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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 Tonuk

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



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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MEKANIK MALZEME MODELI VE ILGILI PARAMETRELERIN
KESTIRILMESI ICIN YUMUSAK BiYOLOJIK DOKULAR USTUNDE
YAPILAN YERINDE INDENTOR DENEYLERI

Petekkaya, Ali Tolga
Yuksek Lisans, Makina Mihendisligi Bolimii

Tez Yoneticisi: Y. Dog. Dr. Ergin Tonlk

Eylill 2008, 347 Sayfa

Yumusak biyolojik dokular canli olmalari ve fizyolojik yapilari sebebiyle
karmasik bir mekanik davranis sergilerler. Bu mekanik davranisin iyi anlasiimasi
ve cesitli uygulamalarda kullaniimasi icgin yapilacak ilk calisma 6zellikle yerinde
(in-vivo) olarak gerceklestirilecek deneylerdir. ODTU Makina Miuhendisligi
Bolimi Biyomekanik Laboratuarinda bu amac dogrultusunda gelistirilen bir

indentdr deney sistemi mevcuttur.

Calismada ilk olarak hassas ve guvenilir deneylerin yapilabilmesi igin indentor
ve sistemi kontrol eden yazilim (zerinde cesitli calismalar yapilmistir. Calisma
sonucunda yerdegistirme ve yik 6lcim hassasiyetleri gelistirilmistir. Alinan
guraltald verinin filtre edilmesi i¢in daha iyi yontemler onerilmistir. Yazilimdaki
bazi deney protokolleri gelistirilerek yeni protokoller eklenmistir. Yine daha
guvenilir deneylerin yapilabilmesi icin cihaza yeni bir baglanti sistemi
eklenmistir. Dokularin gostermis oldugu anizotropik davranisi inceleyebilmek

icin elipsoid uclar tasarlanip tretilmistir.

Cahismanin ikinci asamasinda 0Onkol i¢ yizeyinde (medyalinde) deneyler
yapiimistir. Bu deneylerde yumusak biyolojik dokularin viskoelastik 6zelliklerini

goOsteren histeresiz, gevseme ve siinme davranislari gozlenmistir. Viskoelastik

Vi



davranislarina ek olarak ahsma (Mullin) etkisi ve anizotropik yanitlar
incelenmistir. Yine gevseme ve siinme deney sonuglari kullanilarak bu verileri

modelleyebilecek Prony serilerine ait parametrelerin degerleri tespit edilmistir.

Calisma ile birlikte yumusak biyolojik doku davranislarina dair 6nemli sonuclara
ulasiimis ve bu sayede yumusak biyolojik doku mekanik davranisi daha iyi
anlastimistir. Ayrica yerinde (in-vivo) deneylerin zorluklari gozlenmis ve bu
zorluklarr en alt dizeye indirebilecek hususlar acgiklanmistir. Son olarak
bilgisayar andirimlarinda kullanilmak (zere temiz deneysel veriler elde

edilmistir.

Anahtar Kelimeler: Yumusak Biyolojik Dokular, indentér Deney Cihazi,

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 biologica 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 aive. Therefore, losing liveliness influences the tissue mechanical
response greatly (Ottensmeyer et a., 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



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 (Usii, 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.



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 (Usii, 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.



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).



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 (Usii, 2008, Bischoff, 2004, Holt et al.,
2008).

The foundation of this model was described by Usii and Téniik (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;

(e) (8)8_8

o(t)= Lc;(t—f)a“T U7 (2.1)

where,

of(t)= stress



G (t) = reduced relaxation function
o® (£)= 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,

G(1)=1* C[itc/ I;Z()TZ_ /Er(lt)/ Y 2.2)

where E;(x) first exponential integral function and is expressed as,

1
- =7
e
E(X)=[=—dy 1 e (2.3)
l J y 1
Yi =—
7

7, and 7, represent the short and long term relaxation behaviors. Like in the first

exponential integral function, it is possible to select a(e)(g) in different forms.

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

study, the following form is preferred (Usii and T6niik, 2008).
0% () = A% = 1) oo (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.



Two damper generalized linear Kelvin-Voigt material where the soft biological
tissues is modeled as an example (Tonlik 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 (Tonik and Silver-
Thorn, 2004)

F(t)= Folt—0,(l— €% )= 0, (L= €7V )| oo (2.5)

d(t)=dy[1+ 6, (1— €77 )+ 8, (1= €% )| oo (2.6)

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

Where, 7,, 7, are short and long-term time constants o,, J, are short and long

term relaxation and creep magnitudes.
Fo and dy 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



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 p, be the density
(mass per unit volume) in the zero-stress state, then p,W 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 Ei1, Ezp, Ess, Eiz, E21, Ezs, Esz, Esz1, Ei3, and be
written in a form that is symmetric in the symmetric components E1, and Ez1, Ex3
and Esp, Es; and Ejs.the nine strain components are treated as independent

variables when partial derivatives of p,W are formed. Then when such a strain

— energy function exists, the stress components S;; can be obtained as derivatives
of p,W :

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 20™ 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 llInesses

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).
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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

respectively (Figure 2.4).

mm for articular and rib cartilages

THOENT ATION (rmm)

Bl 0 15 20 2% 3 3B 40

MINUTES

=== MRTICULAR CARTILAGE, FIBRILLATED (3]
= AATICULAR CARTILAGE, NOT FIBRILLATED {26)
== RUBBER (2]

=== COSTAL CARTILAGE, 2-22 YEARS (10)

=== COSTAL CARTILAGE, 42-66 YEARS (10)

7075 BD B 90 9% 100

05 10 15 120

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)
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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-
Vvivo 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.

— Itis 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).

3 H ¥ ¥ )
%o In Vive
............. feeeeeeeeeafoneneeeeenbeeneen Syt Porfusad
: Unperlused
\ :
c YR .
% : :
£ .03 B L e e T e 4
» : \ B :
| R
LY | = SRR H - dooeasrrre T ST
i\ iy : ] :
R Nt o TR ‘
.Y ] 90040 0tmiaamam L ARt 0 40 b bt
L v d ’ q"”“'““""b"*‘"'“"""‘"Nv"""ﬂ-«n.unu1-4,<
.08 e ssnssnsns ? — | P  —— - ———  ——
0 50 100 150 200 250 300
Time [sec)

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).
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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,
— Inthe 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.

24



Also, the following table was prepared for easy comparison;

Table 2.1 The table showing soft tissue test methods comparison®

In-vivo | ex-vivo | in-situ | in-vitro
C_)bservablllty of the real behavior of the 2000 | ood | oo @
tissue
Liveliness of the tissue DDDD @ @ S
Observability in neutral environment OO @ DD ®
Workability on the internal organs DD | DODD | DDD | DDDD
Workability on the external organs DPD | POD | DDD | PODD
Easiness of the calculation stress-strain
relation D D DD |ODDD
Variability on the test devices which can
be used tests ® o0 o0 | OO
Simplicity of the test system DODD @ DD |ODDD
Cost of the test device set-up DDD @ PP |PODD
Works amount in the literature DDD @ DD | ODDD

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 ®D® good @@ not bad @ bad
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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 90° 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.

Deflection
- [] R
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sometimes sometimes
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Figure 2.12 “Simple traction measurements of load against deflection for skin.
(@) 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. Itis 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, Pefa 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.

37



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
MiSAG-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 (Tonuk, 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

©)

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.
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Figure 3.2 Block diagram of the indenter test system (Tonik, 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 111 900 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.

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.

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.
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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
TUBITAK MISAG-183 project, by using Data Acquisition Toolbox (DAQ)
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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 x (20.50524934) X MOtOIrSPEEd..........cervrurrreirerierienieniesie s (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.

X_y—Em—F
Cm+D

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).

56



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)
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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 | Output VVoltage | Input Voltage | Output Voltage
W) V) V) 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 55 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.

\Y/ 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 1417 ]16,91043

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] ..cveevvvvveiieeiieiieie e (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 x 20.50524934 x 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 | Step Steps taken with input speeds
Distance should
be Imm/s | 2mm/s |4 mm/s|5mm/s| 10 mm/s
(mm) taken
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 time(s) g/lpc;tg(; ‘measured number |  wanted calcllDJ:Zttaengerom
B=0.0104714 (mm/s) distance(mm) | of steps | distance(mm) step(mm)
1 1 1.82 24 1 1.170
2 1 2.95 a7 2 2.292
3 1 4.02 70 3 3.414
4 1 5.13 93 4 4535
S 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 time(s) g/lp%t:(; ‘measured number |  wanted cachlDJ:Zirc]ijiom
B=0.0104714 (mm/s) distance(mm) | of steps | distance(mm) 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 time(s) g/lp%t:(; ‘measured number |  wanted caIcDu::E[irc]ijerom
B=0.0104714 (mmis) distance(mm) | of steps | distance(mm) 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
S 1 5.55 103 5 5.023

At the end of these operations, together with the iterations made, proper

coefficients were derived at the 3™ 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 x MotorSpeed — B .......cooeiiiiiiiiiiieeee s (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

12
10 - oo /
y = 1,423x°
R? = 0,980 /
8

First Coefficient
(o)}

4
2 /
0 T T T T T

0 2 4 6 8 10 12

Motor Speed (mm/s)

Figure 3.18 Variation of first coefficient determined, in relation to the variation
of the motor speed
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Figure 3.19 Variation of second coefficient determined, in relation to the
variation of the motor speed

67



The approximate equations of these graphs were also determined by Microsoft
Excel® Trend. Thus obtained equations are as follows;

Y = AXE et (3.6)
A= CxXMP s (3.7)
B=EIN(M) 1 F oo (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) xtime] 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,oc&'./I
4

tout(s)
w

tin(s)

Figure 3.20 Graph of input time versus calculated output time

O TSN (3.99)
A=C X" —D,X° + EX° = F X+ G, e (3.10-a)
A=C,x° =D, X° + E,X* = F,X* + G,X* —HX+J ovvererererereeeinninnnn, (3.10-b)
B=KIN(M) 4 L oo (3.11)
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where,

t. = Calculated time
t, = Entered time

C, =0.0005
D; =0.011
E; =0.076
F1=0.189
G =1.173
C, =0.00003
D, = 0.0009
E, =0.008
F,=0.04
G,=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,

t. —Klin(m)-L
t =
¢ Cx' -DX+EX —-Fx+G

or

70



t. —KlIn(m)-L
t, = . : 7 3 T e (3.12-b)
C,x° =D,x* + E, X" = F,X* + G, X" —Hx+J

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.

y = 0,871x + 0,402
4 R? = 1,000

tout (s)
w

Displacement (mm)

Figure 3.21 Graph of displacement versus calculated output time

T = AX A B (3.13)
A= CM e (3.14)
B=EIN(M)+F e (3.15)
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where,

t. = 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

thg—EIn(m)—F
Cm™®

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 2mm 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 2mm 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).

Force Data

Force [N!]

0 0.05 01 015 02 025 03 03 04 045 05
time [s]

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 ([Al,ao] , “ManualTriggerType’, ’"Manuel’)
set (Al, ‘ManualTriggerHwOw’, "Trigger’)

where, first line starts the Al (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.

Altime = Al.Initial TriggerTime
aotime = ao.Initial TriggerTime

t = fix(Altime);
sprintf('%d:%d:%d’, t(4),1(5),t(6))
t = fix(aotime);
sprintf('%d:%d:%d’, t(4),1(5),t(6))
delta = abs(aotime - Altime);
sprintf('%d’,delta(6))

In the tests carried out after the corrections made, simultaneous commencement

of the Al 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 gr:ff::)%% Difference
Start 11:09:40 11:09:39 ~3.1x10™
Trigger 11:09:40 11:09:39
Stop 11:09:41 11:09:40
Second
Observation
Start 11:28:37 11:28:37 ~3.1x10™
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 Al is in the vicinity of 3x10”
seconds. This lag was 0.1 seconds levels in the previous software and this would
result with a delayed Al, 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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Force Data

Force [N!]
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time [s]

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, Al 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 (Al, "' Tri gger Channel ' , Chans?2)
set (Al, "' Tri gger Type',' Software')
set (Al,"' TriggerCondition',' Falling')
set (Al, "' Tri gger Condi ti onVal ue', 4)
set (ao, "' Tri gger Type', ' 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).

Force Data

Force [N!]

I
0 0.1 0.2 03 04 05 06 0.7 08 0.9 1
time [s]

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

Motor Speed | Constant Mesurement Nr Distance (mm

(mm/s) A 7 8 ]9l 10
1 0.15922 1 7.02 1 7991 9 | 9.98
2 7.03 8 9 | 9.99
1 7.07 | 8.09 19.0610.08

2 0.1686
2 7.07 - 19.06]10.08
4 0.1686 1 7.12 | 8.08 19.05(10.02
2 7.11 | 8.08 19.05(10.02
1 6.9 | 8.05 |8.83] 10
8 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
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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.
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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.
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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).

Calibration
055 T T T T T T T T T T
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o
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0.25 r r I
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I I I I

Force [N]

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) ......coeiiiiiirierieieee e (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..........ccccereririrrereiieririsiereesseseeeree e (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.

Disp. at .

Disp. at | the end of t&ls&,gét Displacement Start point Original

the target | the creep force. at the end of readin position

Constant in | Constant in force- time- Readi the creep " thg reading

Eq.1 Eq.2 Reading Reading ?a ng time-Reading drorln € from the

from dual | from dual rom from graph ual9age | qyal gage
graph (mm)
gage (mm) | gage | TCN (mm) (mm)
(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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Determination of the Voltage Constant
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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 = x? 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.

Force [M]

Displacement [mm)

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 = x* 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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¢l = 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™. 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.

109



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

111



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.

e e — e . R il S

. #

Bone Surface Bone Surface

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.
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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

121




N

30l ]
= | ]
E
@

[72]
o
QS
[72]
>
T | ]
25| -
- ——
20‘----l----l----l----l----l----l----l----l-----
1 2 3 4 5 6 7 8 9 10

Number of Cycle

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.
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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, 2and 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 3™ 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.

127



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 (Tonuk,
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.

Force (N)

0-----l----l----l----l----l----l-----
0 20 40 60 80 100 120 140

time (s)

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.

142



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;

where;

o = 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,

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,

y= y0(1+ at™® +ct‘d) ................................................................................ (4.3)

where,

y = output data (force for relaxation, displacement for creep, force for

preconditioning effect)
t=time
a, b, ¢, 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,

Y(t)= Yo[l+ 8,877 5,61 + ] o (4.4)
where,

y (t) = Output data

Yo=Yy value att =ty

0, = Short-term magnitude depending on the test method

7, =Short-term time constant

0, =Long-term magnitude

7, =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 (Toénik 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,
F(t)= fo =567 = 5,87 =] oo (4.5)

is used. Where,
f (t) = Output force

fo = Force at the start of relaxation
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0, = Short-term relaxation magnitude

7, =Short-term relaxation time constant
0, =Long-term relaxation magnitude
7, =Long-term relaxation time constant
t =time

For the creep, equation,

d(t) = do[L+ 5,7 + 5,67 4] oo (4.6)
is used. Where,

f (t) = Output force

fo = Force at the start of relaxation

0, = Short-term creep magnitude

7, = Short-term creep time constant

0, =Long-term creep magnitude

7, =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 (Toniik 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.

2!

7y

%,

7,

Js

T3

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.

2!

7y

%,

7,

Js

T3

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:

d 0? 0 0 ”
a0+a15+a2?+...0(t): a0+ala+a26t—2+...8(’[) p43
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.

51 7, 52 7, 53 7, 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;

F(t)=foll— 6, (- )=, 0—e )= ] oo 4.7)

d(t)=do[L+0,(+e )+ 5, (L4 )] oo (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 (Usii, 2008).
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where,

T, = Stress along the material axis x

p (a, b & c) = Material parameter that reflect the unit cell dimension. It depends

on the material axis
&, = Principal strain along the material axis x

A & B = Elastic material parameters
C = Material parameter related to the viscous damping
& = Strain rate

y = Shear Strain

t, = Beginning of relaxation
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t=time
7, & 7, = 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
(Usii, 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).

Constant A
N

Motor Speed (mm/s)

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.

y(t)= y0(1+ at+ct et "+ gt’“) .................................................... (4.10)
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Y(t) = yo [li 5le_t/rl + §2e_t/72 ]
y(t)= o[t 5,67V + 5,60 £ 5,6 |
y(t) = yo it 6,0t et e s, [iret )

y(t)= yolt+ 5.+ eV )+ 5,06V )+ 5,1+

(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
R1] 0,488 | -4,045 | -459 | -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
RS 1,5E+07|4,1E+04 | 1,0E+07 | 1,8E+07 0018 | 0,485 8,0E+07 -7,.047
R.6 | -2,797 | -3,204 1,367 -2,5628 | 0,271 0,010 | -1,924 | -0,692
5.6E405 -5,096 | 85,151 | -1,440 | 3,873 | -0,395 | -29,629 | -0,872
R7| 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

g

Cl

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

C3

-0,017

0,263

-197184

-770

100423

-4,859

265581

-648

CA4

-0,337

0,064

0,357

0,017

4554

-4,036

2832

-3674

C5

-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

2

7y

%

Ty

é‘3

T3

R-
Sg.

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.

0,21783

49166982

-983855

1,19715

-0,26538

37,52988

0,985

Relax.

0,6181

32651902

-4788,66

1,814

-0,56328

465,4394

0,913

Relax.

0,22683

2018759

-0,27695

38,35479

-196917

1,33351

0,981

N (oo~

Relax.

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

51

7y

9,

7y

Js

T3

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

Tf/?).e 0, T o, 7, 0, T, 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 | 585771 | 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

| 7, 5, 7, S r, | RSauare
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 7, 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, 7, was found to be 9074493 s. When the same

process was repeated again, 7, 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 asz,, 9,

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.

0,986
0,984
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0,980
0,978
0,976
0,974
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0,970 -

Power Prony a Prony b Prony c Prony d

R-Square

Equation Type

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=6mm(1)a=16 mm,b=4mm (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 10° 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 10°
intervals could be made

4.7.2 Tests Carried Out with Elliptical Tips and Their Results

At the same test point, by 10° and 30° 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).

8

Figure 4.45 Response of the tissue under different angles is examined by
aligning the ellipsoidal tip at o 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 10° increments
within the 0° and 170° interval. In addition to these angles, measurements for
control purposes 180°, 210° 240° and 270° angle tests were also conducted.
These positions coincide with the first 0°, 30°, 60°, and 90° 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 0° to
90° and decreased from 90° to 180°. 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.
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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 30° interval increases between 0 and 210° 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).

Force (N)

0 50 100 150 200 250
Angle of the Indenter Tip (°)

Figure 4.49 Anisotropic response attributed to relaxation behavior. In the test
data a 22 mm displacement is applied
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Force (N)

0 50 100 150 200 250
Angle of the Indenter Tip (°)

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 0° to 90° degrees and decreased from 90° to 180° degrees.
After 180° another increase was observed. Again, maximum force was
encountered when the indenter tip placed perpendicular (90°) to the contract

direction of the muscle.

