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Abstract

The demand for receiving treatment in plastic surgery iseasing for several reasons,
e.g. breast reconstruction surgery with abdominal adipssee after carcinoma. Although
these techniques are already performed in clinical practicdetailed mechanical investi-
gation can not be found in the literature. Hence, the aimisfgloject was to obtain mul-
tiaxial mechanical data of human abdominal adipose tidglaeeover, the underlying mi-
crostructure of the tissue should be investigated. The éabranical results were achieved
by conducting both biaxial tension and triaxial shear t@stseveral stretch levels and
amounts of shear, respectively. Additionally, relaxatas@ compression tests were per-
formed. Although in past research projects not claimed;lim@ar as well as anisotropic
behavior was ubiquitous during all testing scenarios. Tdmpression tests showed differ-
ent stress levels in each direction. Furthermore, the tigaggon of the microstructure was
achieved by a combination of optical clearing and Multi-EmeMicroscopy with Second
Harmonic Generation sequencing. Data thus obtained shaveedrelation with the re-
sults of both the biaxial tension and the triaxial shearstest the future, the results of
this research might help discovering parameters of a datisggé model in the realm of
nonlinear continuum mechanics. This material model togratlith the parameter could be
included into a finite element model, to perform simulatioB8sich computer simulations
will help doctors find the best surgical procedure for theropt breast restoration and
surgical outcome.

Die Nachfrage nach plastischen Eingriffen in der Medizeigitvon Jahr zu Jahr an.
Bei den zur Rekonstruktion bestimmter Korperregionen ¢Bnach Brustkrebs) verwen-
deten Materialien, handelt es sich oft um menschliches atigewebe. Das Ziel dieses
Projektes war es statistisch gute multiaxiale mechaniBaien dieses Gewebes zu erhal-
ten. Zusatzlich wurden Strukturuntersuchungen, untewsdung einer derzeit aktuellen
bildgebenden Technik, durchgefuhrt. Die mechanischeraturden durch Testen des
Gewebes sowohl mittels biaxialen Zugversuchen als auakiaten Scherversuchen er-
halten. Des Weiteren wurden ein Relaxationstest und eingfessionsversuch nach den
zyklischen Scherversuchen einer Probe durchgefuhrt. Bjelihisse aller Tests zeigten
ein nichtlineares und anisotropes Verhalten. SpeziellKlenpressionsversuch zeigte
deutliche Unterschiede der maximalen Spannungswerteinrterschiedlichen Richtun-
gen. Die Ergebnisse der Multi-Photonen-Mikroskopie Usiiehung befestigten die er-
haltenen Resultate der biaxialen Zug- und triaxialen Se&rsuche. Diese gewonnenen
Daten kdnnen nun zur Bestimmung von Materialparametesmerdet werden. Mit diesen
Materialparametern und dem zugehérigen Materialmodeihked Finite Elemente Meth-
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ode (FEM)-Simulationen durchgefuhrt werden. In naher Zdkkonnten diese FEM-

Simulationen zur Entwicklung eines Computerprogrammeeadet werden, um eine Hil-
festellung und Unterstiitzung von Arzten und Chirurgen lavanten Gesundheitsfragen
darzustellen.
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1. Introduction

1.1. Motivation

In the last 20 years society has aimed to increase its kngeladout the human body
as well as about each single fragment itself. In summary, shoeild know that some
of the tissues within the human body were investigated ntuaa pthers. Mechanically,
human adipose tissue has largely been not examined comjmaotiders, e.g. arterial tis-
sue. Nevertheless, the significance of the knowledge of huabdominal adipose tissue
has increased within the last decade, particularly becaiige medical field of aesthetic
surgery. Indeed, plastic surgeons started to use patientsadipose tissue for several
reconstructive operations, e.g. for breast reconstmetiter the removal of the breast be-
cause of malign breast cancer. For scientists the mechamagzerties of human adipose
tissue are desirable, primarily for the reason of gettingthelb understanding of whether
adipose tissue is an appropriate material for substitutiegormer tissue. Although the
application is already executed in hospitals, a detailednlechanical characterization of
the tissue is largely unidentified. Nevertheless, for aitbetgre-surgical clarification as
well as a basis for a good computer simulation, which shoupgbert doctor’s decisions,
it is essential to gain more information about this part @ ttuman body. Therefore, the
first step in the chain of increasing the understanding ofathele tissue is to obtain the
detailed mechanical properties. Subsequently after a runflsamples, which should not
be too low to reduce the variance and gain statistically gesdlts, were tested in the lab.
Afterward, the experimentally gained data can be fitted tostitutive equations through
the realm of nonlinear continuum mechanics (e.g. Holzagtfal. (2000)). The next steps
could be an implementation into a finite element applicatidnch could then lead into
a computer simulation that might be used in clinical practi€his computer simulations
might be able to give a good prediction of the surgical sux@sswell as to generate a
better illustration to the patient and the doctor.

