiş olduğu anizotropik davranışı inceleyebilmek

için elipsoid uçlar tasarlanıp üretilmiştir.

Çalışmanın ikinci aşamasında önkol iç yüzeyinde (medyalinde) deneyler

yapılmıştır. Bu deneylerde yumuşak biyolojik dokuların viskoelastik özelliklerini

gösteren histeresiz, gevşeme ve sünme davranışları gözlenmiştir. Viskoelastik
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davranışlarına ek olarak alışma (Mullin) etkisi ve anizotropik yanıtlar

incelenmiştir. Yine gevşeme ve sünme deney sonuçları kullanılarak bu verileri

modelleyebilecek Prony serilerine ait parametrelerin değerleri tespit edilmiştir.

Çalışma ile birlikte yumuşak biyolojik doku davranışlarına dair önemli sonuçlara

ulaşılmış ve bu sayede yumuşak biyolojik doku mekanik davranışı daha iyi

anlaşılmıştır. Ayrıca yerinde (in-vivo) deneylerin zorlukları gözlenmiş ve bu

zorlukları en alt düzeye indirebilecek hususlar açıklanmıştır. Son olarak

bilgisayar andırımlarında kullanılmak üzere temiz deneysel veriler elde

edilmiştir.

Anahtar Kelimeler: Yumuşak Biyolojik Dokular, İndentör Deney Cihazı,

Viskoelastisite, Anizotropi, In-vivo Deneyler
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CHAPTER 1

IMPORTANCE OF THE STUDY, AIM AND FIELDS OF USE

The study we have carried out was a group project. Project consisted of two

parts. This study was the first part and included such matters as conducting

indenter tests on the soft biological tissues, collecting and interpreting the test

data and observing the behaviors of soft biological tissues under different

conditions.

In order to simulate the mechanical behavior of soft biological tissues on

computer, various tests must be carried out on the tissues to understand how it

behaves in detail. When one thinks independently from this study, basic source

for determination of the soft tissue constitutive equation is the experiments.

Furthermore, understanding the tissue behaviors and observation of the

responses against different stimuli can be achieved by systematic

experimentation.

It is possible to carry out soft biological tissue tests by employing different

devices (See Chapter 2.6). Yet, these methods have certain advantages and

disadvantages. The point which must be noted here is that, the soft biological

tissues are alive. Therefore, losing liveliness influences the tissue mechanical

response greatly (Ottensmeyer et al., 2004). Also Fung, (1984), states that

physiological stresses are an important factor affecting the soft tissue behavior. It

is therefore extremely important to make observations while the tissue is in its

physiological environment and while it is still alive. While working on the soft

biological tissues, best method making such possible, is indenter tests (Zheng et

al., 1999).

We have therefore carried out tests by the help of an indenter device in our

studies. In order to obtain relevant, clear and correct data, we have achieved
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improvements on the indenter device and its software. We have developed test

protocols with due regard to needs, design and used components additional to the

test system, solved the problems encountered and brought solutions (Chapter 3).

With this study, way to dependable tests was opened and also studies were

carried out to be used in the simulations and also for the observation of the soft

biological tissue behaviors.

Unexpected situations observed in the test data were examined and clarified.

Furthermore, problems encountered during in-vivo indenter tests and the matters

to be attended were also clarified in great extent. This will be an important guide

for the new researches who plan to conduct in-vivo indenter tests.

In the study, many soft biological tissue behaviors were observed. Among these,

preconditioning (Mullin’s) effect, viscoelasticity and anisotropy were the ones

worth to mention. Furthermore, test data are in such quality that, they can be

used by the researches for different evaluations. Such difficulties as in-vivo

observations of the influence of varying speed loading on the soft biological

tissues, were eliminated through various modifications (Chapter 4). Thus, soft

biological tissue behavior was understood better and clean and dependable data

was collected.

In other part of the study comprised of the scrutinization of the constitutive

models existing in the literature, diagnosing and simulating in computer media

those, capable of modelling the tissue behaviors in the best way. In this study

where the inverse finite element method is used, initially, a suitable constitutive

model is determined. This model determined, is an improved quasi-linear

viscoelastic model (Üsü, 2008, Bischoff, 2004) and can simulate great many

number of behaviors observed in the soft biological tissues. These behaviors may

listed as the nonlinear behavior, preconditioning (Mullin’s) effect,

viscoelasticity, and anisotropy.
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The reason for using inverse finite element method was due to not knowing the

coefficients of the constitutive law (i.e. material model). In this method, initially,

a finite element model was formed on computer, boundary conditions within the

test region were approximated and the finite element model was operated by

entering the assumed constants as the initial guess. By comparing the results

obtained in computer and the test results, the relevancy of the assumed constants

were then inquired. This process was continued until the response of finite

element model was within the desired closed vicinity of the experimental data

where these coefficients for the constitutive law is assumed to model the material

behavior.

With the other portion of the project and with its further improvement, a very

detailed and realistic simulation of the soft biological tissue behaviors on

computer will be feasible (Üsü, 2008). Thus, great many number of objects

require for the health and comfort of human kind will be designed in a better way

and in much less durations. One can give examples to these objects like prothesis

and orthesis designs, bed designs for the bedridden patients, product designs for

the diabetic patients, especially for the products contacting to the diseased parts

of the body. Again, in further stages, contribution of such studies will be

considerable for the development of surgical simulation systems which will be

used in such matters as training of sergeants. It is also possible to use the

experimental data in early diagnosis of the illnesses (Korhonen et al., 2003). Yet,

to this end, it is still necessary to carry out further studies.
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CHAPTER 2

LITERATURE SURVEY

2.1 What is Soft Biological Tissue?

Our body is composed largely of soft biological tissues. Almost all our organs,

except our skeleton are soft tissues. Brain, lungs, liver, kidneys, skin and

cartilages bearing very important functions to sustain our liveliness are all soft

biological tissues.

Soft biological tissues are live organisms with substantially complicated

physiology. They are composite structures serving a certain aim through a

combination of elements with different functions. For instance, our heart

pumping the clean blood to every point of our body and dirty blood to our lungs

is a soft biological tissue and is composed of heart muscles, ventricles, veins

feeding it and the nerve cells (Fox, 1992). Not limited to these, heart muscles are

formed by three different layers, and each layer is, in turn formed of different

cell structures. Therefore, soft biological tissues, as organs, are extremely

complex structures built by combining elements capable of different mechanical

responses when they are observed one by one (Fung, 1984).

Thus, the mechanical behaviors and responses of the soft biological tissues

displaying extremely different functions are also complicated and complex. Even

on the cellular basis, for these structures which are more complicated and

incomprehensible than all devices and explorations found by the human kind up

to date, this conclusion is understandable. Beyond all, soft biological tissues are

live.

Well, how are we perceiving the behaviors of the soft biological tissues? How

are we observing their responses under different circumstances and how are we

obtaining the various information pertinent to them. No doubt, as in all
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investigations, we are conducting tests to collect information and we are

observing and interpreting the test results obtained. And in consequence, we are

striving to find mathematical formulas which can explain the information

gathered. Thus, formulas called constitutive equations are derived by observing

and interpreting the various test data for the soft biological tissues.

Our motivation target of our efforts were also to explore such an equation. To

this end, as discussed in Chapter 4, great many number of observations were

carried out, and the behaviors of soft biological tissues were tried to be

understood. As these efforts were progressed, in addition to the observations

conducted, different test protocols also were practiced as requires by the

constitutive models determined, and a dynamic procedure was followed by

improving the test system (Chapter 3). Already in the existing literature, many

constitutive models are in existence. Displaying some general information on

these models will be beneficial for this study.

2.2 Some Constitutive Models Used in the Modelling of Soft Biological

Tissues

As mentioned before, there exist numerous models in the literature. Yet, due to

the complex structures of the soft biological tissues and due to their ever varying

features in relation to several factors (See Chapter 2.3), a widely acceptable

constitutive model has not yet been laid down. Most of the existing models

hardly simulate all experimentally observed features of the soft biological

tissues. Some models are deficient in modelling even only certain limited

number of selected features (Zheng et al., 1999).

Yet, depending on the purpose, such models are also being used. As mentioned

by Zheng et al. (1999), certain models are more suitable for the observation and

comparison of the effects of various factors, such as aging, rather than the

explanation of the behaviors of the soft biological tissues. Furthermore, another

important point is the determination of the parameters under which the test

results will be evaluated. For instance, soft biological tissues display the
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preconditioning (Mullin’s) effect under cyclic loading. This behavior which will

be discussed in the following chapters, explains the retrieval of the repeatable

data displayed with the progress of successive loadings. Thus, some of these

models are set up on the basis of these repeatable data. Yet, in real life, tissue is

not always subjected to such loading situation and this is a matter to be

contemplated. In other words, for certain cases, studying the data where the

initial loading takes place, may render to be important (Gefen and Margulies,

2003, Provenzano et al., 2001). Yet these data are disregarded and eliminated in

certain models (Fung, 1984). Similarly, behavior showing the interactions of a

bedridden patient with his bed or of a man sitting, with his chair is the behavior

of creep.

The lack of the necessary constitutive equation for which can be used various

designs like beds for bedridden patients, researching prothesis - orthesis relation

under constant loads is a major obstacle to make computer aided design used in

many industry fields.

Under the light of the above explanations, let us discuss the major constitutive

models in short. These models classified under three basic headings may be

listed as the phenomenological modelling, structural modelling and multi

dimensional modelling (Maurel et al., 1998).

2.2.1 Phenomenological Models

These are the models constituted by direct consideration of the test data. In these

models, a mathematical model capable of simulating the test data is derived

(Maurel et al., 1998).

Pseudo-elastic and quasi-linear viscoelastic models may be mentioned as the

examples of this type of models. These models developed by Fung have an

extremely wide range of usage, and they also constitute the basic building stones

of certain models (Bischoff, 2004).
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Data obtained through cyclic loading is used in the pseudo-elastic modelling.

Soft biological tissues display preconditioning effect under cyclic loading. Thus,

following a certain number of cycles, repeatable loading – unloading curves can

be obtained. Fung, utilizing this feature, forms the pseudo-elastic theory. Soft

biological tissues, display viscoelastic behavior. This is realized from the cycle

taking place during the loading and unloading process. That is, curve obtained

during loading can not follow the same route with the curve obtained during

unloading. Yet, by obtaining repeatable curves following a certain number of

cycles, Fung has examined the loading and unloading curves and in order to

explain the mechanical features of both cases, has used the method of elasticity

theory. Modelling of the soft biological tissues which are normally non-elastic, is

therefore described as pseudo elastic modelling (Fung, 1984).

The most noteworthy deficiency of this model, which in fact is a considerably

major step in modelling of the soft biological tissue behaviors, is its inability of

modelling time dependent relaxation and creep behaviors of the soft biological

tissues. Nevertheless, Fung taking a further big step, has developed the quasi-

linear viscoelastic model. With this model, modelling of the relaxation and creep

behaviors of the soft biological tissues was made possible (Fung, 1993) and door

to many advanced studies were opened (Üsü, 2008, Bischoff, 2004, Holt et al.,

2008).

The foundation of this model was described by Üsü and Tönük (2008) as “taking

the integral of the multiplication of reduced relaxation function with the time

related derivative of the elastic stress function, throughout the test duration”.

Equation corresponding to this conclusion is given as follows;
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where,

 t = stress
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G (t) = reduced relaxation function

    e = Instantaneous stress function related to strain

 = strain

it is possible to use the reduced relaxation functions in different forms, (Fung,

1993). Most frequently used of these form is,
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where E1(x) first exponential integral function and is expressed as,
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1  and 2  represent the short and long term relaxation behaviors. Like in the first

exponential integral function, it is possible to select     e  in different forms.

These selected forms vary depending on the tested tissue. In one modelling

study, the following form is preferred (Üsü and Tönük, 2008).

 1)(   Be eA ................................................................................... (2.4)

where, A and B are parameters pertinent to the material in concern.

2.2.2 Structural Models

Structural models are the models formed with due regard to the structure and

elements of the tissue. In the basic approach, behaviors of the collagen fibers are

tried to be modeled (Maurel et al., 1998). Viscoelasticity is also strived to be

modeled by adding the viscoelastic features to these types of models.
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Two damper generalized linear Kelvin-Voigt material where the soft biological

tissues is modeled as an example (Tönük and Silver-Thorn, 2004). Here,

relaxation and creep behaviors of the soft biological tissues are modeled by a

structure, in the form shown in Figure 2.1. This model also, is described by the

help of the Prony series (Equation 2.5 and 2.6).

Figure 2.1 Kelvin-Voigt linear viscoelastic material model (Tönük and Silver-
Thorn, 2004)

      21 111 210
  tt eeFtF   ..................................................... (2.5)

      21 111 210
  tt eedtd   ...................................................... (2.6)

Equation 2.5 and 2.6 are used for the relaxation and creep behavior respectively.

Where, 1 , 2  are short and long-term time constants 1 , 2  are short and long

term relaxation and creep magnitudes.

F0 and d0 are the force and displacement at the start of relaxation and creep.

In present study also, constants of the Prony series in different forms were

determined by using the relaxation and creep test data obtained. Forms were
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compared with regard to each other and the anisotropic behavior in relation to

the constants were observed (See Chapter 4).

2.2.3 Multi - Dimensional Models

These are the models where the stress- strain relation is established by the help

of an element called strain energy function (strain potential) (Fung, 1993). Fung

presents the determination of stress components in relation to the strain energy

function as follows,

“Let W be the strain energy per unit mass of the tissue, and 0  be the density

(mass per unit volume) in the zero-stress state, then W0  is the strain energy per

unit volume of the tissue in the zero stress state. Let W be expressed in terms of

the nine strain components E11, E22, E33, E12, E21, E23, E32, E31, E13, and be

written in a form that is symmetric in the symmetric components E12 and E21, E23

and E32, E31 and E13.the nine strain components are treated as independent

variables when partial derivatives of W0  are formed. Then when such a strain

– energy function exists, the stress components Sij can be obtained as derivatives

of W0 :

 
ij

ij E

W
S




 0 ”

where i and j represent the principal directions. Normally, soft biological tissues

do not posses stress-strain function. In other words they are not hyperelastic

materials (Fung, 1993) because soft biological tissues are not elastic materials.

Yet, their pseudo – elastic behaviors, discussed in Chapter 2.2.1, makes it

possible to identify such a function for the soft biological tissues (Fung, 1993).

In the literature, great many number of strain – energy functions pertinent to soft

biological tissues exist. Various strain energy functions are determined and used

for arteries, skin, veins, lung parenchyma and similar bodies (Maurel et al.,

1998).
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2.3 Factors Influencing the Mechanical Properties of the Soft Biological

Tissues

Mechanical properties of the soft biological tissues may show variations

depending on various factors. Some of those factors are age, illnesses,

physiological structures of the tissues and the livelihood. Also, a result of

injuries the physiological structure of the tissue deteriorates and its mechanical

properties are influenced. The effect livelihood among these factors will be

discussed when the test methods are described.

2.3.1 Age

One of the important factors influencing the behavior of the soft biological tissue

is age. Borniger (1905) in a study he carried out at the start of the 20th century,

has revealed that, elastic stress in childhood is lower compared to elastic stress in

adults and that it shows another decrease with old age.

In creep tests carried out by Kirk and Kvorning (1949), with 50 gram loads on

the lower aspect of the tibia, have determined that, with the instantaneous

application of the load in youngsters a 3.4 mm impression and in elderly a 2.7

mm impression has taken place. Creep test has been continued for 2 minutes and

at the end of this duration, it was observed that in both of these groups total creep

came out to be equal (Figure 2.2). Yet 3 minutes after the release of load, tissue

has recovered by 76% among young individuals. Among the elderly this

recovery ratio has remained at 43%. Same tests are carried out at the upper

aspect of the tibia and similar results are observed.
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Figure 2.2 Creep test carried out Kirk and Kvorning (1949), on young and old
individuals. 50 gram load is applied on the young and old individuals and their

reactions are observed. Later load is released and 3 minutes later their conditions
are observed. Dashed and continuous lines are related to young and old

individuals respectively.

In another study carried out on the rib cartilage, similar results supporting the

Kirk and Kvorning’s (1949) study and the creep in young individuals were found

to be higher than the creep in old individuals (Skolof, 1966).

Effective elasticity modulus obtained from the indenter tests conducted on

healthy 6 young and amputated 3 old individuals, have been on higher side for

young individuals (Zhang et al., 1999). Reason for this is recorded as the aging

and not the amputation.

2.3.2 Illnesses

Different illnesses cause alteration in the tissue physiology. These alterations

influence also the mechanical behavior of the tissue. Doctors from past to date,

try to diagnose the illnesses by observing these mechanical changes (Manduca et

al., 2001). Examples of complications influencing the tissue physiology may be

mentioned as cancer, various vein illnesses and diabetes.
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Cancer is one of the frequently encountered illnesses influencing the mechanical

behaviors of biological tissues. Types of cancers such as breast cancer can be

diagnosed, not always perhaps, by the use of hands (palpation) thanks to the

hardened tissues at the cancerous region.

Manduca et al. (2001), in his study, has determined that, the region with tumor is

5 to 20 times harder than the region without tumor. A similar observation is

made by Lawrance et al. (1999) and the shear modulus being approximately 5

times higher than that of the adipose and glandular tissues (Figure 2.3).

Figure 2.3 “Average shear modulus values of normal adipose and glandular
tissues compared with tumor tissues.”(Lawrance et al, 1999, p.1)

Venous complications are also illnesses deteriorating the soft tissue physiology

and their pertinent mechanical properties. In almost all of these complications,

fibrotic soft biological tissue alterations are observed. Geyer et al. (2004) states

the changes in tissue as “This change is observed as an ever-increasing skin and

sub tissue hardening and it is called as lipodermotosclerosis (LDS)” (p.131).
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Geyer et al. (2004) in his study on the tissues with LDS and without LDS,

calculates elasticity modulus giving the relative hardness of the tissue. Average

elasticity moduli of the tissues are observed to be within the range of 5.63 to

16.62 kPa. This value is calculated as 22.36±8.61 kPa for the objects with LDS.

Here, tissues assume modulus of elasticity within the range of 8.62-34.28 kPa.

Finally, a modulus of elasticity value for the objects with LDS comes out to be

almost twice of those of the objects without LDS.

In the studies carried out on the soles of the feet of the normal persons and

individuals with diabetes, effective shear and elasticity modulus of the tissue

with diabetes comes out to be higher than those of the normal tissue (Gefen et

al., 2001).

2.3.3 Physiological Structures of the Tissues

Organs serving different purposes display also different physiological structures.

Internal organs like brain, lung and liver are not suitable to carry the intensive

external mechanical forces and are protected inside their natural media. Such

organs are called as the very soft biological tissues. The strain levels coped by

the very soft biological tissues do not exceed 30% and above this limit, tissue

assumes permanent deformation as stated by Miller (2000).

Soft biological tissues such as skin and cartilage are subject to external forces

and they posses structures capable of coping with these forces. Therefore strain

levels which are endured by these soft biological tissues are higher.

Although their physiological structures are same, mechanical properties of the

organs in different parts of the body may show variations from each other. A

good example of this is cartilage. This phenomena is clearly observed in the

articular and rib cartilages (Skolof, 1966). In the tests, creep measurements are

carried out for 60 minutes and following the test, tissue is left to recover for 60

minutes. It is observed that, rib cartilage is more resistant against pressure

deformation as compared to the articular cartilage. Indentation following the
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instantaneous loading is 0.75 mm and 0.2 mm for articular and rib cartilages

respectively (Figure 2.4).

Figure 2.4 Results of indenter tests on articular and rib cartilages

2.4 Test Methods

It is possible to conduct tests on soft biological tissues in many different

methods. These methods have advantages and disadvantages compared to each

other. These tests may be categorized as ex-vivo, in-vitro, in-situ and in-vivo

tests.

2.4.1 Ex-Vivo Tests

In the ex-vivo tests, organ is taken out of the organism and by the help of various

systems, their living conditions are tried to be duplicated. Thus, obtaining more

dependable and convenient data is aimed.

Ottenmeyer et al, (2004), have carried out ex-vivo tests on liver and observed the

effects of test conditions on the data. This system, is a good example with regard

to ex-vivo test arrangements, and its operation is explained as follows,
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“To accurately measure the mechanical properties of the liver, it is crucial that

we maintain cellular integrity while keeping the organ in as natural a state as

possible ex vivo. Thus we have built an apparatus similar in concept to

normothermic extracoporeal perfusion systems using heparinzed Lactated

Ringer’s solution as the perfusate (see Fig. 1(Figure 2.5)). The system stores this

solution in reservoirs suspended at specified heights to obtain the appropriate

physiologic pressures into the hepatic artery (100-120 mmHg) and portal vein

(15-20 mmHg). Both pressures and flow rates can be easily adjusted by altering

the height of the reservoirs and by partially closing tubing clamps respectively.

The perfusate is then allowed to drain via the intrahepatic vena cava into a bath

where it is heated to a physiologic temperature (39° C for pigs) and circulated to

the reservoirs via a pump. The solution also flows over the organ to maintain

hydration without having to submerge the organ. To ensure consistency in our

measurements, the organ rests on a sturdy plate covered with fine grit sand paper

to localize and stabilize the area of tissue under study, and the perfusion pressure

is held constant rather than mimicking physiologic pulsatile pressure.” (p.3)

Figure 2.5 “(left) Our Normothermic Extracorporeal Liver Perfusion system
schematic. (Right) NELP system in use”. (p.3)
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2.4.2 In-Vitro Tests

In the in-vitro tests organ is taken out of its place in the organism, as in the ex-

vitro tests. Tests are carried out as the tissues are dead. In the in-vitro tests,

duplication of the natural environment of the tissues is not a concern, and the

tissue is studied is its raw form. In these tests, tissue may be studied as a whole

or as divided to parts (Gefen and Margulies, 2003, Tanaka et al., 2002).

2.4.3 In-Vivo Tests

In the in-vivo tests, organ is studied at its original place and while it is alive. In-

vivo tests can be conducted by two different methods. These are the invasive and

non-invasive methods.

2.4.3.1 Non-Invasive Method

In the imaging based non-invasive method, basically the strain area within the

tissue is studied. Ottensmeyer (2002) describes the non-invasive method as

follows:

“Essentially, some known displacement, which may include static or dynamic

compression or shear displacement, is applied to the exterior of the tissue under

consideration. Since the tissue is continuous, the surface displacement produces

a strain field within the tissue, which is a function of the surface displacement,

the elastic properties of the tissue and other boundary conditions. The strain field

is measured through the use of some non-invasive imaging technique, including,

but not limited to, magnetic resonance imaging (MRI) and ultrasound. In the

static case, “before” and “after” scans are made, and the strain can be calculated

based on the local displacements measured between them. For dynamic testing,

vibration amplitude or velocity can be used instead of static strain” (p.328).
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2.4.3.1.1 Disadvantages of the Non-Invasive Method

Non-invasive method allowing in-vivo studies in the internal organs on one hand

carries some deficiencies on the other. Ottensmeyer (2002) mentions some

handicaps as he states “Tissues are known to exhibit non-linearity in their stress-

strain relationships, and the majority of the non-invasive techniques can only

examine the small strain, linear portion of the response. Further, the static

techniques cannot examine the visco-elastic behavior of tissues, while the

dynamic techniques require excitation frequencies large enough so that the

wavelength of sound is small enough compared with the structures under

consideration.” (p.329). Another important shortcoming is that, in great many

number of systems operating under non-invasive method, non-linear behavior of

the soft biological tissue can not be observed and that a small strain can be

applied for linear response.

2.4.3.2 Invasive Method

In the invasive method, stress-strain magnitudes are measured locally. In other

words, force is applied on the external surface of the tissue and the displacement

of tissue in relation to the force, is observed. Thus, this displacement and the

force magnitudes are recorded for the analysis to be carried out.

In the invasive methods, it is possible to conduct many tests by using different

techniques. Methods such as indenter tests, stress and torsion application are the

examples of these methods, which will be discussed in the following sections.

2.4.4 In-Situ Tests

In the in-situ tests, organ is studied at its original medium. Differing from the in-

vivo tests, the donor and therefore the tissue is not alive.
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2.5 Advantages and Disadvantages of the Test Methods

These test method which were described in general terms, relative to each other,

possess various advantages and disadvantages. We shall try to explain these, by

studies carried out also to compare these methods.

Ideal approach is conducting tests in-vivo conditions if one is seeking the

material law of the tissue or organism when it is alive. Yet, it is not always

possible to secure the in-vivo test conditions. In such case, the solution is strived

for by using methods giving nearest outcomes to the in-vivo test results. Starting

from the most ideal rating of the methods may be in order of in-vivo, ex-vivo, in-

situ and in-vitro.

These are two basic reasons for in-vivo to be the ideal method. First of these is

that, the tissue is alive and the second is that, the tissue is studied in its original

medium. Tissue is in interaction with its encasing medium. Tissue is surrounded

with various supporting structures such as muscles, bones and other different

organs. In a study carried out by Fung (1984) on different blood vessels, he

described this fact in a very comprehensive way,

“The peripheral capillaries in the mesentery are embedded in a gel. A gel

behaves as a solid; and, as a consequence, a capillary blood vessel embedded in

it behaves as a tunnel in solid earth. That is why the capillary is so rigid with

respect to blood pressure, and so stable with respect to compression(Fung et al.,

1966). On the other hand, a pulmonary capillary is exposed to alveolar gas which

provides little resistance to deformation; and as a consequence the pulmonary

capillaries are distensible and collapsible.

If we compare a pulmonary artery with a peripheral artery, we see that latter is

an isolated vessel, whereas the pulmonary vessel is embedded in the lung

parenchyma. The lung tissue (alveolar walls) pulls on the pulmonary blood

vessel wall, and keeps it patent when the alveolar gas pressure exceeds the blood

pressure; and the tissue stress influences the vessel deformation so much that
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nearly linear pressure-diameter relationship is obtained. If the pulmonary artery

were isolated, it would most likely behave the same way as the peripheral

vessels” (p.512).

As can be understood from Fung’s studies, medium surrounding the tissue, has

great influence on the mechanical behavior of the tissue. Even blood vessels with

same physiologies may display different mechanical behaviors due to the media

they are encased in. Therefore, this also influences the mechanical test results. In

the comparative studies, results obtained through the in-vivo tests are never

duplicable by other methods and that they show certain deviations.

In a study carried out on pig brain, in-vivo, in-situ and in-vitro tests are

conducted and the results are compared (Gefen and Margulies, 2003). In this

study, the influence of perfusion is also desired to be seen. In the study following

conclusions pertinent to the subject matter were drawn;

 Long term time constant pertinent to relaxation comes out to be on the

low side for in-situ tests.

 Mechanical response of the live brain against preconditioning is different

than that of the dead tissues. Decrease in the shear modulus as a result of

the preconditioning effect is higher in the in-situ and in-vitro tests.

 It is revealed that, many mechanical properties for the in-vivo and in-situ

tests are identical.

 In the comparison made between in-situ and in-vitro to observe the effect

of skull, while the transition properties remains to be uninfluenced, short

and long-term shear modulus of in-vitro measurements come out to be

lower than in-situ values.

In another study carried out on pig liver, in-vivo, ex-vivo and in-vitro test results

are compared (Ottensmeyer, 2004). Ex-vivo tests are carried in two different

ways and the effect of perfusion on the test results are also observed. In the tests,
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two types of test device are used, and in the first of these tests, small strain

magnitudes are applied and observations in the linear region are made. With the

second test device, on the other hand, applying higher magnitudes of strain is

made possible. In the measurements taken by the first test device, lowest

hardness was observed in the in-vivo tests, with perfused tissues displaying more

solid and with unperfused tissues displaying most solid behavior.

With the second test device, tests are conducted and strains are calculated for the

in-vivo, perfused ex-vivo, unperfused ex-vivo and in-vitro cases. At the end of

the tests, it is observed that, organ which is measured in in-vivo is softer than the

perfused one. Perfused organ, on the other hand, comes out to be softer than the

unperfused one. The organ subjected to in-vitro test, organ shows a softer

behavior compared to the results of the all other tests. Besides, a stable strain

value for this case is not available.

The nearest result to in-vivo test obtained in the ex-vivo perfused test and for

stable cases, it shows a deviation of 17%. This deviation is above 50% for

unperfused ex-vivo test (Figure 2.6).

Figure 2.6 Strain graphs obtained under different conditions (Ottensmeyer,
2004, p.7).
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Again as an important conclusion, it is observed that, repeatable tests in–vivo

and perfused ex-vivo tests can be carried out. For the unperfused test such is not

encountered (Figure 2.7).

Figure 2.7 Observation of the repeatability for the in-vivo, ex-vivo perfused and
unperfused cases (Ottensmeyer, 2004, p.7).

After making these explanations, advantages and disadvantages of the test

methods are item by item as follows:

For the in-vivo measurements,

Advantages of the in – vivo tests,

 For the tissue keeping its vividity, and for it is being studied in its original

medium, most appropriate results are obtained in the in-vivo tests.

Disadvantages of the in – vivo tests,

 Yet, in the studies carried out on human beings, necessity of testing live

tissue, brings great importance not to harm the tested individuals,

measurements are carried out only on external organs such as skin.

Although studies on the internal organs by employing non-invasive

methods are possible, the properties of the tissue would not be properly

characterized and only a linear stress-strain relation would be observed.
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 Due to the tissue not possessing a regular geometry, stress-strain (-time)

relations cannot be obtained by simple calculations and more advanced

techniques (like inverse finite element method) are required.

 For the studied tissue not to be damaged, observations can be carried out

by restricting only certain test devices.

For the ex-vivo measurements,

Advantages of the ex – vivo tests,

 With the ex-vivo tests closest results to the in-vivo tests are obtainable.

 Due to working on the dead tissues, tests can be carried out much more

easily, behavior of internal organs which are normally unobservable in

the in-vivo tests, can be investigated in a much closer way.

Disadvantages of the ex – vivo tests,

 In the ex-vivo tests, complicated and expensive systems must be arranged

and such systems must also be preserved in appropriate environmental

conditions.

 Due to the necessity of examining the organs as a whole, the test devices

which can cope with the task may render to present limitations.

 Determination of the boundary conditions may not be possible like in the

in-vivo tests.

For the in-situ measurements,

Advantages of the in-situ tests,

 In the in-situ tests, dead tissue can be examined in its original position.

Thus, the interaction of the tissue with the neighboring tissues are

preserved and the presence of such interactions makes the obtaining of
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more realistic results possible. Naturally, such is not valid when solely

the organ behavior is desired to be observed.

Disadvantages of the in-situ tests,

 In-situ examination of the tissue in its original position as a whole, also

limits the test devices to be utilized in these tests.

 As stated in in-vivo and ex-vivo tests disadvantages, also in in-situ tests,

examined tissue may not possess a regular geometry. Consequently,

stress-strain (-time) relations can not be obtained by simple calculations.