In the Figure 4.49, at 150° 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.

Angle of the Indentor Tip (°)
0 50 100 150 200 250

Deltal

Figure 4.51 Angle of the indenter tip versus o, 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 150°. 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 150° in
the other test result given in Section 4.7.2.2.2.2. The control value observed at

210° nearly took same value with the magnitude of &, at 0°.
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Figure 4.52 Angle of the indenter tip versus z, 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 120° and the control
measurement at the 210°.

Delta2

0 50 100 150 200 250
Angle of the Indentor Tip (°)

Figure 4.53 Angle of the indenter tip versus o, 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 ¢, were observed same with 9, .

to2 (s)

0 50 100 150 200 250
Angle of the Indentor Tip (°)

Figure 4.54 Angle of the indenter tip versus z, graph

Unlike the short term relaxation time constant, long term time constant 7z,

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.

175



Table 4.10 Coefficients for the relaxation tests

Angles
of the R-
Indenter 0y () % 72(s) Square
Tip (©)
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 1 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

450 can be seen.
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Figure 4.55 Angle of the indenter tip versus ¢, 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 o, unlike the previous study.
Consequently, it was not possible to make an inference about anisotropy for the

o, values.

taul (s)

0 T T T T
0 50 100 150 200 250

Angle of the Indenter Tip (°)

Figure 4.56 Angle of the indenter tip versus z, graph

Short term time constants were showed barely same character with the results
given in Figure 4.52. However, for the angles started from 90° and ended with
150° was showed an increase gradually. After the angle 150° similar values was
obtained for 7, with the beginning angles. Thus, if the results given in Figure
4.52 were also considered, it could have been concluded that 7, took values the

0.77 s with the increasing tip angle.
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Figure 4.57 Angle of the indenter tip versus o, graph

The result obtained for the long term relaxation magnitude was given in Figure
4.57. A similar observation was made for ¢, 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 versusz, 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 7, with the increasing indenter tip angle. On the

other hand, with the careful looking, W shaped appearance could have been
observed between the angles 0° and 180°. If the deviation appeared at 120° 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 150° from the general trend in Figure 4.50.

Table 4.11 Coefficients for the relaxation tests

Angles
of the R-

Indenter S 71(8) % 72(8) Square

Tip ©
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| 21,2877 | 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 30° interval increases between 0° and
180° 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 90°, and in consequence, the target force was reached in a shorter

distance. Again, the stiffness of the tissue progressively decreased from 90° to
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180°. At 120° 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 o6, 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 z, 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 30° and 180° from the other
coeffecients (Table 4.12).
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Figure 4.62 Angle of the indenter tip versus o, 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 ¢, were observed same with 9, .
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Figure 4.63 Angle of the indenter tip versus z, 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 0° and 60° after this point 7, values was increased gradually except

the value at 150°.

Table 4.12 Coefficients for the creep tests

Angles
of the R-

Indenter 0y () % 72(s) Square

Tip (©)
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

184




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
—  Afiltering 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 90° angle in between. This behavior showed a periodical
character and it tended to decrease again in the interval starting from 90 ° and
ending with 180°.

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

188



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.
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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.1l 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.

Input distance-measured distance graph for 0.2 mm/s

y = 1,098x - 0,005
5 R? = 1,000

Measured Distance (mm)
w

Input Distance (mm)

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

7
6 | y =1,133x + 0,123
5 | R? = 1,000

Measured Distance (mm)

Input Distance (mm)

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

7
T 6 y =1,101x + 0,209
E R? = 1,000
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Input Distance (mm)

Figure A.3 Input distance versus measured distance graph for 0.6 mm/s

198



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

5 y = 1,053x + 0,403
R? = 1,000

Measured Distance (mm)
w

Input Distance (mm)

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

6 | y = 1,045x + 0,482
5 | R? = 1,000
4 |
34
2 -
1 4
0 . . . . .
0 1 2 3 4

Measured Distance (mm)

a1
(2}

Input Distance (mm)

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

6 y =1,028x + 0,621
5 R*=0,

Measured Distance
m
w
Il

0 T T T T T
0 1 2 3 4 5 6

Input Distance (mm)

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
7
€ 6 | y=1,011x + 0,816
E R?=0,999
© 5
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o 3 |
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g
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L 1
0 T T T T T
0 1 2 3 4 5 6
Input Distance (mm)

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.

202



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
mm/s
7
§ 6 y=1,027x + 1,441
g 5. R? = 0,997
Q= 4
S
BE3
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0 : ‘
0 2 4 6
Input Distance (mm)

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

7 y =1,0284x + 1,689
R2 = 0,997

Measured Distance (mm)
D

Input Distance (mm)

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

7 | y=1,023x + 1,925
R%=0,996

Measured Distance (mm)
N

Input Distance (mm)

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

y =1,091x + 2,013
R2 =0,992

Measured Distance (mm)
N

O T T T T T
0 1 2 3 4 5 6

Input Distance (mm)

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
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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

8 | y=1,092x + 2,973
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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

y = 1,120x + 3,283
R?=0,993

Measured Distance (mm)
(6]

Input Distance (mm)

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.

208



Input distance-measured distance graph for 10 mm/s

y=1,176x + 3,511
R*=0,978

Measured Distance (mm)
(63

Input Distance (mm)

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

y = 1,099x - 0,007
R? = 1,000

Measured Distance (mm)
w

Input Distance (mm)

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

6 | y=1,134x + 0,121
R? = 1,000

Measured Distance (mm)

0 1 2 3 4 5 6
Input Distance (mm)

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
a 7
€ 6 y =1,101x + 0,208
~ 2 _
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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

y =1,053x + 0,402
R? = 1,000

Measured Distance (mm)
w

Input Distance (mm)

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

6 y=1,045x+ 0,482
R?=1,000

Measured Distance (mm)

Input Distance (mm)

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

y=1,036x + 1,085
R?=0,997

Measured Distance (mm)

Input Distance (mm)

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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0 1 2 3 4 5 6

Input Distance (mm)

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

71 y = 1,020x + 1,931
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Input Distance (mm)

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

7 ] y = 1,089x + 2,014
R? = 0,992

Measured Distance (mm)
N

Input Distance (mm)

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, 24 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

8 - y=1,080x + 2,241
R?=0,992

Measured Distance (mm)

Input Distance (mm)

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

y = 1,096x + 2,672
R? = 0,991

Measured Distance (mm)

0 T T T T T
0 1 2 3 4 5 6

Input Distance (mm)

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

9
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0 1 2 3 4 5 6
Input Distance (mm)

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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S 9 y =1,128x + 3,266
E 8. R? = 0,992
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S 1.
0 T T T T T

Input Distance (mm)

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
18 y=1,175x+ 3,522

~ | R?=0,978
= 8
E 74
L 6
g 5
Q2 4
S 3]
a
E 2 4

14

O T T T T T

0 1 2 3 4 5 6
Input Distance (mm)

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;

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.

Motor Speed-Time Graph for 0.2 mm/s
0,35
0,3 1
w
g 025
€ 0,2
T y = 0,233x 0%
8 0,15 | R® = 0,203
s]
5 01
=
0,05 -
O T T T T T
0 5 10 15 20 25 30
time (s)

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

Motor Speed (mm/s)
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2 | y = 1,630x%%*
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Figure A.40 time versus calculated motor speed graph for 1 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 (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
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Figure A.43 time versus calculated motor speed graph for 2 mm/s
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Motor Speed (mm/s)
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Figure A.44 time versus calculated motor speed graph for 2.5 mm/s
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Figure A.45 time versus calculated motor speed graph for 3 mm/s

228




Motor Speed (mm/s)

80

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
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Figure A.47 time versus calculated motor speed graph for 5 mm/s
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Motor Speed (mm/s)

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
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Figure A.49 time versus calculated motor speed graph for 7 mm/s
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300

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
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Figure A.51 time versus calculated motor speed graph for 9 mm/s
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Motor Speed (mm/s)

Motor Speed-Time Graph for 10 mm/s
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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

30

25

20 A
= 1,098x - 0,036

15 R? = 1,000

tout (s)

10 4

0 5 10 15 20 25 30
tin (s)

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

y =1,133x + 0,308
R? = 1,000

tout (s)
(o]

tin (s)

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
12
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8 |
0
= 6 - y =1,101x + 0,348
< R? = 1,000
4 |
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0 1 T T T T
0 2 4 6 8 10
tin (s)

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

y =1,052x + 0,404
5 | R*=1,000

tout (s)

0 1 2 3 4 5 6
tin (s)

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

5 y = 1,045x + 0,402
4. R? =1,000

tout (s)
w

tin (s)

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

4 1 y = 1,029 + 0,414
R? = 0,999

tout (s)

0 0,5 1 1,5 2 2,5 3 3,5
tin (s)

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
3,5
3 y =1,011x + 0,408
R?=0,999
2,5
g 2]
5
8 1,51
14
0,5
O T T T T T
0 0,5 1 15 2 2,5 3
tin (s)

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
3
y =1,036x + 0,435
2,5 R? = 0,997
2 |
e
= 1,51
>
8
1 4
0,5 -
O T T T T
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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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y =1,034x + 0,414
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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

Z 1,029x + 0,422
R?=0,997

tout (s)

0 0,5 1 1,5
tin (s)

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

1,6
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1,2 -

y =1,091x + 0,403
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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

O T T T T
0 0,2 0,4 0,6 0,8 1

tin (s)

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

= 1,092x + 0,383
R?=0,991

tout (s)

0 ‘ ‘ \
0 0,2 0,4 0,6 0,8

tin (s)

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

1,2

y = 1,092x + 0,372
R? = 0,992
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0,6 -
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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

tout (s)

0 0,2 0,4 0,6 0,8
tin (s)

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, 0.35sand 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

1,2
1,18 4 |y =0,000%° - 0,001x® + 0,008x* - 0,040x3 + 0,110x2 - 0,180x + 1,159
1,16 4 R2=0,845
1,14 -
1,12 -

1,1 -
1,08 -
1,06 -
1,04 -
1,02

14
0,98 . . . . .
10 12

Slope

4 6 8
Motor Speed (mm/s)

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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0,4 |

y = 0,053Ln(x) + 0,315
R?>=0,324

0,3

0,2

y-intersect

0,1

Motor Speed (mm/s)

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

30
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20 A = 5,492x - 0,036
R? = 1,000
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tout (s)
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O T T T
0 1 2 3 4 5 6

Displacement (mm)

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

y = 2,833x + 0,308
R? = 1,000

tout (s)
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Displacement (mm)

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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10 y=1,836x+ 0,348
R?=1,000
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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
6
y = 1,052x + 0,404

5 4 R? = 1,000

4
0
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Displacement (mm)

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

y=0,871x+ 0,402
R?=1,000

tout (s)
w

Displacement (mm)

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

y = 1,052x + 0,404
R? = 1,000

tout (s)
w

0 1 2 3 4 5 6
Displacement (mm)

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

y = 0,506x + 0,408
R? = 0,999

tout (s)

Displacement (mm)

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
3
2,5 4
2
w =0,414x + 0,435
5 151 R? = 0,997
8
1
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Displacement (mm)

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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R? = 0,992
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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

y = 0,156x + 0,383
R? = 0,991

tout (s)

Displacement (mm)

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
6
L 4
5
4
2
o 3
n
21 y = 1,072x%9%
2 _
1| R“=0,999
0 e ———
0 2 4 6 8 10 12
Motor Speed (mm/s)

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).

gl obal not hi z
for i=1:10000000
not hi z=randint(1,1,[1, 8])
i f nothiz==
set(handles.edit2, 'string', nunstr(nothiz))
br eak
el seif nothiz==2
set (handl es.edit2, 'string', nunRstr(nothiz))
br eak
el seif nothiz==4
set(handles.edit2, 'string', nun2str(nothiz))
br eak
el sei f not hi z==8
set (handl es.edit2, 'string', nunRstr(nothiz))
br eak
el sei f i ==10000000
errordl g(' I stenen sayil ar yakal ananadi . Lutfen tekrar
deneyin’,”Hatal1 Giris”, 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.

1
7L Experiment Data
® Maximum Force

6 | ° [ ] Y | [ ] ] ) %

Force (N)

0 10 20 30 40 50
time (s)

Figure B.1 Maximum force values

h1l=fi ndobj (gca, *Type”, ’line”);

y=get (h1, YData~”);

x=get (h1, *Xdata~);

n=10;

Fmax=zeros(1, 10);

| =zeros(1, 10);

xmax=zeros(1, 10);

a=l engt h(x);

b=round(a/n);

c=1;

t =0;

for 1=1:n
[Frex(1,1),1(1,1)]=max(y(c:c+bh));
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c=c+b;
t=t+(1,1);
xmax (1, 1)=x(1,t);
t=t+1(1,1);

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.

Force (N)
N
()]
T
1

Ok T r r r ! ! r !

I
0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Figure B.2 Force decrease
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h=f i ndobj (gca, ' Type','line");
y=get (h, "' YData');
x=get (h,"' XData');
L=l engt h(x{1, 1});
F=zeros(1, 10);
a=0;
for i=1:10
a=a+l;
F(1,a)=y{i+10,1}(1,L)-y{i,1}(1,1);
end
Fark=fliplr(F);
Menean(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).

gl obal Zaman

gl obal not hi z

gl obal nothi z1

gl obal gerilim

gl obal Akat sayi si

gl obal Bkat sayi si

gl obal atil anadi m

i f (ot hi z<=0)

gerilimegerilim

el se

gerili meAkat sayi si *not hi z1- Bkat sayi si
end
set(handles.edit6, 'string', ' ')

ao = anal ogout put (' nidaq', 1);
addchannel (ao, 0: 1) ;
set (ao, ' Sanpl eRat e' , 50)

264



set (ao, ' Tri gger Type',' I mredi ate');
put data(ao, [0 0])
start (ao)
Al =Anal ogl nput (' nidaq', 1);
ChanO=AddChannel (Al ,[0],"' Force');
Chanl=AddChannel (Al ,[1],"Hi z');
Chan2=AddChannel (Al ,[2],"' Yon');
Chan3=AddChannel (Al ,[3],"'Darbe'); .....................
Rat e=100* 20. 50524934* 10;
Sanpl es=cei | ( Rat e*Zanan) ;
Sanpl es
set (ChanO, ' | nput Range' , [0 1])
set (ChanO, ' Sensor Range',[-0.29218 0.29218])
set (ChanO, ' Unit sRange' ,[-25 25],' Units', 'N)
set (Chanl, ' | nput Range' ,[0 1])
set (Chanl, ' Sensor Range' ,[0 1])
set (Chanl, ' UnitsRange' ,[0 9.7561],'Units', 'nms')
set (Chan2,' | nput Range' ,[0 5])
set (Chan2, ' Sensor Range' ,[-11 1])
set (Chan2,' UnitsRange',[-1 1],' Units', 'none')
set(Chan3, ' InputRange' ,[0 5]) .........c ..
set (Al, ' Sanpl eRate' , Rat e)
set (Al, ' Sanpl esPer Tri gger' , Sanpl es
Al .l nput Type = "Differential’;
put data(ao, [gerilim5.004])
start([ao, Al])
[ dat a, ti me] =get dat a( Al , Sanpl es) ;
while strcenp(Al. Runni ng,' On')
end
putdata(ao,[0 0])
start (ao)
figure
pl ot (ti ne, dat a)
del et e(ao)
cl ear ao
pul se=dat a(:, 4); ...
atil anadi n¥1;
for i=2 : Sanples ...... ... . .. . . . . .

if (pulse(i-1)>2.5)

if (pulse(i)<2.5)
atil anadi mFati | anadi m+1;
end

end
end
atilanadi m
veri=[time data];
set (handl es.edit6, 'string', nunstr(atilanadinm)
plot(tine, data(:,1),tinme, data(:,4))
del ete(Al)
cl ear Al
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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=fi ndobj (gca, ' Type','line');
y=get (h, ' YData');
x=get (h, ' XData');

snmlb = sgolayfilt(y,1,201);
figure

pl ot (x, snt | b)

B.6 Filter for Cyclic Loading

h=fi ndobj (gca, ' Type', ' line');
y=get (h, ' YData');
x=get (h,' Xbata');

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 fromthe graph obtained at the end of
t he experi nent

h=f i ndobj (gca, ' Type','line");
y=get (h, ' YData');
x=get (h, ' XData');

%0 points with equal intervals are marked on the data

N1=I engt h(y{11, 1});

N=r ound( N1/ 50) ;

a=zeros(1, 50);

for i=2:49
a(l,i)=a(1,i-1)+N

end

a(1,1)=1;

a(1, 50)=N1;

%/al ues corresponding to these points are detern ned

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

% Conparison 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 paraneter, interval
sought for is determ ned.

kileri(1,10)=0;
kgeri (1, 10) =0;

for i=1:10
cileri{i,1l}=zeros(1, 49);
cgeri{i,1l}=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}(21,i);
if cgeri{j,1}(1,i)>=c
kgeri (1,j) =i
break, end
end
end

%0 points are determned in the interval found and the above
process repeated. Thus, the contact point is determned nore
precisely. Here conparison is made with the second paraneter
entered in the function

for i=1:10

a2ileri{i,1l}=zeros(1,50);
aileri{i,1}(1,1)=a(1, kileri(1,i));
aZileri{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

Nar a=r ound( (a(1, kileri(1,t)+1)-a(1, kileri(1,t)))/50);

for i=2:49
azileri{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(l, 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

Nar a=round( (a(1, kgeri (1,t)+1)-a(1, kgeri(1,t)))/50);

for i=2:49
az2geri{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

%%ith the determ nation of the contact point, graphs are drawn.
If the third paraneter entered in the function is taken as 1, in
addition to the main graph, separate graph for each |oading and
unl oadi ng curve is drawn.

if u==
for j=1:10
if k2ileri(1,j)==
k2ileri(1,j)=kileri(1,j);
end
ys=yileri{j,1}(a2ileri{j,1} (1, k2ileri(1,j)+1):a(l1,50));
figure
pl ot (x{11,1}(az2ileri{j,1}(1,k2ileri(1,j)+1):a(1,50)), ys
.
"LineWdth', 2)
hol d on
pl ot (x{11, 1},yileri{j,1})
title([' Number of Loading Cycle: ',nunRstr(j),"'*{st} cycle'])
x| abel (' Di spl acenent [nmm"')
yl abel (' Force [N')
end
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%880

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
pl ot (x{11, 1} (a2geri{j,1}(1, k2geri (1,j)+1):a(1,50)), ys
rt, ...
'Li neWdth', 2)
hol d on
pl ot (x{11, 1}, ygeri{j, 1})
title([' Nunber of Unloading Cycle: ',nunRstr(j),"' st}
cycle'])
x| abel (' Di spl acement [nm] ')
yl abel (' Force [N ")
end
end