1.2. Human Abdominal Adipose Tissue

The next paragraphs describe the basics of human adipsse.tisn addition to this
structural information one can find an explanation of theiassl geometrical characteris-
tics and the underlying nomenclature, which was used inpitugect.

1.2.1. Basicsand Main Functionality

As with all types of biological tissue, human adipose tislsag its own particular char-
acteristics. Every human being has adipose tissue on $déweations within the body.
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Some adipose deposits are absolutely inevitable for ahyep#rson, e.g. fat pads in the
feet or beyond the eye socket. Other types of fat signify althg living, if the amount
of adipose tissue gets too high, e.g.large stomach or a latlipose tissue at the upper
arms. In general, the area underneath the skin of a humandoodysts of many different
parts e.g. nerves, hair follicles, blood vessels and sonte (see Fig. 1.1 for more detailed
composition). Amongst others adipose tissue is one paricdrabe found in the dermis
and in the hypodermis. Normally, it is a loose tissue thatt@os mostly of adipocytes
(fat cells). There are two types of adipose tissue, browpassh tissue and white adipose
tissue, which comprise two types of fat cells. Mostly, if peotalk about adipose tissue
they think of white adipose tissue. This type can be foundnmoat every region of the
human body embedded in the loose connective tissue.

1
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Figure 1.1.: Detailed description of the composition of thelerlying layers beyond the
skin. In this part of the body we can find nerves and nerve gsdimuscles,
arteries and veins hair follicles as well as adipose tisadew@any others SEER
(2013).

The white adipose tissue has to fulfill three main functions:

i) Fat storage: A human can survive upitodays (peak value) without eating anything.
This can be achieved because every human being, varyingeoarafjgender, has a
certain amount of fat. This is usually arouti@?s (for sports-persons and athletes), up
to 15 — 25% (for a normal person) and high level obesity can be as higl%s

i) Insulator: Adipose tissue has very poor heat conductihgracteristics. Therefore,
this type of material is perfect to help maintaining the bedgmperature at7°C.
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i) Constructive fat: In some parts of the body adiposeuss used as a protection for
other organ or underlying parts that are not capable of bgdigh force and stresses,
e.g. at the root base, buttocks or cartilages.

(@) (b)

Figure 1.2.: Comparison between the two types of adipocytes white (a) and the
brown (b) in a schematic image that shows the most importamtsp
of the fat cells. LV: lipid vacuole, N: nucleus, M: mitochamal the
other parts stand for the leftovers within the cell. Picsueglopted from
http://www.sportsci.org/encyc/adipose/adipose.html.

However, brown fat tissue is largely unnoticed in adults] appears mostly in infants or
animals. Brown adipose tissue can directly produce heat tiee stored adipose tissue.
In general, fat cells are reproduced all the time in the hubwdy. An adipocyte of the
white fat tissue is a single, large droplet with a maximune sip to100 xm (Abrahamson
1986). The nucleus is situated on the edge of the cell bea#itbe cell’s large vacuole.
Each adipocyte is enclosed by a basal lamina which is abgut thick (Nakajima et al.
1998), and contains the proteins collagen type IV, lamimd eeticular collagen fibrils.
In addition to the adipocytes there are thick bundles ofagah fibers called interlobular
septa. We assume that these fibers, which are made of coliggen and IV, are pref-
erentially orientated into the longitudinal direction. i$twould make sense in order to
absorb the earth’s gravitational force, which is acting fwshhuman body all the time and
because of mechanobiological remodeling the tissue clsathge to environmental influ-
ences. Contrary, the fat cells of the brown adipose tissisraaller compared to the white
adipocytes. The brown color of the tissue results from tig@éri number of mitochondria
and the numerous amounts of smaller droplets.

1.2.2. Past Investigation and Obtained M echanical Knowledge

The next few paragraphs present some of the past reseafelbtprooncerned with adi-
pose tissue of human as well as animals. One mechanicatigatsn of human calcaneal
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Figure 1.3.: Difference between the two types of fat; on #iedide the brown and on the
right side the white fat tissue. Image taken from Tam et &12).

fat tissue was conducted by Miller-Young et al. (2002). Tipeyformed three types of
compression tests on five cylindrical-shaped specimenadf patient: (i) a quasi-static
(QS) compression test to determine the hyper-elastic ptiepg(ii) a stress-relaxation test
to obtain the visco-elastic properties; and (iii) a rapignpoession test at75 and 300
mm/s. The results of all tests showed a non-linear behavitrecheel pad tissue.

Wu et al. (2007) investigated the behavior of a cylindri¢ced®ed specimen of the adipose
tissue and the skin under compression load. To distinghsbaorder between fat and skin
tissue they used stains. They found that the stress-s#taitianship depends on the height
ratio of skin/subcutaneous tissue. Despite some scajtdrere is a trend in evidence. The
three typical stages of soft biological tissue were defirseba region, transient region and
high stiffness region. The transient state from low to higifin@ss occurs at strains 0f3
and0.4 for skin and subcutaneous tissue, respectively.