For the in-vitro measurements,

Advantages of the in-vitro tests,

 In the in-vitro tests, tissue can be examined in every way desired.

 Test specimens can be prepared in the desired manner and the tests can be

carried out by the help of various materials test devices.

 Test specimens being in regular geometries allow for the determination of

the boundary conditions.

 Another important advantage is that there exists lots of works in the

literature about the in vitro tests. Consequently it is possible to benefit

from these works while searching soft tissues behaviors as in-vitro.

Disadvantages of the in-vitro tests,

  Yet, due to tissue being dead, its examination outside its original position

and necessity of examination as a whole cause the data obtained to be

questionable and in the presently carried out test also, maximum

deviations from the in-vivo test results are observed to be in the in-vitro

tests.
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Also, the following table was prepared for easy comparison;

Table 2.1 The table showing soft tissue test methods comparison1

in-vivo ex-vivo in-situ in-vitro

Observability of the real behavior of the
tissue    

Liveliness of the tissue    

Observability in neutral environment    

Workability on the internal organs    

Workability on the external organs    

Easiness of the calculation stress-strain
relation    

Variability on the test devices which can
be used tests    

Simplicity of the test system    

Cost of the test device set-up    

Works amount in the literature    

2.6 Devices Used in the Soft Biological Tissue Tests

It is possible to carry out tests on soft biological tissues by substantially different

devices. Use of these devices depends on the method. It is possible to employ

such tests as tension, traction, compression, indentation on the soft biological

tissues.

very good goodnot badbad
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2.6.1 Tensile Tests

Devices used in the tensile tests are the devices frequently used in tests where

different material properties are investigated. Therefore, they exist in most

mechanical materials laboratories. Yet, since the soft biological tissues are not

capable of enduring large loads, such devices are needed to be suitable for

precise measurements. Therefore, commercial test systems custom made for the

soft biological tissue tests are available (Planar-Biaxial Soft Tissue Test System,

2004). Tests being easily conductible and presence of the test devices readily in

almost all laboratories makes these tests frequently used tests.

Tensile tests are normally very suitable tests for the in-vitro method. With the

help of some special systems in-vivo tests can also be conducted. In-vitro tests

can be employed by uniaxial and bi-axial loading. In the in-vitro tests, on the

other hand, devices and methods such extensometer and suction cub may be used

(Payne, 1991).

2.6.1.1 Uniaxial Tensile Tests

Several in-vitro studies are carried out by engaging uniaxial tensile tests devices

(Tanaka et al., 2002, Prete et al., 2004). In these tests, rectangular specimens are

prepared. These specimens are marked at two points along their longitudinal

axis. The distance between these points gives the reference length. Later these

specimens are fixed to the tension device from any point outside the reference

points by the help of jaws. One of the jaws is stationary while the other is

mobile. Movement of the jaw is achieved by a motor in the system. Stationary

jaw is equipped with a load cell and thus, the load applied during the test

specimen is recorded together with the stretch which is measured by the

displacement of the reference points which is recorded by cameras (Figure 2.8).

Using the data collected, graphs yielding the results such as strain-time, force-

displacement is obtained.
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Figure 2.8 Extension test system arranged by Tanaka et al (2002)

2.6.1.2 Bi-Axial Tensile Tests

In these tests rectangular specimens are used. In the system used by Fung (1993,

p.295-296) clips at four sides of the specimen are fixed and the connection

between the moving platforms and the specimen is secured by silk strings.

Specimen must be connected to the device in a very neat way. Local

deformations at the connection points must be minimized. For attaining

homogenous lateral deformations in bi-axis, lateral deformations must be free. In

addition, strain measurements must not damage the tissue, must not cause strain

accumulations and must calculate strains in all loading directions.

During the test, sample is pulled from its four edges. For the center of the

specimen not to offset various mechanisms are employed. As an example of such

a mechanism, a commercial system namely the mechanism of the product

developed by Instron Company may be given (Figure 2.9). In this system, there

exists four movers, each mounted on a common table allowing their location at

different distances at 90º angle to each other. One of each two movers in X and

Y directions, can move in relation to either one of the position, force or strain
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parameters. At the same time, corresponding mover resumes the centralization.

In this system, centralization can be secured even under dynamic loading

conditions (Planar-Biaxial Soft Tissue Test System, 2004).

Figure 2.9 Bi-axial extension test system (Planar-Biaxial Soft Tissue Test
System, 2004).

In this system, force is determined by the load cell mounted on one of the x and

y axis in contrast to the uniaxial test, and the differences accruing during the test

are recorded by the help of the cameras. Strain magnitudes are calculated

through these records.

Subject to the adequacy of the device, it is possible to conduct uniaxial tests by

using the bi-axial test systems.

There exist several difficulties that must be avoided which may be encountered

during the course of the bi-axial tests. Fung (1993, p. 298) draws the attention to

some of these difficulties. Controlling the boundary conditions by the bi-axial

extension test devices is more complicated compared to the uniaxial extension
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test device. For the analysis to be easily made, stress and strain situations at the

target area must be organized. In order to avoid the deterioration effects of the

loading device, target area must be kept small and at an appropriate distance

from the exterior edges.

2.6.1.3 Suction Cup Tests

To realize the tension tests in in-vivo is very difficult. Since the live tissue can

not be connected to uniaxial and bi-axial test devices, these tests can not be

conducted under in-vivo conditions.

One of the methods allowing in-vivo tension tests is the suction cub method.

These are the tests, conducted by putting a casing on the surface of the tissue to

be examined, by evacuating the air in the casing and by observing the change in

the tissue. Test arrangement is more suitable to be worked on the skin. A good

example of the test devices is laid down by Alexander and Cook (1977). Their

developed device comprise of two systems. These systems are strain metered

pre-stressing device and the vacuum device (Figure 2.10).
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Figure 2.10 Pre-stressed suction cup device (Alexander and Cook, 1977, p.312)
The reason of the preference of a pre-stress metering device in the system is the
loading of the skin in double axis when the skin is in its natural form in the early
examinations. In the studies carried out only with the absorption dish, obtaining
the data only to certain the values related to the natural status of the skin, makes

the evaluation of the results difficult.

Combined system works as follows (Alexander & Cook (1977)):

“The pretension device was first used to determine the natural skin tension

directions. After each of these determinations, the suction cup device was

applied to the relaxed skin area yielding a pressure versus center deflection

characteristic in each direction. Using the data of all four tests, the skin tension

versus extension ratio characteristic in both directions was computed. Since the

test was performed on a relaxed skin area, the effect of natural tension on the

characteristic curve was effectively eliminated. The resultant skin tension versus

extension ratio curves were representative of the skin, regardless of its natural

tension state” (p.311).

This device, although important from the viewpoint of achieving the in-vivo

elongation, carries inherent deficiencies. To observe the anisotropic behavior of
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the tissue is difficult with this method. Viscoelastic behaviors creep and

relaxation properties of the soft biological tissues also, can not be observed by

this method.

2.6.2 Traction Tests

Traction tests, by method, are similar to the uniaxial tensile tests. Yet, in this

case, specimen is not planar. Specimen subjected to extension tests possess very

small thickness compared to the dimension in the direction of extension.

Thickness of the sample specimen in the traction tests on the other hand, is not

small when compared to its other dimensions, and the test is carried out in this

direction. In other words, when we anticipate the specimen in x-y-z space, in the

traction test is conducted in z direction in contrast to extension tests here pulling

is done in x and y directions. Traction tests are more suitable to in-vitro tests

(Miller and Chinzei, 2002) and can be applied in-vivo only by special devices.

In-vitro traction tests are conducted as follows. Samples are cemented to tables

connected to the upper and lower jaws of the device for pulling. One of the jaws

is stationary and the other is mobile. Surface areas of the jaws are larger than the

surface area of the test specimen. With the commencement of the test, mobile

jaw begins to move causing deformation of the specimen and at the same time,

applied force in the direction of pulling and the displacement are recorded

(Figure 2.11). In these tests, due to the realization of pulling only in one

direction, anisotropic behaviors of the soft biological tissues are not observable.
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Figure 2.11 Traction test system and its application (Miller, K., Chinzei, K.,
2002, p.485)

Device facilitating the in-vivo test on skin can be seen in the Figure 2.12.

Figure 2.12 “Simple traction measurements of load against deflection for skin.
(a) Pulley system. (b) Pivoted support system.” (Payne, 1991, p.111).

In this test arrangement, the skin portion to be examined is cemented on the

surface of the plate which will apply the pulling force. Since the test is done on

the live tissues, not to damage the skin while it is separated from the plate at the

end of the test, a suitable cement must be used and also such cement must be

strong enough to cope with the force applied during the test. In these tests, tissue
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is flexed by applying load on the plate in the direction of extension. Test is

completed by recording the applied load and the magnitude of extension (Payne,

1991).

Problems pertinent to the measurements taken, are summarized in the article

where the device is described, “However, analysis shows that the stresses and

strains in the test area are inhomogeneous and again the anisotropy of skin is not

measured.” (Payne, 1991, p.110)

2.6.3 Compression Tests

Same system used for the traction tests is used in the compression tests. Mobile

jaw realizes loading in such a way that mobile jaw applies pressure on the

sample. During the test force-displacement data is collected.

Compression test may be conducted by using two methods. These are the

confined and unconfined compression tests (DiSilvestro and Suh, 2001).

Unconfined compression tests are carried out as described above. Load is applied

on the specimen placed in between the two jaws, by the upper jaw. Specimen can

flex freely in lateral directions (Miller – Young et al., 2002).

In the confined compression tests, the lateral faces of the specimens are

harnessed not to move outwards. Surface of the lower jaw is porous and allows

flow of liquids. With the application of load by the upper jaw, specimen can not

flex in lateral direction. Yet, the tissue liquids, flow through the porous lower

jaw and thus the specimen is squeezed. Simultaneously, data such as the applied

load and displacement is collected (Figure 2.13).
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Figure 2.13 Unconfined compression test (a), Confined compression Test (b)
(DiSilvestro and Suh, 2001, p.521)

Cyclic loading, relaxation and creep tests can be carried out by using

compression test devices.

Compression tests described above and known in classic terms, can only be

conducted in in-vitro. In the other test methods, on the other hand, studies can be

made by using the indenter tests, which are in fact, special for of the

compression tests.

2.6.4 Torsion Tests

In these tests, torsion operation is applied on the tissue by a cylindrical rod. Rod

can be moved by motor or electromagnetic drivers (Figure 2.14). Connection of

bar on the tissue without slip, can be achieved by different ways. For connection,

various glues may be used or connection may be achieved by applying vacuum.

It is important that the rod should not slip on the skin. Shear modulus are

calculated by using the data obtained through measurements and these are

utilized for further studies (Valtorta and Mozza, 2005). With the method, the

anisotropic behavior of the tissue can not be observed.
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Figure 2.14 Torsional resonator device (Valtorta, 2005, p.483)

2.6.5 Indenter Tests

Methods which are frequently used in the investigation of the mechanical

properties of soft biological tissues are the indenter tests (Yin et al., 2004,

Korhonen et al., 2003, Choi et al., 2005). Indenter tests possess many advantages

and some of these merits are as follows:

1. Can be used in all tests methods. Thus comparative studies are feasible.

2. It is the most suitable method to be applied in in-vivo testes

3. Viscoelasticity, relaxation and creep behaviors as well as anisotropy in one

plane (Bischoff, 2004), which are the important features of the soft

biological tissues, can be examined by the tests where the indenter device

is engaged.

These tests are made by the forward movement of the indenter tip towards the

tissue and the simultaneous recording of the time, force and displacement data

(Figure 2.15).
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Figure 2.15 Before loading the soft tissue by the indenter device (1) After
loading the soft tissue by the indenter device (2) Here, F is force and D is the

distance traveled in the tissue.

As mentioned before, one of the important features of the soft biological tissues

is that, they are anisotropic (Kroon and Holzapfel, 2008, Peña et al., 2008). It is

not possible to realize these features when the circular indenter tips are used.

This problem can be solved by using tips with different geometries. One of the

geometry used is ellipsoid indenter tips (Bischoff, 2004). Yet, ellipsoid tip is

used in a finite element simulation and is not used for experiments up to now.

Another necessity is the determination of the tissue thickness at tested point,

which is to be used in the computer simulations. This determination may be done

by different imaging devices such as the ultrasonographic devices either after or

during the course of the test. In such measurements, previously described as the

non-invasive method, an ultrasound device is attached to the indenter device and

with the help of this device difference in the tissue thickness is collected

simultaneously with other data (Figure 2.16) (Suha et al., 2006).
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Figure 2.16 Ultrasound attached indenter device schematics arranged by Zheng
et al. (1999)

Other than determining the tissue thicknesses, simultaneous observations of the

area subjected to the measurements, is achieved by devices operating with

methods called magnetic resonance imaging techniques (Gefen et al., 2001). By

the help of magnetic resonance elastrography which is one of these techniques,

strain distribution intensities developing in the tissue as a result of applying

external effect on the tissue are observed.
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CHAPTER 3

IMPROVEMENTS IN THE INDENTER DEVICE

Carrying out dependable tests is possible only by correct and sensitive

measurements. Exhaustive investigations on the indenter device were carried out,

and on the basis of the results of these investigations, improvements were carried

out. The investigations carried out were,

- the study of the indenter movement sensitivity and,

- the study of the reaction force data sensitivity.

Before the explanations about the studies, it is necessary to give some

information about the indenter test device and important parts of the software,

controlling the indenter test device.

3.1 Indenter Test Device

Existing indenter test device was developed by the funding through TUBITAK

MİSAG-183 project and can implement the cyclic loading, relaxation and creep

test protocols. Device, designed for the persons who have undergone trans-tibial

amputation operations, but may also be used in-vivo tests on all soft tissues

which are externally accessible.

The initial design criteria were (Tönük, 2004):

 System to be computer controlled and the data to be collected through

the computer

 Loading to be carried out as soft tissue location and speed controlled

 Soft tissue to be loaded by different indenter tips
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 Designed to facilitate ease of use in clinical environment.

 To incorporate the capability of altering the test protocols or to be

flexible enough to include new test protocols.

 To ensure the safety of the persons volunteered to participate in the

tests.

The designed indenter device is composed of three fundamental units. These are;

portable computer, control box and the test unit (Figure 3.1).

Figure 3.1 Indenter test device. Control box (1) test unit (2) portable computer
(3)

Within the context of this study, an indenter device fixing apparatus was

designed and implemented to improve the tissue-device connection and

experiment results.

Before describing the test device parts, let us explain the operation of the

indenter test system for better understanding.
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3.1.1 Operation of the Indenter Test System

First of all, the necessary parameters for the indenter test are entered by the user

interface (Figure 4.2). These parameters are, distance to be traveled by the

indenter tip for the cyclic loading test, motor speed, number of cycles, distance

to be traveled by the indenter tip for the relaxation test, motor speed, relaxation

time, for the creep test on the other hand, distance, motor speed, target force,

creep duration and gain are the parameters (See Section 4.1). Following the input

of the parameters and commencement of the related protocol, data collection

card receiving the direction and motor speed values from the USB terminal,

transmits these information to the motor driver card (Figure 3.2). Motor speed is

determined by the voltage channel, receiving varying voltage at 0-5 V range.

This voltage being transformed in to 0.1-1000 Hz frequency square wave

through the voltage to frequency (V/F) converter is further transmitted to step

motor deriver card. Since the step motor produces a 0.048768 mm translation at

each step, indenter tip can move within the range of 0.049-49 mm/s speeds.

Other voltage channel, on the other hand, activates a movement by falling to 0 V

from 5 V for each step of the motor.



41

Figure 3.2 Block diagram of the indenter test system (Tönük, 2004, p.8).

Motor driver card is fed by the 12 VDC power supply. Movement of the step

motor is determined in relation to the command coming from the motor driver

card. Motor driver card forms this command according to the data coming from

the data collection card and V/F converter. Data entered in accordance with the

test protocol selected in the data collection card, is transmitted. Frequency data

denoting the motor speed is taken from the V/F converter. Under the light of

these data, soft biological tissue is tested under the applied protocol.
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Parallel to this, with the start of the test, data collected from the load cell, is

initially transferred to the data collection card where it is digitized to be

transmitted to the computer.

3.1.2 Portable Computer

It is a Pentium III 900 MHz processor, 30 GB hard disk capacity, 256 MB RAM,

CD writer Hawlett Pacard Omnibook XE3 lap-top computer. With its built in

battery, it can run over 3 hours under the test conditions. The operating system is

METU licensed Microsoft Windows XP®. Computer’s task in the system, may

be summarized as the control of the indenter device, collection and processing of

the experimental data which is achieved by the software prepared in Matlab® 6.1.

Computer communicates with the control box via one of the two USB ports,

transmitting the commands to the control box and collecting the incoming data.

Using a lap-top computer in the test system facilitates for easy transportation of

the system and utilization in a clinical environment.

3.1.3 Control Box

A National Instruments NI 6020E data acquisition card, a step motor card

driving the step motor in accordance with the command coming from data

collection card, a sensitive voltage-frequency (V/F) converter, 12 and 15 VDC

power sources were all incorporated within the control box.

A data collection card communicating with the computer via a USB port was

used. The cables for communication of the data collection card with the motor

driving card and force measurement units were kept in the control box, free of

the exterior electromagnetic interferences as well as mechanical strains. Cables

being kept in the box also make the use of the device easier in the clinical

environment. Data collection card posses 16 common or 8 differential

measurements (insulated from each other) 12 bit analog input, 2 analog output

and 16 digital input-output ports.
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12 VDC power source powers the step motor and data acquisition card while 15

VDC symmetric power source powers the load cell. These power sources are

powered by 220 V AC mains and they filter the electrical noise which may be

present in the mains.

Analogue output of the data acquisition card can produce pulse at a maximum of

25 Hz. This frequency, limits the speed of step motor at 1.2 mm/s therefore an

LM-331 sensitive voltage-frequency (V/F) converter was used between the data

collection card and motor driving card and converts the 0-5 V analog output of

the data acquisition card into 0.1-1000 Hz square function therefore, the step

motor speed can be controlled in a range of 0.049-49 mm/s.

3.1.4 Test Unit

It fundamentally consists of a Haydon Switch Instrument 43000 series linear

movement step motor and Entran ELW-50N load cell. Load cell is positioned at

the tip of the indenter and can measure compressive loads up to 50 N. Step motor

has a resolution of 0.048768 mm/step. The rotating motion of the rotor of the

step motor is transformed into a linear motion by the screwed shaft secured

against rotation at the back of the test unit. It is possible to attach various form

and diameter test tips on the front part of the load cell (Figure 3.3).

Communication between the test unit and the control unit is realized by a

shielded cable equipped with centronix connectors at each end.
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Figure 3.3 Different type of indenter tips

3.1.5 Indenter Device Fixing Apparatus

In the tests carried out, it was observed that, in the existing test arrangement,

method of connecting the device to the tissue to be measured, created many

problems. In this arrangement, device was connected to the tissue by the help of

a belt (Figure 3.4).
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Figure 3.4 Device connection to the tissue by the help of a belt

This way of connection caused many problems as given item by item below.

1. The thickness of the tissue at the measurements changed depending on

the tightness of the belt. In all measurements, it was not possible to

tighten the belt at same level and the position of belt was hard to be

preserved. This caused the change in a very important parameter

normally the thickness of the tissue, which was to be kept necessarily

constant for the computer simulations to be processed after

measurements.

2. Act of connection influenced the tissue physiology of the area where the

measurements were done. Depending on the tightness of the connection

and the position of the indenter device, tissues within the area in

concern, were either squeezed or tensioned. Therefore, the measured

values for the same point would vary and the tissue might have been

observed as either less stiff or more stiff.

3. In order to measure the reactions under varying conditions, capability of

repeatable measurements were extremely important. These varying
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conditions were set by using different indenter speeds and different

indenter tips. Conditions other than these were desired to be kept same,

but as stated in the above paragraphs this was not possible. Besides this,

with this way of connection, it was difficult to perform the test always at

the same point. Indenter device may slip away and consequently the

tested point may have changed. Dismantling and reconnection of device

again to same point was also very difficult to achieve.

4. With the existing connection way, to fix the indenter tip to the tissue in

concern, always at the same position was not achievable and every

connection this position was altered. Therefore for the same

displacement values entered, indenter tip acted on the tissue in different

magnitudes.

5. With this connection way, conducting measurements after the removal of

the base (Figure 3.5) of the indenter device as necessitated was not

feasible.

Figure 3.5 Base part of the indenter test device
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Due to these reasons, a new connection arrangement was needed to be

developed. Therefore, in the new arrangement to be developed, it was aimed to

get rid of all these problems mentioned. The improved system was designed in

accordance with the following parameters:

1. The area to be measured must not be subject to any external effect due

to the connection made

2. Thickness of the tissue must not change due to connection

3. It must be possible to fix the indenter at different positions and angles so

that, tissue can be measured at different points

4. When the anisotropic behaviors of the soft biological tissues are studied,

as the angles of the ellipsoidal tips used are changed the position of the

test point must be preserved. Such is necessary also for the successive

tests where the edges with different dimensions are replaced.

5. It must be easy to use and carry

6. It must allow to conduct repeatable tests at the same test point

Under consideration of these parameters, system shown in Figure 3.6 was

arranged. Since the tests were to be carried out on the forearm, design was made

with the connection of the forearm in mind.

Indenter device fixing apparatus comprised of three basic elements. These were

the table, arm rests and the indenter device positioner.
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Figure 3.6 Indenter test device (a) table (b) indenter device positioner (c)
arm rests (d)

3.1.5.1 Table

This is the element on which all the other components are fixed and where two

guide routes take place. Arm rests are fixed on one of the guide routes and the

indenter device positioner is fixed to the other. Arms rests and indenter device

positioner can be moved in right-left directions on these routes and thus can be

fixed at the desired points (Figure 3.7).
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Figure 3.7 Table and operation directions (1, 2 and 3) and angle (a)

3.1.5.2 Arm Rests

These rests fix the forearm to its position. Arm rests are set so that they rest

against the wrist and elbow bones. Thus, flexing of forearm backwards due to the

compression of the indenter tip on the test point is minimized.

3.1.5.3 Indenter Device Positioner

Indenter device is positioned along x, y and z axis with the help of this positioner

(Figure 3.8). Positioner can move on the table in forward – backward and lateral

directions. It is also possible to fix the positioner on the table at different angles.

Indenter device is connected on lateral routes of the positioner. Indenter device

can be connected and fixed at any point along this route. This fixing process

needs to be parallel to the table plane and the device may be placed at any angle

desired.



50

Figure 3.8 Indenter device positioner and direction (4) and angle (b)

3.1.5.4 Indenter Device Fixing Apparatus, Indenter Device and Arm
Positioning Measures

The length of routes facilitating the forward – backward movement of the

positioner on the table, is 100 mm. Length of the lateral routes are 82 mm.

Indenter device, therefore, can be fixed at these distances depending on the arm’s

dimension and position. Length of route at the positioner side of the table is 350

mm, and lateral movements of the positioner are realized along this route. Arm

rests can be kept constant at any point on the 370 mm long table route.

Therefore, measurements can be made on individuals with wrist – elbow

distance up to 370 mm. yet, in individuals with longer wrist – elbow distance,

conducting comfortable and dependable tests are also possible. The clearance

between two routes on the table is 255 mm.

3.2 Major Equations of the Software Achieving the Movement of the

Indenter Device

Software, controlling the indenter device has initially developed for the

TÜBİTAK MİSAG-183 project, by using Data Acquisition Toolbox (DAQ)



51

which is one of numerous toolboxes in Matlab® 6.1. Data Acquisition Toolbox

(DAQ) is a Matlab Toolbox containing numerous matlab functions and MEX-

file dynamic link libraries. Via this toolbox, control of various systems and the

collection of pertinent data are possible. DAQ supports the analogue input,

analog output, digital input/output sub systems and allows simultaneous

analogue input output conversions. It can be used harmoniously with great many

number of hardware.

Sections pertaining to different test protocols exist in the software and these are

forward movement, backward movement, forward-backward movement, cyclic

loading, relaxation 1 (target displacement), relaxation 2 (target force) and creep.

Software used for these protocols, showing differences from each other, also

incorporates common portions and formulas.

Some of these formulas play relatively important role in the control of the

device. In the studies which will be discussed later (Chapter 3.3), these formulas

will be amply discussed and revisions on them will be conducted.

First and perhaps most important of those formulas is the formula determining

the indenter speed that is the motor speed.

Voltage = A*(motorspeed-B) or Voltage = A*motorspeed-C .................... (3.1)

where,

Voltage determines the first of the two analogue voltage outputs of the data

acquisition card. It can be any value within the 0 and 5 V range. This voltage

value is converted to frequency within 1-1000 Hz range via a Voltage /

Frequency converter. Therefore the indenter tip can move within the 0.049-49

mm/s speed range. Motorspeed is the indenter speed value in mm/s entered by

the user by utilizing the test interface. Indenter tip is desired to move with this

speed. A, B and C are constants: which were obtained from a series of
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measurements, to assure the voltage value towards attaining the desired motor

speed.

Other important formula in the software is the formula determining the number

of data to be collected each second (Equation 3.2).

Rate = A × (20.50524934) × motorspeed.................................................... (3.2)

where,

Rate is the number of force data collected per second, A is a constant

determining the number of data collected in terms of one motor step. Selection of

this constant is very important for the proper performance of the indenter device

and the cleanness of the data collected. Keeping the constant on the low side,

may influence the control and proper performance of the device. At some

situations, device may even not function at all. Keeping the constant on the high

side, on the other hand, causes increase in the noise. Yet, this problem may be

alleviated by the use of a suitable filter (See Section 3.5). In this study therefore,

constant was kept high at 200. The number 20.50524934 is derived from 1/step,

motorspeed is the speed value entered by user through the test interface.

3.3 Study of the Indenter Movement Sensitivity

Whether the indenter tip has traveled up to the desired distance or not, was

observed in this study. For this study, the set up shown in Figure 3.9 was used.
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Figure 3.9 Mechanism to observe the precision of the displacement of the
indenter tip during the tests. Indenter (1) 1/100 mm sensitivity Mitutoya

displacement gauge (2) Mitutoya magnetic footings (3) (4).

This system consists of two Mitutoyo magnetic footings and a dial gauge.

Displacement measurements with 1/100 mm sensitivity are possible via this dial

gauge. Indenter’s response sensitivity to the displacement orders varying within

the 0.2 to 10 mm/s speed and 0.1 to 5 mm displacement ranges was observed

with this system. Test for each displacement was repeated five times in both

forward and backward travel directions, the results showing large deviations are

eliminated and the averages of the remaining values were considered.

Measurement results are presented in the Appendix A. Later, input distance-

measured distance graphs (Figure 3.10) were obtained by using these average

values and the regressions of these graphs were obtained.
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Input distance-measured distance graph for 5 mm/s
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Figure 3.10 Graph obtained for the measurements carried out at 5 mm/s speed.
As a result of measurements, it was observed that there exists a linear relation

between the input distance value and the measured distance value.

Slope and y-intercept pertinent to this graph were used to obtain their variation

versus the test speeds and thus, the equations of these graphs were also obtained

(Figure 3.11 and Figure 3.12).
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Motor Speed-Slope Graph
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Figure 3.11 Graph drawn for the slope of the equations for graphs shown in
Figure 3.10 and Appendix A as constant versus speed. In this graph, it is

observed that, the constant does not show a regular variation in relation to speed
and that; it sharply increases after 7 mm/s speed.

Motor Speed-y_intercept Graphic
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Figure 3.12 With this graph drawn, it was revealed that, a linear relation
between the motor speed and the y-intercept existed.
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Following these analyses by using the equations derived from Figure 3.10 and

Figure 3.11 and Figure 3.12, equation 3.3 is obtained.

DCm

FEmy
x




 .............................................................................. (3.3)

where,

x = Displacement input value

y = Measured displacement value

m = Motor speed

C = 0.007, D = 1.045, E = 0.363, F = 0.085

In this equation, x values to be designated for the desired movement distance by

given y and m values, are obtained. In fact, indenter moved as desired but the

data obtained is found to be faulty, for the duration of indenter movement was

less than expected due to the lower distance taken by the input x value. At this

point, it is decided to measure the voltage output from the data collection card.

3.3.1 Study of the Data Collection Card Voltage Values

As a consequence of the previous study, it is revealed that, the correctness of the

indenter movement is not realizable through derivation of a simple formula, and

it is decided to investigate whether the source of problem is related to the voltage

values laid on the data collection card or not. These measurements are carried

out by HP, 34401A precise digital laboratory multimeter (Figure 3.13).
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Figure 3.13 HP 34401A precise digital multimeter

In order to carry out the measurements easily, small modifications on the

software used in the operation of the indenter device are made and a simplified

interface is used (Figure 3.14).

Figure 3.14 Simplified interface

With the help of the simplified software and interface three different

observations were possible. In the first of these, only voltage value is entered
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(motor speed was deleted by taking it either as zero or lower than zero) and the

voltage at the card terminals were read by the help of the multimeter. Then the

read and entered values are compared (Table 3.1). In the second observation,

indenter tip movement is observed under different A and B constant while the

motor speed and time parameters are kept constant. In the third observation,

number of pulses occurring in the measurements are read from the text window

located at the bottom of steps encountered by device are determined (Table 3.4).

Voltage values were input by using this interface and the voltage values were

measured through the data acquisition card terminals. As a result, data given

Table 3.1 were obtained.

Table 3.1 Table showing the measured volt values versus the entered volt value

Input Voltage
(V)

Output Voltage
(V)

Input Voltage
(V)

Output Voltage
(V)

0 0.000157 4 3.9942
0.1 0.093 5 4.9951
0.2 0.195 5.1 5.0932
0.3 0.293 5.5 5.4937
0.4 0.395 6 5.9964
0.5 0.493 7 6.9923
0.75 0.747 8 7.9937

1 0.996 9 8.9944
2 1.9969 10 9.9955
3 2.9934

As can be observed from Table 3.1, the input and measured values came out to

be almost equal and thus, it was understood that, this is not the source of

problem. At the end of this attempt, voltage of the second channel of the card

was computed more accurately, and when it was fed as 5.004 it is observed that

the measured value is 4.9993 which was very close to the required value, 5 V. In

this study, voltage supplied to voltage –to-frequency converter was also
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measured by the HP multimeter. Indenter tip speed was then calculated through

these measured frequencies (Table 3.2).

Table 3.2 Measured frequencies versus entered voltages and the motor speeds
derived from these frequencies by the help of Equation 3.4.

V F [Hz] mm/s
2,5 293,6 14,3183
2 234,8 11,4507
1,8 211,3 10,3047
1,6 188 9,16838
1,4 164,9 8,04184
1,2 141,7 6,91043

This computation was carried out as follows. As described in detail previously, a

single step of the step motor causes a 0.048768 mm movement of the indenter

tip. Output frequency, on the other hand, controls number of steps per second of

the motor. Thus, speed of the indenter tip was calculated by the following

formula,

Indenter Tip Speed [mm/s] = Output Frequency [Step/s] × Distance

taken in one step [1/ 0.048768 mm/step] ................................................... (3.4)

As a result, voltage – motor speed (Figure 3.15) graph was plotted and the

equation given in Equation 3.1 is derived from this graph.
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Voltage-Motor Speed Graph
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Figure 3.15 Graph drawn by the help of the values in Table 3 and giving the
relation between voltage – motor speed. With the help of this graph, constants of

equation 1 were derived.