%Wf the third paranmeter as entered other than 1 a total graph is
dr awn

figure
hol d on
for j=1:10
ysi=yileri{j,1}(a2ileri{j,1}(1,k2ileri+l):a(1,50));
pl ot (x{11, 1}(az2ileri{j,1}(1,k2ileri+l):a(1,50)), ysi)
ysg=ygeri {j, 1} (a2geri{j, 1} (1, k2geri +1):a(1,50));
pl ot (x{11, 1} (a2geri {j, 1} (1, k2geri +1):a(1,50)), ysg,'Qg')
end
x|l abel (' Di spl acenment [mm] ")
yl abel (' Force [N ")

B.7.2 St2 Function

function out=st2(c,c2,u)

ORequired data are taken fromthe graph obtained at the end of
t he experi nent

h=fi ndobj (gca, ' Type', ' line');
y=get (h, ' YData');
x=get (h,' Xbata');

%0 points with equal intervals are marked on the data

N1=Il engt h(y{11, 1});

N=r ound( N1/ 50) ;

a=zeros(1, 50);

for i=2:49
a(l,i)=a(1,i-1)+N

end
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a(1,1)=1;
a( 1, 50) =Nz,

%/al ues corresponding to these points are deternined

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

% Conparison 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 paraneter, interval
sought for is determ ned.

kileri(1,10)=0;
kgeri (1, 10) =0;

for i=1:10
cileri{i,1l}=zeros(1, 49);
cgeri{i,1}=zeros(1,49);
end

for
for

] =L
i=1:4
cileri{j,21}(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

1
r

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 nmovenent. In case it is
different than zero and if it is smaller than the average found
for the forward novenents, average found for the backward
novenent is selected. In other case, the average of the forward
novenent is sel ected.

ki =round(rmean(kileri));
kg=r ound( nean(kgeri));

i f ki>=kg & kg~=0;
k=kg

el se
k=ki

end

%sanme procedure is repeated by dividing the interval into three
portions

for i=1:10
azileri{i,1l}=zeros(1, 3);
azileri{i,1}(1,1)=a(1,k);
azileri{i,1}(1,3)=a(1, k+1);
b2ileri{i,1}=zeros(1,3);
c2ileri{i,1l}=zeros(1,2);
end

k2ileri=zeros(1, 10);
for t=1:10

Nar a=r ound( (a(1, k+1)-a(1,ki))/3);

for i=2:2
azileri{t,1}(1,i)=az2ileri{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

98B0
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for i=1:10
azgeri{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

Nar a=r ound( (a(1, k+1)-a(1,k))/3);

for 1=2:2
az2geri{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

% Conpari son for the forward and backward novenent is done by
taki ng the average of the points found

ki 2=round(rean(k2ileri));
kg2=r ound(mean(k2geri));

i f ki2>=kg2;
k2=ki 2
el se
k2=kg2
end

%vith the deternmination of the contact point, graphs are drawn.
If the third paraneter entered in the function is taken as 1, in
addition to the mamin graph, separate graph for each |oading and
unl oadi ng curve is drawn.

if u==1,

for j=1:10
ys=yileri{j,1}(a2ileri{j,1}(1, k2+1):a(1,50));
figure

pl ot (x{11, 1}(a2ileri{j,1}(1,k2+1):a(1,50)), ys ,'r’
"LineWdth', 2)
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hol d on
pl ot (x{11, 1},yileri{j, 1})
title([' Nunber of Loading Cycle: ',nunRstr(j),"'*{st} cycle'])
x| abel (' Di spl acement [mm] ')
yl abel (' Force [N ")
end
for j=1:10
ys=ygeri{j, 1} (a2geri{j, 1} (1, k2+1):a(1, 50));
figure
pl ot (x{11, 1} (a2geri{j,1}(1, k2+1):a(1,50)), ys ,'r",
'Li neWdth', 2)
hol d on
pl ot (x{11, 1}, ygeri{j, 1})
title([' Nunber of Unloading Cycle: ',nunkstr(j),"' st}
cycle'])
x| abel (' Di spl acement [nm] ")
yl abel (' Force [N ")
end
end

%f the third paranmeter as entered other than 1 a total graph is
dr awn

figure
hol d on
for j=1:10
ysizyileri{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));

pl ot (xeksen, ysi)

ysg=ygeri {j, 1} (a2geri {j, 1} (1, k2+1):a(1, 50));

pl ot (xeksen, ysg,'qg')
end
x| abel (' Di spl acenent [nmm"')
yl abel (' 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.

—— - Experiment Data

Reduced Data

Force (N)

0 r r r r r r
0 20 40 60 80 100 120 140

time (s)

Figure B.3 Comparison of reduced data and experimental data.

hil=fi ndobj (gca, ' Type','line');
yl=get (hl, ' YData');

x1l=get (hl,' XData');

kat =r ound( | engt h(x1)/2000) +1;
n=round(| engt h(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);
kl=kl+kat ;

end

figure

pl ot (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.

hil=fi ndobj (gca, ' Type','line');
yl=get (hl, ' YData');
x1l=get (hl,"' XData');

kat =r ound( |l engt h(x1{1, 1})/2000) +1
n=round(l engt h(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{i, 1} (1, 1)=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, 1)=x1{j, 1} (1, k1);
kl=k1l+kat ;
end
end
figure
hol d on
for i=1:20
pl ot (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

hol d on

for i=1:20
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pl ot (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)

hl=fi ndobj (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
al ani =zeros(1, 10);
al ang=zeros(1, 10);
dil eri=0;
dgeri =0;
Far k=zeros(1, 10);
N=l engt h(x{1, 1})-1;

a=0;
for i=1:10
for j=1:N

dileri=(y{i+10,1}(1,j+1)+y{i+10,21}(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,)))/2;
alani (1,i)=alani (1,i)+dileri;

al ang(1,i)=al ang(1, i) +dgeri;

a=j;

i f a==N

Fark(1,i)=alani(1,i)-alang(1,i);

end

end

end

Fark=f1iplr(Fark);

c=(1:10);

figure

pl ot (¢, 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.

hil=fi ndobj (gca, ' Type','line');

y=get (h1, ' YData');

x=get (h1,' XData');

merean(y{ 2, 1})

n=l engt h(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).

Force (N)

-05 I I I I ! r
0 20 40 60 80 100 120 140

time (s)

Figure B.4 Relaxation data containing force calibration error
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Force (N)

-05 r r r r ' '
0 20 40 60 80 100 120 140
time (s)
Figure B.5 Corrected relaxation data
hl=fi ndobj (gca, ' Type','line');

yl=get (hl, ' YData');

x1l=get (hl,' XData');

a=length (yl);

ab=abs(y1(1,1));

for i=1:a
y1(1,i)=y1(1,i)+ab

end

figure

pl ot (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.

14
12 |
10 |
< —e
£ 8/
s
2 6
3
4 |
2
O T T T T
0 2 4 6 8 10

Motor Speed (mm/s)

Figure C.1 Variation of A constant with motor speed
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Constant B
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Figure C.2 Variation of B constant with motor speed
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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 y = 3x® +5x* +5will be determined by the help of
the software. y values were determined for x values 1 to 10 and the a, b, ¢
coefficients of the y=ax®+bx*+cequation 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,” pL)* x*3+ p(2)* X224+ p(3)”, [-1,1,11) cevverereererrirereireie (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).

EzyFit ~

Function y=p{1}*x.*3+p{2)*x.*2+p{3}

Resolution: 1e-005 Mazx Hter:500 Initial values: [-1,1,1]
Message: function ok

Results: y=
par. sens.: err:0

grid zoom  Pohmomial fit order: Criterion: sqrt{sum e} j
Close Compute Test Help Create function file  copyto Workspace

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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EzyFit

+

Function y= p{1)*x.43+p{2)*x."2+p(3}
Resolution: 1e-005 Max Hter:500 Initial values: [3.00000,5.00000,5.00000]
Mes=age: Converged in 237 itterations, during 2.9115zeconds

Results: y= [3]*%.43+[5]*r.42+[5]

par. sens.: [100 /11,3158 / 0.22482]% err: 2.0632e-016 %
grid zoom  Pohmomial fit order: Criterion: sqri{sum e?) j
Close Compute Test Help Create function file  copy to Workspace

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 (‘a*x"3+b*x"2+c;a=-1;b=1;C=1") s (D.2)

Following the entering of the formula, curve fitting is completed and constants
sought for are determined (Figure D.3).

285



4000 T T T T T T ] L
(x)=ax?3+bx"2+c ==« = datal

fit (data1)

<
nn X

A ow

3500

IO T o

T
=
=]
=

1

3000

2500

> 2000

1500

1000}

500}

10

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).

E.2.1 Regular Speed Increase

~
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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 strcemp(Al.Running,’On’)
Veril=getsample(Al);
if(sayici==0)
if(Veril>Hedef)
SAYICI=SAYICIHL] v @
end
else
Fark=Veril-Hedef; ..........ccooeiiiininiiinieieeee (b)
if (Fark>0)
putvalue(dio,[00000000]) .ccccceivererieiieiene (©
else
putvalue(dio,J210000000]) .ccccceiiveriiirireiene (d)
end
putdata(ao,[abs(Fark)*Kazanc 5])........ccccccevvenennen. (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. Veril (datal) 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 Veril. In the case that Veril 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 datal (Veril) (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.

291



— wiile strorml AL Running,'On'
Weril=getsatmplefAT),
Veri=y eril( 1),
1§ sayici==
ifi W eri=Hedef)
g FAvic=zyicit];
=l
end
]z
— if(a==1}
as=get(A L Sarplesdogquired’y ... (D
[datai2] timeil]=getdatalAlas), .. (@D
stop([ALac])
setiA L RarrpleRate’ Fate)
ActualRatel = geti Al 'SarrpleRat e,
seti[Alan], Trgger Type' Trnrmediate” .l
1 sarrplein=SunZarar* ActaRatel (i)
=t L e D
setiA L BarrplesPer Trigger sarrgiledny ... ()
start AT
2h I
stoplan)
Farle=Veti-Hedef,
if(Farle=0)
putvaluedio,[00 000000
glse
putvalue dio,[10 0000007
end
ptdatalao,[abe Farld*Kazanc 3))
start{an)
——end
il

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, Al 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
().

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(i1)=x(i-1)+dx(i);
end

x(Samples)=x(Samples-1);

Here, Equation F.1 is used to calculate the instantaneous distance taken.
Normally, hizbilgi(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 (yonbilgi®(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,

N0 D L () L (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 x 1

dimension were formed as follows.

x=zeros(Samples,1);

% yonbilgi 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)/ActualRatel;
x(1)=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)/ActualRatel;
x(1)=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)/ActualRatel;
x(1)=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)/ActualRatel;
x(1)=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)/ActualRatel;
x(1)=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(1)=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.

8,10
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7,90 -
7,85 -

7,80 T T T T

Motor Speed (mm/s)

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

Hysteresis (mJ)

16,0

15,5
15,0
14,5 |
14,0
13,5
13,0

4 6
Motor Speed (mm/s)

N

oo

10

Figure G.7 Hysteresis - 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 0° and 90° and a decreasing trend between the
angles 90° and 180°. 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.

Force (N)

0 50 100 150 200 250
Angle of the Indenter Tip (°)

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 0° to 90° degrees and decreased from 90° to150° degrees. On the
other hand, the response force took nearly same value at 180° with the 150°. 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.

Angle of the Indenter Tip (°)
0 50 100 150 200 250

deltal

Figure H.2 Angle of the indenter tip versus o, graph

As it can be seen from the Figure H.2, short term relaxation magnitude was
showed great deviation at 180° 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 z, graph

For the short term relaxation time magnitudes, a periodic behavior was observed
between the angles 0° and 180°. The force values with the related angles, 0°-180°,
30°-150° and 60°-120° 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 210°, the value was increased.
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Figure H.4 Angle of the indenter tip versus o, graph
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The long term relaxation magnitude showed the same characteristic given in the
Figure H.3.

tau2

0 T T T T
0 50 100 150 200 250

Angle of the Indenter Tip (°)

Figure H.5 Angle of the indenter tip versus z, 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 R-
Indenter 0y 7 (8) 0, 75 () Square
Tip O
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 10,948306
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 1 0,60882 | 0,27572 | 18,488 |0,944823

303



APPENDIX I

PUBLICATIONS

1.1 BIYOMUT 2007

INDENTOR DENEY CIHAZI ILE YUMUSAK BiYOLOJIiK DOKULARIN
VISKOELASTIK OZELLIKLERININ ARASTIRILMASI

Investigating Viscoelastic Properties of the Soft Biological Tissues via Indentor Test Device

Ali Tolga PETEKKAYA!, Ergin TONUK!

E-posta: €146945@metu.edu.tr, tonuk@metu.edu.tr

“Orta Dogu Teknik Universitesi. Makina Muhendishigs Bélumii, Ankara, Turkiye

Ozetge: Indentsr cihazlarn yumusak biyolojik dokularin
mekanik dzellikleri arastinlrken sikca kullamlan deney
aletleridir. Ozellikle yerinde (in-vivo) testi olanakh kilmalar,
bu cihazlarm &nemini arttwmaktadir. Elimizde daha once
gelistirilmis ve dzellikle dizaltn ampiitasyon cerrahisi gecirmis
birevlerin  ampiitasvon  giidiigiinde cahsilmak iizere
tasarlanmis bir indentér cihazn mevcut olup. ¢ahsmaya bu
cihazin  mevcut problemlerinin  tespiti ve giderilmesiyle
baslanmstu. Problemlerin tespiti icin, indentér hareketi 0.2-
10 mm/s iz ve 0.1-5 mm deplasman aralklarinda 1/100 mm
hassasiyetli mekanik komparatir aracah@ivla, kuvvet
verilerinin dogrulugu da indentére 2-50 N arahginda duragan
yiikleme yapilarak incelenmistir. Bulunan problemler cihazi
kontrol eden yazlunda degisiklikler yapilarak giderilmistir.
Mevcut problemlerin giderilmesiyle yumusak doku iizerinde
deneylere baslanms ve viskoelastik modelleme icin gerekli
olan deney protokollerinden devirli yiikleme ve gevseme
deneyleri yapilmmstir.

_Anahtar Sezciikier: Indentor deney cihazi, yumugak bivolajik doku,
devirli yiikleme, gevseme, viskoelastik

Abstract: Indentor devices are test apparatus frequently used for
identification of the properties of soft biological tissues. In particular,
facilitating in-vive testing makes these devices more important. A
previously developed indentor device designed to work on residual
limbs of the patients with trans tibial amputation, is in our hand and
the study has been started to diagnose and solve the existing problems
of this device. For the diagnosis of the problems, indentor movement
has been tested at 0.2 to 10 mm/s indentation speed and 0.1 to 5§ mm
displacement intervals via a comparator of 1/100 mm sensitivity
accuracy of the force data is investigated by loading the indentor at 2
to 50 N loading range. After rectifying the identified problems by
modifying the control software of the device, tests on soft tissues have
been started for the cyclic loading and relaxation test procedures,
essential for the viscoelastic modelling.

Kaywords. Indentor test device, soft biological tissue, cyclic loading,
relaxation, viscoelastic

I. GIRIS

Canh organizmalarin énemli bir bolimiint olusturan
yumusak dokular. diger bilinen mithendislik malzemeleriyle
karsilagturildiklarinda daha karmasik bir mekamk vanit
davramg: gosterirler. Bu sebeple. tizeninde birgok calisma
vapilan ve ozelliklen aragtinlan yumugak dokulann
mekanik davranisini modellemek tizere hentiz genel kabul
géren bir matematiksel malzeme modeli gelistirilememistir
Ancak boyle bir modelin gelistinilmesiyle yumusak doku
davramslan daha ivi anlasihip sakatlanmalar, ilag sanayi,

cerrahi v.b. birgok alanda daha etkin  bir

kullanilabilecektir [1].

sekilde

Yumusak dokulanin mekanik davramisinn anlasilmas:
igin uygulanmas: gereken ilk adim vapilacak sistematik
deneylerdir. Deneyler temel olarak iki sekilde yapilir.
Bunlardan biri, dokunun dogal ortamindan kesilip
cikarilmasivla, canliligin vitirmis olarak vapilan denevler
(in vitro) [2-3], digenn de dokunun kendi fizyolojik
ortaminda canli iken incelenmesidir (in vive) [4]. Birnci
tarzdak: deneylerde malzemeye ait bilgiler standart
malzeme  deneyleniyle (gekme demeyt  gibi)  elde
edilebilmekte [2-3] ancak doku kendi fizyolojik ortamimdan
cikanldig: ve belki de canliligim yitirmig oldugundan [1],
verilerin canli dokuyu temsildek: giivvenirliligs sorgulanar bar
hal almaktadir. Ikinci yéntem olan dokunun bulundugu
ortamda incelenmesi ise beraberinde iki temel kisitlamay:
getirmektedir. Bunlardan binncist slgiim  yapalabilecek
alanlarin  simurlis olmasi wve genellikle dis organlarda
deneylerin  vapilabilmesidir Bu &zellikle insana ait
dokularin incelenmesi esnasinda ¢ikan bir problemdir
Hayvanlar 1¢in 1se degisik sistemlerle 1¢ organlar iizerinde
de deneyler yapmak mimkin olmaktadir [3] Tkinci
sirlama da test yapilacak dokunun vada yiizeyin diizgiin
bir geometriyve sahip olmamasidir.

In vive deneylerlere imkan saglayan en uygun yontem
indentér cihazlaniyla yapilan deneylerdir [6.7]. Bu cihazlar
1900'li willarin bagindan itibaren vumusak dokularin
ozelliklerinin  arastinlmasinda  kullamlmaktadir  [8.9].
indentér cihazlanyla vapilan deneyler, indentér ucunun
malzeme yizeyinden igeri doru hareket etmesi ve bu
esnada, zaman, kuvvet, ver degistirme bilgilerinin kayit
edilmesiyle yapilir (Sekil 1.1)

g Yok Doka

(e
1 2
Sekil 1.1. Indentdr cihazyla dokuya yikleme vyapimadan Gnce(l)

Indentér cihazivla dokuya vikleme yapildiktan sonra(2) Burada F kuvvet
ve D indent&rin dokuda aldig: mesafedir.
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Uygulanan vonteme gore indentdr ucunun geometrisi
de hesaplamalara katilir [10]. Aynica indentdr ucunun test
edilen malzemeden daha sert olmast gerekli olup. deney
esnasmda deformasyona ugramamas: gereklidir.

Indentér cihazlanvla devirli yiikleme, gevseme ve
siinme denevleri vapilabilir. Devirli yiikleme sonucu elde
edilen veriler. yumusak dokularin dogrusal bir malzeme
modelivle temsilinde kullamilabildizi gibi [7,11]. sanki
dogrusal viskoelasttk modellemelerde de  kullamilabilir
[1.12]. Devirli vikleme deneyi ile birlikte, siinme ve
gevseme deneyler viskoelastik modellemelerde
kullanilmaktadsr [13].