Samani et al. (2007) used an indentation technique to otitaialastic modulus of human
breast tissue. They developed two systems to measure Yoorgglulus of small samples
for normal breast and one for tumorous tissue, respecti@he of their results was that
most cancers had a higher Young’s modulus than normal fhgdibroglandular fat tissue
only.

In the work of Geerligs et al. (2008), porcine back adipossug was divided into an
outer, middle and inner layer. After the preparation theespen was tested in a rotational
rheometer with strain control mode. Additionally, they kg the results to a material
model. Moreover, they preformed histological examinatiorinvestigate the damages
caused by freezing fat tissue. Among other things they fautdhat there exists an obvi-
ous temperature dependency and that the freezing of thee thes no effect on its structure.
Comley and Fleck (2010) investigated porcine adiposedisguexecuting a trouser tear
test (so called because of the specimen looks like a trqugeeye the two legs were pulled
apart with a constant displacement ratbetweer).01 and10 mm/s. The tests show that
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for each value of; the forceF increases with: and they oscillate about a valie Further
they calculate some toughness valuges

Comley and Fleck (2010) had conducted another researchgbrejhere they investigated
the uniaxial compression response. The goal of their work wwgredict stresses over a
range of strains that occur in the tissue during standaddizedical application, e.g. needle
injection. They chose porcine adipose tissue instead ofamuadipose tissue for several
reasons, e.g. ethical or practical. They performed thrpesyf compression tests, similar
to Miller-Young et al. (2002) : (i) at low below s71, (ii) at intermediateZ0 — 260 s™1)
and (iii) at high strain rate (abov#)00 s~!). They remarked that the shape of the curves
was similar through all strain rates, differing only in arfofactor. Another conclusion
was that the tissue behaves as a linear visco-elastic dadichal strain magnitudes over
all frequencies up to 100 Hz.

Orbital fat tissue of porcine as well as of human was investid by Chen and Weiland
(2011) in a tensile test &v1.5mm/s) atin-vivo conditions in37°C+1°C saline. After
obtaining the experimental data, they fitted the singledineeo-Hookean and Mooney-
Rivlin models as well as possible. Their main result was thate was no significant dif-
ference among the properties in the different directioretimer the human or the porcine
sample.

Conclusively the previous investigations have not deathvuman abdominal adipose
tissue. The investigation of this tissue is absolutely rdé$e because it is already used
in surgery. In addition there are no research groups who imxestigated the biological
material in all three directions. Lastly, the combinatidrtlee experimental data of the
laboratory has never been combined with structural ingasons. Our work combines
the mechanical (both biaxial and triaxial) investigatidfmoman abdominal adipose tissue
with structural investigation.






2. Materialsand Methods

The following section describes the main facts concernimegutilized adipose tissue, i.e.
the preparation work, the used experimental setups andoimducted testing protocols.
Additionally, in this section an introduction into the mectical theory of biaxial tension
and triaxial shear testing is given. Further, the prepamdior the microstructural investi-
gation and the theory of Multi-Photon-Microscopy (MPM) aescribed.

2.1. Material - Human Abdominal Adipose Tissue

The human adipose tissue is removed from female patientsgdpiastic surgery. There
are several reasons for such a surgery, e.g. breast raocimtrafter a mamma carcinoma
or abdominoplasty because of the patient’s personal gneter The remaining part of the
tissue is directly sent to our laboratory so that it can beetkas fresh as possible. Fig-
ure 2.1 shows the approximate region where the adiposestisstemoved. During the
transport the fat tissue is packed into a small containeigiis filled with a Phosphate-
Buffered-Saline (PBS) solution. This container is packed & larger box which is filled
with dry ice to cool the tissue during shipping. All persoir@brmation of the patients
were treated as confidential, important and interestintg f@ere made anonymous and are
shown in Table 2.1. This reveals, for instance, the age hiheigight and more facts which
may be of interest.

After receiving the sample in the laboratory, the first stégrainwrapping the whole pack-
age is to decide whether it is possible to conduct both bli¢etesion and triaxial shear test
or just one of them, in regards to the size of the biologicaue sample (see Fig. 2.2). It
must be mentioned that the whole preparation is performagiant at the innermost side
of the tissue (not at the epidermis’ side). The first slicebafiet3 mm of the tissue must be
removed with an electrical cutting-device, which has to bmidified with PBS solution
so that the tissue does not stick to the blade of the slicex fif$t slice of the tissue cannot
be used for the experiment due to the inconstant thicknemscé] this piece is just cut off
to straighten the surface to ensure constant thicknes& @fcimens.

2.1.1. Geometry in the Human Body

At the beginning of the experimental analysis of the tissigdinition of the orientation
in the human body has to be established and may not be chaggeddae to avoid con-
fusions. This is a very important step. It should be writtemd and be preserved during
the whole investigation. Further, the orientation is neaeg for the interpretation of the
results of the mechanical as well as of the structural pattr @@nsiderations led to the
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Table 2.1.: Information to the received and tested adipzsei¢ (e.g.age and weight).
f..female, b..biaxial tensile, t..triaxial shear, r.lrigl..left, m..middle, m-I..mid
left
* specimens received from the Institute of Pathology at MaldUniversity
Graz.