In conclusion based on this investigation, no problem related to the output and

input voltage data of the data acquisition card was detected. In addition, fine

adjustment of the second voltage output was achieved and voltage-motor speed

relation was improved. Discovering that the problem was not arising from output

voltage errors, it was decided to compare indenter tip displacement versus motor

step.

3.3.2 Carrying out the Step-Position Comparison

Purpose of this comparison is to observe if the motor in fact, takes steps as much

as required by the indenter tip movement. To achieve this, an algorithm sensing

the electrical pulses fed to the motor control card is monitored by the software

using one of the free input channels of the data acquisition card (Appendix B).

For each step, 5 V value of the second channel falls down to 0 V (Figure 3.16).
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Figure 3.16 At each step of the motor, voltage value of the second channel of
data collection card voltage channels instantaneously drops to 0 V from 5 V.
Therefore, the total number of these voltage drops of 5 V to 0 V, gives us the

number of steps taken. In the graph, such points were observed.

Therefore, an algorithm counting these downfalls from 5 V to 0 V was added to

the software. It was observed that, setting the sample rate lower than a critical

value, results with non readability of the produced pulses. Code generating the

data collection the sample rate (sample rate to be taken per second) was as

follows:

Rate = x × 20.50524934 × mothiz

Meaning of this is, collect x samples per motor step. Yet, it resulted missing

pulses at low motor speeds (up to 5 mm/s). This problem was solved by setting

the variable mothiz 10 as constant. The same way, problem can also be alleviated

by altering the coefficient x. Following termination of this problem, tests were

commenced. Results of the tests can be observed in Table 3.3.
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Table 3.3 Table where the number of steps necessary for the entered distance is
compared with the number of steps calculated by voltage drops (Figure 3.16) at

different speeds.

0,04877 Steps taken with input speeds

Distance
(mm)

Step
should

be
taken

1 mm/s 2 mm/s 4 mm/s 5 mm/s 10 mm/s

1 21 23 21 21 20 20
2 41 45 41 40 40 39
3 62 67 62 60 59 59
4 82 89 82 79 78 78
5 103 110 101 95 98 97
6 123 132 121 118 117 116
7 144 154 142 137 136 135
8 164 176 162 157 156 154
9 185 198 182 176 175 173
10 205 220 202 196 194 193

As can be observed from Table 3.3, as speed increases, number of steps realized

by the electric motor deviated from the value it should be and for low speeds

closer values are encountered. For the sake of more detailed observation, step

inquiry for 1 mm/s motor speed is made. During the course of the step inquiry,

coefficients, found for voltage-motor speed equation derived by engaging

sensitive voltmeter, were used. Due to incorrectness of results obtained by using

these coefficients, appropriate results were attained through modifications on

these coefficients. Additionally, movement of the indenter was measured by dial

gauge and this movement distance was harmonized with the distance obtained by

measured step. Test data can be observed in Table 3.4.
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Table 3.4 Comparison of the distance values calculated from steps with the
measured – entered distance values found by changing the first and second

constants of Equation 3.1 describing the voltage – motorspeed relation. With
distance calculated from steps in mind, most suitable constants for 1 mm/s speed

were determined at the third trial.

A=0.175479
B=0.0104714 time(s)

Motor
Speed
(mm/s)

measured
distance(mm)

number
of steps

wanted
distance(mm)

Distance
calculated from

step(mm)
1 1 1.82 24 1 1.170
2 1 2.95 47 2 2.292
3 1 4.02 70 3 3.414
4 1 5.13 93 4 4.535
5 1 6.24 115 5 5.608
6 1 7.37 138 6 6.730
7 1 8.49 161 7 7.852
8 1 9.60 185 8 9.022

A=0.098
B=0.0104714 time(s)

Motor
Speed
(mm/s)

measured
distance(mm)

number
of steps

wanted
distance(mm)

Distance
calculated from

step(mm)
1 1 1.03 15 1 0.732
2 1 1.81 29 2 1.414
3 1 2.49 43 3 2.097
4 1 3.18 57 4 2.780
5 1 3.93 71 5 3.463

A=0.153651
B=0.0104714 time(s)

Motor
Speed
(mm/s)

measured
distance(mm)

number
of steps

wanted
distance(mm)

Distance
calculated from

step(mm)
1 1 1.57 22 1 1.073
2 1 2.6 42 2 2.048
3 1 3.64 62 3 3.024
4 1 4.61 83 4 4.048
5 1 5.55 103 5 5.023

At the end of these operations, together with the iterations made, proper

coefficients were derived at the 3rd measurement, and the travel amount

originating from step, come out to be very close to the travel amount expected

from the indenter. Yet, values measured by dial gauge deviated 0.6 mm on the

average, from the values found by normal step calculations. In addition to that, it
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was observed that, in the measurements made by using the same A and B

coefficients for 2 mm/s speed, amount of step came out to be differing from the

expected values.

At the end of this stage, it was decided to reconsider these first test results by

carrying out more detailed investigations.

3.3.3 Reconsideration of the Test Results

Studies up to this stage, have revealed that, indenter’s correct movement is not

achievable by formula based solely on motor speed- voltage parameters and that,

there exists no problem with regard to the data collection and output voltage

values. Step-position investigation has been carried out and from thereon, a

conclusion towards the solution is not achieved. At this point it was decided to

proceed with a more detailed insight of the first test results. Target is to calculate

the indenter travel distance and motor speed to the different input parameters, by

the help of this test results. Also, by this approach, it was expected that, problem

of obtaining measurements at lower time intervals arising from the desired

distance value, a problem observed also in the first formulation, will be

alleviated.

Our previous studies were carried out with the consideration that source of the

problem was the equation pertinent to the relation between voltage and motor

speed.

This relation was achieved by the formula,

Voltage = A × MotorSpeed – B .................................................................. (3.5)

Here, A and B are two constants and are determined prior to study, as A =

0.1686 and B = 0.017422. Before the studies were commenced, it was

anticipated that, indenter tip would move in desired distance by changing these

constants and measurements were carried out by using the system shown in

Figure 3.8. Measurements were taken in 0.2-10 mm/s speed range and 0.1 – 5
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mm displacement range. As a result, for each speed, characteristic curves shown

in Figure 3.9 were obtained (Appendix A). Yet, these results indicated that the

solution of the problem was not possible only by altering the A and B constants.

The reason was that, each of these constants was also dependent on different

inherent variables. That is, obtaining correct results were possible only by

formulizing the A and B constants in relation to the parameters such as motor

speed and time. The studies were therefore progressed in this direction. In fact,

this phenomenon was observed in the equation given in Section 3.3 and Equation

3.3, but then, a clear conclusion was not yet drawn. Distance desired for the

indenter tip to travel was calculated by Equation 3.3 and the entrance distance

was calculated via motor speed, yet, the calculated distance was smaller and

although the indenter tip had traveled the desired distance, measurements were

obtained in a smaller time interval. It was then anticipated that, the problem

would be tackled by applying the same logic to variables other than the position

parameter.

Considering that, time is calculated through travel path/motor speed formulation,

playing around with path does not effect the time parameter, and, calculation of

time directly through the travel distance to be taken, results with a longer travel

path of the indenter. It is therefore understood that, it is not possible to derive a

practical formula by using the distance as an output parameter. At this stage, it is

contemplated on the attainment of a usable formula by utilizing the data already

collected, and, it is decided to form a formula by which the motor input speed

can be derived in relation with the desired path and time parameters.

To this end, motor speed values were calculated by utilizing the indenter travel

path and time obtained as test data, and the motor speed time graphs were drown.

A sample of this graph is Figure 3.17 for 8 mm/s.
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Motor Speed-Time Graph for 8 mm/s
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Figure 3.17 Graph and equation of speeds versus time, calculated by using the
displacement values as read from the dial gage during measurements and the

time elapsed during the indenter’s movement.

Later the equations of these graphs were derived and the graphs of first and

second coefficients in relation the input motor speed are laid down (Figure 3.18

and 19).
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First Coeffecient-Motor Speed Graph
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Figure 3.18 Variation of first coefficient determined, in relation to the variation
of the motor speed

Second Coefficient-Motor Speed graph
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Figure 3.19 Variation of second coefficient determined, in relation to the
variation of the motor speed
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The approximate equations of these graphs were also determined by Microsoft

Excel® Trend. Thus obtained equations are as follows;

BtAy  ................................................................................................ (3.6)

DmCA  .................................................................................................. (3.7)

  FmEB  ln .......................................................................................... (3.8)

where;

y = motor speed (computed from data)

t = time

m = motor speed (input)

C = 1.423, D = 0.884, E = 0.188, F = 0.336

Equation (3.7) and (3.8) have been inserted in their respective places in Equation

(3.6) and by drawing m out, it is calculated as a function of time and motor speed

at which the indenter tip is desired to move. This way, indenter’s movement as

required by the desired path [y (motor speed) ×time] and time, is obtained. Yet,

at this case and at the end of the tests carried out, it is clearly observed that, for

different position value inputs different motor speeds prevail. For instance, speed

originating from motor movement of y = 1 mm/s and t = 1 s differs from the

speed originating from motor movement of y = 1 mm/s and t = 5 s. In fact, the

incompatibility of such a conclusion can also be observed from the graphs in

Figure 3.16. Although no variation was encountered in the motor speed in the

tests carried out, in the data obtained motor speed seems to decrease as the motor

speed position amount increases.

The same procedure was applied between the entered time and the time

calculated from measurements as well as between the calculated time and

entered distance. In the first case, indenter’s measured travel distance and time
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values were calculated by using the test data and motor speeds respectively, and

the calculated –entered time curves were drawn (Figure 3.20, Appendix A).

Later by determining the graphs equations, motor speed related graphs of the

first and second constants were drawn (Appendix A). Finally, equations given

below were derived.

y = 1,045x + 0,402
R2 = 1,000
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Figure 3.20 Graph of input time versus calculated output time

BAtt gc  ............................................................................................. (3.99)
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2 ................................... (3.10-b)

LmKB  )ln( ....................................................................................... (3.11)
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where,

ct  = Calculated time

gt  = Entered time

C1 = 0.0005

D1 = 0.011

E1 = 0.076

F1 = 0.189

G1 = 1.173

C2 = 0.00003

D2 = 0.0009

E2 = 0.008

F2 = 0.04

G2 = 0.11

H = 0.18

J = 1.159

m = motor speed

K= 0.0533

L= 0.315

Inserting equations 10-a, b and 11 into 9,

11
2

1
3

1
4

1

)ln(
GxFxExDxC

LmKt
t ç

g 


 ........................................................ (3.12-a)

or
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................................. (3.12-b)

With the help of this equation, although the desired movement of the indenter tip

was achieved, suitable output times were not obtainable.

For the second case, graphs of the output time, and entered distance together

with the motor speed related graphs of the slope and y-intercept were drawn

(Figure 3.21, Appendix A). In conclusion following equations were obtained.
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R2 = 1,000
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Figure 3.21 Graph of displacement versus calculated output time

BAxtc  ............................................................................................... (3.13)

DCmA  ................................................................................................. (3.14)

FmEB  )ln( ....................................................................................... (3.15)
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where,

ct = calculated time

x = entered distance

C = 1.072

D = 0.995

E = 0.053

F = 0.315

m = motor speed

Inserting equations 3.14 and 3.15 to equation 3.13

D

ç

Cm

FmEt
x 




)ln(
................................................................................ (3.16)

Again, although motor speed for the entered position values was determined by

this equation, time parameter was still incompatible.

It was understood that, the problem does not arise from the voltage motor speed

interrelation, but that, the source of movement parameters overrun is the

software controlling the indenter.

3.3.4 Diagnosing the Problem and Solution

At the end of the previously carried out studies, problem was diagnosed as the

movement of indenter more than the desired duration. In the software, indenter’s

travel duration is represented by analogue input object. Normally, in the

software, time at which analogue input stays open is determined, and this time

interval is closed with analogue input and analogue output objects just after the

motor data collection, again under normal circumstances, it is thought that,
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analogue output, that is, the object determining the indenter movement runs for

the desired duration due to the simultaneous opening and closing of two objects.

Yet, the investigations revealed that the indenter continues to move longer than

designated duration. It is therefore realized that, problem can be solved by

attaching a timing code within the analogue output controlling the indenter

movement. This code was inserted to the existing software, and at the end of the

measurements, it was observed that the indenter’s movement take place at the

desired levels (Table 3.5).

Table 3.5 Measured results obtained by the addition of timing code for the
Analogue Output object.

1 mm/s 1 mm 2 mm 4 mm 6 mm 10 mm
M1* 1,25 2,2 4,2 6,47 10,46
M2 1,13 2,21 4,28 6,29 10,46
M3 1,12 2,17 4,2 6,29
M4 1,12 2,19 4,28 6,29

2 mm/s 1 mm 2 mm 4 mm 6 mm 10 mm
M1 1,1 2,04 4,07 5,99 10
M2 1,17 2,15 4,12 5,99 9,94
M3 1,18 2,14 4,06 5,99
M4 1,16 2,15 4,13 5,99

4 mm/s 1 mm 2 mm 4 mm 6 mm 10 mm
M1 1,2 2,2 4,09 6,03 9,93
M2 1,32 2,29 4,19 6,03 9,93
M3 1,33 2,29 4,09 6,03 9,93
M4 1,31 2,29 4,18 6,03 9,93

6 mm/s 1 mm 2 mm 4 mm 6 mm 10 mm
M1 1,05 1,89 4,02 6 9,86
M2 1,18 2,05 4,04 6 9,75
M3 1,17 2,04 3,95 6 9,75
M4 1,17 2,06 3,99 6

10 mm/s 1 mm 2 mm 4 mm 6 mm 10 mm
M1 1,16 2,04 3,95 5,89 9,74
M2 1,17 2,15 4,03 5,89 9,76
M3 1,18 2,13 3,94 5,89 9,76
M4 1,17 2,15 4,03 5,89
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Still, despite the movement of indenter at desired distances, it is realized that the

collected force data does not start simultaneously with the indenter movement

(Figure 3.22).
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Figure 3.22 Force-time graph obtained for 10 mm/s motor speed and 5 mm
displacement

As can be seen from Figure 3.22, force data collection commences after the start

of indenter movement and is completed only a certain time after the stop of

indenter movement. This is revealed through observing the last portion of the

graph of pulses generated by step motor. In order to overcome this problem,

simultaneousness issue between the analogue input and output objects was

analyzed and it was concluded that with the following code it is possible to solve

the problem,
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set ( [AI,ao] , ‘ManualTriggerType’, ’Manuel’)

set ( AI , ‘ManualTriggerHwOw’, ’Trigger’)

where, first line starts the AI (analog input) and ao (analog output)

objects with trigger command and second line increases the sensitivity of the

both object’s simultaneousness. Additionally, in order to observe the actual

simultaneousness of the objects following code showing the trigger times.

AItime = AI.InitialTriggerTime

aotime = ao.InitialTriggerTime

t = fix(AItime);

sprintf('%d:%d:%d', t(4),t(5),t(6))

t = fix(aotime);

sprintf('%d:%d:%d', t(4),t(5),t(6))

delta = abs(aotime - AItime);

sprintf('%d',delta(6))

In the tests carried out after the corrections made, simultaneous commencement

of the AI and ao objects has been actually assured (Table 3.6).
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Table 3.6 Trigger times and differences obtained by adding the analogue input
and the code determining the trigger times of the output objects, to the software.

First Observation Analog Input Analog
Output Difference

Start 11:09:40 11:09:39 ≈ 3.1×10-5

Trigger 11:09:40 11:09:39
Stop 11:09:41 11:09:40

Second
Observation

Start 11:28:37 11:28:37 ≈ 3.1×10-5

Trigger 11:28:38 11:28:38
Stop 11:28:39 11:28:39

As can be seen on the tables, in the simultaneous commencement of the objects,

average commencement lag between ao and AI is in the vicinity of 3×10-5

seconds. This lag was 0.1 seconds levels in the previous software and this would

result with a delayed AI, that is, force data collection would start at certain

duration after the start up of the indenter, and even after the stop of the indenter,

force data collection would continue (Figure 3.19). This problem thus eliminated

through the simultaneous commencement of the objects, has revealed a different

problem to be observed. A graph derived for 1 mm/s speed and 1 mm path of

simultaneously commenced object can be seen in Figure 3.23.
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Figure 3.23 Force-time graph obtained for 10 mm/s motor speed and 1 mm
displacement in the case of collection of force data simultaneously with the

starting of indenter’s movement.

As can be noted on the figure, analogue input object, that is the entity providing

the force data starts to operate before the indenter’s start up. This is valid for a

time interval of approximately 0.1 second and especially in high speeds it results

with a considerable data loss. For instance, for 10 mm/s and 1 mm path values,

measurements indicate the indenter device as completely static (Figure 3.24).
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Figure 3.24 Considerable data loss is encountered when the force data is
collected simultaneously with the starting of the indenter’s movement. In this

graph data collected for 10 mm/s speed and 1 mm displacement is seen

In the time tests conducted, it is observed that the objects start simultaneously.

Yet, a certain lag period following the signal for the step motor start up, is

required. Therefore, AI object starts to collect data before the motor starts to

operate, and the motor starts on the average 0.1 seconds later. Thus, force data

collection needs to be commenced with the start up of the motor.

As was noted before and as can be observed from Figure 3.16, when motor takes

a step, voltage value of the second channel falls down to approximately 0 V.

Thus, it was contemplated that, by using this case, this last problem may be

solved. To start the analogue input object by voltage drop and thus to collect the

force data simultaneously with the indenter’s start to move are targeted here. For

this purpose following code was inserted in the software.
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set(AI,'TriggerChannel',Chans2)

set(AI,'TriggerType','Software')

set(AI,'TriggerCondition','Falling')

set(AI,'TriggerConditionValue',4)

set(ao,'TriggerType','Manual')

With this code, impact data in the third channel is obtained and as soon as the

drop of this data to 4 V, collection of the force data commences. After the

application of this, it was observed that, this correction worked rather well

(Figure 3.25).
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Figure 3.25 Graph obtained for 1 mm/s motor speed and 1 mm displacement, in
that case where the force data collection takes place simultaneously with the step

motor’s initial start.
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Yet, two important risks, deserving attention are still valid. First of these risks is

that, in case the sample rate is kept low, pulses could not be detected. This, in

turn, might cause the delayed perception of the pulse and consequentially results

with delayed collection of the force data. When the sample rate was set as 200

times the motor speed, on the other hand, such a problem was not encountered.

Second point is the problem arising when the reference voltage facilitating the

force data collection is taken at low levels. Voltage actuating the motor does not

always drop to 0 V and this value sometimes becomes much higher. This is a

situation observed in the derived graphs. This possibly arises from the collection

of pulse data not so correctly, that is, from the low level of sample rate at certain

situations. Therefore, reference voltage is taken as 4 V and the force data is

commenced to be collected with the first voltage drop to below 4 V. With this

measure, no problem has been encountered.

Realizing that the modifications worked well, these modifications were also

applied to the other test protocols, that is, to the software prepared for cyclic

loading, relaxation and creep tests.

3.3.5 Quantization Error

As can be seen from Figure 3.9, errors observed in the measurements are related

to precision. For certain displacement inputs it was observed that, values read

were same. For instance, in Figure 3.9, in measurements of 1.1 and 1.4 mm such

observation is encountered. For 5 mm/s speed, points where the same results

observed were 1.6-1.8 mm, 2-2.2-2.4 mm and 2.6-2.8 mm (Appendix A). This

was due, insufficiency of the minimum voltage increase (Figure 3.26).
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Figure 3.26 Quantization Error

As it can be seen from the Figure 3.26, voltage produced for the entered values

2, 2.2 and 2.4 mm lie within the interval a-b. Therefore, all these three values are

evaluated with voltage a. Origin of this problem is related to the bit resolution of

the data acquisition card. Data acquisition card used by us were a 12 bit and it

was not possible to upgrade this. With a 16 bit card, it will be possible to obtain

more precise measurements.

Graphs with same characteristics were obtained at certain speeds (Appendix A).

No problem is encountered at speeds up to 2 mm/s. At 2.5-4 mm/s, 5-9 mm/s

speed intervals and at 10 mm/s, graphs with 3 different characteristics were

obtained.

3.3.6 Determination of the Correct Voltage-Motor Speed Equation

Constants for the Selected Speed Values in the Cyclic Loading Tests

Improvements made on the software written for the cyclic loading test protocol

were already discussed before (See Chapter 3.3). Results of these improvements

were also presented in Table 3.5. As could be noted on Table 3.5, indenter tip
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moved nearly as much as the entered distance, in different speed values. Yet, in

different speeds, movement distance of indenter tip varied. As the indenter tip

speeded up, the distance taken got smaller marginally. For instance, when it was

desired that indenter tip moved 9 mm and 1 mm/s speed, tip moved

approximately 9.5 mm and at 8 mm/s speed it moved 8.60 mm. This situation

was thought to affect the test data and therefore was decided to be corrected.

Cyclic loading tests would be carried out at 1, 2, 4 and 8 mm/s speeds. It was

therefore decided to use different voltage constant values for these speeds. In

other words, first constant of the equation 1 determining the speed were

determined separately for each individual test speed.

For instance, at 1 mm/s speed, indenter tip has taken 9.51 mm distance for a

constant of 0.1686 and 9 mm track. By employing direct proportioning, constant

was determined to be 0.15922. Constants determined for each speed and the

results of measurements made by these constants are listed in Table 3.7.

Table 3.7 The determined first constants and the measurement results for the
speeds 1, 2, 4 and 8 mm/s at which the cyclic loading test were carried out

Distance (mm)Motor Speed
(mm/s)

Constant
A Mesurement Nr.

7 8 9 10
1 7.02 7.99 9 9.981 0.15922
2 7.03 8 9 9.99
1 7.07 8.09 9.06 10.082 0.1686
2 7.07 - 9.06 10.08
1 7.12 8.08 9.05 10.024 0.1686
2 7.11 8.08 9.05 10.02
1 6.9 8.05 8.83 108 0.17174
2 6.89 8.06 8.83 10

Note: In determining the constants, measurements carried out for 10 mm

distance which is measurable limit by dial gauge, were taken into consideration.
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3.4 Force Data

Force data was measured by ENTRAN ELW-01-50N load cell. For the

determination of possible errors in the force data a series of calibration

measurements within 2-50 N range were carried out. Graph in Figure 3.27 and

calibration equality were obtained at the end of these measurements.

Calibration Measurement

y = 1,182x + 21,563
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Figure 3.27 Force graph measured against the applied load and calibration
equation.

Slope in the equation indicates that calibration constant provided by the

manufacturer is slightly altered. y-intercept originates from the fact that, load cell

has an offset when there is no load on it. It is clear that, force data correctness

can be attained by equaling the slope to one and by subtracting the y-intercept

from existing value.

In order to convert the slope to one, an inverse proportion with sensor range is

established and the new value of the sensor range is determined as 0.34543. This

value provided by the manufacturer before calculation of it, was 0.29218.



84

Following the corrections, measurements were repeated and the graph in Figure

3.28 was obtained.

Calibration Measurement
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Figure 3.28 Applied load versus force graph and equation obtained after the
alteration of the load cell calibration equation.

As can be observed from the graph, slope comes out to be very close to one. y-

intercept, on the other hand, comes out to be lower than its previous value. For

the derivation of y-intercept from the data, prior to measurements when the

indenter is unloaded force data is determined and this value is subtracted from

the values obtained throughout the measurements, during the tests. In the

measurements conducted after the corrections, it is observed that the force data

deviates between -0.25 N and +0.43 N and the average deviation is 0.19 N.



85

3.4.1 Correction of the Input Range Interval for the Calibration Process

In the start of the studies, the real target was to make measurements for deriving

a calibration equation. To this end, a series of measurements within 0-50 N range

were conducted. At the end of the measurements, it was noted that, after 19 N,

output voltage was saturated at 0.5 V (Figure 3.29).
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Figure 3.29 During the calibration measurements, it was observed that, it was
observed that the output voltage stays constant at 0.5 V for forces above 19 N.

At this point, it was realized that the input range remains deficient and that it

should be altered. In the software, previously  ± 0.5 V has been used as input

range, and realizing that this range supported 20 N load at the maximum, input

range was revised as 0 – 1 V interval. Following alterations, measurements were

repeated and was seen that the problem is alleviated (Figure 3.30).
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Figure 3.30 Force – output voltage graph obtained when the input range is
varied within the interval of 0-1 V.

Another observation of this study was that, the force data would be measured

more correctly when input range was taken as [-1 1]. Measured force load graph

obtained when input range was taken as [0 1] can be seen in Figure 3.31.
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Figure 3.31 Calibration graphs and equations obtained when the ranges are
taken within 0-1 V and -1, 1 V intervals.

In fact under normal conditions, better results are expected to be obtained when

the input range becomes [0 1]. Because the precision obtained for the [0 1]

interval is twice better than the precision obtained for the [-1 1] interval. Yet, in

the help page of Matlab, it is stated that, signal polarity is a fixed character of the

sensor and that, input range must necessarily be in conformity with this character

(The MathWorks, 2008). Therefore, although very explicit, obtaining better

results when worked in the [-1 1] range might have been attributed to this.

3.5 Filtering the Test Data

Test data may contain noise attributable to the environmental factors and due to

causes originating from the character of the test system. In our test system data

contain noises arising from the pulses created by the step motor. Number of

these impacts either increased or decreased, depending on the sample rate value

input in the software, controlling the indenter device. Sample rate value was kept
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high within the software, in order to collect the force data and to assure

synchronization of the indenter movement. Consequently, this has required with

the accumulation of noise data.

For the clearing from noise process, sgolayfilt function in the Matlab® 6.1 was

used (Appendix B). Results obtained can be seen in Figure 3.32 and Figure 3.33.
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Figure 3.32 Measurement result for 1 mm/s indenter tip speed, 10 mm
displacement and 10 cycles is seen at the first graph. Filtered results can be seen

under the first graph.
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Figure 3.33 Detailed view for the Figure 3.32

3.6 Improvement Made on the Creep Test Protocol Software

Creep test consists basically of two stages. Indenter tip continues to move until a

certain force value is reached after its tip touches the tissue. This constitutes the

first stage of the creep test. At the second stage, indenter tip’s movement is

secured to continue as to keep the force constant after this desired force value

reached (Figure 3.34). At the end of the creep test, two important data groups are

filed. These are force-time and displacement time data.
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Figure 3.34 Creep test for 1 mm/s indenter speed, 1.5 N target force and 120
second creep duration. In the Graph, loading up to 15 N and the fixation phases

at this load are seen.

Therefore, software used for the creep test protocol must fulfill the above

conditions. Once the target force and creep time are loaded as input parameters,

force-time and displacement-time data must be obtained through the software.

In the available software, creep protocol was substantially completed, yet, the

creep duration was not started with the achievement of the target force but was

initiated with the first movement of the indenter tip. Therefore, depending on the

duration required to reach the target force, creep duration decreases.

This problem was eliminated by adding into the software the codes which assure

the start of creep duration at the verge of reaching the target force and by making

the necessary arrangements to this end (Appendix F). Furthermore, another

problem faced during the creep test was deficiency of the capacity of the

computer, with regard to obtaining the displacement information. This problem
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was also eliminated by making some changes in the software (Appendix F). Thus

the problems other than the movement precision of the indenter tip were

substantially solved.

3.6.1 Adjustment of the Movement Sensitivity in Creep Test

With the changes mentioned above, creep test are commenced. Following a great

many number of measurements, it was realized that, distance taken by the

indenter tip until the target force was reached, was different than the data

obtained. This result was more clearly exposed when the measurements were

carried out with indenter device connected to the setup in Figure 3.9.

Measurements were carried out as follows. Indenter test device was connected to

the test assembly. Target force was entered at low value such as 4 N and creep

time at 5 – 10 second interval. In the test, the important data was the amount of

displacement when the target force is reached and at the end of the creep time.

Determination of these values clearly, by the help of dial gauge was another

preference reason. Thus, the test was started and the movement of the indenter

tip was observed. When the indenter tip took a distance of about 8 mm, a force

exceeding target force 4 N was applied on the tip. Following this, movement of

tip was achieved by applying force on the tip during the creep time and at the

end of the test dial gauge was read where the indenter tip halted. After this

process, a graph as shown in Figure 3.35 was obtained.
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Figure 3.35 In the creep graph, two points important for the study are seen.

Two points on this graph were important. These were the distance taken by the

indenter tip until the target force was reached and the position of the indenter tip

at the end of the test. These values were observed on the graph and were

compared to those measured by dial gauge. In the measurements pertinent to

Figure 3.35, distance taken to reach the target force was 8.44 mm and the

position as the indenter tip stopped was 8.5 mm as read from the dial gauge. Yet

on the graph, these values were 7.47 mm and 7.729 mm respectively. In the

software a section prepared for the indenter tip to return to its first position,

following the completion of test was present. Therefore, within the test, indenter

tip returned to its original position. Another point observed at this stage was,

failure of the indenter tip to return to position where it started to move. Talking

about the above test, 0.07 mm prior to the indenter tip started to move and with

the completion of test when the indenter tip assumed its movement to its original
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position, 1.45 mm were read on the dial gauge. In other words, indenter has

moved about 1.4 mm less than it should.

In order to get rid of this problem, great many numbers of modifications were

made on the existing software and new methods were practiced. Yet, these

efforts ended with,

- indenter tip to stay unmoved

- obtaining error as the indenter tip has reached the target force

- creep time to extend much more than the entered time

At this level, although rather unwillingly, the desired result was sought to be

achieved by changing the equation constants identifying the speed in software.

As was discussed in detail, in Section 3.2, indenter tip speed was identified by

the equation,

gerilim = 0.1686 * (mothiz -31 / 300) ......................................................... (3.17)

where,

gerilim = input voltage

mothiz = step motor speed determined by the user

This equation is used in the form of,

hizbilgi (i) / 0.1686 + 31/300....................................................................... (3.18)

when the displacement in creep software is calculated.

Here, it was thought that by changing the constant 0.1686 the desired result

would be sought and measurements were carried out by entering different

constants. Observations were made by entering equal and also varying constants

for Equation 3.18 and 3.19.
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Results of these measurements can be seen in Table 3.8.

Table 3.8 Measurement results for different first and second constants in the
Equation 3.17 and Equation 3.18.