II. MATERYALLER ve YONTEMLER

Indentir Deney Cihaz

Mevecut cihaz TUBITAK MISAG-183 proje destegiyle
gelistirilmis olup, devirli viikleme, gevseme ve siinme test
protokollenni uygulayabilir. Ozellikle diz alt:i ampiitasyon
cerrahisi  gegirmis  bireylerin  ampiitasyon  giidiigiinde
calizilmak tizere tasarlanmis cthaz kiicik degisikliklerle
vada degisiklik vapilmaksizmn farkli dokularda da yerinde
(in vive) deneyler yapmak i¢in kullanilabalir.

Indentsr deney sistemi temel olarak ii¢ bélimden
olusmaktadir. Bunlar, tasmabilir bilgisayar, denetim kutusu
ve deney birimidir (Sekil 2.1).

Admm Mator Saraca
Kamn

riiiififff{
P —et.
Tumugak | | Yokelesr o

Arzynazn I

Sekil 2.1. Indentér deney sistemi blok yemas:. Bilgisayarm USE giriginden
yon ve motor luzi bilgilerini alan veri toplama karti bu bilgilen motor
slirficli kartma iletir. Motor huzem, 0-5 'V arasi degigken genlim alabilen
gerilim kanali tayin eder. Kanallardan gikan genlimler V/F gevirici
aracilifiyla uygun frekansa ¢evrilir ve adim motor strtict kartima iletiliv
Adim motor stiriicti karts igletme komutu ile bislikte istenen frelkansta adim
motorunu siver. Bu swada yitk lgerden toplanan veriler ilk olarak ven
toplama kartina oradan da sayisallagtinlarak bilgisayara aktanlis.
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Tasmabilir Bilgisayar

Pentium IIT 900 Mhz islemcili, 30 GB hard disk
kapasiteli, 256 MB hafizali HP marka diziistii bilgisayardir.
Bilgisayarin  sistemdeka indentér  cithazinin
kontroliiniin saglanmasi. elde edilen verilenn toplanmas: ve
15lenmes1  olarak Gzetlenebilir. Bilgisavar bu  islevim
Matlab® 6.1°de hazirlanan bir vazilim araciligiyla yapar.
Deney sisteminde diziistii bilgisayar kullamilmasi, sistemin
kolay taginmasim ve klinik
kullanilabilmesini saglamakrtadir

gbrevi,

ortamlarda da

Denetim Kutusu

Denetim kutusunda. deney birimimi kontrol eden ve
deney  binminden gelen venmyi toplayvan Natiomal
Instruments NI 6020E veri toplama kart1, deney birimine ait
adim motorunu veri toplama kartindan gelen komuta gére
siiren siirficii motor kart1, hassas voltaj frekans gevirici, 12
ve 15 V DC” lik giic kaynaklan mevcuttur. Voltaj-frekans
gevirici veri toplama kart: ile motor siiriicii karti arasinda
yer alip, ven toplama kartinin ki kanalindan gelen 0-5 V
arasindaki gerilimlern 0.1-1000 Hz araliinda frekansa
cevirir. Bu savede adim motoru 0.0049-49 mm/s hiz
araliginda hareket edebilir. Iki giic kaynaginda 12 V DC
olani adun motorunu ve veri toplama karti. 15 V DC
simetrik giic kaynag: da yiik 6lgeri besler.

Deney Birimi

Temel olarak Haydon Switch Instrument 43000 serisi
dogrusal hareketl: bir adim motoru ve Entron ELW-D1-50N
yitk élcerden olusmaktadir. Yiik élger indentér ucunun
hemen alt kismuna verlestirilmis olup. 50 N a kadar kuvvet
olgiimit  yapabilmektedir. Admm meotoru her bir admmda
0.048768 mm hareket olusturmaktadir. Dénmeyen vatak ile
rotorun déniisii sonucu ilenn geri hareket yapan vidali milin
dénmesi engellenmekte wve yalmzca dogrusal hareket
yapmas: saglanmaktadir. Yiik 8lcerm 6n kismuna degisik
sekil wve caplarda, degisebilen denev wuglann takmak
miimkiindir.

Deney birimu ve denetim kutusu arasindaks iletigim ik
ucunda sentroniks fis bulunan ve elektromanyetik parazitten
korunmus bir kablo araciligivla vapilir. Ven toplama karts
ve bilgisayar arasindaki baglant: da bilgisavarm USB girist
tizerinden saglanir.

Denevler Oncesi Yapilan Incelemeler

Giivenilir denevlerin vapilmasi, wvapilan élgiimlerin
hassas olmasiyla mimkiindiir. Bu sebeple meveut indentér
cthazmda ayrintili incelemeler yapilmis ve incelemelerin
sonuglarina gdre gelistirme islemleri yapilmistir. Bu
incelemeler;

- Indentdr hareketinin hassasiyetinin incelenmesi ve
- Kuvvet verisinin hassasiyetinin incelenmesi olarak
siralanabilir.



Indentir Hareketinin incelenmesi

Indentér hareketinin incelenmesi icin Sekil 2.27de
gorilen duzenek kurulmustur. Bu sistem iki adet Mitutoyo
marka manyetik avak ve komparatérden olusmaktadir
Komparator aracih@ivla 1/100 mm hassasivetinde yer
degistirme élciimil yapmak miimkiindiir. Bu sistem 1le 0.2
ile 10 mm/s arasmnda degisen hizlarda ve 0.1 ile 5 mm
deplasman araliginda indentdriin deplasman komutlanna
uyabilme hassasiyetine bakilmistir.

Sekil 2.2. Indentdr deney cihazimn hareketinin incelenmes: igin kurulan
diizenel: Resimde, Denetim kutusu(l) Dizost bilgisavar(2) Deney

birimi(3) Kemparatar(4) Manyetik
goriilmektedir.

ayak-1(5) Manyetik ayak-2(5)

Olgumler sonucunda indentorin 0.05 ile 442 mm
araligmmda degisen degerlerde daha fazla hareket ettigi
gozlemlenmistit. Hizin artmasivla istenen deplasmandan
sapma miktar da artmsstir. Qleiimler sonucunda her hiz icin
Sekil 2.2°de 8 mm/s icin sunulan prafikeeki sonuca benzer

grafikler elde edilmistir.

Motor Hiza-Zaman Grafigi
300
250
£ 200
_E_ 201
= 150 y = 8,008 1x 8720
T R?=09824
£ 100
2 \
0 T T T
0 0.2 04 0.6 0.8
Zaman(s)
Sekil 2.2. 8 mm/s luz igin elde edilen motor nzi-zaman grafigi ve grafik

denklemi
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Sekilden de gomileceg: uzere indentér ucunun kat
edecefi mesafe arittkga. indentdrin vavasladigr sonucu
ortava cikmistir. Ancak vapilan 6lgiimlerde. indentdrde
bovle bir yavaslamanmn oldugu gozlemlenmemistir.
Indentériin zamana ve giris motor hizina bagh ¢ikis motor
hizini veren denklem asagida verilmistir

;.
L g
|D-Elr | € )|

wm=e- - Q@

Burada:

m = Indentér girig iz

t = Hareket zamam

v = Indentériin deney sonuclarrvla elde edilen teorik
hazs

C=1423.D=0.884. E=0.188 ve F = 0.336 dur.

Formiil mevcut yazilima eklenmis ve gercekien de
indentdr ucu istenen deplasmanda gitmis, ancak indentériin
farkh hizlarda hareket etiigi gozlemlenmistr.

Bu denemelerden sonra indentdr hareketini kontrol
eden vazilmun zaman tayvini konusunda eksik oldugu
anlasimistur. Meveur yazilimda yalmz kuvver verisinin
toplanmasima bagl olarak zaman smurlamasi  yoluna
gidilmistir. Ancak bunun indentdérin hareketi icin zaman
siirlamas: yapmaya kafi gelmedigi ve indentériin bells bir
zaman daha hareket ettizi anlasilmistir. Bu problem.
indentdr hareketi icinde zamani belirleven bir algoritma
eklenerek giderilmustir.  Gelistirme sonrasmda  yapilan
dlgiimlerde indentorin gercekten istendigi miktarda hareket
ertigi gozlenmis ve 0 ile 0.3 mm araliginda kucuk sapmalar
tespit edilmistir. Ancak bu sefer elde edilen verilerde
indentdr hareketi ile kuvvet verisinin es zamanl
toplanmadigs tespit edilmustir. Sekil 2 37te de gormilecegi
iizere grafigin sagindaki diiz alan indentdrin durdugu
bélgeyt gostermekte ancak buna ragmen kuvvet wverist
toplanmaya devam edilmektedir.

Ham Kuwet Verisi
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g
>
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Sekil 2.3. 10 mm's motor hiz ve 5 mm deplasman igin elde edilen kuvvet-
zaman grafigi

Dolayisivla bu problemmn gozlemn, kuvvet verisi
toplanmas: ve indentdr hareketinin es zamanliliFmin
saglanmasimn gerekliligmi dogurmustur. Meveut vazilima



es zamanlil1g1 saglavan kod eklenmis ve vapilan dlgiimlerde
Selkal 2 4 tela gozlenen durum ortaya ¢ikmistir.

Ham Kuwet Verisi

0.z 0.4 0.6 0

Zaman [s]

Kuvvet [NI]

.8 1

$ekil 2.3. Es zamanl olarak kuvvet verisi toplama ve indentdy hareketing
baglatma durumunda, 1 mm's motor luza ve 1 mm deplasman igin elde
edilen kuvvet-zaman grafigi

Kuvvet veris1 bu sefer indentériin hareket etmesinden
vaklasik 0.1 s kadar once toplanmava baslanmistir. Bu
durumun daha 1y1 anlasilmas: i¢in meveut yazilima hareket
zamanlarmi tespit eden bir kod eklenmis ve indentdrii
harekete geciren sinyal ve kuvvet verisi toplanmasi arasmnda
vaklagik 10~ sanivelik bir fark oldugu gozlenmistir. Bu fark
bir énceki durumda yaklasik 107 s crvarmdaydi.

Motorun hareketinin  baslama zamanimin tespitiyle
kuvver wverisini  toplamaya baslatacak bir kodun
eklenmesinin  sorunu  ¢ozecegi dusunulmustur.  Adim
motorunun  her bir adiminda motoru besleyen gerilim
kanallarindan birinin degeri 3 volttan 0 volta diismektedir.
Bu ézellik kullaniarak kuvvet verisinin toplanmasma ilk
genlim diismesinim tespitiyle baslatacak bir kod eklenmigtir
Bu son yapilan gelistirme sonucu indentér hareketi sirasinda
toplanan kuvvet verisi Sekil 2.4 te sunulmustur.

Ham Kuwet Verisi

Kuvvet [N!]

08 1

0.4 0.6
Zaman [s]

0 0.2

Sekil 2.4. Tk gerilim kunvet verisi toplama ve indentr hareketini baglatma
durnmunda, | mm's motor uz ve 1 mm deplasman igin elde edilen
kuvvet-zaman grafigi

Meveut  problemler son  degisiklikle  birlikte
giderilmistir. Ancak vapilan degisiklik gerilim  diigiis
degerimin tespit edilebilmesi icin émek toplama hizinm
vilksek tutulmasimi gerektirmekte, bu da disiik hizlarda elde
edilen verilerde adim motorunun darbelen nedeniyle yiiksek
giriiltitye  neden olmaktadir. Guriltiiniin, calismanin
ilerleyen déneminde bir filtre yardimiyla giderilebilecesi
ditgiiniilmektedir.
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Kuvvet Verisinin Dogrulugunun Incelenmesi

Kuvvet vensinde olabilecek hatalarin tespiti icin 2-5
N aralizmnda bir dizi duragan kalibrasyon &l¢timlen
vapilmustir. Olgiimler sonucunda $Sekil 2.57teki grafik ve

kalibrasyon denklemi elde edilmistir.

Olgiilen Kuvvet-Yiik

90
_ 80
£ 7p |_v=1.18226x + 2156321 _—
T 5 RZ = 0,99967
2
S 50
<0 //
% 30 L
o 20
© 4
0 : .
0 20 40 60

Yiik (N)

Sekil 2.5, Uygulanan yiike karsihk dlgtilen kuvvet grafigi ve denklemi

Denkleme ait birinci katsayi kuvvet élgerin firetici
tarafindan saglanan kalibrasyon sabitinin bir miktar
degistiginin  géstergesidir, ikinc: katsayr yilk hileresinim
yiksiizken de sifirdan farkls bir  gemlim  (offset)
vermesinden kavnaklanmaktadir. Birinci  katsayimun bire
esitlenip ikinci katsaymnm meveut degerden gikanlmasiyla
kuvvet verisinin dogrulugunun saglanabilecegi aciktir

Birinci katsayinm bire indirilmesi i¢in sensér araliziyla
arasmda ters oranfi kumulmus ve sensdr aralifmmm yem
degern 034543 olarak tespit edilmustir. Bu  deger
hesaplamadan 6nce iiretici tarafindan saglanan 029218 dir.
Yapilan diizeltme sonrasmda 6Slcimler tekrarlanmiy ve
Sekil 2.6"daki grafik elde edilmistir.

Olgiilen kuvvet-Yiik

y =0,99647x + 19.66619
R? =0,99990

/
30 —
20 f—"

Olglilen Kuvvet(N)
o
=

Yuk(N)

Sekil 1.5, Yiik hilcresi kalibrasyon denkleminin defistinilmesi sonrasinda
elde edilen wygulanan yike karpilik Slgiilen kuvvet grafigi ve denklemi

Grafikten de gériilebilecedi gibi birinci katsay: 1'e cok
vakm olarak bulunmustur. Ikinei katsayi da bir énceki
degerinden daha diisik ¢iknustir. B katsayismin verilerden



cikarnilmasi 1¢in de &lglimlere baslanmadan énce indentsr
vitksiizken kuvvet wverisi tespit edilmekte bu  deger
algiimlerle  elde edilen verilerden deney esnasinda
cikarilmaktadir. Diizeltmelerden sonra vapilan élctiimlerde
kuvvet venisinin -0.25 N ile +0.43 N arasmda sapma yaptig1
ve ortalama sapmamn 0.19 N oldugu gdzlenmistir.

II1. SONUC

Indentér cihazinda dewirli viikleme ve gevseme deney
protokollerivle  ilgili  ayrmntii  incelemeler  sonucu
gelistirmeler vapilmus. siinme protokolii i¢mn de gelistirme
calismalarina baslanma asamasina gelinmistir. Calismanin
bu asamasinda sistematik §lgiimlere veni baslannug olup.
yumusak dokular hakkinda ayrntili sonuclar ileriki
sathalarda gdrilebilecekrr. Yapilan gelistirmelerden sonra
indentérle yapilan deneme amach ilk Sletimler Sekil 3.17de
gorildigi gibi 8n kol izerinde vapilmug ve elde edilen
sonuglar asagida sunulmustur.

Sekil 3.1 Olgiimlerin vapildig bilge
Devirli Yiikleme Denevi

Devirls yitkleme deneyi mdentdr ucunun bell bir hizda,
istenen miktarda tekrarh olarak ileri-gert hareket etmesiyle
elde edilen 6lgtimlerdir. Sekal 3.2°de 5 mm/'s hizda. devir
sayist 10 olan ve 20 mm deplasmanla yapilan bir devirli
vitkleme deneyine ait grafik gériinmektedir.

Grafikte ilk 6 devirde kuvvetin maksimum degerinin
giderek azaldii ve besinei devirden sonra hemen hemen
sabit kaldigi gorimmektedir. Bu durum denev vapilan
bolgedeki  doku  stialamn  yikleme  tekrarlandikca
vayilmasindan ve dokunun “alisma etkisi” (preconditioning)
gastermesinden kaynaklanmaktadir.
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Sekil 3.2, 5 mumn's indentdr lazi. 20 mm deplasman ve 10 devir igin devirli
yiikleme deneyi

Gevseme Deneyi

Gevseme denevi, indentdr ucunun belli bir mesafey
istenen lizda gitmesi ve o noktada belli bir zaman
durmasivla vapilan bir deneydir. Sekil 3.3°de 1 mm/s’ lik
hiz, 10 mm deplasmanli ve hareket tamamlandiktan sonra
120 sanive indentér ucunun bekletilmesi sonucu ortaya
cikan grafik  goriilmektedir.  Indentorin  hareketinin
tamamlamastyla birlikte uygulanan kuvvette belirgin bir
diigiis gdriilmekte, ilerleyen zamanla birlikte kuvvettela
degismenin azaldiz: gdrillmektedir.
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Sekil 3.3. 1 mn/s mndentdr uzs, 10 mm deplasman ve 120 sanive gevgeme
stiresi igin geveme denevi grafigi

Gevseme deneyi yvapilitken gézlenen diger bir olay ise
Slgiimlerin harekete ve kas aktivitesindel: degisikliklere
cok duyarli olmasidir. Sekil 3.4°de sunulan ve 6n kolda
yapilan deneyde. el belli bir sire hafif sikilmadan
kapatilmis ve sonrasinda acilmistir. Bu hareket grafige am
bar kuvvet vitkselist ve migi olarak vansimmstir.
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Sekil 3.4, 10 mm's indentdr iz 10 mm deplasman ve 120 saniye
gevyeme siiresi igin gevieme denevi grafigi

IV. TARTISMA

Calisma ile birlikte indentdr cithazimn calisma ve
Sleiimiiyle ilgili vetersizlikler belirlenmis, siinme protokolii
dizinda diger deney protokolleri igin bu yetersizlikler
dizeltilmistir. Yapilan dizeltmeler. indentérun ileri-geri
hareket deplasmanimin dogrulugunun saglanmast ve yuk
hiieresinin kalibrasyonu olarak 6zetlenebilir. Calisma oncesi
indentériin  iler1 ve geri hareketi i¢in deplasmanin
istenenden sapmast 0.05 1le 442 mm araliginda iken,
calisma sonrasmnda bu aralik en fazla 0.5 mm've
ndinlmistie. Devirli viikleme deneyinde olusan ve gen
hareketin iler: harekete oranla daha fazla olusmas: problenu
ve elde edilen verilerde devirler aras: indentdriin hareketsiz
kaldig: zaman dilimleri de giderilmistir.

Bu sayvede giivenilir deneyler yapabilmenin 6nii agilnus
ve yomusak bivolojik dokular iizeninde deney verilen
toplanmaya baslanmistir. Calismanin bu agamasinda yogun
sistematik deneyler yapilacak ve yumusak doku devirli
vilkkleme davranisiin  yitkleme hizima bagimbligmm
arastirilmass,  yumusak doku gevseme ve  siinme
davraniglarmin incelenmesi ve mekanik szelliklerin zamana
bagli degisimin arastirilmast (giin icinde, ginler iginde),
gibi ayrmnuli arastimalar yapilarak simdikine oranla daha
guvenilir ve kestirimei bir yumusak doku mekanik modeli
hazirlanmas: i¢in kapsamli bir veri bankas: olusturulacalktir.