Sample No. Sex Age Height Weight BMI Testtype(s) Removaloeg
y cm kg  kg/nt

I f 22 175 82 27 b+t r
17 f 64 169 96 34 b+t r
117 f 75 178 72 23 t r
1V f 50 175 73 24 b+t r
\% f 49 168 70 25 b+t r
VI f 28 166 68 25 b+t I
VII f 57 164 72 27 b+t rand m
VIII f 44 165 70 26 b+t r
IX f 30 164 60 22 b m-|
X f 30 164 60 22 b+t rand |
XI f 27 159 55 22 b I
XII f 30 165 85 31 b I
XIII f 30 165 200 73 b I
XIV f 72 175 75 24 b I *
XV f 79 165 73 27 b+t I *
XVI f 72 162 72 27 b+t m-| *
mean 48,5 166.94 79.41 28.59

SD 467 1.33 7.65 2.79
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N

Figure 2.1.: Schematic illustration of the region wheredd@ose tissue was removed of
the patient’'s abdomeriRed.signifies the removed sidblue..the arrow stands
for the suture material marker in the tissue that indicatesouter side of the
sample.

Figure 2.2.: Representative adipose tissue sample, viesvadthe backside, after the re-
ception in the laboratory.
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assumption that the human body has, from the centric véyticady-axis’ point of view,
more or less a symmetrical shape. Therefore, the trandwbrsation (#-direction) goes
both into the right and the left from the centric axis of thego® towards the outside. The
positive longitudinal directionztdirection) is defined cranial towards the head. The def-
inition of the third direction of the adipose tissue withirettrunk is the sagittal direction
(r-direction). It goes from the inside of the human body, whtee organs lie, towards
the outside where the epidermis is located. Because of pleisia orientation definition,

it is absolutely unavoidable to get a detailed descriptibthe surgeon, where the sample
was extracted. To simplify the written explanation of thesén orientation the reader is
referred to Fig. 2.3.

Figure 2.3.: Definition of the used orientation of the sampme adipose tissue
within the human body (image adopted from http://what-whew.com/wp-
content/uploads/2012/08/).
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2.2. Biaxial Tensile Test
2.2.1. Preparations

Figure 2.4.: A5 mm thin slice is cut out of the tissue in order to cui»a5 cm piece out of
this slice.

The biaxial tensile test requires a squared specimen oftabducm (see Fig. 2.4) and
a thickness of approximatefymm (to gain a ratio of aboduit):1 between the side lengths
and the thickness). A specimen for biaxial testing was pexpaf the whole fat sample
by the usage of an electrical slicerba5 cm metal stencil, a sharp blade and a scalpel.
Thereafter, &x5 cm quadratic piece can be prepared. In order to achieveigldtend
clean cut at the demanded geometry, all tasks were exedefedg-step, where the sample
was cooled (2°C) before each step.

The next step was the fixation of the four clamps at the edggseafquared tissue spec-
imen (see the schematic in Fig. 2.5a). Therefore, a comairobtainable cyanoacrylate
gel adhesive was used. After this procedure, the distanweska the clamps in both di-
rections must be measured exactly with a scale for stresslaéibns. As you can see in
Fig. 2.5b the clamps with its connected yarns were used trtitise specimen into the
testing device. In the end, nine markers were applied wihihx 1 cm area in the center
of the tissue sample also by using the same super-glue. Baemsrkers were made out of
a black foam rubber material which is known to have good redlective characteristics,
which is a very useful property in our field of application.€limished prepared specimen
was put in a glass container filled with PBS solutioB#tC by a heating circulation unit.
Afterwards the specimen was fixed to the actuators by yaraslamps. A glass mounted
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po

(a) (b)

Figure 2.5.: (a) Schematic description of the correctlytfar biaxial test prepared adipose
tissue (including the deformation markers as well as thenpkafor fixation).
(b) Biaxial tissue specimen after finishing the preparationk. Nine markers

are spotted in the middle of the specimen. Outside the cldingps are special
mounted yarns to insert the specimen in the biaxial tengsting apparatus.

on a swiveling arm (see Fig. 2.6) was positioned directhhatdolution’s surface, includ-

ing a small angle between the PBS and the surface of the gles (s contact between
the solution and the glass) to avoid reflection on the liqusdirface caused by the lights,
which is necessary for the video-extensometer to detechtr&ers correctly.