Constant in
Eq.1

Constant in
Eq.2

Disp. at
the target

force-
Reading
from dual

gage (mm)

Disp. at
the end of
the creep

time-
Reading
from dual

gage
(mm)

Disp. at
the target

force-
Reading

from
graph
(mm)

Displacement
at the end of

the creep
time-Reading
from graph

(mm)

Start point
reading
from the

dual gage
(mm)

Original
position
reading
from the

dual gage
(mm)

0.175479 0.175479 8.63 8.46 7.33 6.975 0.06 1.61
0.175479 0.1686 8.42 8.43 7.394 7.059 0.09 1.29

0.1686 0.175479 8.48 8.38 7.113 6.714 0.11 1.86
0.1686 0.1686 8.62 8.51 7.572 7.295 0.06 1.27
0.1686 0.162 8.44 8.5 7.729 7.47 - 1.45
0.1686 0.145 8.45 9.08 8.553 7.847 0.17 0.26
0.159 0.153 8.8 9.03 8.534 8.317 - 0.67
0.159 0.153 8.62 8.49 8.409 7.956 - 0.64
0.159 0.153 8.45 9.03 8.137 8.274 - 0.79
0.153 0.153 9.22 9.15 8.74 8.538 - 0.6
0.145 0.175479 8.59 8.52 7.239 6.944 0.06 1.96
0.145 0.1686 8.43 8.01 7.332 7.211 0.11 1.08
0.145 0.145 8.42 8.13 8.484 8.072 0.05 0.17
0.145 0.145 8.6 8.2 8.577 8.411 0.11 0.06
0.145 0.145 5.56 5.13 5.454 4.841 0.06 0.36
0.145 0.145 9.78 9.44 9.734 9.377 0.07 0.4
0.14 0.153 8.8 8.75 8.415 7.949 - 0.93
0.14 0.153 8.4 7.76 7.979 7.857 - 0.02
0.14 0.153 8.71 8.61 8.34 7.838 - 0.79

At the end of the measurements, it was observed that best results were obtained

when both constants were entered as 0.145 (Figure 3.36). For this constant,

deviations when the indenter tip has reached the target force and when the

indenter tip completed its movement have been within -0.048, +0.087 and

+0.011, 0.337 ranges respectively.
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Figure 3.36 Graph and equation for values obtained from the dial gage when the
constants are determined as 0.145 versus values read from the graph.

3.7 Determining the Contact Point of Indenter’s Tip with the Tissue

Indenter’s tip in contact with the tissue at the commencement of the test result

with data to start with a force value other than zero. Following the connection of

indenter device to the tissue, if calibration works are carried out, data is observed

if it starts with zero, yet, in fact, it starts with a positive force value. This causes

the obtained data graphs to be incomplete (Figure 3.37) and also, tissue’s

behavior can not be fully apprehended.
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Figure 3.37 When the indenter tip is in contact with the point tested, data starts
with a certain force value and this causes data loss.

Therefore, indenter device is connected in such a way that the indenter tip does

not touch the tissue. Since contact is not attained, force affecting the indenter’s

tip becomes zero. A zone where zero force prevails is thus encountered contact

with the tissue and force-displacement behavior of the tissue is observed (Figure

3.39).

Data obtained after the indenter touches the tissue, is the data necessary for the

studies to be carried out. It is therefore essential to determine the point when the

indenter comes into contact with the tissue and to obtain the data prior to this

point. Under ideal conditions, this is a relatively easy deed. Point where the force

data transforms into a force other than zero is the point sought (Figure 3.38).

This point can be determined by a rather simple algorithm.
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Figure 3.38 To final the transition point in clean data where no outside
intrusions exist, is relatively easy. In the y = x2 graph, up to x = 0.6, zero values
are designated. Therefore, up to that point, graph is shown as a flat line. Yet, in

the noised data, such an observation may not be possible.

Yet, data obtained by the indenter are not that clear. Most important problem is

the prevalent noise encountered in data, in spite of the substantial filtration effort

(Figure 39-A). When the data are closely scrutinized, they show a fluctuating

appearance and therefore, contact point is not clearly pinned down. A second

important problem is that, the force data obtained after calibration do not start

exactly from zero (Figure 39-B). Although small, it still shows deviation from

zero, either in positive or negative direction.
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Figure 3.39 In spite of the filter, data contains a certain level of noise. This,
consequently makes the location of contact point unclear (3.39-A). Data after
this force calibration would not start at zero point and some small deviations

would be inevitable (3.39-B).

Consequentially, deviation of the pre-contact force from zero and the noise in

data make the determination of the contact point by a simple algorithm

impossible and make the observations more difficult. When the test data are

scrutinized singly, contact point is barely recognizable. Yet, since great many

numbers of tests is to be processed and due to the fact that, any one test

incorporates 20 curves as loading and unloading curves, development of an

algorithm for the automatic determination of the contact point was necessitated.

Thus, a considerable time saving would be feasible.
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3.7.1 The Contact Algorithm

In Figure 3.40 loading curve and detail of a cycle of data pertinent to cyclic

loading test are shown. As mentioned before, determining the contact point at

this stage is rather difficult. In the first portion of the graph there exists an

unsloped part. This portion is that portion where the indenter tip has not yet

touched the tissue. Following this portion, it is noted that, slope of the graph

increases with the increasing displacement. If we suppose that, the data is free of

noise, the difference between two consecutive points therefore, increases as the

displacement increases.

Figure 3.40 Red portion within the graph corresponds to the data where the
indenter tip has not yet made contact with the tissue. Black portion, on the other

hand, gives the data after the contact. As would be observed from the graphs, just
at this transition, a slight slope is formed and with the increasing distance this

slop gets steeper.
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This phenomenon can be more clearly followed through the graph in Figure

3.38. In Figure 3.38, a graph related to y = x2 function is laid down. When we

compare the differences between the consecutive points of x = 21, 22 and x = 96,

97 we reach to following conclusion.

y (21) = 441

y (22) = 484

y (96) = 9216

y (97) = 9406

y (97) – y (96) = 190 > y (22) – y (21) =  43

Therefore, as the slope increases, the difference between the consecutive points

also increases. Although the same behavior prevailed in the test data, this could

not have been clearly observed, due to noise. Still, with this point in mind, it is

possible to approximately locate the contact point.

In case the points are selected not consecutively but with certain intervals, it is

observed that the difference increases with the increasing displacement (Figure

3.41). In the portion following the contact portion also, this difference is in

minimum level.

Thus explaining the essential points, we can now describe the algorithms more

explicitly.

Firstly, N number points with N+ 1 interval on the test data were selected (Figure

3.41). First of these points was the first data on the graph. Later the differences

between these points were assessed (b2 - b1, b3 - b2 …). These differences were

compared with a constant value determined by the user. In case the difference

was larger than was assumed as the interval containing the contact point.
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Figure 3.41 n number points are designated in equal intervals on the test data.
Differences of these successive points are then calculated and the constants

determined by the user are compared.

The same way, within a selected interval N2 points were determined and a

second constant was taken. Number of points and the magnitude of constant

were kept lower than those of the previous ones, and above procedure was

repeated. Thus, a closer point to the actual contact point was detected (Figure

3.42).
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Figure 3.42 It is the portion where the difference between the points is bigger
than the determined constant. And later in this portion also, N2 number equal
interval points are marked and the differences between these successive points

are compared with the second constant determined by the user.

During the studies, this algorithm has proved to be working well when compared

with manual contact detection. The critical point is the selection of constants by

the user, in a proper way. Selection is carried out by trial and error, and if the

contact point is found much before than the real contact point a increase the

constant and if it is found much later a decrease constant and the procedure is

repeated (Figure 3.43).
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Figure 3.43 Keeping the constant small, causes the sighting of the contact point
much before the real point (red data) and keeping it big, causes the sighting of

contact point much after the real point(blue data).

Since the above mentioned algorithm (Appendix B) was transformed into a

function by Matlab, this process could be achieved rather quickly. During the

studies it was observed that, process worked substantially well, when the first

constant was taken as 0.07, second constant as 0.02, first number of points as 40

and the second number of points as 1. Results can be seen in Figure 3.44.
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Figure 3.44 Good results are obtained by using appropriate constants and proper
number of intervals.

Other observation was that, the contact point might display difference from cycle

to cycle. In addition to that, the forward movement contact point took place

earlier compared to that of the backward movement. This is the result of that the

soft tissue is not an elastic material and also the test location is effected from the

compression of the indenter tip which may causes some minor permanent

deformation on the tissue (which would take considerably long time to recover

when compared to experimental time). Therefore, two functions were identified.

These are,

st (c1, c2, n)

st2 (c1, c2, n)

where,
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c1 = First constant

c2 = Second constant

n = the old and the new curves are showed on the same graph for each

loading and unloading curves, if n is entered as 1 (Figure 3.43, 3.44).

Contact points for each cycle and forward backward movements are separately

determined by using the st function (Figure 45-a, b).
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Figure 3.45-a Graph obtained when the contact point is determined
independently for each cycle, by using the st function (Appendix B).
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Figure 3.45-b Detailed view from the Figure 45-a. in this graph, different
contact points determined can be seen.

On the other hand, by using st2 function, mean values of the separately

determined contact points were calculated. Then, the calculated value was taken

as overall contact point (Figure 3.46).
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Figure 3.46 Graph obtained through the determination of the contact point by
the help of the average value by using the st2 function (Appendix B).

Depending on the type of study, it was possible to use both of these functions.
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CHAPTER 4

SOFT BIOLOGICAL TISSUE TESTS

4.1 Introduction

By the improvement of the software controlling the indenter test device

mentioned in Chapter 3, and by producing a new connection system, proper tests

directed to the aimed targets were commenced. In these tests, behavior of the soft

biological tissues under cyclic loading were observed and the responses to

relaxation and creep were studied. In relation to these, some related behaviors

and anisotropic features of the tissues were also observed.

Tests were carried out in-vivo on forearm. Advantages and disadvantages of the

in-vivo testing were discussed in detail in Chapter 2.

The reasons why the tests were carried out on forearm are as follows:

 Ease of working on forearm, speedy and easy achievement of the

successive tests

 More comfortable control on the forearm

 When the work is carried out on the forearm, simpler design, low cost

and small dimensions of the attachments to the test device

 More precise tests to be carried out

In the above mentioned points, especially the last issue is very important.

Conduct of tests in in-vivo conditions, makes the fulfillment of the precision

requirements in tests difficult to achieve. Tissues being alive cause the

measurement to be influenced from slightest movement encountered. Difference
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in the position of the tissue from its previous position, no matter how small this

difference is may influence the test data.

Tests were started prior to a complete contact of the indenter tip with the tissue

when there remains a predetermined distance in between. This is done so to

avoid preloading and to be capable of observing all of the range of behavior

starting from “zero strain”2. Later the test portion up to contact of the indenter

tip to soft tissue was discarded by the help of the function described in Chapter

3. Thus, the preservation of this gap in measurements of the same test groups and

in successive measurements is extremely important. Even in deviations less than

1 mm, test data is too much influenced from this, resulting with the build-up of

additional loadings.

When the test was carried out on the forearm, this would be controlled more

easily, speedy corrections in successive tests where the time is very important

would be made and in general test arrangement speeds would be higher. This

way, more speedy and dependable tests were carried out in a daytime.

4.2 Conducting In-vivo Indenter Tests and the Points to be Paid Attention

As explained in Chapter 2.5 in detail, besides the advantages rendered by in-vivo

tests, it brings important difficulties during the course of the tests due to the

livelihood of the tissue. In this section, it will be beneficial to discuss how these

tests are conducted and to which points attention is paid.

4.2.1 Protocol Followed in the Conduct of Before the Tests

1. After the test system is powered up, it is waited for half an hour and the

system is allowed to warm up to reach a steady state. Tests conducted

within this duration are questionable and would nod be taken into

consideration.

2 Actually the tissue has some non-zero physiological stress and strain however the externally
applied strain is zero for no-contact conditions.
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2. At the end of this duration, a couple of trial tests are carried out and the

system’s proper performance is checked. Trial tests are carried out with

due regard to the method intended to be employed in the tests. That is, in

case it is indented to conduct the cyclic loading test, then, this test

protocol is employed.

3. When the measurements are completed with one tests protocol, and a

different test protocol is to be commenced, trial tests for this different

protocol are carried out and the proper performance of the system is

rechecked.

4. Parameters pertinent to the protocol to be employed are entered by the

help of the interface (Figure 4.2). These parameters are;

For the cyclic loading test; motor speed, displacement amount of the indenter tip,

number of cycles (See Section 4.3).

For the relaxation test; motor speed, displacement amount of the indenter tip,

relaxation duration (See Section 4.4).

For the creep test; motor speed, target force, creep duration, and gain (See

Section 4.5).

5. Forearm on which tests will be applied, are secured with the help of the

arm rests (See Chapter 3.1.5).

6. By using the indenter tip positioner, indenter tip is positioned and secured

to the point where the test will be applied.

7. In this securing, attention is paid on the indenter tip to be in

perpendicular position to the surface of the tissue in concern.

8. In order to avoid any data loss, a certain distance is allowed in between

the indenter tip and the tissue
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9. After these positioning are being done, force zeroing is being carried out.

Calibration is repeated for each measurement.

10. The test is started by pushing the button initiating the related protocol

from the interface.

4.2.2 Protocol Followed in the Conduct of During the Tests

1. With the commencement of the test, any movement should be avoided.

Speaking, movement of head to right or left, movement of fingers,

forceful breathing should be avoided as far as possible.

2. When the group tests are conducted, during the successive measurements

of the group, utmost attention is paid to preserve the body, arm and hand

position.

3. When a measurement is completed and prior to the start of another

measurement, position of the indenter tip should be checked. If the tip is

left in forward, it should be backed up. Whether a slip at the test point

exists or not is controlled.

4.2.3 Protocol Followed in the Conduct of After the Tests

1. Individual is released from the system

2. Data obtained is recorded with due regard to the chronology of tests and

the related parameters

3. In case the test data is intended to be used in the computer simulations,

for the determination of the tissue thickness, the test point is marked.

4. Tissue thickness is determined by the ultrasonography device existing in

the Health center, located in the METU campus.

5. As the thickness of the tissue at the test point is determined, the probe of

the ultrasonography device must not be pressed on to the tissue. If probe
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is pressed in, tissue thickness will be measured to be thinner than it

actually is.

6. To this end, for the determination of the tissue thickness is best way,

probe is initially pressed in for a certain degree, to clearly see the bone

tissue. Following this, the pressure applied by the probe on the tissue is

relieved and the image is freezed at the last point where the bone is seen.

Here, tissue thickness is measured (Figure 4.1). This way, variation of the

tissue thickness due to the pressure to probe is minimized.

Figure 4.1 Tissue pressed by the probe to see the bone surface clearly (A) After
seeing the bone clearly, the pressure applied by the probe is relieved (B)

7. Other important point which deserves attention when the tissue thickness

is being determined is that, the arm muscles must not be squeezed and

that the arm must be kept in the position in conformance with the tested

position as far as possible. Squeezing the arm muscles will result with

obtaining a tissue thickness more than the actual thickness of the tissue in

the tests.

4.3 Cyclic Loading Tests and Observations

Cyclic loading tests are the measurements by loading and unloading of the

measured tissue as the indenter tip periodically moves forward and backwards.
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Prior to the test, movement distance of the indenter tip, motor speed and cycle

amount information are entered by the interface (Figure 4.2) and following this,

the test is started.

Figure 4.2 The require parameters are entered by the help of the interface
prepared by using Matlab GUI

At the end of the tests, two groups of data were collected. These were the force-

time and force-displacement data. By the use of these data, various observations

were made.

4.3.1 Preconditioning Effect

Soft biological tissues display preconditioning (Mullin’s) effect under cyclic

loading. At the end of this behavior, tissue which was more resistant in the first

couple of cycles, in the consecutive cycles showed repeatable and a compliant
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response. This was believed to be happening due to the spread of the tissue fluids

to surrounding areas.

In the in-vivo tests, due to different factors, preconditioning effect was not a

phenomena observed at every measurement. Two basic causes of this were,

 Continuation of tissue to display its preconditioning feature as a

consequent of the successive tests

 Unintentional variations in the muscle activations or deviations in the

position of the tested organ that is the forearm.

Another phenomenon encountered with the preconditioning effect were the

formation of differing cases pertinent to the force – time and force –

displacement data. Preconditioning effect in the force – time data was

encountered as the decrease in the resistance of tissue with progressing cycles

and as getting constant after a certain number of cycles (Figure 4.3).
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Figure 4.3 Preconditioning effect observed in the cyclic loading test, conducted
for 4 mm/s motor speed and 14 mm displacement

In the force – displacement curves on the other hand, the situation was

encountered was somewhat different. Therefore, discussing initially, the general

properties of the force – displacement data will help for a better understanding of

the subject matter. Sample force - displacement curve obtained through the

cyclic loading tests can be seen in Figure 4.4.
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Figure 4.4 Displacement – force graph obtained for 4 mm/s motor speed and 18
mm displacement

In these curves, a cyclic graph was formed for each cycle. One side of this curve

was formed for loading and the other for unloading. In between these two curves

an area called hysteresis shows the mechanical energy loss during loading and

unloading (Figure 4.5).
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Figure 4.5 Loading and unloading curves pertinent to graph given in Figure 4.4

In these data, with increasing cycle loading and unloading sides progress in the

directions shown in Figure 4.6, and towards the last cycles almost repeating

cycles occur. This is a phenomena results from the preconditioning effect

(Mullin’s effect).
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Figure 4.6 Preconditioning (Mullin’s) effect observed in the Figure 4.3 data

Here, the point which must be considered is that, the meaning of the

preconditioning effect observed in the force – time relation is different than the

meaning of the preconditioning effect in the force – displacement curves.

Preconditioning effect observed in the force – time relation is encountered in the

last portion of the force – displacement curves shown in Figure 4.7.
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Figure 4.7 Displacement - force graph pertinent to test given in Figure 4.2. In
the last portion of the graph, preconditioning effect attributed to force is

observed

The phenomena here is the change in the maximum forces developing in each

cycle. Thus, in the force – displacement curves, in addition to this phenomena,

an areal change occurs and these areas represent the magnitude of hysteresis. The

magnitude of the hysteresis area decreased with the increasing number of cycles

and approached to a repeatable level (Figure 4.8).
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Figure 4.8 Change of the hysteresis magnitudes observed in Figure 4.4, with the
increase in the progressing cycle

Critical and relatively important point here was that, this situation was

encountered independent of the preconditioning effect observed in the force –

time curves. That is to say, while no preconditioning effect was observed in the

force – time curves, on hysteresis magnitude related preconditioning effect was

encountered in the force – displacement curves (Figure 4.9 and 4.10).
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Figure 4.9 Cyclic loading test achieved for 4 mm/s motor speed and 18 mm
displacement
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Figure 4.10 While no preconditioning effect was observed. In Figure 4.9, a
preconditioning effect depending on the hysteresis areas in the force

displacement graph was encountered
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Figure 4.11 Change in the hysteresis magnitude with the progressing cycles (For
the case in Figure 4.10)

The exceptional case where this phenomena would not be observed was,

depending on the changes in the muscle tonus, in the progressive cycles of the

cyclic loading data, forces displayed sudden increases. Hysteresis areas, when

these force increases were encountered, also increased in amounts depending on

the intensity of these force increases (Figure 4.12 and 4.13).
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Figure 4.12 Force – time graph pertinent to cyclic loading test conducted for 20
mm displacement at 8 mm/s motor speed.

1 2 3 4 5 6 7 8 9 10
6.5

7

7.5

8

8.5

9

9.5

10

Number of Cycle

H
ys

te
re

si
s 

(m
J)

Figure 4.13 Change in the hysteresis magnitude with the progressing cycles
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4.3.2 Investigation of Speed Dependency in the Cyclic Loading Tests

In the cyclic loading tests, one of the issues to be observed, is the influence of

speed on the data obtained. Therefore at 25 mm displacement magnitude and 1,

2, 4 and 8 mm/s motor speeds tests were carried out on the forearm, using a 10

mm circular tip. Tests were carried out in three groups, no lag was given

between the tests and group measurements. The reason for this was that, the aim

of these observations was solely the investigation of the speed dependency.

Therefore, it was not necessary that, the tissue would recover itself and display a

preconditioning effect. Portions where the preconditioning effect presently takes

place would also be discarded. These groups were set as,

 1, 2, 4 and 8 mm/s speed orders

 8, 4, 2 and 1 mm/s speed orders

 8, 2, 4, 8, 4, 1, 4, 8, 2, 4, 8, 1 mm/s random speed orders

In the cyclic loading tests, 10 cycles were applied and in the tests no

preconditioning effect was encountered. Random speeds in the 3rd group were

determined by the software given in Appendix B. In these tests also, like in all

other tests, maximum attention was spared for the preservation of arm position

and muscle volume.

Scrutiny required for the comparison of the data was carried out as follows.

Initially, maximum forces pertinent to each cycle were determined by the help of

the software prepared (Appendix B). Later, average of these forces was

determined and the forces showing maximum duration above and below these

average values were eliminated. Following this, average of the remaining 8

values was taken and thus, the force value to be used in the test was determined.

This process was repeated for all tests. Finally, motor speed graph,

corresponding to these forces, were drawn (Appendix E). As can be noted from

these figures, a speed related regular trend was not observable. It is anticipated

that, this was due to small changes in the muscle tonus, occurring during tests. In
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addition to that, unknown influences pertaining to the physiology at the test point

generated from the livelihood of the tissue must also be taken into consideration.

At this point, it was decided that, the result to be considered by taking the

average of the force data obtained for the same speeds, and the average force –

motor speed graphs were drawn (Figure 4.14 and 4.15).
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Figure 4.14 Force–motor speed graph for the first grub measurement (Appendix
E)
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Figure 4.15 Force–motor speed graph for the 2nd grub measurement (Appendix
E)
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At the end, a graph almost linear and where the average forces increased with the

speed was obtained. This is an expected situation for the viscoelastic materials.

Yet, in the in-vivo tests, variable and hard to control behaviors of the soft

biological tissues, as mentioned above, made the observation of this tendency

extremely difficult if not impossible.

Another study, related to speed, was observation of the variation of hysteresis

areas depending on the speed. Another important observation relevant to

hysteresis area was that the extend of these areas increased almost linearly with

the increase in speed magnitude. For this observation, hysteresis areas of the

tests conducted the same day were calculated and their averages were taken.

Later, these results corresponding to same speeds are grouped together, and their

average was recalculated. Finally, observations presented in Figure 4.16 was

obtained. As can be seen also from Figure 4.16, hysteresis magnitudes increases

almost linearly with the increase in the speed. Observing such a behavior of

tissue, that is increase in the hysteresis magnitude with increase in speed, is an

important conclusion.
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Figure 4.16 Hysteresis - motor speed graph
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In great many number of studies carried out, it is concluded that, hysteresis loops

are either independent or nearly independent from the strain rates (Rubin and

Bodner, 2002). Common point of these studies are that, as reference, they take

the Fung’s studies (Fung, 1993). In Zhang et al., (2007) study, which is one of

these studies, it is stated that, some biological materials may display rate –

sensitive behavior (Kiss et al., 2004). Yet, in these studies where the hysteresis

cycles are said to be independent of the strain rate, nothing is mentioned or no

result is presented with regard to the hysteresis magnitudes. Therefore, referring

these studies, it is not possible to conclude anything about how the hysteresis

magnitudes vary in relation to speed.

In this study, on the other hand, it was observed that, hysteresis magnitude rises

almost proportionally with rising speed (Figure 4.16, Appendix G). Here, the

important point is that, hysteresis magnitude increased independently from the

force variations observed in relation to the speed. That is, for instance, even if

the reaction force showed a trend of decrease with increasing speed, hysteresis

still got larger (Appendix G). This, in fact, is an important conclusion.

Particularly, when in-vivo tests were being conducted, difficulty of preserving

the tissue tonus and the consequences of this were discussed. Therefore, to have

a clear observation or to draw a firm conclusion with regard to the mode of

responses of the tissue under different speeds, was not feasible.

In conclusion, as in the preconditioning effect observations, indentation speed

studies made by using the hysteresis data, give us much clearer information

about the soft biological tissues. The hysteresis magnitudes obtained by using the

force – displacement data were influenced much less than the problems such as

the preservation of the muscle tonus which is in fact a substantial problem

encountered in the in-vivo tests. Therefore, especially in the in-vivo studies,

utilizing the results obtained by using hysteresis data, in the advanced

applications such as various modelling and computer simulations, will assure

much more dependable and realistic outcomes.
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4.3.3 Causes of Force Decrease During Transition from Loading to

Unloading, in the Cyclic Loading Tests

In the cyclic loading tests, at the transition from loading to unloading a fall in the

force is encountered. This fall was observed clearly in the tests conducted at 8

mm/s speed (Figure 4.17).
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Figure 4.17 Inability of the tissue to keep continuously in touch with the tip,
during the cyclic loading test at 8 mm/s

It was therefore has been a matter of consideration and solution to this problem

was tried to be sought. Yet, despite all efforts, a clear result was not attained.

In the further stages of the study, during the literature search, a conclusion of

Zheng et al., 1999 was encountered. In this study where Zheng has carried out

tests on the forearm, he has noted that, in the cyclic loading tests realized at 7.5

mm/s speed, in the unloading phase, skin surface could not follow the indenter
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tip (Zheng et al., 1999). It was therefore contemplated that, in our tests also, such

a contact loss phenomena took place and it was decided to make studies on this

matter to inquire its relevancy. At this point, force falls occurring in the speeds at

which the cyclic loading tests had been conducted, were overviewed. To this

end, cyclic loading tests carried out successively in a day were brought to

scrutiny. These tests comprise of 10 cycles at 1, 2, 4 and 8 mm/s speeds. For the

observation, force differences taking place in each cycle were computed and

their average was taken. This procedure was repeated for all speeds and for the

sake of ease, results were obtained by using a software (Appendix B). Finally,

graph in Figure 4.18 was obtained.
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Figure 4.18 Particularly at 8 mm/s speed, tissue can not keep its contact with the
indenter tip for a longer duration

As seen from the graph, almost same amount of force difference occurred in 1, 2

and 4 mm/s speeds. At 8 mm/s speed, on the other hand, a sudden increase took

place. Thus, a result supporting the matter described by Zheng was evident. Yet,

normally in tests conducted at speeds other than 8 mm/s, force difference was

not notable in the end graphs and consequence a certain level of force
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differentiation was observed with this study. This phenomena, at first instance,

was interpreted as the no conformance of the skin surface with the indenter tip.

Yet, the consultation on this matter, revealed the possibility that this could have

been originated from a different reason. In the cyclic loading tests, indenter tip

stops for a very short time during the transition from loading to unloading phase.

Thus, at this instant, it is anticipated that, tissue displays the same behavior as in

the relaxation tests and that, it relaxes at a certain extent. In order to inquire this

conclusion, 9 successive tests comprising 1 cycles each, within the interval of 0.5

and 8 mm/s speeds were carried out. For each speed, force differences were

calculated and the graph shown in Figure 4.19 was obtained.
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Figure 4.19 Motor speed versus force difference graph

Consequently, a case similar to that in Figure 4.18 was revealed. That is, force

differences at 0.5 mm/s to 7 mm/s speed range were almost same but sudden

increase in 8 mm/s speed was encountered. Therefore, it is hard to state that, a
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force difference occurs only due to speed. Because, force difference occurring in

a very low speed of 0.5 mm/s is same with that difference occurring in 7 mm/s

speed. If the force difference would originate from speed, force difference should

have increased with the increased speed. Furthermore, force difference should

have been near to zero at such a low speed of gained weight and proved to be

relevant. In other words, in the cyclic loading tests, at the instant of passage from

loading to unloading an instantaneous stopping occurred, and in consequence,

the tissue relaxed. This in turn, caused the occurrence force difference. It was

understood that, additionally, standing from 8 mm/s speed on, at the verge of

transition to reserve movement, surface of the tissue could not follow the

indenter tip for a small duration and an additional force built up would take

place.

4.4 Relaxation Tests

In the relaxation tests, indenter tip indents the tissue at the desired speed and

displacement, and when the desired displacement is reached, displacement is

kept constant for desired duration of time. During the whole process the tissue

behavior was observed. Therefore, in relaxation tests, displacement, motor speed

and relaxation time are the parameters to be entered in the interface. Tests were

carried out in displacement amounts varying in between 10 to 25 mm interval

and 1, 2, 4 and 8 mm/s indenter speeds. In most of the tests, 120 seconds were

selected as relaxation time. The reason for this preference was that, 120 seconds

rendered to be sufficient to observe the relaxation behavior of tissue and also the

discomfort and uneasiness displayed by the individual during long waiting times

were avoided.

In the relaxation tests, with the holding the indenter tip, a considerable fall in the

reactionary force displayed by the tissue was observed, and with the progressing

time force data approached to an equilibrium position (Figure 4.20).
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Figure 4.20 Relaxation test conducted for 1 mm/s motor speed, 20 mm
displacement and 120 second relaxation duration

Although observation in the relaxation tests could have been done at 1 mm/s, in

order to observe the influence of speed on the relaxation data, observations were

carried out at four different speeds, namely 1, 2, 4 and, 8 mm/s.

Yet, at the end of the tests carried out, any trend attributable to speed could not

been observed (Section 4.6.3.1). It is believed that, this was due to the same

reasons faced in the cyclic loading. That is, variations in the muscle tonus in the

course of the tests, small variations at the point subjected to test, or the reasons

attributable to tissue physiology might have contributed to this conclusion. Yet,

since speed dependent behaviors of the soft biological tissues were already

determined by using the hysteresis data, they were not considered to be

overemphasized.
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4.4.1 Influence of Pulse and Breathing on the Relaxation Test Results

In some relaxation test results, unexpectedly unclean data were encountered

(Figure 4.21 and 4.22). Although the causes were guessable, in order to firmly

determine the source of this, some studies were carried out.
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Figure 4.21 Unclean data observed at relaxation tests
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Figure 4.22 Unclean data observed at relaxation tests

First point determined for the unclean data was that the characteristics displayed

were same. It was therefore understood that, the uncleanness originated from a

certain source. It was anticipated that, basically two sources may have caused

uncleanness. These are,

 Noise which may be attributed to the electronic fittings of the test device,

and,

 Various movements of the test specimen or the physiology of the tested

point

At this stage, it was decided to inquire whether a problem originating from the

test system existed or not. Reason for that decision was the possibility of

anticipating and investigating numerous causes attributable to the tissue and the

test specimen. In case this caused by a device originated noise a considerable
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time would have been lost. Even if logical finds, showing that, cause originated

from tissue or tested individual, were encountered, without conducting an

investigation with regard to the test system, a clear statement would not have

been possibly made because, the test data has a noise originated format. In this

context, in order to determine whether a test device originated noise is prevalent

or not, it was decided to carry out a test on sponge. In this way, it was aimed

that, no effect originating from the tested individual or tissue would be reflected

on the test data, and that, any noise originating from the test device would be

detected without interference. More than 10 tests were carried out on the sponge

at speed of the relaxation tests speeds and the characteristic data given in Figure

4.23 were obtained.
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Figure 4.23 Result of the relaxation test carried out on sponge.
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As seen from the Figure 4.23, no noise attributable to the test device was

detected and very clean graphs were obtained. At this point, it was anticipated

that, the prevalent condition of the data could be attributed to either the tested

individual or the tissue physiology.