Yumusak doku mekanik 6&zelliklerinin simdikinden
daha ayrnntilh bilinmesi, vumusak dokularn gevre ile
mekanik etkilesimlerinin (érmegmn  divabetli bir ayagin
ayakkabi ile, vzun siire vatmak zorunda kalan bireyin
yumusak dokularinin yatak ile, protez ve ortezlerin ilgili
organlarla v.b.) bilgisavarda daha avrntilh ve gergekgr
modellenmesine olanak saglayacaktirz. Bu modeller
aracilizivla yumusak doku - cevre mekanik etkilesimi daha
ivi  anlasilabilecek ve yumusak dokuvla mekanik
etkilesimde olan bilesenlerin mekanik tasannmlarina dneml
katk: saglayacag: umulmaktadir
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TESEKKUR

Bu calismada kullanilan indentsr sistemi TUBITAK in
MISAG-183 proje destegiyle dretilmistir. Yazarlardan Al
Tolga PETEKKAYA, TUBITAK vurti¢i viksek lisans burs
programindan destek almaktadir.
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YUMUSAK BIYOLOJIK DOKULARIN INDENTOR ILE
DEVIRLI YUKLEME, GEVSEME ve SUNME YANITLARI
Cyelic Loading, Relaxation and Creep Response of Soft Biological Tissues with Indentor
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Ozetce:  Yumusak biyolojik dokular anizotropik,
viskoelastik davramis gosteren canh yapilardwr. Devirli
yiiklemede ahsma etkisi, yiikleme ve ardindan bosaltma
yvapildiginda histerisiz ayrica gevseme ve siinme ozellikleri
gosterirler. Bu cahsmada daha dnce gelistirilmis ve 0.2-12
mm/s iz arahginda hareket edebilen, 50 N "a kadar yik
uygulayabilen, hareketi 0.048768 mm hassasivetli admm
motoru ile saglanan bir indentér deney cihazm yvardmmiyla
yumusak bivolojik dokularin devirli viikleme, gevseme ve
siimme yamtlan arastrilmstir. Bu amacla on kol iizerinde, 15
mm silindirik indentdr ucuyla deneyler yvapilmstir.

Anahtar Sazciikler: Yumugak bivolajik doku, mekanik yamz, devirli
viikleme, gevseme, siimne, indentér deney cihaz

Abstract: Soft biological tissues are live structures showing
anisotropic and viscoelastic behaviors. Under cycling loading they
show preconditioning effects, under loading and the consequent
unloading they reflect hysteresis and they relax and creep. In this
study, mechanical response of the soft biological tissues are studied
with the help of a previously developed indentor test device capable of
moving within 0.2-12 mm/s speed range and can apply 50 N load and
whose movement is provided by a step motor with 0.048765 mm
resolution. In this comtext, cyclic loading, relaxation and creep
behaviors of the soft tissue are studied on the front arm. The
experiments were performed with a 15 mm diameter cylindrical
indentor tip.

Keywords. Soft biological tissue, viscoelastic, cyclic loading, relaxarion,
cregp, mdentor test device

I. GIRIS

Yumusak bivolojik dokular anizotropik. viskoelastik
davranig gdsteren canli yapilardir [1.2.3]. Genlim-germim
davramiglart  dogrusal degildir [1.2.3]. Canli olmalan
sebebiyle mekanik 6zelliklen wvaslanma, hastaliklar,
varalanmalar vb. faktérlere bagli olarak degiskenlik gésterir
[4]: Yumusak deokularin son derece karmasik bir yapiya
sahip olmalari ve mekanik &zelliklerinin  bahsedilen
faktorlerle degisebilmesi sebebiyle heniiz genel kabul géren
bir  yumusak doku mekanik malzeme modeli
gelistirilememistir.  Béyle bir  malzeme modelinin
gelistirilebilmesi ile yumusak doku davranslars daha iyi
anlasilacak ve cerrahi simiilasyon sistemlerinde [5.6].
sakatlanma ve yvaralanma mekaniginin daha iyi anlasilmasz,
tedaviler: planlamasi. 1la¢ sanay: ve benzeri bircok alanda
daha etkin bir gekilde kullanilabilecektir [2,7].

Yumusak biyvolojik dokular vapilan devirli yiikleme

deneylerinde alisma etkisi ve histerisiz gésterirler [3]. Sabat
kuvvet wuygulandizinda stinme ve sabit deplasman
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uygulandigmda gevseme davramsi géstenirler [2]. Bu
dokular bulunduklars ortamla etkilesim icerisindedirler.
Dolayistyla  bulunduklart ortam  mekanik &zelliklerini
etkilemektedir [7]

Yumugak doku deneyleri temel olarak iki sekilde
yvapilir. Bunlardan birincisi dokunun dogal ortammdan
kesilip ¢ikanlmasiyla doku canhiligmi yitirmis iken vapilan
deneylerdir (in vitre). Digenn de dokunun kend: fizvolojik
ortaminda canlt iken incelenmesidir (in vive). Birmnei
tarzdaki deneyler cekme deneyi gibi standart malzeme
deney protokolleriyle vapilabilmektedir [8]. Ancak dokunun

canliligimi  yitwmes: wve c¢evre organlarla etkilesioa
olmadigmdan, canli organizmalarda yapilan deneyler
somicu elde edilen verilerden farkli sonuglar elde

edilmektedir [9]. Cansiz dokularda olusan genlim canli
dokular igin elde edilen gerilim degerlerinden daha diisiik
kalmaktadir [10]. Ikinci yéntemde bu sorun giderilmekle
birlikte. 6leiim yapilabilecek organlarin simirli olmasi ve
olgiim yapilan vizeylerin diizgiin bir geometriyve sahip
olmamalar1 problem teskil etmektedir. Ozellikle vyapilan
Slgiimler dig organlar Gizerinde yapilabilmekte, i¢ organlar
icin ise ancak degisik diizenekler yardimivla hayvanlar
tizennde galisilabilmektedir [11].

In vivo deneylere imkan saglayan en uygun yontem
indentor cihazlaniyla vapilan deneylerdir [10,12]. Indentor
cthazlaniyla vapilan deneyler, indentér ucunun malzeme
yiizeyinden igeri dogru hareket etmesi ve bu esnada, zaman,
kuvvet, yer degistirme bilgilerinin kayit edilmesiyle yapilir
(Sekil 1.1).

(7 Womugak Dol

1 z
Sekil 11, Indentdr cihaziyla dokuya yikleme yapidmadan &nce(l)

Indentér cihaziyla dokuva yikleme yapildiktan sonra(2) Burada F kuvvet
ve D indentériin dokuda aldizr mesafedir



II. MATERYALLER ve YONTEMLER
Indentir Deney Cihazn

Deneylerin yvapildig1 sistem diziistii bilgisayvar, denetim
kutusu ve deney biriminden olusmaktadir (Sekil 2.1). Deney
birinu dlgtimler yapan mdentér cihaz: olup, Haydon Switch
Instrument 43000 serisi dogrusal hareketli bir adim motoru
ile 0.048768 mm cozinirlikte harekets saglanir. Kuvvet
verilenn indentdriin ucunda bulunan. éniine degisik cap ve
sekildeki indentér deney wuclarmn takilabildigi Entran
ELW-D1-50N wiik élger tarafindan alinmaktadir (Sekil 2.2).
Yumusak doku deneylerinde. dogrulugun saglanmast igin
indentdor ucu kalmhigmin deney wvapilan verdeki doku
kalimligimm %237 1in1 gecmemesi tavsiye edilen bir durumdur
[11]. Delayistvla farkli dokular icin uygun indentdr
uclariyla calisak dnem tegkil eder.

Sekil 2.1, Denetim kutusu(1) Deney birinu(2) Diziisti bilgisayar(3)

Diziistii bilgisayar Matlab®6.1°de hazirlanan bir vazilim
araciligivla indentor cihazmin kontrolini saglar. Avrica
deneylerde elde edilen veriler bilgisavarda toplanir ve
1slenir.

Denetim kutusu NI 6020E ver: toplama karti, yiiksek
frekans ¢t saglayan  voltaj-frekans cevirici. adim
motorunu siiren siiriicii motor karts. adim motorunu ve yiik
dlgeri besleyen giic kavnaklarindan olusmaktadir.

Deneyler tncesi deney cihazinda ivilestirme calismalar
vapilmistic. Bu ¢alismalar sonucunda deplasman verilerinde
0-0.5 mm araliginda ve kuvvet verilerinde ortalama olarak
0.19 N sapma olabilmektedir. Deney cihazi ve yapilan
yilestirmeler hakkinda daha detayli bilgilere “Indentsr
Deney Cihazi ile Yumusak Biyolojik Dokularn
Viskoelastik Ozelliklerinin  Arastinnlmas”™ calismasindan
ulasilabalir.
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Seldl 2.2, Yuk Slcer (1) Soldan saga dogrn 6. 10 ve 13 mm lik silindirik
indentdr uglan (2.3.4) Kiiresel indentdr ucu (5)

IIL. SONUC

Calismada 6n kol iizerinde devirli yikleme, gevseme
ve sinme deneylert yapilmstir (Sekil 3.1). Elde edilen
verilerdela  girilti filtre edilmis ve sonuclar asagida
sunulmustur. Ven toplama islemi baslangic asamasinda
olup detayli sonuclar ileride gorilebilecektir.

Olgiimlerin agulicl

Sekil 3.1 Indeatsr cihaznn baglama pozisyonu(a)
olarak yapildis: bélgeler(b)

Deney Verilerinin Filtre Edilmesi
Indentér cihazimin kontroliinii saglayan yazilimda
kuvvet venlermn toplanmasi ve indentdr hareketinin eg
zamanhligmm saglanmas: igin drnek toplama hizi vitksek
tutulmustur. Bu da &zellikle disitk indentdr hizlarinda
giiriiltiilii verilerin toplanmasina neden olmustur.

Giuriiltiiden  temizleme islemi igin Matlab®6.1deki
sgolayfilt fonksivonu kullamilmustir. Elde edilen sonuclar
Sekil 3.2 ve Sekil 3.3 de gorilebilir.
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Sekil 3.2. Birinci grafikte 1 mm/s indentdr hazi, 10 mm deplasman ve 10
devir igin devirli yikleme denevi sonucu gérilmelktedir. Birinci grafigin
altinda yapilan filtre senucu elde edilen grafik gérillmektedir.
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Zaman [s]

Sekil 3.3, 10 mm/s hazla yapiloug bir devirli yilkleme deneyinin giriltila
ve filtreli hallerinin detay

Devirli Yiikleme Deneyi

Devirls yiikleme deneyi mndentdr ucunun belli bir hizda,
istenen miktarda, tekrarl olarak ileri-geri hareker etmesiyle
vapilir. Deneyler 1. 5 ve 10 mm/s hizlarda ve $ekil 3.1-b°
de gortlen noktalarda vapilmistir. Devir sayisi 10,13 ve 20
olarak alinmigtir.

Yapilan caliymada ilk dikkat ¢eken sonug dokunun
tekrarly viikleme ile birlikte alisma etkisi gostermesidir.
Sekal 3.3 de 1 mm/s indentdr izt ve 10 mm deplasman igin
vapilmis bir devirli viikleme deneyi goriilmektedir.

Ham Kuwet Verisi
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Sekil 3.3, lmm/'s indentdr huzs, 10 mm deplasman ve 10 devir icin devirli
yitkleme deneyi
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Altinc: devire kadar dokunun rtepki kuvveti giderek
azalmakta, 6. devir sonrasinda kararli ve tekrar eden bir hal
almaktadir. Ayni deneve ait kuvvet-yer degistirme verisini
gdsteren grafikte (Sekil 3.4) 1lk ve son iki devrin sonuclar
gortilmektedir. Grafikte artan devir sayist ile birlikte olusan
alisma etkisi gorillmekte ve son devirlerde hemen hemen
tekrar eden vyikleme bosalma durumu olusmaktadir.
Gozlenen bir diger durum da histerisiz miktarmin son
devirlere dogm giderek azalmasidir. Deneyde gézlenen en
yiiksek tepe kuvvet: 27.39 N'la ilk devirde gdzlenmis en
diisiik tepe kuvveti de 2252 N olarak son devirde
gozlenmustir.
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Selil 3.4. 1nm/s indentdr uzs, 10 mm deplasman ve 10 devir igin devirli
yiikleme deneyi

Alisma etkisi bazi denevlerde ¢ok net gériillmesine
ragmen, kimi él¢ciimlerde bu etkive rastlanmamus, hatta kimi1
deneylerde kuvvet artislani gézlenmistir (Sekil 3.3). Bu
durumun kas hareketlerine vada indentdr cithazinin diizgiin
olarak baglanmamasi sebebivle olabilecegi diusinillmektedir
ve nedenler: konusunda ayrintili arastirmalar yapilmaktadir.
Kimi deneylerde 1se daha onceki deneylerden kalan alisma

ethkisinin devam etmesinin neden olabileces:
dustunilmektedir.
Ham Kuwet Verisi
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Sekil 3.5, lmm/s indentdr luzi, 10 mm deplasman ve 20 devir igin devirli
vikleme denevi. Bu denevde herhangibir aligma etkisi gbzlenmeyip,
malksimum kuvvet 27.12 N la 10. devirde ortaya qikomstir. Birinei devirde
olugan maksimum kuvvet 23 32 N dur.

Ayni deplasman ve farkli hizlarda vapilan deneylerde,
en viksek tepki kuvvetinin 1 mm/s hizda olustugu



gorillmiistiir. $ekil 3.6 da es deplasmanls ve 1, 2 ve 10 mm/s
hizlarda gerceklestirilmig devirli yiikleme deneyinin sonucu
gorillmektedir. 1 mm/s luzda elde edilen grafikte en yiiksek
kuvvet 6.2 N, 2 ve 10 mm/s hiz degerlent i¢in gdzlenen en
vilksek kuvvet yaklasik 4.8 N dur.
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Sekil 3.6. 1, 2 ve 10 mm/'s hizlarda devirli yiikleme deneyi

1, 5 ve 10 mm/s hiz degerleri ve 10 mm deplasman icin
diger bir grup &lciimin sonuclart Sekil 3.7 de gdriilebilir
Bu l¢iimlerde ¢ok net bir sekilde hizin artmastyla yumusak
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Sekil 3.8. Gevseme deneyleri
Siinme Denevi

Stinme deneyi iki temel parametreye bagl olarak
vapilir. Bunlar, dokuya uygulanacak sabit bir kuvvet ve bu
kuvvetin ne kadar siire dokuya uygulanacagidir. Deneyde,
indentdr ucu, istenen kuvvet degerine ulasinca, bu degeri
sabit tutacak sekilde kapali devre kontrol cevirimi ile ileri
veya geri hareket eder. Deney siiresince kuvvet, yer
degistirme ve zaman verileri toplamir. $ekil 3.9°da hedef
kuvvetin 15 N oldugu ve 1 mm's hizla ilk yiklemenin

d?lﬂ_'l tarafindan  uygulanan tepki kuvvetimn azaldi#i  yanidis; bir sunme denevine ait kuvvet zaman grafizi
gorilmektedir. goriilmektedir. Hedef kuvvete ulasilmasmdan sonra 120
sanive stiresince deneve devam edilmistir.
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Sekil 3.7. 1, 5 ve 10 mm/s Inzlarda devirli yiikleme deneyi 0 20 40 60 80 100 120 140
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Gevseme Deneyi

Gevseme deneyleri 10 ile 13 mm deplasman degerleri
icin, 120 ve 150 saniye boyunca vapilmustr. Ilk yikleme
hizlari 1 ve 10 mm/s’dir. Yapilan deneylerin tiimiinde
gevseme davranis gozlenmistir. Elde edilen sonuglarin bir
kismi Sekil 3.8 de verilmistir.
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Sekil 3.9, 1 mm's indentdr nzi, 15 N hedef kuvvet ve 120 saniye siinme
siiresi igin siinme deneyi

Sekil 3.10° de avmi siinme deneyine ait deplasman-
zaman grafigi gorilmektedir. Sinme bélgesinde deplasman
zamanla artmaktadir. Deplasmanla zaman arasmndaki
bagmtida grafik Gizerinde sunulmustur.
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Sekil 3.10. 1 mm's indentdr hazi. 15 N hedef kuvvet ve 120 sanive stnme
siiresi igin siinme denevi. Grafilteld formilde v deplasmans x zamam
temsil etmektedir.

Sekil 3.11 de 13 N hedef kuvvet icin elde edilen deney
sonuclanndan ikist ve Sekil 3.12 de 15 N hedef kuvvet icin
elde edilen deney sonuclarindan 1kt tanesi goriillmektedir.

Deplasman [mm]

o 20 40 &0 80 100 120 140

Zarnan [s]

Sekil 3.10. 1 mm/s indentdr hizs, 13 N hedef kuvvet ve 120 saniye siinme
stiresi igin sinme deneyl sonuglan.
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Sekil 3.10. 1 mm's indentdr hazs, 153 N hedef kuvvet ve 120 saniye siinme
stiresi igin siinme deneyi sonuglan.
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IV. TARTISMA

devirli
mekanik

Calismada vyumusak biyolojik dokularn
yiikleme. gevseme ve siinme denevlerindeki
vamtlan arastiriloistir. Deneyler, hareket: adim motoru ile
saglanan. bilgisayar kontrollii indentér cihazi ile &n kolda
yvapilmstir. Devirli wiikleme denevi icin 1. 2, 5 ve 10
mm/s lik luz degerlerinde 10-20 mm deplasman aralhifinda
Slgiimler yapilmistir. Gevgeme deneylerinde 1 ve 10 mm/s
hiz degerlerinde, indentdr ucu Dbelirlenen deplasman
degerme ulasincayva kadar 6n yilkleme yapilmis ve 120-150
s araliginda dokunun gevseme stireci gozlenmistir. Stinme
deneylerinde, 13 ve 13 N luk kuvvet degenne ulasmcava
kadar doku 1 mm/s hizla vitkklenmis ve 120 saniye boyunca
stinme verileri toplanmigtir.

Devirli yikleme deneylerinde alisma etkisi, histerisiz
davranizlart gozlenmis, es deplasmanlar igin. artan hizla
birlikte dokunun uyguladig: tepki kuvvetinin azaldig: tespit
edilmistir. Gevseme ve siinme deneylerinde beklenen
davramglar gozlenmekle birlikte, veterli veri heniiz elde
edilemediginden iz, zaman vb. parametrelere bagli genel
egilimler tespit edilememistir.

Calismanm bu asamasnda farkli denekler iizerinde,
viicudun gesitli bélgelerinde ve farkls hizlarda deneyler
vapilmava devam edilecektir. Verilerin yikleme hizina
bagimlilizi ve deney verilenindek: zamana bagli degisimler
incelenecektir. Elde edilen wveriler vardimiyla simdikine
oranla daha givenilir ve kestinmei bir yumusak doku
mekanik modeli hazirlanmas: icin kapsaml bir veri bankas:
olusturulacaktir.