2.2.2. Testing Protocols

After finishing all parts of the preliminary arrangementss hext step was the actual
testing. The biaxial experiments were separated into akdafisions. In principle, differ-
ent stretchesX(from 1.05 to 1.20 in 0.05 steps unless the specimen ruptures) were applied
onto the specimen consecutively, in both theand they-direction of the apparatus si-
multaneously (this we call a stretch-controlled protocdihese stretches induce stresses
within the tissue in both directions. The resulting forceer@vmeasured by four loading
cells (two in each direction) situated in the actuator arfnhe apparatus. A camera lo-
cated abouB0 cm above the testing area is used to monitor the deformafidmedissue
by capturing the markers with a video extensometer soft\iaaser Speckle Extensome-
ter Version 2.23.3.0 by Messphysik Material Testing). T8ofiware was also linked with
the test control software (Test & Motion Version 2.0 by DOLUE&ronic GMBH). The
adipose tissue was preconditioned with four consecutiegesyat the beginning of each
stretch value. Afterwards, the test at quasi-static comstat different ratios of the stretch
in the two directions {:1, 1:0.75, 0.75:1, 1:0.5 and0.5:1) was conducted, whereat each
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Figure 2.6.: Tissue sample already inserted into the Hiteséing apparatus. Also shown
is the partly submerged glas to minimize reflections on the'#lisurface by
the used lights.

Figure 2.7.: Overview of the biaxial tension testing appas&Graz University of Technol-
ogy and Messphyisk). The numbers 1 to 4 at the linear actsidemominate
the loading cells which are responsible for measuring thiegdorce for the
applied stretches. C..camera, G+S..glass and specimén, &&ctronic digi-
tal controllers, GC..glass container and H..heating Gtan unit
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ratio includes one loading-unloading cycle. The speed e$¢hoading- and unloading-
cycles was chosen to be QS=8mm/min for the measurement as well as for precondi-
tioning. After completion of the tests at different streteltes and ratios, a dynamic test
at higher speed &¢50mm/min) and at a ratio of 1:1 was conducted. An earlier aborti
of the whole experiment was not in plan and could only be dduisthe specimen got
torn out of one of the clamps or got ruptured, so that a furtesting was not possible.
After testing, the thickness of the specimen was deterntiyexvideo-extensometer (used
software is Videoextensometer NG Version 5.26.0.0 SP3 bysileysik Material Testing).
This last step has to be conducted to calculate the strefgesrecorded force data for the
interpretation of data.

quasistatic test

v=8mm/min

5%

4 cycles pre

¥

h 4
—

Biaxial Test

10% conditioning
stretch

15%

20%

b 4

1 cycle

Y

» 1:1 » 1:0.75 > 0.75:1

1:0.5 > 0.5:1

measuring

. dynamic Lest
End - “

v=50mm/min

&

Figure 2.8.: Flow-chart showing the workflow of the biaxiahsile test. The blue part of
the diagram is performed at each stretch value.
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2.2.3. Theoretical Background

The theory of the biaxial tension tests can described inglkar of nonlinear continuum
mechanics. Well known on this field is the deformation gratjierhich is defined as

ox(X,t)

X x(X, t). (2.1)

F(X,t) =

Another notation which is written in Humphrey et al. (199@paars in this form

F =1+ Grad(U) (2.2)

whereGrad(U) is the formulation for the displacement field ahds the unity tensor.
Written in form of components follows

Fn:)\lzl—i—g—;?l

F12:’f1:g—;?2

F21:/12=g—;?1

Fao = Ay = 1+§—;?2 (2.3)

where); (i = 1,2) are stretch ratios andl; (j = 1,2) are measures of shear. The last
componentt; can be calculated by assuming incompressibility= det F = 1), results

n

Fiz = X3 =1/(MA2 — Kika). (2.4)
In matrix form the deformation gradient is
/\1 K1 ~0
F = Ko )\2 ~0 (25)
NO NO )\3

Hence, the formulation for the first Piola-Kirchhoff straeasorP can be used to obtain
the Cauchy stress tenseras

o = (1/det F)FP = G) FP. (2.6)
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Since it is assumed that the testing is conducted in plaididons (means that; = 0)
the first Piola-Kirchoff tensor in component notation is

o11 = M P+ k1 Py
022 = Ao Pay + Ko Pro
012 = M Pr2 + K1 P
091 = AoPo1 + Ko Py (2.7)

whereato, = 0, because of the second Cauchy’s law of motion. Assunipgand
P, are approximately zero (see Humphrey et al. (1990))@an@ndo,, are determinable
values of the forces of the biaxial tension setup, the noomadponents oé can easily be
calculated

on = MPn = )\1(f1/A2)
022 = Ao Py = )\2(f2/A1) (2-8)

with A; (k = 1,2) is the initial area (composed of the orthogonal side andhic&tess
of the specimen), whereas the forggs(n = 1,2) in the respective direction affect. Al-
though the two first Piola-Kirchhoff stress€s, and P»; are assumed to be zero, the shear
parts of the Cauchy stress are non-zero becaygg¢ = 1,2) are also non-zero. The af-
fected areas are calculated from the measured referemkadsis and the distance between
the clamps in both directions.