In the case of Figure 4.21, in a certain period, fluctuations in the relaxation data

were observed. In Figure 4.22, on the other hand, fluctuations were encountered

in even smaller periods.

Relaxation tests are greatly influenced by the muscle movements. Therefore,

tests were carried out with attention and in a noiseless media. During the tests

carried out to determine the cause of fluctuations in data, same attention was

spared. Therefore, the movements in the body of the individual originating from

his breathing were noted and it was anticipated that, the source of fluctuations in

Figure 4.21 was suspected to be these movements. At this point, it was decided

to compare the number of fluctuations observed throughout the relaxation test

and the number of inhaling and exhaling.

It was observed that the number of breathing was in harmony with the

fluctuations (Figure 4.24). Also, it was observed that fluctuations increased

depending on the breathing intensity (Figure 4.25). Consequently, it was

understood that the observation seen in Figure 4.21 was caused by breathing.
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Figure 4.24 Detail of the test result given in the Figure 4.21. The number of
breathings during the experiment is 31 and it shows compatibility with the

fluctuation in the data
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Figure 4.25 Increased fluctuation intensity with increasing breath

In the case of Figure 4.22, as mentioned before, spreading of fluctuations to

smaller periods, were observed. This type of fluctuations could have been

origined from pulse, as had been anticipated in the previous studies (Tönük,

2004). It was therefore decided to investigate whether the status of this data

originated from pulse or not. In a healthy individual, pulse varies within the

range of 60 to 100 (Fox, 1992). In order to make a comparison in this context,

fluctuations in data within a duration of 10 seconds were counted and noted as

values varying between 10 and 12 (Figure 4.26). Thus, the number of

fluctuations taking place in a minute was fixed as 60 – 72 and it was understood

that, the situation of the data originated from pulse. It was then understood that,

the indenter tip coincided with an artery and therefore the pulse was reflected on

the data collected.
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Figure 4.26 Fluctuations caused by the pulse.

4.5 Creep Tests

In the creep tests, initially, target force which will be applied to the tissue, is

determined. With the start of the test, indenter tip is loaded to the tissue at

entered motor speed, until this target force is reached. With reaching the target

force, with small forward and backward movements of the tip achieved by the

proportional close loop control cycle, this target force is maintained throughout

the desired creep duration. Simultaneously, the displacement of the tissue under

constant force is measured. The parameters which need to be entered through the

interface, prior to tests are target force, creep duration, motor speed during initial

indentation and the gain of the proportional closed loop control system. Selecting

gain values close to 0.25 gave proper results. Due to capacity of the computer

used, creep duration is taken 120 seconds at the most. Yet, in order to the creep

characteristic of the tissue, this duration renders to be sufficient. Motor speed,

due to the limitations pertinent to software and equipment (See Chapter 3.6) was
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taken as 1 mm/s. Therefore, for the creep tests, tests could not have been carried

out at different initial loading speeds.

At the end of the creep tests two different groups of data are obtained. These are

the force – time (Figure 4.27) and displacement – time (Figure 4.28) graphs.
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Figure 4.27 Force – time graph obtained for 1 mm/s motor speed, 120 second
creep duration and 6 N target force. As seen, force gets fixed around 6N.
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Figure 4.28 Displacement – time graph obtained in the test given in Figure 3.20.

Force – time graphs constitutes to be a control data for the target force. The more

important data which needs to be evaluated is the displacement – time graph.

Creep behavior is also observed through this graph. Starting with the attainment

of the target force, the data group formed throughout the creep duration yields

the creep behavior of the tissue (Figure 4.29). Thus, by using this data, various

constants needed to be used in the subsequent computer simulations, are

determined (Chapter 4.6).
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Figure 4.29 Behavior of the tissue during the creep duration

As in the cyclic loading and relaxation tests, in the creep tests also, data

reflecting foreseeable and known trends were not obtainable. As mentioned quiet

frequently, this is a consequence of carrying out the tests in-vivo.

4.6 Constitutive Equations and Curve Fitting Functions for the Relaxation

and Creep Data and the Determination of the Related Constants

From past to date, great many numbers of constitutive equations have been tested

for the simulation of the mechanical behaviors displayed by the soft biological

tissues. Majority of these models which are important for their utilization in the

computer simulations bear certain limitations.
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In a proper constitutive equation, following points are to be valid.

1. It must be predictive, that is, the material model determined by one test

protocol must predict all (if not possible, a wide range of) different test

results and mechanical situations.

2. Parameters of the model in concern, must have physical meanings and

should be determined by simple experiments if possible.

Constitutive equations used, contain various constants. By changing these

constants, test data giving the characteristics of the soft biological tissues are

worked out through the mathematical models. Thus, it is very important that, for

understanding and explanation of the behaviors of the soft biological tissues,

these constants should have physical meanings. Explaining this point by a simple

example will make it more comprehensible. For the modeling the linear elastic

materials consider the one-dimensional Hooke’s Law. This law is expressed by

the following equation;

 = E ........................................................................................................ (4.1)

where;

 = Stress

 = Strain

E= Modulus of elasticity

According to this equation, stress is obtained as a linear function of strain and a

parameter called the modulus of elasticity. That is, this parameter reflects a

unique feature of the elastic material observed. This feature is stiffness of a

material. Every linear elastic material has unique modulus of elasticity value and

while stiffer materials like steels take higher elasticity values, spongy materials

take low values (Hibbeler, R. C, 1999).
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Similarly, parameters of the constitutive equations used for the modelling of the

soft biological tissues should contain a certain physical meaning and should

make the behavior of the soft biological tissues more comprehensible if it is

possible. In other words, these parameters should be interrelated to certain

behaviors of the soft biological tissues.

4.6.1 Constitutive Equations Used for the Simulation of the Soft Biological

Tissues

Mathematical models used in this study can be considered under three groups.

These may be expressed as curve fitting equations, medium level constitutive

equations and complex constitutive equations.

4.6.1.1 Equations Used for Curve Fitting

Curve fitting equations posses none of the qualities carried by a good

mathematical model. Constants within these coefficients do not posses any

physical meaning at all, and they are not appropriate for any predictions. Their

modelling of the experimental data are not proper. Instead of modelling the soft

biological tissues, these mathematical expressions are used to compare the

experimental data obtained, and to make observations to diagnose the

interrelations. In our study, in this context, two equations were used. First one of

these equations is as follows,

batF  ...................................................................................................... (4.2)

where,

F = Force,

t = time,

a & b = constants
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With the help of this equation, only the relaxation of the soft biological tissues

can be roughly fitted (Figure 4.30).
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Figure 4.30 Curve fitting of test carried out for 8 mm/s motor speed, 25 mm
displacement and 120 second relaxation period, by using the Equation 3.2

Second curve fitting equation is given below,

 db ctatyy   10 ................................................................................ (4.3)

where,

y = output data (force for relaxation, displacement for creep, force for

preconditioning effect)

t = time

a, b, c, d = constants

With the help of Equation 4.3, relaxation, creep and preconditioning test results

of the soft biological tissues can be fitted (Figure 4.31, 4.32, 4.33).
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Figure 4.31 Curve fitting of graph obtained for 1 mm/s motor speed, 20 mm
displacement and 120 second relaxation period by the help of Equation 3.3
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Figure 4.32 Curve fitting of data obtained for 1 mm/s motor speed, 5 N target
force and 120 second creep duration, by the help of the power equation
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Figure 4.33 Curve fitting of the preconditioning effect observed in Figure 4.2

It was an important shortcoming that, constants did not correspond to any

meaningful parameter and that they were variable. Yet, due to being a very

flexible expression, curves very close to the experimental data could be obtained

by this equation (Figure 4.31, 4.32, 4.33).

4.6.1.2 Medium Level Constitutive Equations

These are the models possessing at least one of the qualities sought in a good

constitutive equation. Depending on the structure of these equations, they can

simulate more than one feature of the soft biological tissues. Parameters in the

model have a physical meaning. By using these equations, curves very close to

the experimental data can be obtained. In this study, one medium level

constitutive equation was used. This equation is the expressions known to be as

the Prony series.
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General form of this equation is,

   ...1 21
210     tt eeyty .............................................................. (4.4)

where,

y (t) = Output data

y0 = y value at t = t0

1 Short-term magnitude depending on the test method

1 Short-term time constant

2 Long-term magnitude

2 Long-term time constant

t = time

Relaxation and creep behaviors of the soft biological tissues can be simulated by

the help of the Prony series. Parameters in the equation have certain meanings

based on the viscoelastic material model (Tönük and Silver-Thorn, 2004).

Constants used for relaxation and creep are different. Therefore, when we

consider these equations one by one,

For the relaxation, equations,

   ...1 21
210     tt eeftf .............................................................. (4.5)

is used. Where,

f (t) = Output force

f0 = Force at the start of relaxation
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1 Short-term relaxation magnitude

1 Short-term relaxation time constant

2 Long-term relaxation magnitude

2 Long-term relaxation time constant

t = time

For the creep, equation,

   ...1 21
210     tt eedtd .............................................................. (4.6)

is used. Where,

f (t) = Output force

f0 = Force at the start of relaxation

1 Short-term creep magnitude

1 Short-term creep time constant

2 Long-term creep magnitude

2 Long-term creep time constant

t = time

For linear viscoelastic material models one set of coefficients may be obtained

from the other set of coefficients (Tönük and Silver-Thorn, 2004) however for

the nonlinear case this conversion procedure fails. With the help of these

equations, substantially close results to the relaxation and creep data extracted

from the tests, are obtained (Figure 4.34, 4.35).
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Figure 4.34 Modelling of the graph obtained for 1 mm/s motor speed, 20 mm
displacement and 120 second relaxation duration, by Prony series. Equation

4.11-d was used for modelling.

Related constants and r-square values are given below for the Figure 4.34.

Table 4.1 Constants and r-square value related to the Figure 4.34.

1 1 2 2 3 3 R-Square

46,48846 2,85361 0,25775 39,46564 -46,5433 0,03201 0,985268356
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Figure 4.35 Modelling of the graph obtained for 1 mm/s motor speed, 5 N target
force and 120 second creep duration, by Prony series. Equation 4.11-d was used

for modelling.

Related constants and r-square values are given below for the Figure 4.35.

Table 4.2 Constants and r-square value related to the Figure 4.35.

1 1 2 2 3 3 R-Square

-0,18549 529,022 3,29397 0,00508 -2,89046 4,63512 0,911944717

Test given in Figure 4.34 and 4.35 were carried out at the same location by using

the same tips. It was therefore decided to use the linear viscoelasticity material

hypothesis. Behavior of the materials displaying linear viscoelasticity is

described by Maurel et al., (1998), as follows,
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“Practical experience with materials which exhibit these behaviors suggest that

they remember the previous deformations to which they have been subjected.

This leads to formulate the general linear viscoelastic behavior as a relationship

between the stress, the strain and their derivatives with respect to time in the

form:

   t
tt

t
t

a
t

aa  
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2102

2

210     ”p.43

On the basis of this hypothesis, constants found for Figure 4.34 were used as

initial guesses for the creep test given in Figure 4.35. Consequently, result given

in Figure 4.36 and the constants given in Table 4.3 were obtained.
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Figure 4.36 Graph drawn as a consequence of finding constants for creep by the
help of the constants of relaxation, obtained by using the linear viscoelasticity

hypothesis.
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Table 4.3 Constants and r-square value related to the Figure 4.36.

1 1 2 2 3 3 R-Square

47.68 0.73472 -0.079047 51.919 -47.523 0.041152 0.84156

As can be seen from Figure 4.36, constants necessary for the creep were found

by the help of the constants found for the relaxation test. Besides this, these

constants found came out to be quite close to the relaxation constants. On the

other hand, when r-square values for two creep series were compared value

found for first constants was better.

It is possible to lay down the Prony series in a different form (Tonuk and Silver-

Thorn, 2004). In such case, relaxation and creep equations can be written as;

      ...111 21
210     tt eeftf ............................................... (4.7)

      ...111 21
210     tt eedtd ............................................... (4.8)

In the study, both forms were used, and it was observed that the second form

gave better results (See Chapter 4.6.3.2).

4.6.1.3 High Level Constitutive Equations

They pose all qualifications of a good constitutive equation. Structurally, these

equations are complicated and they posses such important qualifications as the

capability to simulate different features of the soft biological tissues and their

constants to be meaningful and identifiable.

Such an expression (enhanced quasi-linear viscoelastic model) was found in the

study constituting the other branch of the soft biological tissues mechanical

behaviors and containing the computer simulations (Üsü, 2008).



154

 
 

    
 

    
       

  

 

  

    
      

 

         













































































































































































 



















































































t
tt

tt
t

e

tB

B

tB
ttB

ttB
e

e

tB

tBttttB

tBtB

tt

tt
e

e
Ce

C

A

cba
pT

tB

tB

t

tB
t

tB

x
xx

lnlnlnln

1
1

1
1

1

1
1

1
1

1
11

1

ln1

2
2

2
0

2

0
2

2

2

2
2022

02

21

1

1

1

111
2

01

1101

12
0

1011

1

2

1
222

2
2

0

02

2

01
1

0





























































…(4.9)

where,

xxT = Stress along the material axis x

p (a, b & c) = Material parameter that reflect the unit cell dimension. It depends

on the material axis

x = Principal strain along the material axis x

A & B = Elastic material parameters

C = Material parameter related to the viscous damping

 = Strain rate

 = Shear Strain

0t = Beginning of relaxation
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t = time

21 & = Material parameters related to the strain rates

Another important feature of this equation is that, it can simulate the anisotropic

behaviors of the soft biological tissues. Thus, with the help of this equation,

preconditioning effect, relaxation, creep and anisotropic behavior of the soft

biological tissues can be modeled.

Obtaining the constants of Equation 4.9 by using the experimental data in hand,

directly is not possible. Because, as our experimental data contains the

displacement – time or force – time expressions, Equation 4.9 contains the stress,

strain and time expressions. Therefore, constants are obtainable only through

computer simulations conducted by using the inverse finite element method

(Üsü, 2008).

4.6.2 Determination of the Equation Constants and the Results

To determine the constants in the equations three different software were used.

One of them is Excel Trendline and the other two are curve fitting programs

named as uifit GUI and Ezyfit toolbox used in Matlab 7.1.

Determination of constants of the Equation 4.2 which is a curve fitting equation

is made by using the power option of the Excel trendline.

In the solution of the Equation 4.3 and the Prony Series, uifit GUI prepared by

Michael Rousseau and which was available from the Matlab File Exchange Site

was utilized (Appendix D).

Another code used for these equations is the Eazyfit Toolbox operating again in

Matlab 7.1 (Appendix D). This toolbox, prepared by Assistant Professor Frederic

Moisy from University Paris-Sud, is a free curve fitting toolbox which can be

downloaded from the internet. By using this software, compared to uifit GUI, it

is possible to obtain a result, initial guesses made for the constants must be good.
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uifit GUI is more tolerant in this respect. Even if the initial guesses are not hot

precise, result is obtainable by repeating the curve fitting efforts.

4.6.3 Results

4.6.3.1 Results Pertinent to the Curve Fitting Equation 4.2

Examination and comparison of the test data as a raw data, makes certain

observations rather difficult and clear conclusions are not attainable. This

problem was encountered when the variation of the relaxation data in relation to

speed was tried to be observed. In the final graph formed by drawing the data of

the same group measurements on the same graph, this situation was more clearly

seen (Figure 4.37).
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Figure 4.37 Relaxation data pertinent to the same group measurement
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In this graph, 120 seconds relaxation data where the displacement amount was

20 mm is shown. Although it was possible to conclude that the lowest force is

formed at 8 mm/s speed, a clearcut and explicit examination was not possible

therefore, relaxation portions of the graphs were fitted by the help of the power

function (Equation 4.2), using the Excel Trendline (Figure 4.30, Appendix C).

At the end, the constants, a and b of the Equation 4.2 were determined and graph

showing their variation with speed were drawn (Figure 4.38, 4.39 and Appendix

C).
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Figure 4.38 Variation of A constant with motor speed
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Figure 4.39 Variation of B constant with motor speed

As can be realized from the figures, A and B coefficients decreased with

increasing speed. Yet, this result was somewhat different from the graphs

presented in Appendix C and an increase in the coefficients pertinent to 8 mm/s

speed. Therefore, at this point, it will be prudent not to draw a firm conclusion.

As explained in detail previously, in the in-vivo tests, force data is extremely

sensitive, and can be influenced even by very small muscle movements and

minor deviations of the location of the indenter tip on the soft tissue tested.

Therefore, interpretation of the speed related interactions of the soft biological

tissues on the basis of hysteresis magnitudes, resulted with obtaining much

clearer and dependable information.

4.6.3.2 Results Pertinent to the Constitutive Equations and Equation 4.3

With the study made, coefficients related to the equations were determined and

the handicaps pertaining to the models were diagnosed (Section 4.6.4). Equation

forms used in the simulations are given below in relation to the number of terms.

   hfdb gtetctatyty   10 .................................................... (4.10)
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   21
210 1   tt eeyty   ................................................................. (4.11-a)

   321
3210 1   ttt eeeyty   .................................................. (4.11-b)

      21 111 210
  tt eeyty   ................................................... (4.11-c)

        321 1111 3210
  ttt eeeyty   ............................ (4.11-d)

As can be noted above, as the relaxation is simulated the in term designation is -

and as creep simulated it is +. Besides this, 4.11-a and b equations and the 4.11-c

and d equations were formed by writing the Prony series in two different forms.

In the Tables given below, coefficients determined, can be seen.

Table 4.4 Coefficients of Equation 4.10 for the relaxation data

T.No a b c d e f g h
R.1 0,488 -4,045 -4,596 -1,326 0,094 -0,452 0,248 -0,109
R.2 -0,586 -2,701 -4,397 -1,584 -0,550 -0,403 0,290 -0,013

-
2,0E+05 -4,331 485,137 -1,868 -68,553 -1,000 13,595 -0,620

R.3 -3,131 -1,816 4,259 -1,264 0,041 0,349 -6,454 -1,254
-21,247 -1,803 0,217 -0,442 0,014 0,545 0,056 -0,576
-5340,1 -3,790 43,844 -23,855 0,025 0,452 -31,750 -27,782

R.4 0,270 -3,048 -1,527 -2,370 0,155 0,089 -2,820 -0,948

R.5 -
1,5E+07

-
4,1E+04

-
1,0E+07

-
1,8E+07 0,018 0,485 -

8,0E+07 -7,047

R.6 -2,797 -3,204 1,367 -2,528 0,271 0,010 -1,924 -0,692
-

5,6E+05 -5,096 85,151 -1,440 3,873 -0,395 -29,629 -0,872

R.7 1,115 -5,836 -3,774 -4,754 0,756 -0,265 -5,040 -0,922
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Table 4.5 Coefficients of Equation 4.10 for the creep data

T.No a b c d e f g h

C.1 0,000 0,197 1,684 -0,272 14379 -4,081 -2,110 -0,413
C.2 -0,092 0,079 0,073 -2,521 -1,351 -2,542 0,143 -0,070
C.3 -0,017 0,263 -197184 -770 100423 -4,859 265581 -648
C.4 -0,337 0,064 0,357 0,017 4554 -4,036 2832 -3674
C.5 -1,522 -0,695 29,378 -1,646 -115 -5912 0,000 1,603
C.6 -12,104 -21,931 8,131 -16,464 -0,264 -0,244 51,975 -1,949
C.7 -2662 -53,782 13103 -4,137 -0,007 0,545 -1606 -10,270

Table 4.6 Coefficients of Equation 4.11-b for the relaxation data

Test No 1 1 2 2 3 3
R-
Sq.

Relax. 1 0,15093 44091,4 19993,14 0,00046 -746,872 2,11105 0,337
Relax. 2 0,15203 3029258 -60373,8 0,00325 -0,36056 8,50492

0,23255 895,3 -0,20324 46,31593 -1347151 1,19126 0,841
Relax. 3 0,18024 3688,2 -104,431 3,2899 -834,976 1,35744

0,25696 992903,4 -0,24176 69,28676 -159883 1,35938 0,984
Relax. 4 0,21783 49166982 -983855 1,19715 -0,26538 37,52988 0,985
Relax. 5 0,6181 32651902 -4788,66 1,814 -0,56328 465,4394 0,913
Relax. 6 0,22683 2018759 -0,27695 38,35479 -196917 1,33351 0,981
Relax. 7 0,15311 2531,594 10612,59 0,00524 -0,78876 11,51369 0,844

Table 4.7 Coefficients of Equation 4.11-b for the creep data

Test No 1 1 2 2 3 3
R-

Square
Creep 1 0,313 396,641 -145,844 2,61803 -0,32311 168,1461 0,965
Creep 2 0,991 143,637 -1,00579 129,5022 -216,004 0,0055

0,893 145,095 -0,9075 129,355 -1,2E+09 0,86302 0,611
Creep 3 0,110 12872,7 -3,83966 4,67835 -0,07389 287,6471 0,718
Creep 4 0,202 -1,4E+10 -5,15544 4,16783 -0,17066 469,4644 0,913
Creep 5 0,230 752,050 -0,2783 136,6843 -13,4158 3,69945 0,944
Creep 6 0,256 116,503 -0,28958 41,92991 -0,29032 9,96561 0,881
Creep 7 0,133 395,767 0,53704 152,2655 -0,68694 116,1829 0,834
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Table 4.8 Coefficients of Equation 4.11-a, c, d for the relaxation data

Eq.
Type 1 1 2 2 3 3 R-Square

a 0,22671 1342495 -0,25819 57,98248 0,976167188
c 0,25817 57,97436 -0,03149 0,00444 0,976168053
d 1,56642 5,85771 0,24128 101,5282 -1,52783 0,32682 0,985188468
a 0,287 458,0344 -0,35526 49,13241 0,976513174
c 0,29882 33,63308 -0,10064 0,01613 0,980651584
d 46,48846 2,85361 0,25775 39,46564 -46,5433 0,03201 0,985268356
a 0,21459 3067775 -0,30838 34,55 0,974739293
c 0,30837 34,54799 -0,09379 0,14746 0,974739206
d 1,74852 0,37361 0,30837 34,54799 -1,84232 0,02545 0,979877964

Table 4.9 Coefficients of Equation 4.11-a, c, d for the creep data

Eq.
Type 1 1 2 2 3 3

R-Square

a 0,09428 32732,08 -0,12213 67,38226 0,95841017
c 0,22527 0,05836 -0,12059 89,91842 0,96247160
d 0,3191 0,67925 -0,09384 0,00146 -0,12059 89,91841 0,96247134
a 0,05666 760844,1 -0,29114 11,88716 0,60881047
c 0,34848 0,01159 -0,29184 11,87273 0,60888831
d 0,07237 0,07707 0,27611 0,24539 -0,29184 11,87273 0,60888831
a 0,07754 3088054 -0,07905 51,92429 0,84238221
c 0,22588 0,01092 -0,16055 18,53549 0,76774173
d -0,18549 529,022 3,29397 0,00508 -2,89046 4,63512 0,91194472

4.6.4 Evaluation of the Results

Results were evaluated under two considerations. Firstly, whether the constants

of the relevant parameters showed stable behaviors or not, and whether values of

the same parameters obtained for different graphs deviated from each other

substantially or not, were inquired. Secondly, the r-square values were calculated

in order to observe how well the equations modeled the related graphs.

Firstly, let us clarify that, we meant the color when we stated it to be unstable.

As an example let us consider the equation among the second group

measurements given in Table 4.8. As can be seen from the table, short term time
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constant 1  is determined to be 458 s. In order to obtain a better result, by using

the constants determined for this “a” equation, when curve fitting process is

repeated by the help of uifit GUI, 1  was found to be 9074493 s. When the same

process was repeated again, 1  is found as 9.88E15 s. In other words, this

constant did not stay stable in a fixed value but showed an ever-increasing trend.

Thus, in some of the equation forms used, such a case was observed and the term

to describe this case was stated as unstable. Finally, if the constants showed an

increasing trend with repeated curve fitting process, the equation used was

termed as unstable and if not it was denoted as stable.

For the second case, on the other hand, whether the pertinent parameters were

guessable or not was meant. That is, when determining the parameters of the

equations used for the experimental data in hand, whether our initial guesses for

these parameters were, under the experience of previous observations, close

enough to be sought parameters. Naturally, the fact that, the tests were being

carried out in-vivo, made this case a difficult one, but nevertheless, for some

equation forms such an approach was employed.

Coefficients of the Prony series and power equations were observed to show

extremely unstable behaviors. In particular coefficients of the power equations

showed extremely dispersed and unstable behaviors and it was revealed that, the

coefficients in concern were unestimatable (Table 4.4, 4.5). In the Prony series,

on the other hand, situation was somewhat different. Results of the Prony

equations with different forms were also different. In this context, best results

were obtained when the Prony series given in Equation 4.11-c was used. The

constants obtained for the relevant parameters were, within certain limits,

estimatable (Table 4.8, 4.9). It was observed that, the form given in Equation

4.11-b gave the worst results. It was concluded that, the constants obtained

through this form were unestimatable, and that parameters such as 1 , 1

displayed unstable behaviors (Table 4.6, 4.7). In the forms of equations a and c,
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better results were obtained, but still, variable behaviors and deviations were

commonplace.

Another parameter, used for the evaluation of the results is the r-square value. In

this context, r-square values were calculated. Results can be seen in Figure 4.40

and 4.41.
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Figure 4.40 R-square values of the models used for the relaxation data
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Figure 4.41 R-square values of the models used for the creep data

R-square values given in the graphs were determined by using 3 each relaxation

and creep graphs where clean data were obtained. R-square values for different

models were calculated by using these and, graphs were drawn by taking their

average values.

As can be seen in Figure 4.40, best result was obtained for the Prony equation in

“4.11-d” form. For the creep tests, on the other hand, best result was yielded by

the Prony equation in “4.11-a” form.

4.7 Examination of the Anisotropic Behaviors of the Soft Biological Tissues

Soft biological tissues are bodies displaying anisotropic behaviors. That is,

responses given to loads coming from different directions are also different. In

the indenter tests, these behaviors of the soft biological tissues can not be

determined by the axi-symmetric tips. Examples of these tips are the spherical

and cylindrical tips. Therefore, ellipsoid tips which are theoretically examined by

Bischoff, (2004), were used.
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4.7.1 Ellipsoid Tips

Ellipsoid tips possess ellipsoidal form and designed according to two basic

length parameters. These lengths are the long and short axis lengths (Figure

4.42).

Figure 4.42 a and b give the lengths of the long and short axis respectively.
Edges are prepared and produced according to these dimensions

For the tests, three ellipsoid tips in different dimensions were produced (Figure

4.43).
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Figure 4.43 Ellipsoidal tips of different dimensions. Tip dimensions; a =24 mm,
b = 6 mm (1) a = 16 mm, b = 4 mm (2) a = 8 mm, b = 2mm (3)

The reason for producing different dimensioned tips was to be able to perform

measurements fit to the tissue physiology at different locations. It was necessary

to use small sized tips for the points where thick tissues prevailed and large sized

tips for the points of thin tissues. At the points where thick tissue took place, it is

feasible to work with larger displacement amounts and in such places using

small sized tips brings the risk of damaging the tissue. Independent of the tissue

thickness, to work with small sized tips as small displacement amounts are

applied, is more suitable. Another criteria decisive for the selection of the

indenter tip is the size of the organ tested. For instance, small indenter tips are

used for the fingers, cheeks or heel showing high degree of curvature. Using the

medium and big sized tips in such organs causes deficiency in full contact

between the tissue and the indenter tip. Furthermore, the variance of the tissue

thickness underneath a large sized tip creates a problem for obtaining the tissue

thickness parameter which is very important for the computer simulations. For

large organs like arms and legs, provided that the tissue thickness is sufficient, it

is possible to work with medium. On the periphery of the indenter tips produced,

36 notches, one at each 10º increment, were made (Figure 4.40). Ellipsoidal tips

could be placed in desired angles by the help of the aligning element attached to

the indenter tip (Figure 4.44).
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Figure 4.44 By the help of the alignment edge and routes, measurements at 10º
intervals could be made

4.7.2 Tests Carried Out with Elliptical Tips and Their Results

At the same test point, by 10º and 30º angular increments, tests were carried out

and the anisotropy of tissue in the plane of the skin surface was determined.

Ellipsoidal indenter tip was placed parallel to the longer axis of the forearm, that

is parallel to the contraction direction of the muscle fibers. Following this, the

necessary indenter tests were carried out by positioning of the indenter tip at the

desired angular positions (Figure 4.45).

Figure 4.45 Response of the tissue under different angles is examined by
aligning the ellipsoidal tip at  angle
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Tissue anisotropies were examined separately for the cyclic loading, relaxation

and creep test protocols.

4.7.2.1 Cyclic Loading Tests

Basic measurements were performed at 8 mm/s motor speed by 10º increments

within the 0º and 170º interval. In addition to these angles, measurements for

control purposes 180º, 210º, 240º and 270º angle tests were also conducted.

These positions coincide with the first 0º, 30º, 60º, and 90º positions of the

indenter tip. Later the basic measurements were compared with the control

measurements. In the tests, closeness of the control data to the basic

measurements indicated that these measurements were dependable. Yet, a great

variation between the control measurement and the basic measurement or the

deviation of graph form the general tendency, marked that test point was

dislocated or the muscle volume was altered.

In these tests where observing the preconditioning effect is not a matter of

importance, the tests were conducted consecutively without waiting for the soft

tissue to recover. Measurements consisting of 10 cycles were carried out, and

method used in the examination of the influence of speed on the soft biological

tissues was employed (Chapter 4.3.2). That is, maximum forces for each cycle

were determined, and later their averages were taken. Following this, highest and

lowest values above and below these average values were eliminated and the

average of the remaining values were recalculated. This procedure was repeated

for all angle values and the graph of the soft tissue response force versus the

angle of the angle of elliptical indenter tip was drawn (Figure 4.46).
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Figure 4.46 Anisotropic behavior of the tissue in relation to the varying angles
in cyclic loading. Tests were carried out under the 8 mm/s speed and 16 mm

tissue displacement

As can be seen from the Figure 4.46, response of the tissue increased from 0º to

90º and decreased from 90º to 180º. Thus, maximum force developing in the

tissue occurred when the indenter tip was positioned perpendicular to the

contraction direction of the muscle fibers. Again, result of a similar measurement

can be seen in Figure 4.47.