Gelismis, kestirimei bir mekanik malzeme modeli.
yumusak dokularin  bilgisayar ortaminda daha iyi
modellenmesine olanak taniyacaktu. Béylece yumusak
dokular 1ile 1lgili birgok siireg bilgisayar ortaminda
incelenebilip gelistirilebilecektir. Yine bazi ek ¢alismalarla
birlikte gelistirilecek cerrahi simiilasyon sistemleri, cerrah
egitim sire¢lerinde biyiik vararliliklar saglayvacaktr

TESEKKUR

Bu ¢alismada kullamlan indentér sistemi TUBITAK 1n
MISAG-183 proje destegiyle iiretilmistir. Birinei yazar Al
Tolga PETEKKAYA. TUBITAK vurtici viksek lisans burs
progranu ile desteklenmektedir.
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1.2 BIYOMUT 2008

INDENTOR DENEYLERI ILE YUMUSAK BIYOLOJIK DOKULARIN
ANIZOTROPIK MEKANIK DAVRANISININ YERINDE BELIRLENMESI

In Vivo Identification of Soft Tissue Anisotropic Mechanical Response via Indenter Experiments

Ali Tolga PETEKKAYA!, Ergin TONUK'?
€146945@metu.edu.tr, tonuk@metu.edu.tr

‘Orta Dogu Teknik Universitesi, Makina Miihendisligi Béliimii, Ankara, Tiirkive
“Orta Dogu Teknik Universitesi. Bivomedikal Mihendislizi Lisansastii Programi. Ankara, Tuirkive

Ozetce: Yumusak bivolojik dokular yaplan itibariyle ve
canlt olmalari sebebivle oldukca karmasgik mekanik davramg
sergilerler. Viskoelastik olmalart ve alisma etkisi gistermelerinin
yani sira bagka Dbir dzellikleri de anizotropik olmalaridir.
Calismannzda  yumugsak  bivolofik  dokularin  anizotropik
ozelliklerinin arastiriimasi icin indentor deneyleri yapilnig ve bu
deneyler icin biiviik eksenleri 8 mm, 16 mm ve 24 mm Kiigiik
eksenleri 2 mm, 4 mm ve 6 mm olan ifi¢ adet elipsoid ug
firetilmistir. Bu uglar kullamlarak én kol iizerinde, 8§ mm/s
Inzda, ¢esitli noktalarda 10°'lik ve 30°lik araliklarla deneyler
yapilmig ve senuglar sunulmusgtur.

Anahtar Sézciikler: Anizotropi, yumugak bivolajik doku, indentér
denevieri, elipsoid ug

Abstract: Saoft biological tissues display substantially complex
mechanical behaviors due to their structures and for being alive. Besides
being viscoelastic and their capability to show preconditioning effect,
aneother important feature is being anisotropic. In our study, indenter
tests were conducted to investigate the anisotropic behaviers of soft
biological tissues and three ellipsoid tips with & mm, 16 mm and 24 mm
major axis and 2 mm, 4 wun and 6 mm minor axis were produced. By
using these tips and by applying 10° and 30° increments at & mm/s
indentation speed, at various points on the forearm saft fissue
experiments were carried out and the results were presented.

1

Eeywords: Anisotropy, soft biclogical tissue, i tests, elipsoid tip

1. GIiRiS

Mithendislikte uzun villardir basariyla kullanilan ve
deney gereksinimini Snemli &lgide azaltan inceleme
vintemlerinin - bivomekanikte istenen diizevde basarili
olmamasmin en dnemli nedenlerinden birisi, mithendislik
malzemelerinin  Gnemli bir bélimivle ilgih mekamk
vanitlarin ayrintili olarak bilinmesi, buna karsilik biyolojik
malzemelerde, ozellikle de yumusak dokuda mekanik
vamtin bu ayrintida bilinmemesidir. Gerek ayrntili mekanik
incelemeler gerekse andirnmlar icin yumusak doku mekanik
vanitimn bilinmesi kaginilmazdar.

Yumusak bivolojik dokularm mekanik yanatlars
dogrusal ve/veva elastik degildir. Devirli viikleme ve
bosalma denevlerinde yiikleme ve bosalma egrileri aym
volu takip etmedigi gibi dogrusalliktan sapma da gz ardi
edilemevecek kadar belirgindir (Sekal 1.1). Yikleme ve
bosalma egrileri arasinda histerisiz olarak adlandirilan ve
bir devirde kavbedilen mekanik enerjivi giisteren bir alan
olusur. Sabit gerinme altnda gevseme (Sekil 1.2), sabit
gerilme altinda 1se siinme davrams: gésterirler (Sekil 1.3).

Sekil 1.2, Yumugak dekunun sabit yer degistirme altinda gevyeme yanity

Yer Degistinme

Zaman

Selkil 1.3, Yumusak dokunon sabit yik altinda sinme vanit

Tiim bu davranislara ek olarak. devirli viikleme altinda
alisma (Mullins) etkisi gosterir (Sekil 1.4). Ik birkac
devirde doku daha direngen gériniitken izleyen devirlerde
tekrar edilebilir ve daha az direngen vanit gésterir.
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Fanvviet

Zaman

Sekil 1.4, Yumusak dokuda aligma (Mullins) etlisi

Yumusak dokn mekamk vanitinin yéne bagh oldugu
(anizotropik davrams gosterdigi) bilinmektedir [1].

Yumusak  biyvelojik  doku mekamk  vanitimin
belirlenmesi i¢in degisik vontemler énerilomustic [2] Bu
vontemlerden indentér deneylen  yumusak dokunun
vamtimn canlilar iizerinde ve yennde belirlenmesine izin
verdigi icin bu calismada tercih edilmustic.

II. MATERYALLER ve YONTEMLER

Yumusak doku deney sistemi dort  bélumden
olusmaktadir. Bunlar mndentér cihazi, denetim kutusu,
diziistii bilgisayar ve indentdr cithaz sabitleme aparatidir
(Sekil 2.1). Indentér cihazi araciliziyla dolu mekanik olarak
vitklenir ve dokunun uvguladign tepks kuvvetn  olgiiliir
Indentor ucunun hareketi Haydon Switch Instrument 43000
serisi 0.048768 mm cozinirlikli adim motoru ile saglanir.
Tepki kuvvet: indentér ucunun altinda bulunan Entran
ELW-D1 50 N'luk yiik hiicres: yardmmvla élciiliir. Sistemin
denetimini saglayan donamm denetim kutusu icerismde ver
almaktadir. Bu donanim NI-6020E PCI ver: toplama kart.
adim motorunu siiren siiriicii kartt ve ver: toplama kartindan
gelen iz bilgisii meotor siiriici kartina aktaran voltaj-
frekans cevirici ile giic kavnaklandir [3].

Sekil 2.1. Indentér deney cihazi (a) Denetim kntusu (b) Diziisti bilgisavar
(c) Indentdr cihazi sabitleme aparat (d)

Diziistii bilgisayarda bulunan ve Matlab® 6.1 programi
kullanilarak hazirlanan arayiiz vazilimi araciligivla farkls
denev protokollerinin uyvgulanmas: ve elde edilen venlerin
depolanip 1slenmesi  saglamir.

Meveut  sistemin  ver

degistirme hassasiveti 0.1 mm araliginda gerceklegirken,
tepki kuvvet: 8leiim hassasiyets £0.2 W dor.

indentér Cihazi Sabitleme Aparaty

Indentor cihazinin dokuya baglanma sekli elde edilen
veriler iizerinde etkilidir. Daha once kullanilan kemer
vardimiyla indentér cthazimin  dokuya baglanmasmda
asagida belirtlen sorunlarla karsilasilmistar.

-  Kemen sikma muktarma bagli olarak 6lcii vapilan
noktadak: doku kalinhgi wve dokun iizenndek: ilk
gertilmeler  degismektedir. Bu da tekrar edilen
deneylerde elde edilen sonuglann degismesine yol
actigi gibi deneyin bilgisayvarda yapilacak andirmminin
da gergek durumu vansitmamasina neden olmaktadir.

- Avm noktada tekrar deney yapmak giic olmaktadir.
Indentsr cihazi deney sirasinda kayabilmelkte, sokiilip
baglamalarda 6l¢iim yvapilan noktay: tam olarak bulmak
gii¢ olmaktadir.

Bu nedenle yeni bir baglama sisteminin gelistirilmesine
karar verilmistir. Gelistinlen sistem asagida swralanan
parametrelere gire tasarlanmistir.

- Baglama sonucu &lgiim yapilacak bélge herhangi bir
sekilde dis etkiye maruz kalmamalidir.

- Olciam yamlacak bélgedeki doku kalnliz: baglama ile
barlikte degismemelidir.

- Indentdr cthazi farkli pozisvon ve acilarda
sabitlenebilmeli ve bu savede doku iizerinde degisik
noktalarda 6lciim vapilabilmelidir.

- Anizotropi arastmasinda eliptik  indentér ucunun
konumu degistinlirken deney noktasi
kavbedilmemelidir. Bu durum farkli indentsr uclarm
kullanilmas: durnmunda da gereklidir.

- Kullanim ve tasinmasi kolay olmalidir.

Tim bu 6zellikler dikkate almarak Sekil 2.2"de gérillen
sistemn tasarlannustic. Simdilik denevler dnkol tizerinde
vapildigmndan tasarim Szellikle énkolun baglanmas: géz
dniine alinarak vapilmustir. Sistem tabla. kol dayanaklar: ve
indentdr cihazi konumlandirici olmak iizere iig temel
elemandan olusmaktadir.

Tabla diger tiim elemanlarn iizerinde sabitlendig: ve ik
adet kilavuz volun bulundugu elemandir. Yollardan birinde
kol dayanaklarn  digerinde ise  indentdr  cihaz
konumlandinicist (ICK) saga sola dogru hareket ettirilip
uvgun verlerde sabitlenebilirler (Selal 2. 3-A).

Kol dayanaklari birt bilegi digeri dirsegi desteklemek
iizere kullanilan elemanlardir. Bu davanaklar indentér
ucunun dokuya etkisi sonucu kolun hareket etmesine engel
olurlar.

ICK ile indentér cihazinm &lciim icin uygun olan
noktada sabitlenmesi saglanir. Dikey yollarda cihazin,
asagi-yukar: ve acisal (Sekil 2.3-B), tablaya ait yollarda i1se
ileri-geri.  yanal  yénlerde  dogrusal wve  acisal
konumlandirmas: yapilir.
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Indentor deney cihazi
() ve kol day:

a) Tabla (b) Indentér ciliazu
telan (d)

Sekil 2.3

. (A) Kol dayanaklan 1 numarali yolda indentdr cibazi
dincist (ICK) 2 lt yolda saga-sola hareket ettirilerel
uygun noktalarda sabitlenebilitler. ICK na ait 3 numarah yolda indentdr
cihazimn ileri-geri vénlerde sabitlenmesi saglamir. a noktalannda ICK

apsal olarak k landinlabilic. (B) Indentdr cik vikseklizi 4
numatralt yol ayarlamr, b noktasindan cihaz agisal olarak
sabitlenebilir.

Elipsoid uclar

Yumusak bivolojik dokularin anizotropik 6zellikleri
kiiresel wveya silindirik  (eksenel simetrik) uclarla
belirlenemez. Bu amacla eksenel simetrisi bozulmus.
Bischoff [1] tarafindan teorik incelemes: yapilnus elipsoid
uclar kullamilmistir Elipsoid uglarla ayni noktada, 10°7lik
agilarla deneyler yapilarak dokunun yiizey diizlemindek:
anizotropist belirlenmistir.

Elipsoid deney uclarn uzun ve kisa eksen uzunluklar
olmak tizere iki temel dlctiye sahipur (Sekil 2.4).

el ey - |
Sekil 2.4, Sekilde a uzun eksen b lusa eksen uzunlugunu vermektedir.
Utlar bu Slgiilere gére tasarlanip tretilmelitedir.

Deneyler 1cin farkl: dlciilere sahip iic adet elipsoid ug
dretilmistr (Sekil 2.53). Doku kalnlizinm dusik oldugu
verlerde kiiciik &lgiilii uglar, yiiksek oldugu verlerde biiviik
oleuli uclar kullanmak gerekmektedir. Yuksek doku

kalinlizini oldugu noktalarda daha biiyiik wiikler ve yer
degistirme miktarlariyla calisilabilmekte. buralarda kicitk
olciilii  elipsord  uwcun  kullanilmas:  dokuya  zarar
verebilmektedir. Ayrica doku kalinligindan bagimsiz olarak.
dokuva kiicik verdegistirme miktarlar1 uyvgulaniken. kicitk
olciilii uglarla calismak daha uygundur.

Sekil 2.5, Farkh élgulere sahip elipsoid uglar. Us &lgiileri: a =24 mm. b =
Gmm(l)a=16mm b=4mmi2)a=8 mm b=2mm(3)

eleman
acilarda

Indentor cihazina  eklenmis
vardimiyla elipsoid uclar
verlestirilebilmektedir (Sekil 2.6).

hizalayici
istenen

Sekil 2.6. Hizalayicr ug ve vollar yardmmyla 10° lik araliklarla Slgiimler
yapilabilmektedir

ML SONUC

On kol tizerinde eliptik indentdr uclarivla vapilan
devirli vitkleme deneylerinde dokunun anizotropik davranisy
gozlenebilmistir. Bu denevlerde eliptik wcun konumu
10°°1ik araliklarla 0° ile 170° arasinda degistirilmastir (Sekil
31).

65
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57
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indentar Ucu Agisi (°)

Tepki Kuvveti (N)

Sekil 3.1. 24 mm'lik ver degigtirme ve 8 mm's iz altinda on kol tzerinde
gergeklestivilen Slgiim sonucu. Deneyde bayik ekseni 16 mm olan ug
tullandmstr. Olgiimlerde diizenli bir dagihm pézlenmemelde birlikte,
verilere ait kesikli cizgi ile gdsterilen egilim grafigi ve 30 derecelik
artismlara kars: gelen noktalarn olusmirdugu egri (bu noktalar grafikte
noktals gizg olarak igaretlenmugtiy) genel efilim olarak difer &lgiim
senunglan ile tutarlilde géstermektedi.
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Ancak bu ilk deneylerde denefmn konumunu uzun siire
kormuyamavarak kas  tonusunun  degismesi  olasihig
oldugundan diger élciimler 30°lik araliklarla 0° ile 150°
arasinda yapilmistir. Avrica kontrol amacli 180° (0°) ve bazi
deneylerde 210° (30°) de &lgiimler vapilnus ve ilk vapilan 0°
ve 30° lik dl¢imlerle karsilagtirilmastir. Denevlerde kontrol
veriler1 ile ana oSlgiimlerin birbirine vakin c¢ikmas: o
dlgiimlerm  givemlir oldugunu gdstermektedir. Ancak
kontrol 8l¢iimii ile ana &lciimdeki biyiik farklilasma, deney
noktasinda sapma va da kas tonusunda degisme oldugunun
bir igaret: olmaktadir

Daha 6nceki deneylerin biiyiik ¢ogunlugunda alisma
etkisinin ilk bes devir icinde olustugu gézlenmisti. Bu
nedenle. calismada on devirden olusan devirli yikleme
deneyleri vapilmistir ve ardisik élctiimler arasinda dokunun
dogal durumuna gelmesi icin uzun sire beklenmemis. bu
nedenle  &lcimlerin - birgogunda  alisma  etkisine
rastlanmamustir. Deney sonuclann degerlendirilirken her
devire ait en biuvik yer degistirmeve karsilik gelen
kuvvetler belirlenmis, en biiviik ve en kiigik ue ki deger
cikarilip diger kuvvetlenn ortalamasi almmistir. Sonug
olarak tiim acilar icin bu ortalama kuvvetler hesaplanmis
yumusak doku tepki kuvvetinin eliptik indentdr ucu agisina
gore grafikleri cizilmistir (Sekil 3.2).

35
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Sekil 3.2, 18 mm lik yer degistirme ve § mm/'s uz altinda 6n kol iizerinde
gerceklestirilen Slgiim sonucu. Deneyde bityilk eksemi 8 mm olan ug
Imllanilmgt

Sonuglarini vermis oldugumuz bu iki 8lgiim Gnkol
iizerinde farkli noktalarda gerceklestirilmistir.

IV. TARTISMA

Bugiine kadar yapilan caligmalarda yumusak dokularin
elastik olmayan ozellikleri, siinme ve gevseme davramislan
ile alisma etkisi incelenmisti [4]. Bu ¢alismada ise yumusak
dokunun  yizey  dizlemi icerisindeki  anizotropik
ozelliklerinin arastirilmasi i¢in eliptik uclarla ve degisik
acilarda yumusak doku deneyler: vapilmus, 1lk sonuclan
sunulmustur.

Avm nokta icin vapilan deneylerde elipsoid ugun
degisen acistvla birlikte dokunun cevabimn da degistigi

gozlenmustir. Denevlerde ki farkl artirim acis: kullanilmig
olup bunlar 10° ve 30° dir.

10° artinm kullamlarak yapilan élciimlerde ardisik
acilara karsilik gelen dilzensiz degisimler olabilmektedir.
Ancak aym 6lgimde 30° lik artinmlara karsilik gelen

noktalara  bakildiginda  diger &lciimlerle  tutarlilik
gozlenmekte ve benzer efilimler vakalanmaktadir.
Dolayisivla, bu gézlem, ara degerlerin kas tonusu

farklilagmasindan zivade, dokunun gergek cevabi olmas:
ihtimalini arttirmaktadir.

Bunun disinda 30° artinm kullanilarak, farkli uclar
vardimiyla, degisik noktalarda &lgtimler vapilmistir. Bu
dlciimlerde dokunun cevabi karakteristik olarak genelde
avm olmusmur.

Caliymamizda farkli &lciimler vapilmaya devam
edilecek wve 10° icin  gézlemledigimiz bu  durmmun
dogrulugu  arastinlacaktir. Keza dloim  sonuglannin

dogrulanmas: doku davranismi daha 1v1 anlamak acisindan
kiiciik ac1 degisimleriyle calismanm énemini arttiracaktir.