2.3. Triaxial Shear Test
2.3.1. Preparations

To obtain the data of a complete triaxial shear test, it iems$sl to execute all six pos-
sible shear modes. Two shear modes (Fig 2.9) can be executedautively with one
8x8x8 mm cube of tissue. In summary, three of those cubes have tesbectked out of
the whole adipose tissue. To achieve this size as accurasebpssible, there are a few
preparation steps that have to be executed. First, it isssacgto cut an 8 mm thick slice
of the tissue by using the electrical cutting device (heee3mm slice for smoothing the
tissue’s surface has to be cut already). The following stefo icut a long piece with a
width of 8 mm out of the slice (Fig. 2.10). Subsequently, threé¢ (or more if more than
one complete triaxial shear test is execut®@d® x8 mm cubes can be easily cut from the
rectangular-shaped fat tissue. Similarly as the premaraif the biaxial specimen, it is
necessary to cool the tissue sample in the freeZ8Q)to ensure an exact and straight cut
using the slicer, the scalpel, or the sharp blade.
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rO-mode: Or-mode: zr-mode:

&

rz-mode: Oz-mode: 260-mode:

Figure 2.9.: Six different shear modes for the descriptibtihe shear behavior of the adi-
pose tissue. Labeling of the axes is shown in the human caafiga (-, 0,

2).

Figure 2.10.: Adipose sample obtained form - showing thatioa and the size of the long
rectangular piece for the specimen preparation.
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The cube-shaped specimen must now be fixated on the mouraingedf the triaxial
testing setup (Fig. 2.11). As adhesive a commercially alséel super-glue was used, like it
was for the biaxial tests. Using this cylindrical mountireytte made of metal it was very
easy to place the specimen into the triaxial testing devraZ University of Technology
and Zwick & Roell) by flipping it180° over the y-axis of the machine (for description of
the axis system of the apparatus see Fig. 2.12 and the séetion). The preparation of
one specimen is accomplished when it is attached on bothrtdgattom in the testing
device’s mountings. After this, small glass container whsarrounds the apparatus and
the specimen during the experiment has to be filled with a RB&ien of 37°C so that
the whole specimen is covered (Fig. 2.12). Similar to theiblaensile test, the solution
is heated to keep its temperature. After finishing all presip mentioned steps the actual
testing sequence can be started.

Figure 2.11.: The specimen is fixed with super-glue on thimdyical mounting device of
the triaxial apparatus. The attachment is standing upga&nd must be
rotated 180in y-direction to plug it into the testing apparatus.
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Figure 2.12.: The triaxial testing apparatus..,M,, M,..linear actuator irnc-, y- and z-
direction, respectively, L..3-axes-load cell (force sducer), C..container for
PBS solution and deposition for the specimen in the center.

2.3.2. Testing Protocol

At the beginning of the experiment, the exact geometrigakfisions of the cube-shaped
specimen must be entered into the software (TestXpert BivRar3.2 by Zwick & Roell),
which controls the device. In this part the axis labeling waisten in form of the testing
apparatusiy, y, z coordinates; whereasd, z is the notation for the tissue orientation). The
complete sequence was split into four different parts, @teach of them was conducted
at a different amount of shea2(%, 30%, 40% and50%). At each step the specimen was
preconditioned previously. Thereby two loading- and uding-cycles in the positive, as
well as in the negative-direction were performed at a speed ef2amm/min. Afterward,
the measuring in the same direction at this shear-level wesed. Analogous, these steps
(two preconditioning- and one measuring cycles) were peréad in they-direction. After
finishing the stage &0% amount of shear in both directions, a relaxation test {g&tp
was conducted to investigate the visco-elastic propedii¢se tissue. Here, the material
was sheared very quickly to a peak valu&so¥% (only performed for this level) and held
for about300 seconds. As always, the step test was performed in bothtidinsc Before
finishing the triaxial shear test of a single cube a compoestsst was performed, where
the specimen was compressed to a certain value of its ihiight (in our cas80%). As
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already mentioned, it was necessary to test the tissue posdlible modes to get as much
mechanical information as possible. The best way to obtarrtformation of the tissue
would be to perform all six modes at a single cube. Becausastmot possible with our
apparatus to execute all modes at once, we cut three cubed) iy side by side and
perform two shear modes with each cube. To minimize stedilsérrors, a second shear
test of the tissue at an other position should be conducted.

20%

e 30% 2 cycles pre- 1 cycle
I'riaxial Test » shear » x-direction > >

40% condilioning measuring

50%

2 cycles pre- 1 cycle afap Relaxationtest _ )
y-direction —» » » Compressiontest
} 50% F

condilioning measuring WA (both directions)

-~

> End

Figure 2.13.: Flow-chart showing the sequence of a complieteal shear test. The blue
colored part of the diagram is conducted at each level ofrstrass. The red
part is just performed at the end of the 50% shear test.