5,00
5,50
6,00
6,50
7,00
7,50
8,00
8,50

0 50 100 150 200

Angle of Indentor Tip (º)

R
es

po
ns

e 
Fo

rc
e 

(N
)

Figure 4.47 Anisotropic behavior shown by the tissue, at another cyclic loading
test
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To obtain consistent results, while rotating the indenter tip in between the tests,

the test point on the tissue should not be changed. Due to long duration of the

tests, the muscle tonus should be kept the same during the tests. These tests were

substantially time taking tests and in case the necessary diligence was not

dedicated, data would be greatly influenced. Despite all these, the general

tendency discussed above, were observed also in this type of uneasy data (Figure

4.48).
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Figure 4.48 Anisotropic behavior observed in the cyclic loading tests conducted
at 16 mm displacement and 8 mm/s motor speeds.

4.7.2.2 Examination of the Tissue Anisotropy Related to the Relaxation

Behavior

In order to examine the tissue anisotropy as related to relaxation behavior, 7

successive tests with 30º interval increases between 0 and 210º angles, were

carried out. In these tests, 1 mm/s motor speed, 120 second relaxation duration

and 17-22 mm displacement amounts were applied. Anisotropy investigations
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for the relaxation behavior were carried out in two ways. First of this was may

by the comparison of forces at the end of the creep duration, end the other, by

driving and comparing the constants of the two term Prony Equation (Equation

4.11-c)

4.7.2.2.1 Observed Anisotropy Related to the Force Values at the End of the

Relaxation Time

In order to comfortably observe the anisotropy behavior, force values at the end

of the relaxation time were determined and force – indenter tip angle graphs

were drawn (Figure 4.49, 4.50).
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Figure 4.49 Anisotropic response attributed to relaxation behavior. In the test
data a 22 mm displacement is applied
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Figure 4.50 Anisotropic response attributed to relaxation behavior. In this test a
17 mm displacement is applied

As can be seen from the figures, in the relaxation tests also, results similar to

those of the cyclic loading tests, were obtained. Response force displayed by the

tissue increased from 0º to 90º degrees and decreased from 90º to 180º degrees.

After 180º, another increase was observed. Again, maximum force was

encountered when the indenter tip placed perpendicular (90º) to the contract

direction of the muscle.

In the Figure 4.49, at 150º a deviation attributed to the muscle activity was

encountered and by eliminating this value, expected result was obtained (dashed

line).

4.7.2.2.2 Examining the Relaxation Dependent Anisotropy Behavior by

Using the Prony Equation

Another examination pertinent to anisotropic behavior displayed by the tissue

was carried out by using the Prony series. Constants of Equation 4.11-c were

determined by using the test data and the graphs showing the variation of

constants in relation to the angle of the ellipsoid tip, were drawn.
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4.7.2.2.2.1 Graphs Pertinent To the Test Results Given in Figure 4.49

In the following graphs, it was given the variation of the coefficients (Table

4.10) belonging to Equation 4.11-c with the indenter tip angle.
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Figure 4.51 Angle of the indenter tip versus 1  graph

As it can be seen from the Figure 4.51, an interesting result was obtained. The

short term relaxation magnitude degreased gradually with the increasing tip

angle. Only a high deviation was observed at 150º. This was most probably

caused by the muscle tones changes. The other probability was the physiology

under the indenter tip at this angle. It was observed a high deviation at 150º in

the other test result given in Section 4.7.2.2.2.2. The control value observed at

210º nearly took same value with the magnitude of 1  at 0º.
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Figure 4.52 Angle of the indenter tip versus 1  graph

As it can be seen from the Figure 4.52, the short term relaxation time constants

changed around the 0.55 s with the increasing tip angle. Two high deviations

were observed in this result. These points were 120º and the control

measurement at the 210º.
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Figure 4.53 Angle of the indenter tip versus 2  graph
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The results for the long term relaxation magnitude showed a parallel result with

the short term relaxation magnitude. Only the sign of the values were positive.

Other then the sign, the general characteristic of 2  were observed same with 1 .
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Figure 4.54 Angle of the indenter tip versus 2  graph

Unlike the short term relaxation time constant, long term time constant 2

showed similar characteristic with the increased tip angle as observed in Figure

4.51 and Figure 4.53.

In conclusion, it was not able to see a pure observation about anisotropy as it was

for the force dependent anisotropy research given in Figure 4.49 and Figure 4.50.

On the other hand, it was still observed trends especially in the Figures 4.51,

4.53 and 4.54. Also, it was obtained parallel results for these figures.
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Table 4.10 Coefficients for the relaxation tests

Angles
of the

Indenter
Tip (º)

1 1 (s) 2 2 (s) R-
Square

0 -0,11672 0,54357 0,2873 21,107 0,96657
30 -0,05208 0,58054 0,20246 28,634 0,97232
60 -0,04918 0,5419 0,23865 30,146 0,98301
0 -0,10974 0,56943 0,26826 19,454 0,95771

120 -0,26395 0,87049 0,40823 12,965 0,98165
150 -0,03967 0,57082 0,21676 29,749 0,94956
180 -0,50647 0,52973 0,63635 9,8382 0,90638
210 -0,10914 0,67428 0,27956 21,388 0,95355

4.7.2.2.2.2 Graphs Pertinent To the Test Results Given in Figure 4.50

Below the coefficient (Table 4.11) graphs pertinent to test results given in Figure

4.50 can be seen.
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Figure 4.55 Angle of the indenter tip versus 1  graph
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The result obtained for the short term relaxation magnitude was given in Figure

4.55. There was no regular trend observed for the 1  unlike the previous study.

Consequently, it was not possible to make an inference about anisotropy for the

1  values.
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Figure 4.56 Angle of the indenter tip versus 1  graph

Short term time constants were showed barely same character with the results

given in Figure 4.52. However, for the angles started from 90º and ended with

150º was showed an increase gradually. After the angle 150º similar values was

obtained for 1  with the beginning angles. Thus, if the results given in Figure

4.52 were also considered, it could have been concluded that 1  took values the

0.77 s with the increasing tip angle.
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Figure 4.57 Angle of the indenter tip versus 2  graph

The result obtained for the long term relaxation magnitude was given in Figure

4.57. A similar observation was made for 2  with the result given in Figure 4.55.

On the other hand, there was no trend obtained with the increasing indenter tip

angle.
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Figure 4.58 Angle of the indenter tip versus 2   graph
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The result obtained for the long term relaxation time constant was given in

Figure 4.58. Like the other given results for the coefficients, it was not possible

to say about the changes of the 2  with the increasing indenter tip angle. On the

other hand, with the careful looking, W shaped appearance could have been

observed between the angles 0º and 180º. If the deviation appeared at 120º was

not considered, this shape was more comprehensible. However, this is a bit

enforcement conclusion, and at this point it is better to aware of such a

conclusion.

Because of the characteristic of the experimental measurements, the results

obtained for the coefficients of the related Prony series did not show a clear

result about the tissue anisotropy. The results given in Chapter 4.7.2.2.2.2

showed better behavior related to the tissue anisotropy. This result can also be

seen from the anisotropy results pertinent to the force magnitudes. It was

observed a deviation at 150º from the general trend in Figure 4.50.

Table 4.11 Coefficients for the relaxation tests

Angles
of the

Indenter
Tip (º)

1 1 (s) 2 2 (s) R-
Square

0 -0,02428 0,77957 0,20978 38,664 0,92778
30 -0,20779 0,75047 0,37282 23,66 0,98695
60 -0,10534 0,79106 0,284 30,462 0,98047
90 -0,14111 1,2877 0,35818 30,796 0,98541

120 -0,07176 1,6498 0,28154 36,377 0,98204
150 -0,60429 3,6038 0,77677 14,443 0,95864
180 -0,40114 0,7828 0,57358 15,959 0,96663
210 -0,18074 0,73348 0,34259 22,553 0,97557
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4.7.2.3 Examination of the Tissue Anisotropy Related to the Creep Behavior

For the examination of the tissue anisotropy in relation to the creep behavior, as

in relaxation case, 7 successive tests with 30º interval increases between 0º and

180º angles, were carried out. Motor speed of 1 mm/s, creep duration of 120

seconds and target force of 5 N were used.

4.7.2.3.1 Observed Anisotropy Related to the Displacement Values at the

End of the Relaxation Time

For the observation of the tissue anisotropy related to the creep behavior,

displacement amounts at the end of the creep duration were determined for each

test and the displacement – indenter angle graphs were drawn (Figure 4.59).
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Figure 4.59 Anisotropic behavior observed, in relation to the creep behavior

As can be noted from Figure 4.59, result obtained is consistent with the situation

observed in the cyclic loading and relaxation behaviors. Tissue behaved stiffer

around 90º, and in consequence, the target force was reached in a shorter

distance. Again, the stiffness of the tissue progressively decreased from 90º to
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180º. At 120º, a small deviation in the obtained data was encountered. As

discussed in the previous sections, this deviation may be attributed to the

changes in the tonus of the muscle.

4.7.2.3.2 Examining the Creep Dependent Anisotropy Behavior by Using the

Prony Series

A second observation related to anisotropy pertinent to creep tests were made by

using Prony series (Equation 4.11-c). Relevant constants were determined by

using the test data and the graphs incorporating the variations of these constants

in relation to the tip angles were drawn.
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Figure 4.60 Angle of the indenter tip versus 1  graph

The result obtained for the short term creep magnitude was given in Figure 4.60.

As it can be seen from the Figure 4.60, an M shaped behavior related to tissue

anisotropy was obtained.
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Figure 4.61 Angle of the indenter tip versus 1  graph

Changing of the short term time constant with the increasing indenter tip angle

was given in the Figure 4.61. As it can be seen from the Figure 4.61, it was not

observed a proper changing depending on the tissue anisotropy with the

increasing indenter tip angle. This was mainly due to the high deviation in the

values of the coefficients pertinent to the angles 30º and 180º from the other

coeffecients (Table 4.12).
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Figure 4.62 Angle of the indenter tip versus 2  graph

The results for the long term relaxation magnitude showed a parallel result with

the short term relaxation magnitude. Only the sign of the values were positive.

Other then the sign, the general characteristic of 2  were observed same with 1 .
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Figure 4.63 Angle of the indenter tip versus 2  graph
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Result obtained for the long term creep time constant was given in the Figure

4.63. As it can be seen from the Figure 4.63, a decrease was obtained between

the angles 0º and 60º after this point 2  values was increased gradually except

the value at 150º.

Table 4.12 Coefficients for the creep tests

Angles
of the

Indenter
Tip (º)

1 1 (s) 2 2 (s) R-
Square

0 0,22423 1,1524 -0,1205 90,523 0,98109
30 0,9077 22,213 -0,86563 24,919 0,80003
60 0,34436 0,8466 -0,28794 11,94 0,7781
90 0,15724 1,3007 -0,07952 51,172 0,9177

120 0,35278 0,73646 -0,18009 96,432 0,95432
150 0,92546 1,1843 -0,84652 9,2868 0,88219
180 0,35189 3,68E-09 -0,17097 158,5 0,92629
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CHAPTER 5

DISCUSSION AND CONCLUSION

5.1 Summary

Study basically consisted of two phases. In the first phase of the study, for

conducting dependable and precise experiments, improvements in the existing

test system were achieved. In the second phase of the study, by using this

improved test device, to observe the soft biological tissue behaviors under

various conditions, systematic experiments were carried out.

In the first phase, two basic points were inquired. These may be set forth as the

improvement of the movement precision of the indenter tip and improvement of

the load measurement precision. As a result of the efforts made, both precision

were substantially improved. Deviations displayed by the indenter tip was within

the range of 0.05 mm to 4.42 mm before the study and this deviations were

drawn back to the range of -0.11 mm to +0.12 mm. the force data, on the other

hand, was confined to the range of -0.25 N to + 0.43 N and it was observed that,

the average deviation remained at + 0.19 N as a result of the efforts given in this

study.

Again, the works carried out in this study are presented item by item below.

 A new connection system, for achieving smooth and correct

measurements, was developed

 A filtering procedure was developed to clean the noisy data

 A Matlab code to determine the point of contact of the indenter tip with

the tissue, and to discard the data just before this point was formulized.
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 Also, Matlab codes serving different goals and rendering considerable

time conservations were prepared.

 Necessary arrangements for the simultaneous commencement of the

force data collection and the indentor’s tip movement were made

In the second phase of the study, cyclic loading, relaxation and creep tests on the

forearm were carried out. In order to observe the anisotropic behavior of the

tissue, ellipsoid tips which provided measurements in different angles, were

designed and produced. With the tips prepared, anisotropy experiments on the

tissue were conducted. By using the relaxation and creep data, constants of the

Prony series capable of modelling these data were determined and the Prony

series of different forms were compared. Anisotropic response of the tissue was

examined by utilizing the constants found for the Prony series.

Now, let us consider the results obtained in the second phase, in more detail.

5.2 Results and Discussion

The most fundamental observation made at the end of the experiments was the

non linear behavior displayed by the tissues. In other words, it was observed that,

hysteresis developed at the cyclic loading, stress decreased under constant strain,

that is, relaxation, and the strain increased under constant stress, that is the creep.

Again, under cyclic loading, tissue has displayed the preconditioning (Mullin’s)

effect. It was contemplated that, this phenomena was not always observable and

it was seen more clearly in the healthy physiologies with better conditions.

Another important conclusion derived with regard to the preconditioning effect

was that, the preconditioning effect related to the hysteresis magnitudes was

more clearly obtainable. Preconditioning effect was not observed amply in the

force – time graphs. This was origined from the fact that, test were carried out in

–vivo and therefore, the force data was influenced greatly from the muscle

movements. Yet, in the scrutinizes made with the hysteresis magnitudes, this

sensitivity was found to be much less critical.
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Another study on the soft biological tissues was carried out to observe the effect

of speed on the tissue behavior. In this context, the response force displayed by

the tissue and the hysteresis magnitudes, as just like in the preconditioning

effect, were examined separately. The result was that of the preconditioning

effect. That is, a clear conclusion was not attainable in the investigation of the

effect of speed on the tissue, by just looking at the force magnitudes. Yet, it was

observed that, the hysteresis magnitudes increased almost linearly with the rising

speed. Here, the important point was that, this increase in hysteresis occurred

independently from the variations in force. In other words, hysteresis displayed

an increase tendency with the rising speed independent of the force which might

have been lower or higher in a low speed in the measurements of the same

group.

In the in-vivo experiments, where the realistical behavior of the tissue is best

followed, it is anticipated that, observing the impact of preconditioning effect

and speed in relation to the hysteresis magnitudes is two very important

conclusions. In simulations where the impact of the preconditioning effect and

speed will be considered, it will be safer and more correct to use the results

pertinent to the hysteresis magnitudes.

In this study, anisotropic behaviors of the soft biological tissues were also

examined. When the anisotropic response of the tissue were investigated,

separate evaluations were carried out for the cyclic loading, relaxation and creep

tests and results in parallel with each other were obtained. According to these

results, as the angle between the long axis of the ellipsoid tip and the contraction

direction of the muscle increases, the resistance of the tissue increased and

reached its maximum at 90º angle in between. This behavior showed a periodical

character and it tended to decrease again in the interval starting from 90 º and

ending with 180º.

The last observation made in the study was realized by determining the constants

of the Prony series, capable of modelling the relaxation and creep experimental
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data obtained. In the modelling, Prony series in various forms were used and

they were compared among each other. Best results were obtained for the Prony

series with three terms, given in Equation 4.11-d. Yet, the constants obtained for

this form, could have displayed unstable behaviors. Best results with regard to

the stability, were obtained for the Prony series with two term, given in Equation

4.11-c. additionally, by using these coefficients pertaining to the relaxation and

creep data, anisotropic behavior was examined. Yet, by utilizing these constants,

a clear-cut result was not obtained. Therefore, in the in-vivo experiments,

examination of the anisotropic behavior was better to be achieved by observing

the force data.

In conclusion, with the experiments carried out, behaviors of the soft biological

tissue were investigated in detail. Besides this, behaviors of the soft biological

tissues were better understood. Application of the results obtained in these

studies, to the simulations particular to the computer environment, will make the

observing of the soft biological tissue behaviors in imaginary medium with mush

better and more realistical outcomes.

5.3 Future Works

Test system is deficient with regard to its hardware. The most components

belong to hardware of experiment system was taken in the years 2001-2002. The

communication between the computer and control unit has been providing

through the port USB 1.1. The maximum data transfer rate via this port can be 12

Mbits/second (Chiu and DeVercelly, 2006).

These deficiencies in the experiment system, caused to happen problems

especially when added some new experiment protocols. Particularly, they were

caused not to work properly the force controlled test protocols or   collecting

missing data. If it is necessary to give an example, in relaxation experiments, in

order to be started the beginning of relaxation as linked to the target force, it was

studied to prepare a Matlab code. But, in order to be   the relaxation experiment

done in an ideal way, the prepared code, was caused   to problems during
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apparatus working. Therefore, the codes were modified in order to make the

apparatus working properly. Yet, this caused to loss of experiment data and, the

observations were not done in required characteristics,   either.  A similar

problem, was faced during preparing codes for the cyclic loading experiment

linked to target force.

Also, this deficiency sometimes results with problems arising during the

experiments. This, in consequence, results with time loss and in certain cases,

becomes deteriorating for the testes individual and the conductor of the tests, due

to the long lasting efforts spent. Further to that, the performance of the test

protocols needed to be annexed may be impaired due to this deficiency.

Therefore, in this context, by changing the hardware components and fittings

other than the test unit itself, much better experiments and different observations

will be possible to be achieved.



190

REFERENCES

Alexander, H., Cook, T. H., 1977. Accounting for natural tension in the

mechanical resting of human skin. The Journal of Investigative Dermatology 69,

310-314

Bischoff, J. E., 2004. Static Indentation of Anisotropic Biomaterials Using

Axially Asymmetric Indenters-a Computational Study. Journal of Biomechanical

Engineering 126, 498-505

Bönniger, M., 1905. Die elastische Spannung der Haut und deren Beziehung

zum Oedem. Ztschr. F. Exper. Path. U. Therapie 1, 163-183

Chapra S. C., Canale, R. P., 1998. Numerical Methods for Engineering. McGraw

Hill, 3th ed., Singapore.

Chiu, I., DeVercelly, W., last revision date:  31/08/2006. USB 2.0, Hi Speed

USB FAQ.  http://www.everythingusb.com/usb2/faq.htm, last accessed date:

25/09/2008

Choi, A. P. C., Zheng, Y. P., 2005. Estimation of Young’s modulus and

Poisson’s ratio of soft tissue from indentation using two different sized

indenters : finite element analysis of the finite deformation effect. Medical &

Biological Engineering & Computing 43, 258-264.

DiSilvestro, M. R., Suh, J. F., 2001. A cross-validation of the biphasic

poroviscoelastic model of articular cartilage in unconfined compression,

indentation, and confined compression. Journal of Biomechanics 34, 519-525

http://www.everythingusb.com/usb2/faq.htm


191

Felmlee, J.P., Greenleaf, J.F., Ehman, R.L., 2001. Magnetic resonance

elastography: Non invasive mapping of tissue elasticity. Medical Image

Analysis, Vol.5, pp.237-254

Fox, S. I., 1992. Human Physiology. McGraw-Hill, 4th ed., Iowa.

Fung, Y. C., Zweifach, B. W., Intaglietta, M., 1966. Elastic environment of

capillary bed. Circulation Research 19, 441-461.

Fung, Y. C., 1984. Structure and Stress-Strain Relationship pf Soft Tissues.

American Zoologist 24, 13-22.

Fung, Y. C., 1993. Biomechanics: Mechanical Properties of Living Tissues.

Springer-Verlag, 2nd ed., New York.

Gefen, A., Megido-Ravid, M., Azariah, M., Itzchak, Y., Arcan, M., 2001.

Integration of Plantar Soft Tissue Stiffness Meausurements in Routine MRI of

the Diabetic Foot. Clinical Biomechanics 16, 921-925.

Gefen, A., Margulies, S. S., 2003. Are in vivo and in situ brain tissues

mechanically similar? Journal of Biomechanics 37, 1339-1352

Geyer, M. J., Brienz, D. M., Chib, V., Wang, J., 2004. Quantifying Fibrosis in

Venous Disease: Mechanical Properties of Lipodermatosclerotic and Healthy

Tissue. Advances Skin & Wound Care 17, 131-142.

Hibbeler, Y. C., 1999. Mechanics of Materials. Prentice Hall, 4th ed., New

Jersey.

Holt, B. et al., 2008. Viscoelastic response of human skin to low magnitude

physiologically relevant shear. Journal of Biomechanics, doi:

10.1016/j.jbiomech.2008.06.008



192

Kawchuk, G. N., Liddle, T. R., Fauvel, O. R., Johnston, C., 2006. The Accuracy

of Ultrasonic Indentatıon in Detecting Simulated Bone Displacement: A

Comparıson of Three Techniques. Journal of Manipulative and Physiological

Therapeutics 29-2, 126-133

Kirk, E., Kvorning, S. A., 1949. Quantitative Measurements of the Elastic

Properties of the Skin and Subcutaneous Tissue in Young and Old Individuals.

Journals of Gerontology 4, 273-284.

Kiss, Z. K., Varghese, T., Hall, T. J., 2004. Viscoelastic characterization of in

vitro canine tissue. Physics in Medicine and Biology 49, 4207-4218.

Korhonen, R. K., Saarakkala, S., Töyräs, J., Laasanen, M. S., Kiviranta, I.,

Jurvelin, J. S., 2003. Experimental and numerical validation fort he novel

configuration of an arthroscopic indentation instrument. Physics in Medicine and

Biology 48, 1565-1576.

Kroon, M., Holzapfel, G. A., 2008. A new constitutive model for multi-layered

collagenous tissues. Journal of Biomechanics, doi:

10.1016/j.jbiomech.2008.05.033

Lawrence, A.J., Rossman, P.J., Mahowald, J.L., Manduca, A., Hartmann, L.C.,

Ehman, R.L., 1999. Palpating Breast Cancer by Magnetic Resonance

Elastography. Proceedings of the 7th Annual Meeting of ISMRM, Philadelphia,

215.

Manduca, A.,  Oliphant, T.E.,  Dresner, M.A., Mahowald, J.L., Kruse, S.A.,

Amromin, E., Felmlee, J.P.,  Greenleaf, J.F.,  Ehman, R.L., 2001. Magnetic

resonance elastography: Non-invasive mapping of tissue elasticity. Medical

Image Analysis 5, 237–254.



193

Maurel, W., Wu, Y., Thalman, N. M., Thalman, D., 1998. Biomechanical

Models for Soft Tissue Simulation. Springer, Germany.

Miller, K., 2000. How to test very soft biological tissues in extension? Journal of

Biomechanics 34, 651-657.

Miller, K., Chinzei, K., 2002. Mechanical properties of brain tissue in tension.

Journal of Biomechanics 35, 483-490

Miller-Young, J. E., Duncan, N. A., Baroud, G., 2002. Material properties of the

human calcaneal fat pad in compression: experiment and theory. Journal of

Biomechanics 35, 1523-1531

Moisy, F., 2008. ezyfit-A free curve fitting toolbox for Matlab.

http://www.fast.u-psud.fr/ezyfit/, last accessed date: 19/09/2008.

Ottensmeyer, M. P., 2002. “In Vivo Measurement of Solid Organ Tissue

Mechanical Properties,” Studies in Health Technolgy and Informatics 85, 328-

333.

Ottensmeyer, M. P., Kerdok, A. E., Howe, R. D., Dawson, S. L., 2004. The

Effects of Testing Environment on the Viscoelastic Properties of Soft Tissues.

International Symposium on Medical Simulation, 9-18.

Payne, P. A., 1991. Measurement of Properties and Function of Skin. Clinical

Physics and Physiological Measurement 12(2), 105-129

Peña, E., et al., 2008. On modelling nonlinear viscoelastic effects in …. Journal

of Biomechanics, doi: 10.1016/j.jbiomech.2008.06.019

http://www.fast.u-psud.fr/ezyfit/


194

Planar-Biaxial Soft Tissue Test System, 2004,

http://www.instron.com.tr/wa/library/streamfile.aspx?doc=527, last accessed

date: 19/09/2008.

Prete, Z. D., Antoniucci, S.,Hoffman, A. H.,Grigg, P., 2004. Viscoelastic

properties of skin in Mov-13 and Tsk mice. Journal of Biomechanics 37, 1491-

1497

Provenzano, P., Lakes, R., Keenan, T., Vanderby, R. Jr., 2001. Nonlinear

ligament viscoelasticity. Annals of Biomedical Engineering 29, 908-914.

Rousseaou, J. M., 1999. Matlab central file exchange-uifit.

http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do?objectId=13

8&objectType=FILE, last accessed date: 19/09/2008.

Rubin, M. B., Bodner, S.R., 2002. A three - dimensional nonlinear model for

dissipative response of soft tissue. International Journal of Solids and Structures

39, 5081-5099.

Sokolof, L., 1966. Elasticity of aging cartilage. Federation Proceedings 25, 1089-

1095

Suha, J. F., Youna, I., Fub, F. H., 2001. An in situ calibration of an ultrasound

transducer: a potential application for an ultrasonic indentation test of articular

cartilage. Journal of Biomechanics34, 1347-1353

Tanaka , E., Tanaka, M., Aoyamaa, J., Watanabe, M., Hattori, Y., Asai, D.,

Iwabea, T., Sasaki, A., Sugiyama, M., Tane, K., 2002. Viscoelastic properties

and residual strain in a tensile creep test on bovine temporomandibular articular

discs. Archives of Oral Biology 47, 139–146

http://www.instron.com.tr/wa/library/streamfile.aspx
http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do


195

The MathWorks, 2008. Data Acquisition Toolbox.

http://www.mathworks.com/access/helpdesk/help/toolbox/daq/index.html?/acces

s/helpdesk/help/toolbox/daq/f5-32960.html&http://www.mathworks.com/cgi-

bin/texis/webinator/search/?db=MSS&prox=page&rorder=750&rprox=750&rdfr

eq=500&rwfreq=500&rlead=250&sufs=0&order=r&is_summary_on=1&query=

quantization+%22daq%22&query1=quantization&ResultCount=10&query2=%2

2daq%22&query3=&notq=, last accessed date: 19/09/2008.

Tönük, E., 2004. Dizaltı Protez Kullananlarda Yumuşak Doku Mekanik

Özelliklerinin Belirlenmesi İçin İndentor. Project Result Report, project no:

MİSAG-183. Makina, Kimyasal Teknolojiler, Malzeme ve İmalat Sistemleri

Araştırma Grubu, TÜBİTAK.

Tönük, E., Silver-Thorn, M. B., 2004. Nonlinear viscoelastic material property

estimation of lower extremity residual limb tissues. Journal of Biomechanical

Engineering 126, 289-300.

Üsü, K., 2008. Identification of Soft Tissue Mechanical Material Model and

Corresponding Parameters from In Vivo Experimental Data by Using Inverse

Finite Element Method. M.Sc. thesis, Middle East Technical University, Ankara,

Turkey.

Üsü, K., Tönük, E., 2008. Yumuşak Doku Bünye Denklemleri II: Geliştirilmiş

Sanki-Doğrusal Viskoelastik Model. BİYOMUT 2008

Valtorta, D., Mozza, E., 2005. Dynamic measurement of soft tissue viscoelastic

properties with a tensional resonator device. Medical Image Analysis 9, 481-490

Yin, Y., Ling, S., Liu, Y., 2004. A dynamic indentation method for

characterizing soft incompressible viscoelastic materials. Materials Science and

Engineering 379, 334-340.

http://www.mathworks.com/access/helpdesk/help/toolbox/daq/index.html
http://www.mathworks.com/cgi-


196

Zhang, W., Chen, H. Y., Kassab, G. S., 2007. A rate – insensitive linear

viscoelastic model for soft tissues. Biomaterials 28, 3579-3586.

Zheng Y. P., Mak A. F. T., Lue B. K., 1999. Objective assessment of limb tissue

elasticity: development of a manual indentation procedure. Journal of

Rehabilitation Research and Development 36, 71-85.



197

APPENDIX A

INDENTOR DEVICE MOVEMENT SENSITIVITY TEST RESULTS

Below, results of the tests carried out for the improvement of the movement

precision of the indentor device as described in Chapter 3, are given

A.1 Entered Distance – Measured Distance Graphs for the Forward

Movement

Below, test results showing the entered distance for the indentor tip forward

movement versus the distance measured by dial gage are presented.
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Figure A.1 Input distance versus measured distance graph for 0.2 mm/s

As it can be seen from the graph, it was obtained a linear relationship between

the entered distance and measured distance for the 0.2 mm/s motor speed.
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Input distance-measured distance graph for 0.4 mm/s

y = 1,133x + 0,123
R2 = 1,000

0

1
2

3

4

5
6

7

0 1 2 3 4 5 6

Input Distance (mm)

M
ea

su
re

d 
D

is
ta

nc
e 

(m
m

)

Figure A.2 Input distance versus measured distance graph for 0.4 mm/s

Similar result was also obtained for the 0.4 motor speed. It was obtained a linear

relationship between the input distance and measured distance.

Input distance-measured distance graph for 0.6 mm/s
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Figure A.3 Input distance versus measured distance graph for 0.6 mm/s
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It was obtained a linear relationship for the 0.6 mm/s motor speed. Also, it was

observed that the measured points were very close the trend line for the

mentioned three graphs.

Input distance-measured distance graph for 1 mm/s
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Figure A.4 Input distance versus measured distance graph for 1 mm/s

Although it was obtained a linear relationship between the input distance and

measured distance, it was observed some minor deviations from the trend line

especially for the distances below 1 mm input distance. On the other hand, it was

obtained r-square value as 1.
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Input distance-measured distance graph for 1.2 mm/s
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Figure A.5 Input distance versus measured distance graph for 1.2 mm/s

The graph obtained for 1.2 mm/s had same characteristic with the graph obtained

for 1 mm/s.

Input distance-measured distance graph for 1.5 mm/s
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Figure A.6 Input distance versus measured distance graph for 1.5 mm/s
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For the 1.5 mm/s it is observed that the input distances 0.5 and 0.6 mm was

showed a clear quantization error. However, it was still obtained a linear relation

between the input and measured distances.

Input distance-measured distance graph for 2 mm/s
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Figure A.7 Input distance versus measured distance graph for 2 mm/s

The same characteristic was observed for the motor speed 2 mm/s as mentioned

for the 1.5 mm/s motor speed.
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Input distance-measured distance graph for 2.5 mm/s
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Figure A.8 Input distance versus measured distance graph for 2.5 mm/s

For the 2.5 mm/s motor speed, it was observed a clear quantization error. These

errors were appeared at 0.5, 0.6, 0.7 mm as first group, 0.8, 0.9 mm as second

group, 1, 1.2 mm as third group and 2, 2.2 mm as fourth group. It can be seen the

same characteristics and errors at the speeds 3, 3.5, 4 and 4.5 mm/s from the

following graphs.
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Input distance-measured distance graph for 3
mm/s
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Figure A.9 Input distance versus measured distance graph for 3 mm/s

For the motor speed 3 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.

Input distance-measured distance graph for 3.5
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Figure A.10 Input distance versus measured distance graph for 3.5 mm/s
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For the motor speed 3.5 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.