Elde edilen deneysel veriler, evrik sonlu elemanlar
yontemi ve anizotropik. alisma (Mullins) etkisi, gevseme ve
siinmeyi modellevebilecek bir malzeme modeli kullanilarak
[5] vumusak doku mekanik &zelliklerinin belirlenmesinde
kullanilacak. belirlenen mekanik &zelliklerle yumusak

dokunun cevre ile mekanik etkilesiminin  gergeket
andirimlar: yapilabilecektir.
TESEKKUR

Calismada kullanilan indentdr deney cihazs TUBITAK
MISAG-183 projesi dahilinde gelistirilmistir. Yazarlardan
Ali Tolga PETEKKAYA, TUBITAK yurtici viiksek lisans
burs progranmundan destek almustir. Elipsoidal indentdr
uclar ve indentér cihazi sabitleme aparatt Emir BIRANT in
(Barant Makina) destek ve vardimlanyla diretilmastir.
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1.3 Soft Tissue Mechanical Models Section of the Book Named as Ortapedi
Biyomekanigi

3.3.2 Yumusak Doku Mekanik Modelleri

Ali Tolga PETEKKAYA Kerem USU Ergin TONUK
ODTU Maldina Mithendisligi ODTU Malkina Miihendizligi ODTU Makina Miuhendisligi
Boltmi Béltimt Baltim

ODTU Biyomedikal Mithendisligi
Lisanstistii Program
3.3.2.1 Giris
Iskelet sisteminin TUizeri bir yumusak doku tabakasivla kaplh
oldugu icin insan bedeninin dig diinya ile olan mekanik etkilesimi hemen
her zaman yumusak dokular araciligiyla olmaktadir. Ote yandan insan
bedenini olusturan dokulardan, kemik disinda kalan hemen tiim dokular
yvumusak doku olarak adlandirilmaktadir. Yumusak dokulann cesith
kuvvetler altinda nasil bir mekanik davranis gostereceginin &énceden
kestirilebilmesi veya mekanik davramigsin bilgisayarda andirimimin
(similasyonunun) vapilabilmesi i¢cin yumusak doku mekanik
davranisinin ayrintii olarak bilinmesi ve bu davranisi temsil edecek
binye denklemleri ile bu denklemlere ait katsayilarin belirlenmesi
gerekir. Protez kovani ile amputasyon giidiigii arasindaki mekanik
etkilesimi bilgisayarda modelleyebilmek amaciyla gidik tzerindeki
yumusak dokularin modellenmesi [1-9], yemek borusunun modellenmesi
[10], eklem kikirdaginin modellenmesi [11], baglar wve kirislerin
modellenmesi [12], yumusak doku mekanik davramginin bilinmesinin
gerekliligini gosteren bazi érneklerdir. Bu bélimin amaci, okurlarda
vumusak doku mekanik davranmisimin modellenmesi ve bu davranisin
belirlenmesi ile ilgili yaygin olarak kullanilan yéntemler hakkinda bir
farkaindalik varatmak ve arastirmacilara ilgili kaynaklara yvonetmektir.
Mekanik acidan, muhendislik malzemeleri ile karsilagtinldiginda,
yvumusak dokularin davramslann daha karmasiktir. Bu karmasikhigin
nedenleri arasinda dokunun iki fazl (kat1 ve sivi) [13] veva kimi vazarlara
gore daha fazla fazli (kat1 ve iyonik cozeltiler gibi) [14] olmasimin yam sira
kollajen, elastin gibi farkli ve karmasik yapitaslarindan olusmus

olmasinin [15, 16] da etkisi vardir. Yasayan ve kosullara gére kendini
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uyarlayan biyolojik dokularin mekanik dzelliklerinin de gerel cevreyle
mekanik etlkilesim sonucu, gerekse diger etmenler nedeniyle zaman
icinde degismesi kacinilmazdir. Ote yandan, biyolojik malzemelerin
mekanik ozellilkderinin cesitli siniflamalar kullanilarak cizelgeler halinde
sunulmaya calisilmas:i da muhendislik malzemeleri kadar kesin ve
guvenilir sonuclar vermemistir. Ozellikle yumusak dokularda,
kullanilacak blnye denklemi konusunda arastirmacilar arasinda genel
kabul goéren bir yaklasim hentz yoktur. Arastirmacilann dnemli bir
bolimt, dokularn mekanik dzellikklerinin  kisiden kisiyve dnemli
degigilklililer gosterdigini ve gercege yalun modelleme yapilabilmesi icin
geometrik (anatomilk) dzelliklerle birlikte kisiye 6zgQl olaralk belirlenmesi
gerelitigini one sUrmustdr [7-9]. Yine yumusak doku mekanile dzellikleri
lzerinde denefin yvasimin [17-20] ve saghk durumunun [21-24] dnemli
etkisi oldugu seklinde gdrigler de vardir.

Biyolojik dokularin yumusak ve sert doku olarak aynlmasi,
melkanik davraniglar acisindan da olanalklidir. Kemik gibi sert dolular
kati cisimler mekanigi kuraminda “kiclik gerinme” kuramina biyik
dlcude uyduklarn icin gerek blinye denllemlerinin ve bu denlklemlere ait
katsayilarin elde edilmesi, gerekse bilgisayar andinmlan yumusalk
dokulara gore daha kolaydir. Ancak unutulmamalidir ki gorece kolay bu
vaklagimda sert dokular cogunlukla tek bir malzemeden olusmus surekli
bir ortam olaralt modellenmeltedir ve bu yaklagimla ilgili knsitlamalarin
dikkkate alinmasi onemlidir. Ote taraftan, yumusak doku olarak
adlandirilan, kemik disinda kalan dokularda gerinmeler nadiren “kucuk
gerinme” kurami ile modellenebilecel bliytlklikte olur. Cogu durumda,
daha genel, karmasik ve dogrusal olmayan “biylk gerinme” kuraminin
lullamilmasi gerekli olur. Ayrica, dogrusal elastik malzeme modelleri
(Hooke bunye denklemleri) de yumusak dokularin mekanik davranigim
modellemede cofgu zaman yetersiz kalir. Yine yumusak dokularda,
genellikle mithendislik malzemelerinde yvok sayilabilecelk diizeyde gorilen

alisma etkisi (preconditioning, Mullin’s effect, malzemenin ilk birkac
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yiklemede daha direngen davranmasi, sonraki yuklemelerde
direngenliginin azalarak tekrar edilebilir bir gerilme-gerinim o&zelligine
kavusmasi, Sekil 3.3.2.1), yaukun artma ve azalma yonlerinde gorilen iki
farkli direngenlik (ve bir yikleme-yuk azaltma c¢eviriminde yok
sayilamayacak diizeyde mekanik enerji kaybi, Sekil 3.3.2.2), sabit ver
degistirme (veya gerinme) altinda tepki kuvvetinin (gerilmenin) azalmasi
vani gevseme (Sekil 3.3.2.3), sabit kuvvet (veya gerilme) altinda yer
degistirmenin (veya gerinmenin) artmasi yani stinme (Sekil 3.3.2.4)

etkilerinin goérualdagi bircok calismada belirtilmistir [15].

:‘ h

Kuvvet

Zaman

Sekil 3.3.2.1 Yumusak dokunun pegpese vapilan yuklemelerde gosterdigi
aligma etkisi
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Kuwvvet
T

Gerinim Artigs
Gerinim Azalmas:

——————+—
Yer Degigtirme

Sekil 3.3.2.2 Yumusak dokunun gerinmenin artmasi ve azalmast
yvonundeki davrams:

Kuvvet

Zaman

Sekil 3.3.2.3 Yumusak dokunun sabit gerinmede gevseme davranisi
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Yer Degistimme

Zaman

Sekil 3.3.2.4 Yumusak dokunun sabit gerilmede siinme davranis:

3.3.1.2 Yumusak Doku Deneyleri

Tam malzemelerde oldugu gibi yumusak dokularin mekanik
davramiginin belirlenmesi ve blnye denklemlerinin olusturulmasi icin
kullanilan yoéntem deneyseldir. Yumusak doku mekanik davranisinm
belirlemek icin degisik deney yontemleri vardir. Her bir ydntemin
kendisine 6zgli ustinlikleri ve zayifliklann bulunmalktadir. Bu ustanlik
ve zayifliklardan calisma icin énemli olanlan degerlendirilerek en uygun
deney yontemine karar verilmelidir. Bu deneylerden elde edilen mekanik
yvanitlar arasinda farklar oldugu karsilastirmali calismalar yapan cgesitli

vazarlar tarafindan rapor edilmistir [25-27].

3.3.2.2.1 Eks-Vivo (Laboratuvar) Deneyleri

Deney yapilacak doku yerinden cikartilir ve laboratuvar ortaminda,
yvasam kogullarinin benzetildigi bir ortamda, doku cansiz bir durumda
iken deney yapilir [27]. Deneyler laboratuvar ortaminda vapldigi icin

hem deney 6rneginin geometrisi gercege vakin olarak belirlenebilir, hem
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de deneyden daha iyi veriler elde edilebilir. Ancak doku kendi fizyolojik
ortamindan c¢ikartildigin ve canliligimi  yitirdigi icin hem mekanik
dzelliklerinde bazi degisiklikler olabildigi gibi, doku fizyolojik mekanik
gerilmeden anndirilmis oldugu icin elde edilen mekanik yamit dokunun
kendi fizyolojik ortamindakinden farkli olabilir [28]. Buna karsin
dokunun yasam kosullarinin benzetilmesi deney verilerinin 6l

kosgullarla karsilagtinildiginda daha iyi olmasini saglamaktadar.

3.3.2.2.2 in-Vitro (Laboratuvar) Deneyleri

In-vitro deneyler de eks-vivo deneylerde oldugu gibi doku
bulundugu ortamdan cikanlarak cansiz bir durumda iken yapilir. Ancak
dokunun yvasam kosullar1 benzetilmeye calisilmaz. In-vitro deneylerde
ozellikle yumusak dokularin canlihgn vitirmesinden dolayt mekanik

malzeme 6zelliklerinin 6nemli élctide degistigi kanis: yaygindir [27].

3.3.2.2.3 in-Situ (Cansiz Denek Uzerinde) Deneyler

in-situ deneylerde yumusak doku yerinde incelenir. Ancak organ
canli degildir. In-situ deneyler taze dondurulmus veya fikse edilmis
kadavralarda da yvapilabilir [26]. Her durumda, incelenen doku canliligini
yitirmis olacag icin mekanik &zelliklerinin degistigi diistintilmektedir.
Ote taraftan, cogunlukla deney drneginin diizgiin bir geometriye sahip

olmasi saglanamaz ve sinir kosullar tam olarak belirlenemez.

3.3.2.2.4 In-Vivo (Canli Denek Uzerinde) Deneyler

In-vivo deneyler, doku denek Tlizerinde kendi fizyolojik
kosullarindayken wve denek canlivken yapilir. Girisimsel ve girisimsel
olmayan iki yéntem vardir. In-vivo deneylerin 1istiin yénii, tizerinde
deney yapilacak doku ile gevre dokularin mekanik etkilesimlerinin deney
sirasinda da var olmasi1 ve dokunun canli olmasi yoluyla, dokunun
gercek davranisina en yvakin yaniti vermesidir. Ancak, denegin canl

olmasi nedeniyle etik kurallara uygun, denege zarar vermeyecek bicimde
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yvapilmasina ézen gosterilmelidir. Ote yandan, deney érneginde diizgiin
bir geometri saglamak olanakli olmadig gibi, deney bélgesindeki sinir

kosullarini da gercege yakin olarak belirleyebilmek her zaman olasi
degildir.

3.3.2.2.4.1 Girisimsel In Vivo Deneyler
Girigsimsel vontemde dokuya kuvvet uygulanarak bu kuvvet

sonucu dokuda olusan yer degistirme zaman bilgisiyle birlikte kaydedilir

[29].

3.3.2.2.4.2 Girisimsel Olmayan In Vivo Deneyler

Girigimsel olmayan yvontemde digaridan dokuya bir ver degistirme
uygulanir ve doku igcinde olusan ver degistirmeler tibbi gérmintileme
yvontemleriyle (manyetik rezonansla gérantileme [22], ultrasonografi v.b.)

dleulir ve buradan da doku tizerinde olusan gerinmeler hesaplanir [30].

3.3.2.2.5 Yumusak Doku Mekanik Malzeme Deney Sistemleri
Yumusak doku deneyleri standart malzeme deney sistemleri

lzerinde yapilabilecegi gibi, yumusak doku deneyleri yapmak icin &zel

olarak tasarlanmig sistemler de vardir. Bu béliimde her iki tip sistemden

de kisaca soz edilecelktir.

3.3.2.2.5.1 Tek Eksenli Cekme Deneyleri

Tek eksenli cekme deneyleri icin uygun kapasitedeki bir cekme
cihazi ile dokunun cihaza baglanmasina uygun ceneler veya dokunun
dikilebilecegi uygun bir aparat yeterlidir. Genellikle kesit alam
dikdértgen olan, dlizgiin geometrideki deney érnekleri hazirlanir. Zaman
zaman cihazin cene yer degistirmesi dokudaki uzama olarak kabul edilir,
zaman zaman da doku tlzerinde alinan iki referans noktasimin yer

degistirmesi élctilerek dokudaki uzama ve gerinme buradan hesaplanir.
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Tek eksenli cekme deneyleri yumusak doku mekanik o&zelliklerinin
belirlenmesinde kullamilsa da [31,32], Fung [153] tarafindan yumusak

doku mekanik 6zelliklerini belirlemek icin yeterli olmadigi belirtilmistir.

3.3.2.2.5.2 Cift Eksenli Cekme Deneyleri

Cift eksenli cekme deneylerinde genellikle bu is icin 6zel olarak
tasarlanmig bir deney sistemi araciligiyla deney érnegi birbirine dik iki
eksende birden cekilir [33]. Her iki eksende de dokuya uygulanan kuvvet
ve hareket eden cenelerin yer degistirmesi 6l¢tilir. Dokuda olusan
gerinmelerin hesaplanmasi icin genellikle doku tizerine yukstzken cizilen
referans noktalarimin hareketi izlenir. Buradan ver degistirmeler ve
gerinmeler hesaplanmir. Cift eksenli deneylerde simir kosullarini kontrol

etmek tek eksenli deneylerden daha zordur.

3.3.2.2.5.3 Emme Kab1 Deneyleri

Cekme deneyleri icin deney 6érneginin organizmadan izole
edilmesinin zorunlulugu nedeniyle deneyvlerin yerinde yapilabilmesi
amaciyla gelistirilmis bir yéntemdir. Temel olarak tizerinde deney
vapilacak doku Tizerine geometrisi bilinen bir kap yerlestirilip kabin
icindeki hava bosgaltiir ve dokuda olusan sekil degistirme d&lealar.
Alexander [34] ve diger arastirmacilar tarafindan kullanilan yoéntem
dokunun mekanik 6zellikleri hakkinda fikir verse de énemli kisitlamalari

vardar.

3.3.2.2.5.4 Germe Deneyleri

Germe deneyleri de cekme deneyleri gibi yapilir. Ancak germe
deneylerindeki fark, dokunun cekme cihazinin cenelerine baglanmasi
verine doku boyutlarindan daha buyik plakalara yapistinlmasidir.
Germe deneylerinde kuvvet doku kalinhigimin normaline dik yonde

uygulanir. In vitro yapilabildigi gibi [35] in vivo da [36] yapilabilmektedir.
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Tek eksenli oldugu icin dokunun mekanik 6zellikleri hakkinda kapsamh
bilgi vermedigi distntlmektedir [15].

3.3.2.2.5.5 Basma Deneyleri

Basma deneyleri de germe deneylerine benzer bicimde ancak
cenelere ait yizeylerin dokuyu sikistirmasivla vapilir. Basma
deneylerinde doku serbest birakilabilir ve basmanin etkisiyle yanal
yvonlerde genlesir (unconfined test] veya vyanal ylzlerin genlesmesi
kisitlanabilir (confined test) [37]. Bu durumda doku sivisinin deney

bolgesini terk edebilmesi icin cenelerden birisi gecirgen vapilir.

3.3.2.2.5.6 indentér Deneyleri

Yumusak doku  deneylerinde vaygin olarak  kullamilan
yvontemlerden birisidir. Tercih edilen geometrideki indentér ucu ile
yumusak doku bastiritlirken ucun yer degistirmesi ve dokunun uca
uyguladigi tepki kuvveti zamanla birlikte kayvdedilir. Bdylece in vivo
yumusak doku deneyleri de yapilabilir. Degisik indentér ucu geometrileri
ile yumusak dokunun serbest yilizeyi 1izerinde bulunan anizotropinin de
belirlenebilecegi kuramsal olarak gdsterilmistir [38]. Ancak, bu deneylerle

yumusak dokuda bulunan tim anizotropinin belirlenebilmesi olasi
degildir.

3.3.2.2.6 Yumusak Doku Mekanik Malzeme Modelleri
3.3.2.2.6.1 Biinye Denklemleri

Biunye denlklemleri, ilgilenilen malzemenin gerilme-gerinme [veya
cogu zaman gerilme-gerinme-zaman) iligkisini genel bir ¢ boyutlu
gerilme altinda veren denklemdir. Herhangi bir vapisal analiz yvapilmadan
d6nce, yapiy: olusturan tim malzemelerin blinye denklemlerinin bilinmesi
zorunludur. Cevremizdeki cok farkli malzemeler icin cok farkli blinye
denklemleri bulunmaktadir. Uzun willardan beri kullamlagelen

muhendislik malzemeleri icin mekanik davramslarim oldukca genis
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kosullarda buyiak bir hassasiyetle modelleyebilecek blinye denklemleri
olusturulmus olmakla birlikte biyolojik malzemeler icin genel kabul
gormiis bunye denklemleri daha azdir. Bunun iki nedeninden birisi
bivolojik dokularda deney vapmanin gacligi, digeri ise yumusak
dokularin gosterdigi karmasik mekanik yamitin bir denklem ile ifade
edilmesidir [39].

Cevremizdeki ¢ok degisik malzemelerin énemli bir bélimtna U¢ ideal
malzeme modeli (veya bunlarin bir bilesimi) ile belirli bir hassasiyette
modelleyebiliriz. Bu 1i¢ ideal malzeme modeli agdali olmayan akiskan,
dogrusal (Newton) agdali akiskan ve dogrusal elastik (Hooke) kati
modelleridir. Ancak biyolojik dokularin énemli bir bélimi, fizyolojik
kosullar altinda, bu ideal modeller veya bunlarin bir bilesimi kullanilarak
istenen hassasiyette modellenemez [15].

Bunye denklemleri malzemenin fiziksel yapisiyla ilgili oldugu icin belirli
bir koordinat takimina bagh degildir ve deneylerle belirlenir. Esnemez
kati cisim biyomekanigi disinda, biyomekanigin her alaminda binye
denklemlerinin belirlenmesine gereksinim duyulur. Blnye
denklemlerinin bilinmedigi durumlarda biyomekanik niceliksel olamaz
ancak niteliksel olabilir. Biyolojik yapilar icin biinye denklemlerinin
belirlenebilmesi icin o6ncelikle yeterli miktarda verinin sistematik olarak
toplanmasi gereklidir. Aksi durumda yapilan mekanik analizler ve
bivomekanik  kestirimler dokunun gercek davranisini  istenen

hassasiyette modelleyemeyecektir [28].

3.3.2.2.6.2 Yalanci Elastik Malzeme Modelleri

Yumusak doku davranisi, cok kiuicik gerinmeler disinda dogrusal
olmalktan uzaktir. Deney sirasinda gerinmenin artisi sirasinda izlenen
kuvvet-ver degistirme (veya gerilme-gerinme) egrisi ile gerinmenin
azalmas: yénunde izlenen kuvvet-yer degistirme (veya gerilme-gerinme)
egrisi birbirinden belirli bicimde farkhdir (Sekil 3.3.2.2). Egrinin seklinin

belirli frekans bantlannda belirgin bicimde degismedigi gosterilmistir
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[28]. Bu nedenle basit bir yaklasimla, gerinmenin artmasi yoniinde bir
elastik malzeme katsavisi seti, azalmasi yoniinde baska bir elastik
malzeme katsayisi seti kullamilmaktadir. Dokunun gercek davranisi
elastik olarak modellenemeyecegi icin bu modele yalanci-elastik (pseudo-
elastic) denmistir. Ancak yalanci-elastik malzeme modelleri zamana
bagimli davranisi gozard: ettigi icin kullanim alam1 simrhdir [40].
Yumusak dokunun artan gerinimle birlikte artan direngenligi (veya teget
elastik modili) baslangicta yumaklanmsg olarak duran kollajen ve
elastin molekullerinin artan gerinim ile acilmalan ve gerilmeleri ile ilintili
oldugu dagtuntlmektedir [40].