2.3.3. Theoretical Background

The triaxial shear test relies on the mechanical theoryrapk shear. More precisely
this means if a cube-shaped element is sheared in one dig@ti our caser- andy-
direction), and the deformation gradient in 2-D becomes

1~v0
F=[{010 (2.9)
001
where~ is the shear strain. The shear strain can be calculated toenshiiear angle
(Fig. 2.14).
Hence the mathematical notation for the amount of shear is
A
tan(¢) = Tx = (2.10)

for tough materials and small angles a simplification leads t
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Figure 2.14.: Schematic description of simple shear, whigeeforce F' acts on a square
resulting in an amount of shear F'..force,¢..shear angle4.. cross sectional
area, Az..sheared distance in-direction, [..length of cube iny-direction,
black..initial state anded..sheared object

tan(¢) ~ ¢ (2.11)

but this is not valid for smooth biological tissue. A forcg é€eting on the upper edge of
a cube in the horizontal direction, like in Fig. 2.14, affeatshear stress within the body.
The previously entered geometrical data of the cube is n@d &S calculate the shear
stressr.

A single shear test includes a loading path into positivBpdeed by a loading path
into the negative direction and finally an unload until theahstrain becomes zero again.
Resulting from this loading-unloading process was a spetifigram showing the form of
a hysteresis, whereas the area between the two curves sehetamount of energy that
was lost during the shearing process.

TA

\
\Q"

Figure 2.15.: Hysteresis that develops during a triaxiglashiest. The area between the
two curves represents the energy dissipation.
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2.4. Multi-Photon-Microscopy I nvestigation

To analyze the structure of a biological tissue there arerséwypes of investigations
that can be used, e.g. magnetic resonance imaging, ordugtal investigation of slides
etc. Due to failure of the magnetic resonance imaging anthtge effort for a histological
technique, we decided to perform a structural analysis thighMPM.

24.1. Preparation

In order to conduct such a structure analysis using MPM tleeigpen has to be fixated
with formaldehyde solutiod% for about twelve hours. Thereafter MPM measurements
can be performed. In our first attempt without performing ather preparation than the
fixation, we found that the results were not satisfying conicgy the penetration depth. To
increase the depth of investigation as well as the qualithefgained information of the
tissue, an optical-clearing was performed. Fundamentdly process involved several
preparation steps whereby the water within the tissue istguted by a fluid with a simi-
lar index of refraction as collagen fibers (this process waassimilation of the refraction
indices of the inter- and extracellular space of the tisséd)er these stages, the results
were more demonstrative than before, hence the effort ghidMoreover, an elevated
measuring in depth was observed. The optical clearing epassed three main steps:
(1) Fixation (already conducted at the beginning of prefiamaor MPM), (2) Dehydra-
tion and (3) Clearing. Dehydration of the tissue was aclidwe an increasing alcohol-
sequence &i0%, 70% and95% alcoholic strength each stage for a time of approximately
45 minutes. To finish this step, the specimen has to be laid ictthal of 100% strength
for another90 minutes. Dehydration of the tissue must be performed becdnessolution
used for the clearing was not soluble within aqueous comg®uAfterward, the clearing
was performed by using BABB, a mixture of the two substanegelalcohol and benzyl
benzoate at a ratio df2. More precisely, the sample has to stay inlahcomposition of
100% ethanol and BABB for the next four hours. Subsequently,ustibe deposited into
the BABB solution for at least six hours. Finalization of$kesteps yield to a specimen that
is almost transparent, even for the human eye. The compaoisan uncleared specimen
and a cleared one is shown in Fig. 2.16.

2.4.2. Measuring Theory

In general, it is sought to illustrate the most significaribances within the human
adipose tissue, the collagen type | and IV. These types @éjm®are not only used in the
membrane of a single lipid cell but also involved at the gogaof the interlobular septa.
A good method to visualize these fibers is the use of MPM. MPI fisiorescence pro-
cess where a fluorophore (physical system where fluores@ppear) is excited by the
simultaneous absorption of two laser photons at a certaueMagth. Second-harmonic
generation (SHG) is the nonlinear optical effect which uaser light passing through the
observed tissue at a certain frequency to activate it. Baisrtique can only be applied on
biomaterials with a non-centrosymmetric molecular stitet.e. collagen. The discov-
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(b)

Figure 2.16.: These pictures show the difference betwenrhleared (a) specimen com-
pared to the optically cleared (b) one. It is almost possibl®ok through
the sample after the clearing process.

ered material is passed by the laser light and the photoesarttwith the collagen within
the adipose tissue. The photons are firmly connected to therialeto form new photons
with twice the energy tantamount to twice the frequency dsagehalf the wavelength of
the entering photons. In Figs. 2.17a and 2.17b one can ylseel a noticeable difference
between the MPM image of an uncleared and a cleared specinheman adipose tissue.
The intercellular space of the cleared sample on the rigkt@tig. 2.17b) is not fluorescent
whereas the internal of the uncleared specimen is highlydgeing. One major disadvan-
tage is that the observed section using MPM has just a sise(f620um. Hence, to
investigate a8 x8x 8 cube that was investigated in the triaxial shear test, tihe tias to
be reassembled with many single images (this was not coadidctring this project). The
maximum depth of the SHG imaging 1s5 mm. At a larger depth the absorption of the
delivered photon by the surrounding tissue is too big to gedgyualitative images. The
schematic description in Fig. 2.18 shows the main parts®fSHG technique. By using
this technique it is very easy to get a 3-D image stack of threeavstructure of the adipose
tissue. If the step size between each image is chosentprbg2-D image of the certain
depth of the tissue), thus a whole cube requires abgifi to 1500 stacks.