Input distance-measured distance graph for 4 mm/s
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Figure A.11 Input distance versus measured distance graph for 4 mm/s

For the motor speed 4 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.
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Input distance-measured distance graph for 4.5 mm/s
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Figure A.12 Input distance versus measured distance graph for 4.5 mm/s

For the motor speed 4.5 mm/s, it was obtained a quantization error showing

same characteristic with data obtained for 2.5 mm/s motor speed.

Input distance-measured distance graph for 5 mm/s
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Figure A.13 Input distance versus measured distance graph for 5 mm/s
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For the motor speed 5 mm/s, it was observed another quantization error

characteristic. For this speed, measured distances took same value at the four

input distance groups. Measured distances took same value at 1, 1.2, 1.4 mm;

1.6, 1.8 mm; 2, 2.2, 2.4 mm and 2.6, 2.8 mm input distances. On the other hand,

a linear relationship between the input distance and measured distance was also

observed.

Input distance-measured distance graph for 6 mm/s
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Figure A.14 Input distance versus measured distance graph for 6 mm/s

For the motor speed 6 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Input distance-measured distance graph for 7 mm/s

y = 1,092x + 2,678
R2 = 0,991

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6

Input Distance (mm)

M
ea

su
re

d 
D

is
ta

nc
e 

(m
m

)

Figure A.15 Input distance versus measured distance graph for 7 mm/s

For the motor speed 7 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Input distance-measured distance graph for 8 mm/s
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Figure A.16 Input distance versus measured distance graph for 8 mm/s
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For the motor speed 8 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Input distance-measured distance graph for 9 mm/s
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Figure A.17 Input distance versus measured distance graph for 9 mm/s

For the motor speed 9 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Input distance-measured distance graph for 10 mm/s
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Figure A.18 Input distance versus measured distance graph for 10 mm/s

For the measurement done at 10 mm/s motor speeds, it was observed another

type of quantization error. In this measurement measured distance took same

value at the input distances 2, 2.2, 2.4, 2.6, 2.8 mm; 3, 3.5 mm and 4, 4.5 mm.

In conclusion, it was obtained a linear relationship between the input distance

and measured distance for all motor speeds. On the other hand it was also

obtained three different type of quantization error.
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A.2 Entered Distance –Measured Distance Graphs for the Backward

Movement

Below, test results showing the entered distance for the indentor tip backward

movement versus the distance measured by dial gage are presented.

Input distance-measured distance graph for 0.2 mm/s
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Figure A.19 Input distance versus measured distance graph for 0.2 mm/s

As it can be seen from the graph, it was obtained a linear relationship between

the entered distance and measured distance for the 0.2 mm/s motor speed.
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Input distance-measured distance graph for 0.4 mm/s
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Figure A.20 Input distance versus measured distance graph for 0.4 mm/s

Similar result was also obtained for the 0.4 motor speed. It was obtained a linear

relationship between the input distance and measured distance.

Input distance-measured distance graph for 0.6 mm/s
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Figure A.21 Input distance versus measured distance graph for 0.6 mm/s

It was obtained a linear relationship for the 0.6 mm/s motor speed.
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Input distance-measured distance graph for 1 mm/s
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Figure A.22 Input distance versus measured distance graph for 1 mm/s

It was obtained a linear relationship between the input distance and measured

distance for the motor speed 1 mm/s. Also a quantization error can be seen for

the 0.2 and 0.3 mm input distances.
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Input distance-measured distance graph for 1.2 mm/s
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Figure A.23 Input distance versus measured distance graph for 1.2 mm/s

A linear relationship was obtained between the input distance and measured

distance for the motor speed 1.2 mm/s.

Input distance-measured distance graph for 1.5 mm/s
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Figure A.24 Input distance versus measured distance graph for 1.5 mm/s
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A linear relationship was obtained between the input distance and measured

distance for the motor speed 1.5 mm/s. On the other hand, data obtained from the

experiment was started show deviation from the trend line.

Input distance-measured distance graph for 2 mm/s
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Figure A.25 Input distance versus measured distance graph for 2 mm/s

The deviation seen in Figure A.24 was also seen for the 2 mm/s input motor

speed.
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Input distance-measured distance graph for 2.5 mm/s
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Figure A.26 Input distance versus measured distance graph for 2.5 mm/s

For the 2.5 mm/s motor speed, it was observed a clear quantization error. These

errors were appeared at 0.5, 0.6, 0.7 mm as first group, 0.8, 0.9 mm as second

group, 1, 1.2 mm as third group and 2, 2.2 mm as fourth group. It can be seen the

same characteristics and errors at the speeds 3, 3.5, 4 and 4.5 mm/s from the

following graphs.
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Input distance-measured distance graph for 3 mm/s
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Figure A.27 Input distance versus measured distance graph for 3 mm/s

For the motor speed 3 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.
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Input distance-measured distance graph for 3.5 mm/s
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Figure A.28 Input distance versus measured distance graph for 3.5 mm/s

Input distance-measured distance graph for 4 mm/s
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Figure A.29 Input distance versus measured distance graph for 4 mm/s

For the motor speed 4 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.
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Input distance-measured distance graph for 4.5 mm/s
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Figure A.30 Input distance versus measured distance graph for 4.5 mm/s

For the motor speed 4.5 mm/s, it was obtained a quantization error showing

nearly same characteristic with data obtained for 2.5 mm/s motor speed.

Input distance-measured distance graph for 5 mm/s
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Figure A.31 Input distance versus measured distance graph for 5 mm/s
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For the motor speed 5 mm/s, it was observed another quantization error

characteristic. For this speed, measured distances took same value at the four

input distance groups. Measured distances took same value at 1, 1.2, 1.4 mm;

1.6, 1.8 mm; 2, 2.2, 2.4 mm and 2.6, 2.8 mm. On the other hand, a linear

relationship between the input distance and measured distance was also

observed.

Input distance-measured distance graph for 6 mm/s
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Figure A.32 Input distance versus measured distance graph for 6 mm/s

For the motor speed 6 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Input distance-measured distance graph for 7 mm/s
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Figure A.33 Input distance versus measured distance graph for 7 mm/s

For the motor speed 7 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Input distance-measured distance graph for 8
mm/s
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Figure A.34 Input distance versus measured distance graph for 8 mm/s

For the motor speed 8 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Input distance-measured distance graph for 9 mm/s
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Figure A.35 Input distance versus measured distance graph for 9 mm/s

For the motor speed 9 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Input distance-measured distance graph for 10 mm/s
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Figure A.36 Input distance versus measured distance graph for 10 mm/s
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For the measurement done at 10 mm/s motor speeds, it was observed another

type of quantization error. In this measurement measured distance took same

value at the input distances 2, 2.2, 2.4, 2.6, 2.8 mm; 3, 3.5 mm and 4, 4.5 mm.

In conclusion, similar results were obtained with the forward movement.

Consequently, it was obtained a linear relationship between the input distance

and measured distance for all motor speeds. On the other hand it was also

obtained three different type of quantization error.
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A.3 Graphs Showing Calculated Motor Speed-Time Relation

Following graphs shows the relation of calculated motor speed with the input

time. For all graphs same characteristic was observed. The relation of these

parameters was explained with the Equation A.1 which was given as;

batm  ...................................................................................................... (A.1)

where,

m = calculated motor speed (mm/s)

t = input time (s)

a, b = related coefficients.

This equation and related coefficients were directly calculated by using the Excel

Trend line. As it can be seen from the following results, better r-square values

were obtained with the increasing motor speed.
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Figure A.37 time versus calculated motor speed graph for 0.2 mm/s
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Motor Speed-Time Graph for 0.4 mm/s
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Figure A.38 time versus calculated motor speed graph for 0.4 mm/s

Motor Speed-Time Graph for 0.6 mm/s
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Figure A.39 time versus calculated motor speed graph for 0.6 mm/s
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Motor Speed-Time Graph for 1 mm/s
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Figure A.40 time versus calculated motor speed graph for 1 mm/s

Motor Speed-Time Graph for 1.2 mm/s
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Figure A.41 time versus calculated motor speed graph for 1.2 mm/s
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Motor Speed-Time Graph for 1.5 mm/s
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Figure A.42 time versus calculated motor speed graph for 1.5 mm/s

Motor Speed-Time Graph for 2 mm/s
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Figure A.43 time versus calculated motor speed graph for 2 mm/s
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Motor Speed-Time Graph for 2.5 mm/s
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Figure A.44 time versus calculated motor speed graph for 2.5 mm/s

Motor Speed-Time Graph for 3 mm/s
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Figure A.45 time versus calculated motor speed graph for 3 mm/s
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Motor Speed-Time Graph for 4 mm/s
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Figure A.46 time versus calculated motor speed graph for 4 mm/s

Motor Speed-Time Graph for 5 mm/s
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Figure A.47 time versus calculated motor speed graph for 5 mm/s
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Motor Speed-Time Graph for 6 mm/s
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Figure A.48 time versus calculated motor speed graph for 6 mm/s

Motor Speed-Time Graph for 7 mm/s
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Figure A.49 time versus calculated motor speed graph for 7 mm/s



231

Motor Speed-Time Graph for 8 mm/s
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Figure A.50 time versus calculated motor speed graph for 8 mm/s

Motor Speed-Time Graph for 9 mm/s
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Figure A.51 time versus calculated motor speed graph for 9 mm/s
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Motor Speed-Time Graph for 10 mm/s

y = 9,249x-0,746

R2 = 0,979
0

50

100

150

200

250

300

350

400

0 0,1 0,2 0,3 0,4 0,5 0,6

time (s)

M
ot

or
 S

pe
ed

 (m
m

/s
)

Figure A.52 time versus calculated motor speed graph for 10 mm/s
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A.4 Graphs Showing Input Time-Output Time Relation

Below, graphs for the entered time versus times calculated from the

measurements are given. It was observed that following graphs show totally

same characteristic with the graphs given in the Appendix A.1 and A.2.

Input Time-Output Time Graph for 0.2 mm/s
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Figure A.53 Entered time versus calculated time graph for 0.2 mm/s

As it can be seen from the graph, it was obtained a linear relationship between

the entered time and calculated time for the 0.2 mm/s motor speed.
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Input Time-Output Time Graph for 0.4 mm/s
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Figure A.54 Entered time versus calculated time graph for 0.4 mm/s

Similar result was also obtained for the 0.4 motor speed. It was obtained a linear

relationship between the entered time and calculated time.

Input Time-Output Time Graph for 0.6 mm/s
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Figure A.55 Entered time versus calculated time graph for 0.6 mm/s
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It was obtained a linear relationship for the 0.6 mm/s motor speed.

Input Time-Output Time Graph for 1 mm/s
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Figure A.56 Entered time versus calculated time graph for 1 mm/s

It was obtained a linear relationship between the entered time and calculated

time for the motor speed 1 mm/s.
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Input Time-Output Time Graph for 1.2 mm/s
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Figure A.57 Entered time versus calculated time graph for 1.2 mm/s

A linear relationship was obtained between the entered time and calculated time

for the motor speed 1.2 mm/s.

Input Time-Output Time Graph for 1.5 mm/s
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Figure A.58 Entered time versus calculated time graph for 1.5 mm/s
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A linear relationship was obtained between the entered time and calculated time

for the motor speed 1.5 mm/s. On the other hand, data obtained from the

experiment was started show deviation from the trend line.

Input Time-Output Time Graph for 2 mm/s
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Figure A.59 Entered time versus calculated time graph for 2 mm/s

The deviation seen in Figure A.58 was also seen for the 2 mm/s input motor

speed.
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Input Time-Output Time Graph for 2.5 mm/s

y = 1,036x + 0,435
R2 = 0,997

0

0,5

1

1,5

2

2,5

3

0 0,5 1 1,5 2 2,5

tin (s)

to
ut

 (s
)

Figure A.60 Entered time versus calculated time graph for 2.5 mm/s

For the 2.5 mm/s motor speed, it was observed a clear quantization error. These

errors were appeared at 0.2, 0.24, 0.28 s as first group, 0.32, 0.36 s as second

group, 0.4, 0.48 s as third group and 0.8, 0.88 s as fourth group. It can be seen

the same characteristics and errors at the speeds 3, 3.5, 4 and 4.5 mm/s from the

following graphs.
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Input Time-Output Time Graph for 3 mm/s
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Figure A.61 Entered time versus calculated time graph for 3 mm/s

For the motor speed 3 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.

Input Time-Output Time Graph for 4 mm/s
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Figure A.62 Entered time versus calculated time graph for 4 mm/s
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For the motor speed 4 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.

Input Time-Output Time Graph for 5 mm/s
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Figure A.63 Entered time versus calculated time graph for 5 mm/s

For the motor speed 5 mm/s, it was observed another quantization error

characteristic. For this speed, measured distances took same value at the four

entered time groups. Calculated time took same value at 0.2, 0.24, 0.28 s; 0.32,

0.36 s; 0.4, 0.44, 0.48 s and 0.52, 0.56 s. On the other hand, a linear relationship

between the entered time and calculated time was also observed.
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Input Time-Output Time Graph for 6 mm/s
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Figure A.64 Entered time versus calculated time graph for 6 mm/s

For the motor speed 6 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Input Time-Output Time Graph for 7 mm/s
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Figure A.65 Entered time versus calculated time graph for 7 mm/s
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For the motor speed 7 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Input Time-Output Time Graph for 8 mm/s
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Figure A.66 Entered time versus calculated time graph for 8 mm/s

For the motor speed 8 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Input Time-Output Time Graph for 9 mm/s
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Figure A.67 Entered time versus calculated time graph for 9 mm/s

For the motor speed 9 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed

Input Time-Output Time Graph for 10 mm/s
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Figure A.68 Entered time versus calculated time graph for 10 mm/s
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For the measurement done at 10 mm/s motor speeds, it was observed another

type of quantization error. In this measurement calculated time took same value

at the entered time 0.2, 0.22, 0.24, 0.26, 0.28 s; 0.3, 0.35 s and 0.4, 0.45 s.
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A.5 Constant Graphs Obtained from Input Time versus Calculated Output

Time Graphs

Graphs showing motor speed related variation of the slope and y-intersect

obtained by the data pertinent to graphs in A.4, are given below

Slope-Motor Speed Graph
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Figure A.69 Graph drawn for the slope of the equations for graphs shown in
Appendix A.4
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y-intersect-Motor Speed Graph
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Figure A.70 Graph drawn for the y-intersect of the equations for graphs shown
in Appendix A.4
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A.6 Graphs Showing Displacement-Output Time Relation

Below, entered displacement versus the calculated time graphs were given. It

was observed that following graphs show totally same characteristic with the

graphs given in the Appendix A.1, A.2 and A.4.

Displacement-Output Time Graph for 0.2 mm/s
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Figure A.71 Entered displacement versus calculated time graph for 0.2 mm/s

As it can be seen from the graph, it was obtained a linear relationship between

the entered displacement and output time for the 0.2 mm/s motor speed
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Displacement-Output Time Graph for 0.4 mm/s
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Figure A.72 Entered displacement versus calculated time graph for 0.4 mm/s

Similar result was also obtained for the 0.4 motor speed. It was obtained a linear

relationship between the entered displacement and output time.

Displacement-Output Time Graph for 0.6 mm/s
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Figure A.73 Entered displacement versus calculated time graph for 0.6 mm/s
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It was obtained a linear relationship for the 0.6 mm/s motor speed.

Displacement-Output Time Graph for 1 mm/s
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Figure A.74 Entered displacement versus calculated time graph for 1 mm/s

It was obtained a linear relationship between the input distance and output time

for the motor speed 1 mm/s
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Displacement-Output Time Graph for 1.2 mm/s
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Figure A.75 Entered displacement versus calculated time graph for 1.2 mm/s

A linear relationship was obtained between the input distance and calculated

time for the motor speed 1.2 mm/s.

Displacement-Output Time Graph for 1 mm/s
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Figure A.76 Entered displacement versus calculated time graph for 1.5 mm/s
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A linear relationship was obtained between the input distance and calculated

time for the motor speed 1.5 mm/s. On the other hand, data obtained from the

experiment was started show deviation from the trend line.

Displacement-Output Time Graph for 2 mm/s
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Figure A.77 Entered displacement versus calculated time graph for 2 mm/s

The deviation seen in Figure A.24 was also seen for the 2 mm/s input motor

speed.
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Displacement-Output Time Graph for 2.5 mm/s
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Figure A.78 Entered displacement versus calculated time graph for 2.5 mm/s

For the 2.5 mm/s motor speed, it was observed a clear quantization error. These

errors were appeared at 0.5, 0.6, 0.7 mm as first group, 0.8, 0.9 mm as second

group, 1, 1.2 mm as third group and 2, 2.2 mm as fourth group. It can be seen the

same characteristics and errors at the speeds 3, 3.5, 4 and 4.5 mm/s from the

following graphs.
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Displacement-Output Time Graph for 3 mm/s
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Figure A.79 Entered displacement versus calculated time graph for 3 mm/s

For the motor speed 3 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.

Displacement-Output Time Graph for 4 mm/s
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Figure A.80 Entered displacement versus calculated time graph for 4 mm/s
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For the motor speed 4 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 2.5 mm/s motor speed.

Displacement-Output Time Graph for 5 mm/s
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Figure A.81 Entered displacement versus calculated time graph for 5 mm/s

For the motor speed 5 mm/s, it was observed another quantization error

characteristic. For this speed, calculated time took same value at the four entered

displacement groups. Calculated time took same value at 1, 1.2, 1.4 mm; 1.6, 1.8

mm; 2, 2.2, 2.4 mm and 2.6, 2.8 mm. On the other hand, a linear relationship

between the entered displacement and calculated time was also observed.
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Displacement-Output Time Graph for 6 mm/s
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Figure A.82 Entered displacement versus calculated time graph for 6 mm/s

For the motor speed 6 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Displacement-Output Time Graph for 7 mm/s
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Figure A.83 Entered displacement versus calculated time graph for 7 mm/s
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For the motor speed 7 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Displacement-Output Time Graph for 8 mm/s
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Figure A.84 Entered displacement versus calculated time graph for 8 mm/s

For the motor speed 8 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.
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Displacement-Output Time Graph for 9 mm/s
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Figure A.85 Entered displacement versus calculated time graph for 9 mm/s

For the motor speed 9 mm/s, it was obtained a quantization error showing same

characteristic with data obtained for 5 mm/s motor speed.

Displacement-Output Time Graph for 10 mm/s
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Figure A.86 Entered displacement versus calculated time graph for 10 mm/s
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For the measurement done at 10 mm/s motor speeds, it was observed another

type of quantization error. In this measurement calculated time took same value

at the entered displacements 2, 2.2, 2.4, 2.6, 2.8 mm; 3, 3.5 mm and 4, 4.5 mm.
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A.7 Constant Graphs Obtained from the Displacement-Output Time

Graphs

Graphs showing motor speed related variation of the slope and y-intersect

obtained by the data pertinent to graphs in A.6, are given below.

Slope -Motor Speed Graph

y = 1,072x-0,995

R2 = 0,999

0

1

2

3

4

5

6

0 2 4 6 8 10 12
Motor Speed (mm/s)

Sl
op

e

Figure A.87 Graph drawn for the slope of the equations for graphs shown in
Appendix A.6

As it can be seen from the Figure A.89, slope values versus motor speed relation

was perfectly fitted by using the power equation given in the Figure A.89.

The following Figure A.90 showing y-intercept – motor speed relation was

obtained.  The curve fitting function was found by using the Excel Trend line.
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y_intersect-Motor Speed Graph
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Figure A.88 Graph drawn for the y-intersect of the equations for graphs shown
in Appendix A.6
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APPENDIX B

CODES GENERATED

B.1 Matlab Code for Random Speed Generation

It was prepared the following software to select the motor speeds randomly.

Motor speeds 1, 2, 4 and 8 mm/s were selected randomly by using this software.

Thus, the effect of the motor speed on the tissue behavior was observed by

making successive measurements at the different speeds showing no trend

(Section 4.3.2).

global mothiz
for i=1:10000000
    mothiz=randint(1,1,[1,8])
    if mothiz==1
        set(handles.edit2, 'string', num2str(mothiz))
        break
    elseif mothiz==2
        set(handles.edit2, 'string', num2str(mothiz))
        break
    elseif mothiz==4
        set(handles.edit2, 'string', num2str(mothiz))
        break

elseif mothiz==8
        set(handles.edit2, 'string', num2str(mothiz))
    break
elseif i==10000000
     errordlg('Istenen sayilar yakalanamadi. Lütfen tekrar
deneyin','Hatalı Giriş','modal')
end
end

B.2 Matlab Code for Finding Maximum Force Values and Corresponding
Times

The following software was prepared to find maximum forces for every cycle

belonging to the force – time data obtained from the cyclic loading experiments

(Figure B.1). These values which would normally be determined one by one

from the graphs, would cause substantial time loss, especially when a great many
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number of graphs would have been scrutinized. Yet, by using this software, this

operation was completed within seconds and thus loss of time was avoided. This

software was used for the observation of the effect of speed mentioned in Section

4.3.2 and 4.7.2.1 on the tissue behaviors and also for the observation of the

anisotropy behavior studies.
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Figure B.1 Maximum force values

h1=findobj(gca,’Type’,’line’);
y=get(h1,’YData’);
x=get(h1,’Xdata’);
n=10;
Fmax=zeros(1,10);
I=zeros(1,10);
xmax=zeros(1,10);
a=length(x);
b=round(a/n);
c=1;
t=0;
for I=1:n
    [Fmax(1,I),I(1,I)]=max(y(c:c+b));
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    c=c+b;
    t=t+I(1,I);
    xmax(1,I)=x(1,t);
    t=t+I(1,I);
end

B.3 Matlab Code for Finding Force Differences

Following software was prepared for the calculation of the magnitudes of force

decreases at the instant of transition from loading to unloading in the cyclic

loading tests described in Chapter 4.3.3. With the help of this software, force

differences in all cycles were calculated and their averages were taken. This

average value was then used in the study.
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Figure B.2 Force decrease
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h=findobj(gca,'Type','line');
y=get(h,'YData');
x=get(h,'XData');
L=length(x{1,1});
F=zeros(1,10);
a=0;
for i=1:10
    a=a+1;
    F(1,a)=y{i+10,1}(1,L)-y{i,1}(1,1);
end
Fark=fliplr(F);
M=mean(F);

B.4 Matlab Code for Calculating Pulse

Following software was prepared to inquire the amount of step developed in the

motor with the distance taken by the indenter tip, as described in Chapter 3.3.2.

This software basically shows a great similarity to the softwares controlling the

indenter device, with the exception of some few additions. Basic codes

facilitating the number of steps taken were marked in bold. With the help of the

B-1 code, channel no.3 where the pulses are read are opened. B-2 code, that is

the input range, gives data range which is read at the end of the measurement. B-

3 code is used for taking the pulse data in the data matrix. Number of steps taken

are calculated by the help of the B-4 cycle. In this cycle, when the pulse is lower

than 2.5, number of steps taken increases by one and the total steps taken at the

end of the cycle is calculated (See Chapter 3.3.2).

    global Zaman
    global mothiz
    global mothiz1
    global gerilim
    global Akatsayisi
    global Bkatsayisi
    global atilanadim
    if (mothiz<=0)

gerilim=gerilim
    else
        gerilim=Akatsayisi*mothiz1-Bkatsayisi

end
    set(handles.edit6, 'string', ' ')
    ao = analogoutput('nidaq',1);
    addchannel(ao,0:1);
    set(ao,'SampleRate',50)
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    set(ao,'TriggerType','Immediate');
    putdata(ao,[0 0])
    start (ao)
    AI=AnalogInput('nidaq',1);
    Chan0=AddChannel(AI,[0],'Force');
    Chan1=AddChannel(AI,[1],'Hiz');
    Chan2=AddChannel(AI,[2],'Yon');

Chan3=AddChannel(AI,[3],'Darbe'); ..................... (B-1)
    Rate=100*20.50524934*10;
    Samples=ceil(Rate*Zaman);
    Samples
    set(Chan0,'InputRange',[0 1])
    set(Chan0,'SensorRange',[-0.29218 0.29218])
    set(Chan0,'UnitsRange',[-25 25],'Units', 'N')
    set(Chan1,'InputRange',[0 1])
    set(Chan1,'SensorRange',[0 1])
    set(Chan1,'UnitsRange',[0 9.7561],'Units', 'mm/s')
    set(Chan2,'InputRange',[0 5])
    set(Chan2,'SensorRange',[-11 1])

set(Chan2,'UnitsRange',[-1 1],'Units', 'none')
set(Chan3,'InputRange',[0 5]) ......................... (B-2)

    set(AI,'SampleRate',Rate)
    set(AI,'SamplesPerTrigger',Samples
    AI.InputType = 'Differential';
    putdata(ao,[gerilim 5.004])
    start([ao,AI])
    [data,time]=getdata(AI,Samples);
    while strcmp(AI.Running,'On')
    end
    putdata(ao,[0 0])
    start (ao)
    figure
    plot(time,data)
    delete(ao)
    clear ao

pulse=data(:,4); ...................................... (B-3)
    atilanadim=1;
    for i=2 : Samples ..................................... (B-4)
        if (pulse(i-1)>2.5)
            if (pulse(i)<2.5)
                atilanadim=atilanadim+1;
            end
        end
    end
    atilanadim
    veri=[time data];
    set(handles.edit6, 'string', num2str(atilanadim))
    plot(time, data(:,1),time, data(:,4))

delete(AI)
    clear AI
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B.5 Filter

In order to filter the noisy test data, following software was prepared. Noisy data

is filtered by using sgolayfilt which is a matlab function. This function applies

the Savitzky-Golay FIR filter to the data to be cleaned. “y” value in the sgolayfilt

function gives the data to be smoothened, 1 gives the degree of polynom and 201

gives the frame size.

h=findobj(gca,'Type','line');
y=get(h,'YData');
x=get(h,'XData');
smtlb = sgolayfilt(y,1,201);
figure
plot(x,smtlb)

B.6 Filter for Cyclic Loading

h=findobj(gca,'Type','line');
y=get(h,'YData');
x=get(h,'XData');
for i=1:20
y{i,:}=sgolayfilt(y{i,:},1,201);
end

B.7 Code for Determining the Contact Point of Indenter’s Tip with the

Tissue

For the determination of the data starting from the contact point of indenter’s tip

with the tissue in the cyclic loading tests, following software were prepared (See

Chapter 3.7). st function is used for determining the contact point of each cycle

and loading and unloading curves separately. st2 function, on the other hand, is

used when a contact point of the total data (See Chapter 3.7). Explanation

regarding the running of the softwares are given in the softwares themselves.
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B.7.1 st Function

function out=st(c,c2,u)

%Required data are taken from the graph obtained at the end of
the experiment

h=findobj(gca,'Type','line');
y=get(h,'YData');
x=get(h,'XData');

%50 points with equal intervals are marked on the data

N1=length(y{11,1});
N=round(N1/50);
a=zeros(1,50);
for i=2:49
    a(1,i)=a(1,i-1)+N;
end
a(1,1)=1;
a(1,50)=N1;

%Values corresponding to these points are determined

for i=1:10
yileri{i,1}=0;
ygeri{i,1}=0;
end
for i=1:10
bileri{i,1}=zeros(1,50);
bgeri{i,1}=zeros(1,50);
end
f=0;
for j=10:-1:1
    f=f+1;
    yileri{f,1}=y{j+10,1};
    ygeri{f,1}=fliplr(y{j,1});
for i=1:50
    bileri{f,1}(1,i)=y{j+10,1}(1,a(1,i));
    bgeri{f,1}(1,i)=y{j,1}(1,a(1,i));
end
bgeri{f,1}=fliplr(bgeri{f,1});
end

%Comparison with the first value entered in the function, is made
by finding the successive differences (See Chapter 3.7). In case
the difference is bigger then the entered parameter, interval
sought for is determined.

kileri(1,10)=0;
kgeri(1,10)=0;
for i=1:10
cileri{i,1}=zeros(1,49);
cgeri{i,1}=zeros(1,49);
end
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for j=1:10
for i=1:49
    cileri{j,1}(1,i)=bileri{j,1}(1,i+1)-bileri{j,1}(1,i);
    if cileri{j,1}(1,i)>=c
        kileri(1,j)=i;
        break, end
end
end

for j=1:10
for i=1:49
    cgeri{j,1}(1,i)=bgeri{j,1}(1,i+1)-bgeri{j,1}(1,i);
    if cgeri{j,1}(1,i)>=c
        kgeri(1,j)=i;
        break, end
end
end

%50 points are determined in the interval found and the above
process repeated. Thus, the contact point is determined more
precisely. Here comparison is made with the second parameter
entered in the function.

for i=1:10
a2ileri{i,1}=zeros(1,50);
a2ileri{i,1}(1,1)=a(1,kileri(1,i));
a2ileri{i,1}(1,50)=a(1,kileri(1,i)+1);
b2ileri{i,1}=zeros(1,50);
c2ileri{i,1}=zeros(1,49);
end

k2ileri=zeros(1,10);
for t=1:10

Nara=round((a(1,kileri(1,t)+1)-a(1,kileri(1,t)))/50);

for i=2:49
        a2ileri{t,1}(1,i)=a2ileri{t,1}(1,i-1)+Nara;
    end
    for i=1:50
        b2ileri{t,1}(1,i)=yileri{t,1}(1,a2ileri{t,1}(1,i));
    end

    for i=1:49
    c2ileri{t,1}(1,i)=b2ileri{t,1}(1,i+1)-b2ileri{t,1}(1,i);

    if c2ileri{t,1}(1,i)>=c2
        k2ileri(1,t)=i;
        break, end
    end
end
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%

for i=1:10
a2geri{i,1}=zeros(1,50);
a2geri{i,1}(1,1)=a(1,kgeri(1,i));
a2geri{i,1}(1,50)=a(1,kgeri(1,i)+1);
b2geri{i,1}=zeros(1,50);
c2geri{i,1}=zeros(1,49);
end

k2geri=zeros(1,10);
for t=1:10

Nara=round((a(1,kgeri(1,t)+1)-a(1,kgeri(1,t)))/50);

    for i=2:49
        a2geri{t,1}(1,i)=a2geri{t,1}(1,i-1)+Nara;
    end
    for i=1:50
        b2geri{t,1}(1,i)=ygeri{t,1}(1,a2geri{t,1}(1,i));
    end

    for i=1:49
    c2geri{t,1}(1,i)=b2geri{t,1}(1,i+1)-b2geri{t,1}(1,i);

    if c2geri{t,1}(1,i)>=c2
        k2geri(1,t)=i;
        break, end
    end
end

%with the determination of the contact point, graphs are drawn.
If the third parameter entered in the function is taken as 1, in
addition to the main graph, separate graph for each loading and
unloading curve is drawn.