Yumusak dokunun dogrusal olmayan davranisini modellemek icin
vaygin olarak kullanilan yontemlerden birisi de gerinme enerjisi
(vogunlugu) fonksiyvonudur. Gerinme enerjisi fonksivonu kullanilarak
biyiik gerinmeler icin Kirchoff gerilmeleri Green gerinmeleri cinsinden su

sekilde ifade edilebilir:
v

Burada po malzemenin ilk durumda (sekil degistirmemis durumda) kttle
vogunlugudur. Burada kullamilan gerinme enerjisi fonksiyonu
termodinamik olarak anlamli bir fonksivon degildir, ¢cunkl yvumusak
dokunun alisma etkisi disinda islemin gerinmenin artma veya azalma
yvonunde olmasina baglhh olarak katsayilann degismektedir. Bununla
beraber, bir valanci-gerinme enerjisi fonksiyonunun varhig problemin
matematik olarak tammlanmasim blyiik &lctide kolaylastirmalktadar.
Burada sézi edilen fonksiyonlarin bazi dokular icin 1.5 bazilan icinse
2'yve kadar cikabilen uzama oranlan (son, sekil degistirmis uzunlugun ilk
uzunluga orani) icin gercek doku ile uyumlu sonug vermeleri
beklenmektedir [39]. Literatirde o&zellikle yumusak doku modellemek
icin, veva bagka amaclarla gelistirilmis ama vumusak dokuyu da

bagariyla modelleyebilecek, degisik gerinme enerjisi fonksiyonlari vardir.
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Bu fonksiyonlarin hemen tGmu géruanglsel (phenomenological) olup
dokuda gorilen gerinmenin artisi ile direngenlikte meydana gelen
artmanin mekanik nedenlerini modellememelktedir.

Vaishnav [41] tarafindan kullanilan gerinme enerjisi fonksiyonu
damarlar gibi silindirik yapilar icindir, silindirik koordinat sisteminde
ifade edilmistir ve bir polinom bicimindedir:

pPoW = AE, +BEjuE_+CE._ +DE,; +EEs E.+FEnE. +GE_

Burada A, B, C, D, E, F ve G malzeme sabitler1 olup deneysel verinin
fonksiyon tarafindan kestirilen davranisa uyumunu saglayacak bicimde
belirlenir.

Fung [42] tarafindan énerilen fonksiyon ise tstel bicimdedir:

C 2 2
PV =— expla, Eg +a, E."+2a,Ep E |

Burada a1, ag, as ve C malzeme sabitleridir.

Cilt icin Tong [39] tarafindan énerilen fonksiyon ise
PpW = f{c&.E)+Cexp|:F(a.Eﬂ
f(e.E) = ouE,,” + 0,y + 20, Eyy + 0y (Bpy + Eyy)?
F(a.B)=a,E,’ +a,E,,’ +2a,E E,, +2,(E,, + E,)’
bicimindedir. Burada C, o1, og, d3, 04, a1, as, a3 Ve a4 malzeme sabitleri,
X1 ve xp cildi olusturan dizlem tzerindeki birbirine dik iki koordinat
elksenidir.

Tong [39] daha yiiksek mertebeden terimler icermesi icin
denklemin agagidaki bicimini de denemistir:
Fa.E)= E"_E'J2 _azEzzz +2a,E E,, +a5(E;, _Ell): + ‘."1E1;3 "'ﬂr’zEzz_i + "."4E'_12E22 + "."_ﬁEl'_:Ezz2
burada yi, 72, 73 ve 74 ek malzeme sabitleridir.

Akciger 6zekdokusu icin Hoppin [43] tarafindan énerilen fonksiyon

ise asagida sunulmustur:
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4 : : ¥ 2 i P 1 35 b ;
PoW = a (A +23 + 23 )+ Db, (AFAT + ATAT + 275
i=1 i=1

3
A 2q 242 q 2iq 2 n 2iq 2 n 2iq 2 q2q 1 n2q 1 n 2a 21
+He A Ahs + D06 (AR ARG + A + AT + AR +AGAT)

1=2
Burada a;, b; ve ¢ malzeme sabitleridir ve fonksivon genel bir ti¢c boyutlu
gerilme durumu icin gecerlidir. Ancak bu bicimin en buyuk kisitlamas:
malzemenin esyénlil (izotropik) oldugu varsayimidir. Bu varsayimi
kaldirmak icin onerilen bicim ise

Py W =Cexp( a,E;, +a,E3, +2a,E, E,, ) + permiitasyon ile simetrik terimler

Mezenter ve kaslar icin Onerilen gerinme enerjisi fonksiyonu ise

[42, 44] soyledir:
dT
W=—uT+
PoW =—ZaT+p

Burada T birim alandaki ¢cekme kuvveti, E gerinme, o ve B ise malzeme
sabitleridir. Bu denklem gerilmesiz duruma ¢ok yakin durumlar icin iyi
sonuc vermese de diger tim gerilmelerde istenen hassasiyette kestirim
vapabilmektedir.

Alt ekstremite yumusak dokularinin modellenebilmesi icin Mooney
[43] tarafindan oénerilen ve daha sonra degisik arastirmacilar tarafindan
terim sayis1 arttinlarak daha c¢ok kaucuk ve polimerik malzemelerin

modellenmesinde yararlanilan malzeme modeli kullamilmigtir. Bu model
N . .
W=> ¢, (I,-3)(1,-3)
i+j=1
biciminde ifade edilir. Burada [; ve I» Green-Lagrange buyik gerinme
tenséruntin ilk iki degismezi (invariant), Ci ise malzeme sabitleridir. N
sayisinin aldigi degere bagh olarak malzeme modeli isimlendirilir. Bu
bicimdeki bir model Témik [7] tarafindan kullanilmig olan James-Green-
Simpson modelinin eksenel simetrik ve sikistirilamaz malzemelere

uygulanmig tipidir

W=C,(I1-3)+C, (I-3)" +Cy (I-3)
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Burada [ sikistinlamaz malzeme icin eksenel simetrik Green-Lagrange
gerinme tensérunin tek bagimsiz degismezidir.

Fung [42] tarafindan 6nerilen fonksiyon

1 1
W= B i BBy + BoPaupg ExnEpg eXp| Vi;E; + > YiuEsEun + -

bicimindedir. Burada ojjd, Pmnpg, Bo, Vi Ve vy malzeme sabitleridir.

3.3.2.2.6.3 Viskoelastik Malzeme Modelleri

Viskoelastik malzemeler katilarla agdali sivilarin ozelliklerini bir
arada goésteren malzemelerdir. Bu malzemeler, kati ve siv1 6zelliklerinin
baskinligina gore kativa daha vyakin veya siviva daha yakin
davranabilirler. Viskoelastik malzemelerin tipik 6&zellikleri, histerezis
(malzemenin gerinmesi ve ardindan ilk durumuna déndiarilmesi sonucu
belirgin bicimde mekanik enerji kaybi, gerinme artarken direngenligi
daha yuksek azalirken distk olmasi, Sekil 3.3.2.2°deki gibi), gevseme
(sabit gerinmede gerilmenin azalmasi, Sekil 3.3.2.3), sUnme (sabit
gerilmede gerinmenin artmasi, Sekil 3.3.2.4) ve gerinme hizina bagh
davramstir.

En temel iki tip viskoelastik malzeme modeli Maxwell ve Voigt
modelleri olup tek boyutlu mekanik model olarak Sekil 3.3.2.5'deki gibi
gosterilebilir. Burada vyay, elastik davranisi;, amortisér ise agdali
davranist temsil etmektedir. Maxwell modeli viskoelastik akiskanlar
modellemekte uygundur. Voigt modelinin tepkisi gercek viskoelastik
katilarla uyusmadiga icin en basit viskoelastik kati modeli icin tg
elemanli (bazen Kelvin modeli olarak amlir) model (Sekil 3.3.2.6)

Onerilmistir [46-352].
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| — | c Voigt hIDdel]‘.

7
Maxwell Modeli

Sekil 3.3.2.5 Temel viskoelastik malzeme modellerinin tek boyutlu
mekanik modelleri

! t

Sekil 3.3.2.6 Uc elemanh (Kelvin) viskoelastik malzeme modelinin iki
farkl gosterimi
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Uc elemanli modelde gercek viskoelastik katilarda gérilen anlik elastik
yvamt gorilebilmektedir. Bu modellerde gevseme ve stiinme davranis: tek
bir ustel ifade ile temsil edilmektedir ve cogu gercek viskoelastik katinin
davranmisi bu temsile uymamaktadir. Ornegin dizalt amputasyon
gudiikleri tizerinde indentér ile vapilan deneylerden elde edilen yumusak
doku verisinde kisa ve uzun sureli iki siinme davrams: icin ¢ elemanl
model yerine Sekil 3.3.2.7 de gosterilen bes elemanli bir model

kullanilmistir [8].

Fa Foa ™y i =y

W(t)=W,[1-5,|1-e "/ [-5,|1-e'"/

S A

Sekil 3.3.2.7 Bes elemanli viskoelastik kat1 modeli ve biinye denklemi

Bu modelde dogrusal olmayan davranis icin bir gerinme enerjisi

fonksiyonu (Wo) kullamlmistir. Modelde iki gevseme orani (51 ve d2) ile iki
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gevseme zaman sabiti (11 ve To) kullamulmustir. Bu tir modeller gercek

davranigi modellemek Tizere Prony serisi olarak genellenebilir:

[ ( [=t]h
W(t)=W, 1-5,/1-e %
1=1

Bu tir modellerde iki temel kisit, doltu davramisinin viskoelastik oldugu
varsayium ve elde edilen blunye denklemlerinin cebirsel degil diferansivel
olmasidir. Yapilan deneylerde, viskoelastik malzeme varsayimimin dar bir
hiz araliginda (veya frekansta) iyi sonuc verse de aralifin genislemesi ile
model hassasiyetinin distiign  gosterilmistir [15]. Ote vandan,
malzemenin bunye denkleminin cebirsel yerine diferansiyel olmasi,
elastik malzemeye gore daha karmasik bir bunye denkleminin ¢oéztulmesi
geregi, sistem denklemlerini daha da karmasik hale getirecektir.

Schwartz [53] tarafindan onerilen dogrusal elastik tensér-kutle
vonteminde elde edilen tensér denklemleri gercek zamanlh ¢oziimlemeye
izin verecek denli hizlh ¢éztilebilmelktedir.

Sanjeevi [54] ise olusan gerilmeyi elastik ve agdali etkilerden olmak
Uizere ayri ayri incelemistir.

DeHoff [55] ise Haut ve Little denklemlerini kullanarak kollajenin
viskoelastik davranisim kestirmistir.

Fung [15] tarafindan 6nerilen ve yumusak doku modellemesi
konusunda cok bilinen bir standart model olan yalanci-dogrusal
viskoelastik teori (quasi-linear viscoelastic theory) dogrusal olmayan,
zaman ve yikleme gecmigine bagli yvumusak doku mekanik davranisini
modellemek tizere pek ¢ok arastirmac tarafindan basan ile
kullamilmistir. Bu kurama gore gerilim ile gerinim arasindaki iliski su
sekilde genel bir formul ile gosterilebilir:

c(t) =cGlt)*c’(e)
Burada o(t) gerilimin zamana bagh degisimini, G(f) indirgenmis

gevseme fonksiyonunu ve o°(g) anlk elastik gerilim tepkisi
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fonksivonunu ifade eder. Farkli G(t) ve ¢°(g) fonksiyonlan kullanilaralk
farkli modellerin elde edilebilmesiyle birlikte literatirde en fazla
kullanulanlan su sekildedir;

_1+ clE (t/7,)-E(t/7)]
1+Cla(r, /7))

G(1)

ce)=4 (eBg - l]

Buradaki indirgenmis gevseme fonksivonu igcerisinde 1i¢ parametre
bulunmaktadir. Bunlardan r, ile r, swrasiyla kisa ve uzun ddénem
gevseme davraniglarim kontrol ederken, C parametresi de gevsemenin
genligini belirlemektedir. Ifade icerisindeki E, birinci tUstel integral

fonksiyvonudur ve su gekilde tammlanar:

—Z

dz
z

E(y)=],
Anlk elastik gerilim tepkisi fonksiyonunu icerisindeki iki parametre (A,
B) ile birlikte toplam bes parametreli bir model olugmaktadir.

Bu denklemler kullanilarak elde edilen model ise su sekildedir;

' ag® -
olt) = IG(r—r}i{i (E)gdr
. ée or

Yumusak doku mekanik yamtimi modellemede kullanilan bir baska

vontem ise Bailey Norton yasasi ve Prony serisi yvaklagimidir:

o= +E1{t.s]Edt
o dt

Ep () =k, + > ke
i=1

Eq(t.e)=ke+ Z ke™®

i=]
Burada Eg(t) dogrusal, Eg(t,s) ise dogrusal olmayan gevseme
fonksiyonlaridir.
g:scr_‘_éel

ifadesi ise Bailey Norton vasasidir.
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3.3.2.2.6.4 Gozenekli-Elastik Malzeme Modelleri

Gozenekli-elastik (poroelastik) malzeme modelleri, goézenekli bir
elastik kati ortam icerisinde sivi akisimi modelleyen vaklagsimdir ve
bivomekanikte zaman zaman yumusak doku ve odzellikle de eklem
kikirdaklarmmin  modellenmesi icin  kullamilir. Kati lzerinde olusan
gerinmeler nedeniyle siv1 Gizerinde olusan basing farklan sonucunda sivi
akisi olmalktadir [56]. Yumusak dokunun iki fazli modellenmesine
vonelik Zhu [57] tarafindan hazirlanan cahsmada modelleme ile ilgili
ayrnintilar verilmistir. Un [58, 59| tarafindan yumusak doku mekanik
davraniginin modellenmesinde sonlu elemanlar andirimi kullanilmigtir.
Ancak gerek modeldeki karmasiklik gerekse model katsayilarinin elde
edilmesine yonelik zorluklar nedeniyle bugine kadar vaygin kullamm

alam bulamamsgtir.

3.3.2.2.7 Yumusak Doku Malzeme Sabitlerinin Belirlenmesi
(Yumusak Doku Mekanik Karakterizasyonu)

Bunye denklemlerindelki malzeme sabitlerinin belirlenebilmesi,
ancak ilgili malzemeler tizerinde ayrintili deneyler yapmakla olasidir.
Yapilan deneylerin cinsine gére, eger kontrolll ortamda ve basit bir
geometrili deney ornegi lkullanilivorsa cebirsel denklemlerle dokunun
gerilme-gerinme-zaman oOzellikleri (blnye denklemi katsayilar) elde
edilebilir. Ancak geometri karmasiksa (0rnegin indentér deneylerinde
oldugu gibi indentér ucunun dokuyla dokunmasi, buyik ver
degistirmeler gibi) evrik yontemlere (genellikle evrik sonlu elemanlar

vontemi) bagvurulur.

3.3.2.2.7.1 Analitik Yaklasimlar
Deney vapilan geometrinin basit oldugu veyva basit geometrilerle
modellenebildigi (genellikle yari-sonsuz ortam) ve bununla beraber

malzemenin binye denkleminin de gorece basit oldugu (genellikle
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dogrusal elastik veya dogrusal viskoelastik malzeme) ve tim bunlara ek
olarak gerinmelerin ve yer degistirmelerin lkiiciik oldugu cok kisith
sayidaki yumusak doku deneyleri icin mekanik davranig, icerisinde
malzeme sabitinin de bulundugu tek bir analitik denklem ile ifade
edilebilmektedir. Bu durumda, analitik denklemden malzeme sabiti
cozulerek deney sonucuna bagh olarak sayisal deger kolaylikla elde
edilebilir [60, 61]. Ancak analitik yaklasimlar, icerdikleri ¢ok fazla

kasitlama nedeniyle cogunlukla istenenlere yamt verememektedir.

3.3.2.2.7.2 Evrik Sonlu Elemanlar Modeli
Evrik sonlu elemanlar modelinde, deney vapilan bélge ve yakin

cevresinin sonlu elemanlar modeli hazirlamr. Gerekli simir kosullar,
deney sirasinda uygulanan wyiikler, dokunun uymasi beklenen bilinye
denklemi modele girilir. Ancak bunye denklemi ile ilgili katsayilar
bilinmedigi icin baslangic degerleri secilir. Rastgele secilen bu degerlerle
sonlu elemanlar andirimi calistirilir, malzeme sabitleri rastgele secilmisg
dokunun tepkisi elde edilir. Uzerinde deney vapilmis gercek dokunun
malzeme sabitleri, rastgele secilen malzeme sabitlerinden farkli olacagi
icin, bilgisayar amirimundan elde edilen tepki de gercek dokudan elde
edilenden farkli olacaktir. Aradaki farki kapatmak tzere bilgisayar
andirnmindaki malzeme sabitleri degistirilerek andirim yeniden
calistirilir. Andirnmdan elde edilen tepki, gercek dokudan deneysel olarak
elde edilen tepkiye istenen 6lgiide vaklastifinda, andirimda kullanilan
malzeme sabitlerinin de gercek yumusak dokunun malzeme sabitlerine
istenen olgtide yaklastigr varsayilir ve boylece yumusak doku mekanik
malzeme sabitleri istenen hassasivetle kestirilebilir.

Evrik sonlu elemanlar yonteminin kullamimi sirasinda dikkat edilmesi
gereken noktalar sunlardir:
e Yumusak dokunun uymasi beklenen biinye denkleminin 6nceden

bilindigi varsayilir. Eger kullamilacak btnye denklemi tizerinde deney
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yvapilan dokunun mekanik davramgim modellemede yetersiz kalirsa
evrik sonlu  elemanlar  yonteminden bilinye denkleminin
degistirilmesine yonelik bir bilgi edinilmez.

o Genellikle deney kosullarninda yumusak dokuda buytk gerinmeler,
buyik wver degistirmeler, baska bir cisme dokunma ve dogrusal
olmayan biunye denklemleri gibi problemin wiksek derecede
dogrusalliktan sapmasina neden olan kaynaklar vardir. Bu durumda,
elde edilecek malzeme sabitleri kestiriminin tek (kapali, digbtikey bir
komsuluk igerisinde) olduguna dikkat edilmelidir.

Evrik vyontemlerle vyumusak doku mekanik 6&zelliklerinin
belirlenmesine iliskin daha ayrintih bilgiler icin Flynn [62] ve Téntkn

[9] calismalarina basvurulabilir.
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