if u==1
for j=1:10
    if k2ileri(1,j)==0
        k2ileri(1,j)=kileri(1,j);
    end
    ys=yileri{j,1}(a2ileri{j,1}(1,k2ileri(1,j)+1):a(1,50));
    figure
    plot(x{11,1}(a2ileri{j,1}(1,k2ileri(1,j)+1):a(1,50)), ys
,'r',...
        'LineWidth',2)
    hold on
    plot(x{11,1},yileri{j,1})
    title(['Number of Loading Cycle: ',num2str(j),'^{st} cycle'])
    xlabel('Displacement [mm]')
    ylabel('Force [N]')
end
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%%%%

for j=1:10
    if k2geri(1,j)==0
        k2geri(1,j)=kgeri(1,j);
    end
    ys=ygeri{j,1}(a2geri{j,1}(1,k2geri(1,j)+1):a(1,50));
    figure
    plot(x{11,1}(a2geri{j,1}(1,k2geri(1,j)+1):a(1,50)), ys
,'r',...
        'LineWidth',2)

 hold on
    plot(x{11,1},ygeri{j,1})
    title(['Number of Unloading Cycle: ',num2str(j),'^{st}
cycle'])
    xlabel('Displacement [mm]')
    ylabel('Force [N]')
end
end

%If the third parameter as entered other than 1 a total graph is
drawn

figure
hold on
for j=1:10
    ysi=yileri{j,1}(a2ileri{j,1}(1,k2ileri+1):a(1,50));
    plot(x{11,1}(a2ileri{j,1}(1,k2ileri+1):a(1,50)), ysi)
ysg=ygeri{j,1}(a2geri{j,1}(1,k2geri+1):a(1,50));
  plot(x{11,1}(a2geri{j,1}(1,k2geri+1):a(1,50)), ysg,'g')
end
xlabel('Displacement [mm]')
ylabel('Force [N]')

B.7.2 St2 Function

function out=st2(c,c2,u)

%Required data are taken from the graph obtained at the end of
the experiment

h=findobj(gca,'Type','line');
y=get(h,'YData');
x=get(h,'XData');

%50 points with equal intervals are marked on the data

N1=length(y{11,1});
N=round(N1/50);
a=zeros(1,50);
for i=2:49
    a(1,i)=a(1,i-1)+N;
end



271

a(1,1)=1;
a(1,50)=N1;

%Values corresponding to these points are determined

for i=1:10
yileri{i,1}=0;
ygeri{i,1}=0;
end
for i=1:10
bileri{i,1}=zeros(1,50);
bgeri{i,1}=zeros(1,50);
end
f=0;
for j=10:-1:1
    f=f+1;
    yileri{f,1}=y{j+10,1};
    ygeri{f,1}=fliplr(y{j,1});
for i=1:50
    bileri{f,1}(1,i)=y{j+10,1}(1,a(1,i));
    bgeri{f,1}(1,i)=y{j,1}(1,a(1,i));
end
bgeri{f,1}=fliplr(bgeri{f,1});
end

%Comparison with the first value entered in the function, is made
by finding the successive differences (See Chapter 3.7). In case
the difference is bigger then the entered parameter, interval
sought for is determined.

kileri(1,10)=0;
kgeri(1,10)=0;
for i=1:10
cileri{i,1}=zeros(1,49);
cgeri{i,1}=zeros(1,49);
end

for j=1:10
for i=1:49
    cileri{j,1}(1,i)=bileri{j,1}(1,i+1)-bileri{j,1}(1,i);
    if cileri{j,1}(1,i)>=c
        kileri(1,j)=i;
        break, end
end
end

for j=1:10
for i=1:49
    cgeri{j,1}(1,i)=bgeri{j,1}(1,i+1)-bgeri{j,1}(1,i);
    if cgeri{j,1}(1,i)>=c
        kgeri(1,j)=i;
        break, end
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end
end

%Average of these points determined for all cycles are taken
separately for the forward and backward movement. In case it is
different than zero and if it is smaller than the average found
for the forward movements, average found for the backward
movement is selected. In other case, the average of the forward
movement is selected.

ki=round(mean(kileri));
kg=round(mean(kgeri));

if ki>=kg & kg~=0;
    k=kg
else
    k=ki
end

%Same procedure is repeated by dividing the interval into three
portions

for i=1:10
a2ileri{i,1}=zeros(1,3);
a2ileri{i,1}(1,1)=a(1,k);
a2ileri{i,1}(1,3)=a(1,k+1);
b2ileri{i,1}=zeros(1,3);
c2ileri{i,1}=zeros(1,2);
end

k2ileri=zeros(1,10);
for t=1:10

Nara=round((a(1,k+1)-a(1,ki))/3);

    for i=2:2
        a2ileri{t,1}(1,i)=a2ileri{t,1}(1,i-1)+Nara;
    end
    for i=1:3
        b2ileri{t,1}(1,i)=yileri{t,1}(1,a2ileri{t,1}(1,i));
    end

    for i=1:2
    c2ileri{t,1}(1,i)=b2ileri{t,1}(1,i+1)-b2ileri{t,1}(1,i);

    if c2ileri{t,1}(1,i)>=c2
        k2ileri(1,t)=i;
        break, end
    end
end

%%%%
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for i=1:10
a2geri{i,1}=zeros(1,3);
a2geri{i,1}(1,1)=a(1,k);
a2geri{i,1}(1,3)=a(1,k+1);
b2geri{i,1}=zeros(1,3);
c2geri{i,1}=zeros(1,2);
end

k2geri=zeros(1,10);
for t=1:10

Nara=round((a(1,k+1)-a(1,k))/3);

    for i=2:2
        a2geri{t,1}(1,i)=a2geri{t,1}(1,i-1)+Nara;
    end
    for i=1:3
        b2geri{t,1}(1,i)=ygeri{t,1}(1,a2geri{t,1}(1,i));
    end

    for i=1:2
    c2geri{t,1}(1,i)=b2geri{t,1}(1,i+1)-b2geri{t,1}(1,i);

    if c2geri{t,1}(1,i)>=c2
        k2geri(1,t)=i;
        break, end
    end
end

%Comparison for the forward and backward movement is done by
taking the average of the points found

ki2=round(mean(k2ileri));
kg2=round(mean(k2geri));

if ki2>=kg2;
    k2=ki2
else
    k2=kg2
end

%with the determination of the contact point, graphs are drawn.
If the third parameter entered in the function is taken as 1, in
addition to the main graph, separate graph for each loading and
unloading curve is drawn.

if u==1,
for j=1:10
    ys=yileri{j,1}(a2ileri{j,1}(1,k2+1):a(1,50));
    figure
    plot(x{11,1}(a2ileri{j,1}(1,k2+1):a(1,50)), ys ,'r',...

     'LineWidth',2)
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    hold on
    plot(x{11,1},yileri{j,1})
    title(['Number of Loading Cycle: ',num2str(j),'^{st} cycle'])
    xlabel('Displacement [mm]')
    ylabel('Force [N]')
end
for j=1:10
    ys=ygeri{j,1}(a2geri{j,1}(1,k2+1):a(1,50));
    figure
    plot(x{11,1}(a2geri{j,1}(1,k2+1):a(1,50)), ys ,'r',...
        'LineWidth',2)
    hold on
    plot(x{11,1},ygeri{j,1})
    title(['Number of Unloading Cycle: ',num2str(j),'^{st}
cycle'])
    xlabel('Displacement [mm]')
    ylabel('Force [N]')
end
end

%If the third parameter as entered other than 1 a total graph is
drawn

figure
hold on
for j=1:10
ysi=yileri{j,1}(a2ileri{j,1}(1,k2+1):a(1,50));
xeksen=x{11,1}(a2ileri{j,1}(1,k2+1):a(1,50))-
x{11,1}(a2ileri{j,1}(1,k2+1));
    plot(xeksen, ysi)

ysg=ygeri{j,1}(a2geri{j,1}(1,k2+1):a(1,50));

  plot(xeksen, ysg,'g')
end
xlabel('Displacement [mm]')
ylabel('Force [N]')

B.8 Code for Decreasing Number of Experiment Data Points

Data obtained from the experiments consists of great many number of points. It

is so much so that, some of the data contains millions of points. This results in

the formation of huge files and causes the operations to take too long time. For

this reason following software was prepared. By using this software, size of the

file was decreased without changing the characteristic of the data obtained.

Figure B.3 shows the reduction of data containing 565943 points to 1993 points

by using this software. As seen from the graph, data points are superimposed.

This process truly expedites any work carried on the data. Besides this, without
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undertaking this process, it is nearly impossible to conduct any study on the data

even in Excel. In the software, basic input defining the number of data points is

the value 2000, written in bold. In case this value is entered smaller, lesser

number of data point and if it is entered bigger, larger number of data point is

obtained. Yet, value 2000, giving good results, was selected and insisted upon.

0 20 40 60 80 100 120 140
0

0.5

1

1.5

2

2.5

3

3.5

time (s)

Fo
rc

e 
(N

)

Experiment Data
Reduced Data

Figure B.3 Comparison of reduced data and experimental data.

h1=findobj(gca,'Type','line');
y1=get(h1,'YData');
x1=get(h1,'XData');
kat=round(length(x1)/2000)+1;
n=round(length(x1)/kat);
y=zeros(1,n);
k=1;
for i=1:n
y(1,i)=y1(1,k);
k=k+kat;
end
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k1=1;
for i=1:n
x(1,i)=x1(1,k1);
k1=k1+kat;
end
figure
plot(x,y)
x2=x.';
y2=y.';

For the application of the same process to the results of the cyclic loading tests

following software was prepared.

h1=findobj(gca,'Type','line');
y1=get(h1,'YData');
x1=get(h1,'XData');
kat=round(length(x1{1,1})/2000)+1;
n=round(length(x1{1,1})/kat);
y{20,1}=0;
for i=1:20
    y{i,1}=zeros(1,n);
end
for j=1:20
k=1;
for i=1:n
y{j,1}(1,i)=y1{j,1}(1,k);
k=k+kat;
end
end
x{20,1}=0;
for i=1:20
    x{i,1}=zeros(1,n);
end
for j=1:20
k1=1;
for i=1:n
x{j,1}(1,i)=x1{j,1}(1,k1);
k1=k1+kat;
end
end
figure
hold on
for i=1:20
plot(x{i,1},y{i,1})
end
for i=1:20
x2{1,i}=x{i,1}.';
y2{1,i}=y{i,1}.';
end
figure
hold on
for i=1:20
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plot(x2{1,i},y2{1,i})
end

B.9 Calculation of Hysteresis

Hysteresis magnitudes observed at the end of the cyclic loading tests were used

for carrying out the certain analysis in the study (See Chapter 4.3.2). Therefore,

following software for the calculation of the hysteresis magnitudes was prepared.

Hysteresis magnitude given by the area laying in between the loading and

unloading curves obtained in the cyclic loading tests. In following software,

these ares were calculated by using the trapezoidal rule ( Chapra and Canale,

1998)

h1=findobj(gca,'Type','line');
y=get(h1,'YData');
x=get(h1,'XData');
for i=1:10
    y{i,1}=fliplr(y{i,1});
    x{i,1}=fliplr(x{i,1});
end
alani=zeros(1,10);
alang=zeros(1,10);
dileri=0;
dgeri=0;
Fark=zeros(1,10);
N=length(x{1,1})-1;
a=0;
for i=1:10
for j=1:N
dileri=(y{i+10,1}(1,j+1)+y{i+10,1}(1,j))*(x{i+10,1}(1,j+1)-
x{i+10,1}(1,j))/2;
dgeri=(y{i,1}(1,j+1)+y{i,1}(1,j))*(x{i,1}(1,j+1)-x{i,1}(1,j))/2;
alani(1,i)=alani(1,i)+dileri;
alang(1,i)=alang(1,i)+dgeri;
a=j;
if a==N
Fark(1,i)=alani(1,i)-alang(1,i);
end
end
end
Fark=fliplr(Fark);
c=(1:10);
figure
plot(c,Fark)
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B.10 Calculation of R-Square Values

In order to determine the closeness of the curve to the experimental data if curve

fitting had been carried out, or to inquire the capability of the equations used in

Chapter 4.6.4 in modelling the existing experimental data, R-square values were

being used. Again, for the comparison oriented studies, r-square values are

needed. To this end, software given below was prepared.

h1=findobj(gca,'Type','line');
y=get(h1,'YData');
x=get(h1,'XData');
m=mean(y{2,1})
n=length(y{2,1});
st=0;
sr=0;
for i=1:n

sti=(y{2,1}(1,i)-m)^2;
    st=st+sti;
    sri=(y{2,1}(1,i)-y{1,1}(1,i))^2;

sr=sr+sri;
end
rsq=(st-sr)/st;
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B.11 Code for the Correction of the Relaxation Data Containing Force

Calibration Error

In some of the relaxation data, small errors arising from the force calibration

efforts, took place (Figure B.4). For the correction of these errors, software

below was prepared and though using it, better results were obtained (Figure

B.5).
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Figure B.4 Relaxation data containing force calibration error
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Figure B.5 Corrected relaxation data

h1=findobj(gca,'Type','line');
y1=get(h1,'YData');
x1=get(h1,'XData');
a=length (y1);
ab=abs(y1(1,1));
for i=1:a
    y1(1,i)=y1(1,i)+ab;
end
figure
plot(x1,y1)
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APPENDIX C

VARIATION OF THE CONSTANTS OF THE EQUATION 4.2 WITH

THE INCREASING MOTOR SPEED

As explained in the chapter 4.6.3.1 a general rule showing the constants changes

with the increasing motor speed was not observed. It was observed that A and B

coefficients decreased with increasing speed in Figure 4.38 and Figure 4.39.

However, such an observation was not obtained in the following Figure C.1 and

Figure C.2. For both constant it was obtained an increase for the value obtained

at 8 mm/s motor speed. Consequently, it was not possible to say about motor

speed affects on the tissue by using these constants.
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APPENDIX D

DOWNLOADING AND USE OF THE MATLAB CURVE FITTING
SOFTWARES

Initially, software is downloaded to the personal computer from the relevant

internet sites (Moisy, F., 2008, Rousseaou, J. M., 1999). For the downloading of

the Ezyfit Toolbox, at first, the necessary file is drawn out of the zip file and is

transferred into Toolbox folder under the Matlab folder. Later, Matlab program

is started and is clicked to “Set Path” option in the File Menu. From the window

opened, “add folder” is clicked and the Ezyfit file is selected, then, “save” is

clicked and process is thus completed. Thus the Ezyfit Toolbox is loaded. For the

uifit GUI, on the other hand, the downloaded exe file is started and in file where

the software is prepared is opened. This file is then transferred to the work folder

under the Matlab file and thus the process is completed.

D.1 Use of the Software

Use of the software is explained by the help of a simple example. Thus, it is

anticipated that the software can be understood more easily. In this context,

coefficients of the equation 553 23  xxy will be determined by the help of

the software. y values were determined for x values 1 to 10 and the a, b, c

coefficients of the cbxaxy  23 equation modeling these data were

determined.

D.2 Use of the Uifit GUI

As a start, data desired to be modeled must be present in the Matlab workspace.

The equation which is believed to simulate these data is written in the following

form.
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uifit(Data identified by workspace, ‘modelling equation’, [initial guesses for the

coefficients])

Thus, the form which must be written for the case to be examined is,

uifit (x,y,’      32^*23^*1 pxpxp  ’, [-1,1,1]).................................... (D.1)

where,

p(1), p(2) and p(3) are the constants to be found.

Initial guesses may be any value. Yet, in order to reach to the result in a fast way

and to achieve convergence, it is better to select appropriate constants. Entering

the command, uifit GUI window opens (Figure D.1).

Figure D.1 uifit window is opened with entering the command D.1

From this window, appropriate resolution, maximum iteration values are entered

and by pressing the compute button process is started. At the end of the process,

parameters sought are determined (Figure D.2).
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Figure D.2 The constants sought for, are determined with the completion of the
process

D.3 Use of the Ezyfit Toolbox

For the solution to be reached, the graph pertaining to the data in concern must

have been already drawn. Then, equation desired to simulate these data is

entered in the following form,

showfit (‘Equation; initial guesses for the constants’)

For the case in concern, it must be as,

showfit (‘ cxbxa  2.^*3.^* ; a = -1; b = 1; c = 1’) ................................ (D.2)

Following the entering of the formula, curve fitting is completed and constants

sought for are determined (Figure D.3).
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Figure D.3 Constants obtained with entering the command D.2

In case the appropriate results are not obtained, guesses are made in a more

predictive way, and this process is repeated. By using the Eazyfit toolbox,

utilizing any function, it is possible to find the relevant constants by curve fitting.

Yet, the point which must be paid attention is that, the initial guesses made for

the inquired constants of the related equation must be close to the correct values.

In case diverging constants are selected, the curve fitting efforts may not give

correct results. This is a phenomena which is observed more for the complicated

equations and data than the simple equations. Additionally, Eazyfit posses an

important advantage over uifit GUI. If the same parameter is repeated within the

equation, uifit would not be able resolve the equation. In Eazyfit, on the other,

such would not constitute a problem.
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APPENDIX E

TEST RESULTS ABOUT SPEED DEPENDENCY IN THE CYCLIC
LOADING TESTS

Below, test measurement results of two test groups, carried out in 2 days interval

are laid down. Results were obtained by following the method described in

Chapter 3.1.1.2, and 25 mm displacement was used in the tests. First of the

graphs was obtained for regular and the second for random speed variations. As

can be noted from the graphs, a consistent distribution attributable to motor

speed did not take place. Yet, when the measurements at the same speeds were

averaged, results presented in 3.1.1.2 were obtained

E.1 First Group Measurements

E.1.1 Regular Speed Increase

In Figure E.1, graph showing the variance of force when the motor speed was

altered on a regular way, is seen. As can be noted clearly from Figure E.1, an

organized trend in relation to the motor speed was not observed. For instance, in

the transition from 1 mm/s speed to 2 mm/s speed, an increase in force was

encountered and yet, in the transition from 8 mm/s to 4 mm/s a considerable fall

in force was observed. In other words, it was not possible to declare that, the

reactive force has increased with the increase in speed or that, it has fallen with

the decreasing speed. This is a result brought by the in-vivo test, as discussed in

Section 4.3.2.
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Figure E.1 Motor speed versus force graph for regular speed increase

E.1.2 Random Speed Increase

As in the case described in Figure E.1, for the random speeds also, a trend was

not observed. That, in both speed increases or falls, force increase or decrease

could have been encountered. In Figure E.2, in transition form 1 mm/s speed to 4

mm/s speed, a substantial increase attributed to muscle tone change was

obtained.
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Figure E.2 Motor speed versus force graph for random speed increase
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E.2 Second Group Measurements

In the second group measurements also, results similar to those of first group

were obtained. No trend was observed, both in the regular speed changes (Figure

E.3) and in the random speed changes (Figure E.4).
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Figure E.3 Motor speed versus force graph for regular speed increase

E.2.2 Random Speed Increase
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Figure E.4 Motor speed versus force graph for random speed increase
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APPENDIX F

IMPROVEMENT MADE ON THE CREEP TEST PROTOCOL
SOFTWARE

In the existing software, creep duration starts with the initial movement of the

indenter tip. Yet, normally, this duration should start with reaching the target

force. To eliminate this problem, following efforts were spent with regard to the

software pertinent to the test protocole.

Portion of existing software, ensuring the achievement of target force and

keeping it constant during a determined duration is given below.

while strcmp(AI.Running,'On')
        Veri1=getsample(AI);
        if(sayici==0)
            if(Veri1>Hedef)
                sayici=sayici+1; ...................................................(a)
            end
        else
            Fark=Veri1-Hedef; ...................................................(b)
            if (Fark>0)

        putvalue(dio,[0 0 0 0 0 0 0 0])..............................(c)
            else
                putvalue(dio,[1 0 0 0 0 0 0 0])..............................(d)
            end
            putdata(ao,[abs(Fark)*Kazanc 5])............................(e)
            start(ao)
        end
    end

Here, sayici (counter) is a number used for the commencement of the

controlled movement of the indenter tip when the target force is achieved, and in

the program its initial value is taken as zero. Hedef (target) is the number

identifying the target force. This number is the number found by summing up the

target force input derived by the user through interface and the value determined

through calibration. Veri1 (data1) belongs to the force data gathered as indenter
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edge starts to move. With the help of getsample function, instantaneous force

data assignments are made.

Data collection system continues throughout the input time. This time is

input by the user by using the interface. As mentioned before, time represents the

summation of time elapsed to reach the target force and the duration of creep.

While-end cycle in the software ensures the assignment of each attained sample

to the algorithm in this cycle. With getsample to force value up to that instant is

assigned to Veri1. In the case that Veri1 is bigger than Hedef, target force is

assumed and the sayici=1 value is achieved (code a). Therefore, next step,

keeping the force value constant in a closed loop control, is proceeded. Here,

force data is kept constant by the forward and backward movement of the

indenter tip activated by the closed loop control cycle. Difference (Fark) is

calculated by subtracting target (Hedef) force from data1 (Veri1) (code b).

Difference (Fark) being greater than zero shows that the prevalent force is larger

than the target force. In such case, indenter tip is moved backwards (code c).

Difference being less than zero, on the other hand, indicates that the prevalent

force is smaller than the target force and therefore the indenter tip is moved

forward (code d). In code e, speed control in relation to the difference is carried

out. Gain (Kazanc) is a value determined by the user and input through interface.

It effects how fast the indenter tip should react to difference in actual and target

force.

Incorporation of a code which starts the creep duration synchronously with

the achievement of target force was, to solve the basic problem in the existing

software.

To this end, arrangements shown below were formed.
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With the achievement of target force, force, speed, direction and pulse data

collected up to that instant, were obtained by the help of the equation shown in

(f) and were recorded by the help of the equation in (g). Later, AI and ao objects

were stopped. While-end cycle Nr.1 in the software, ensures the assignment of

each sample into this cycle. The 2a portion of the Nr.2 cycle ensures stopping of

the indenter tip, and 2b portion ensures the forward backward movement of the

tip at the target force.

In the start of this software, modifications explained in Section X are made.

Pertinent to these modifications, trigger type of the analogue input and trigger

type of the analogue output were adjusted as software and manual respectively.

Yet, in order to keep the force constant, it was necessary to change the trigger
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type. Trigger type (h) also, has been changed for both analogue input and

analogue output as immediate. Creep time was attached to the codes in (i) and

(k). Finally, analogue input object was run and Nr. 3 quest was left irrevocably

(j).

Forward and backward movements achieved under control are as in the

previous software.

Another alteration in the creep software was pertinent to the displacement. In

the previous software this data is collected by using following code,

for i=2:Samples-1;
        dx(i)=(hizbilgi(i)/0.1686+31/300)*sign(yonbilgi(i)-2.5)/Rate; .......... (F.1)
        x(i)=x(i-1)+dx(i);
    end
    x(Samples)=x(Samples-1);

Here, Equation F.1 is used to calculate the instantaneous distance taken.

Normally, hızbilgi(i) (speedinformation) data are obtained as voltage. Voltage

values are translated into mm/s by the help of hizbilgi(i)/0.1686+31/300 process.

Sign (yonbilgi3(i) -2.5) gives the direction of the indenter tip and 1/Rate gives

the time. These distances taken are added up by the Equation F.2,

        x(i)=x(i-1)+dx(i);................................................................................. (F.2)

And the indenter displacement information is thus recorded. This process

was used without any change, in the modified software.

Yet, due to the production of too many data much above the computer

capacity in hand during the processing, caused “Out of Memory” error in

Matlab.

This problem was solved by the help of two operations. Firstly, in order to

create a field for x and dx in the computer, zero arrays with sample × 1

dimension were formed as follows.

x=zeros(Samples,1);

3 yönbilgi means direction information
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dx=zeros(Samples,1);

Secondly, existing operation was divided into 6 cycles. Thus, number of

data in each cycle was decreased to one sixth of the main cycle and load on the

computer’s memory was relieved (). The codes are given below.

D=floor(Samples/6);
    for i=2:D;
 dx(i)=(hizbilgi(i)/0.145+31/300)*sign(yonbilgi(i)-2.5)/ActualRate1;
        x(i)=x(i-1)+dx(i);
    end
    for i=D+1:2*D;
 dx(i)=(hizbilgi(i)/0.145+31/300)*sign(yonbilgi(i)-2.5)/ActualRate1;
        x(i)=x(i-1)+dx(i);
    end
    for i=2*D+1:3*D;
 dx(i)=(hizbilgi(i)/0.145+31/300)*sign(yonbilgi(i)-2.5)/ActualRate1;
        x(i)=x(i-1)+dx(i);
    end
     for i=3*D+1:4*D;
 dx(i)=(hizbilgi(i)/0.145+31/300)*sign(yonbilgi(i)-2.5)/ActualRate1;
        x(i)=x(i-1)+dx(i);
    end
     for i=4*D+1:5*D;
 dx(i)=(hizbilgi(i)/0.145+31/300)*sign(yonbilgi(i)-2.5)/ActualRate1;
        x(i)=x(i-1)+dx(i);
    end
     for i=5*D+1:Samples-1;
 dx(i)=(hizbilgi(i)/0.145+31/300)*sign(yonbilgi(i)-2.5)/ActualRate1;
        x(i)=x(i-1)+dx(i);
    end

     x(Samples)=x(Samples-1);

Another point observed here was that, keeping the number of cycles too

many didn’t help anything at all. With the idea that, the computer can now work

without overload, number of cycles was increased to 10, yet, in such case,

problems were encountered.

With these changes realized, indenter device was thus made ready to work

for the creep test protocol.
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APPENDIX G

CHANGES IN THE HYSTERESIS MAGNITUDES WITH SPEED

Graphs showing the variation of hysteresis magnitudes with speed are given

below. Again for the sake of comparison, force speed graphs drawn by using the

test data of the same tests are also presented. This way, variation of the

hysteresis magnitude independently from the speed related force variation was

much clearly observed. Results were found by using the cyclic loading tests with

25 mm displacement and consisting of 10 cycles. All tests were carried in one

single day successively. First 8 measurements were made in regular speed

changes the remaining 8 measurements were made by using random speed

variations (See Chapter 4.3.2).

G.1 Force and Hysteresis Graphs Found by Using All Test Results

Graphs derived by using results of all tests conducted for the regular and random

speeds, are given. In figure G.1 force versus speed and in Figure G.2 hysteresis

versus speed graphs are presented. In both figures, an increase tendency

depending on speed was observed. Yet, this increase is truly in small proportions

for force magnitude. In Figure G.1, the difference between the smallest and

biggest values is approximately 0.26 N.
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Figure G.1 Force–motor speed graph
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Figure G.2 Hysteresis - motor speed graph

Again for Figure G.1, it is beneficial to draw the attention to a certain point. In

this figure, average of 4 measurements for 1 and 2 mm/s speeds and 6

measurements for 4 and 8 mm/s speeds are incorporated. This was originated

from using the 4 mm/s and 8 mm/s speeds more, in the random speed

determinations. Figure G.3 was obtained, on the other hand, by taking the
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averages of the random and regular speeds separately, and then taking the

average of these averages again. In this figure, it can be seen that, variation of

force in relation to speed change is irregular.
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Figure G.3 Force–motor speed graph

G.2 Graphs Obtained by Using the Regular Speed Variations

In Figure G.4 force variations and in Figure G.5 hysteresis variation in relation to

the speed are shown. Force variation has been irregular and falls and rises were

encountered. In contrast to that, in relation to the speed, hysteresis magnitude has

risen almost linearly.
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Figure G.4 Force–motor speed graph
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Figure G.5 Hysteresis - motor speed graph

G.3 Graphs for the Random Speed Variations

What was obtained for the random speeds were eventually parallel to those

obtained for the regular speeds. Again, while the force magnitudes did not

display any tendency in relation to speed (Figure G.6), hysteresis displayed an

increase tendency with increase in speed (Figure G.7).
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Figure G.6 Force–motor speed graph
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APPENDIX H

EXAMINING THE RELAXATION DEPENDENT ANISOTROPY

BEHAVIOR

In the Section 4.7.2.2.2, the results obtained from the Prony series coefficients

were given. On the other hand, it was not possible to see a clear trend related to

the anisotropy as seen in the force related anisotropy. When the force values

obtained from the end of the relaxation time was considered, an increasing trend

was observed between the angles 0º and 90º and a decreasing trend between the

angles 90º and 180º. On the other hand, when the coefficients belonging to the

Equation 4.11-c was considered, making such a conclusion was not possible.

Although the coefficients vary with the increasing angle, a clear-cut changing

could not have been observed. Consequently it was decided to made relaxation

tests very carefully to see anisotropic behavior of the tissue. Following graphs

shows this test results.

3,5
3,6
3,7
3,8
3,9

4
4,1
4,2
4,3
4,4

0 50 100 150 200 250

Angle of the Indenter Tip (º)

Fo
rc

e 
(N

)

Figure H.1 Anisotropic response attributed to relaxation behavior.
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In Figure H.1, the force values obtained from the end of the relaxation time and

corresponding tip angles was given. Response force displayed by the tissue

increased from 0º to 90º degrees and decreased from 90º to150º degrees. On the

other hand, the response force took nearly same value at 180º with the 150º. This

was an unexpected result when it was considered the other results. Consequently,

this was most probably a result of the changes in the muscle tones.
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Figure H.2 Angle of the indenter tip versus 1  graph

As it can be seen from the Figure H.2, short term relaxation magnitude was

showed great deviation at 180º from the general trend. Even without this value, it

was still not possible to observe a proper trend.
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Figure H.3 Angle of the indenter tip versus 1  graph

For the short term relaxation time magnitudes, a periodic behavior was observed

between the angles 0º and 180º. The force values with the related angles, 0º-180º,

30º-150º and 60º-120º took nearly the same values as it can be seen from the

Figure H.3. On the other hand, it should have been expected decreasing in force

magnitude at the angle 210º, the value was increased.

0

0,5

1

1,5

2

2,5

3

0 50 100 150 200 250

Angle of the Indenter Tip (º)

de
lta

2

Figure H.4 Angle of the indenter tip versus 2  graph
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The long term relaxation magnitude showed the same characteristic given in the

Figure H.3.

0

5

10

15
20

25

30

35

0 50 100 150 200 250

Angle of the Indenter Tip (º)

ta
u2

Figure H.5 Angle of the indenter tip versus 2  graph

Although the values of the long term relaxation time constants was varied with

increasing angle of the indenter tip, a clear-cut changing could not have been

observed.

Table H.1 Coefficients for the relaxation tests

Angles
of the

Indenter
Tip (º)

1 1 (s) 2 2 (s) R-
Square

0 -0,05033 0,61188 0,21018 33,281 0,93714
30 -0,08301 0,58345 0,23857 26,986 0,961361
60 -0,05113 0,59672 0,202 32,239 0,958069
90 -0,18208 0,56502 0,3317 18,798 0,948306

120 -0,182 0,59956 0,35156 21,524 0,970718
150 -0,14178 0,58284 0,28813 18,577 0,965188
180 -2,4041 0,58711 2,5166 6,1682 0,899406
210 -0,13772 0,60882 0,27572 18,488 0,944823
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