2.4.3. Angle of Interlobular Septa

By using the software Amira, Vers. 5.3.3 by Visage Imaging lwe were able to mea-
sure the angles of these fibers within the human body. Thehg@pexplanation of the
two measured angles @nd+) of the interlobular septa within the human body is demon-
strated in Fig. 2.19. For performing an easy measuring tgéeanis defined between the
z-axis and the projection of the orientation vectidr) of the interlobular septa onto the
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(b)

Figure 2.17.: The comparison between the uncleared (a)lendi¢ared (b) MPM image
shows that collagen fibers are emphasized and the intréredipace is not
illuminating anymore. This is because of the extinctionred tvater within
the cell.

second-harmonic
laser light source wave

Figure 2.18.: The schematic description shows the origmtghwave (red), the residual
wave (purple) and the second-harmonic wave (green) whishwiae of the
base frequency.

residual
human - wave
. optical
fat tissue prism
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z0-plane @reenarrow). The angle between theaxis and the projection of the vector of
the interlobular septa onto thé-plane pluearrow) is called). These two angles are the
most easiest to measure. Additionally to complete a dasmmin spherical coordinates,
we calculated the second angle of the spherical descripti(ihe first angle is)). Per-
forming some angular calculation in the picture using the measured values (@and))
leads to the second angleof the spherical description.

9 = arctan (tan<¢)) . (2.13)

sm(v)

Figure 2.19.: Definition of the angles within the human bodyage adopted from
http://knightmare3d.webs.com/photos/Medical-Aniroat). The red vector
ils shows the direction of the interlobular septa within the harbody. The
anglesy and«> were measured out of the images generate in Amira and de-
scribe the direction. The angléis a calculated value for a better imagi-
nation, because most of the people are familiar with spakedoordinates.
Furthermore, there are..Radius,h..height inz-direction andx..distance in
f-direction for calculating the second angle for the splaoordinates.

2.5. Statistical Analysis

To proof whether the data is normal distributed a Studem¢sttas well as an Anderson-
Darling test was used. The significance level for correfatid data was chosen to be
p= 0.05.






3. Results

3.1. Biaxial Tension Test

In this section the results of the biaxial tensile tests ef luman adipose tissue are
summarized. The biaxial tensile part of the research iredu@ tests of specimens from
13 different donators. Nearly all of the samples were inveddd in thedz-plane, and just
a single fat sample’s geometry made it feasible to condwestar the-z-plane. In Fig. 3.2
one can see a representative diagram that shows the foursgats (QS), equi-biaxial
cycles at the different stretch values from:1.05 to 1.20 in 0.05 steps. Furthermore, the
non-linearity and the anisotropy of the tissue are dematedrvery well. Figure 3.3 shows
the stress-strain correlation of the adipose tissue attthmdevel\=1.20 for all different
ratios (1:1, 1:0.75, 0.75:1, 1:0.5 and0.5:1). Additionally, a dynamic test at higher speed
was also conducted. Due to representation problems noasvegare shown however,
the results of the dynamic test were compared to the thoseeoS test. The analysis
has shown that the results did not go along in normal didiohu Due to this fact, all
results of the biaxial tension are plotted in a box and whiskéot, see e.g. the box plot for
dynamic and quasi-static tension1@®o stretch in Fig.3.1. By reason of bad comparison
characteristics of the median, the mean value and the sthad@aiation (SD) were also
calculated. Moreover, these value were just used to shoend trather than performing
detailed comparison of numerical values. To see all otheiplbats the reader is referred to
the appendix. Table 3.1 lists the results (mean and SD) afdhmal stress for the dynamic
and the normal biaxial tension test.

27
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Figure 3.1.: Diagram of the not normal distributed data eflilaxial tension test. Showing
the data for dynamic and quasi-static test# stretch.
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Figure 3.2.: Representative equi-biaxial stress-strbtdtavior of human abdominal adi-
pose tissue from% to 20% stretch inb% steps. The anisotropic as well as the
non-linear behavior is clearly visible.
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Figure 3.3.: Cauchy stress versus strain during a biaxietictt test fo0% stretch at dif-
ferent ratios.

Table 3.1.: The mean values and the standard deviation (Eieaormal stress for all
three directions both for the normal and dynamic biaxiastemtests are shown.
n..normal mode, d..dynamic mode.

longitudinal transversal sagittal
Strain Mode MEAN SD MEAN SD MEAN SD
kPa kPa kPa kPa kPa kPa

0.05 n 052 059 045 046 014 0.14
d 065 058 046 033 046 -
0.10 n 090 0.78 051 028 035 0.35
d 054 038 062 054 0.62 -
0.15 n 182 144 269 288 071 0.71
d 150 129 224 214 224 -
0.20 n 342 212 401 347 - -
d 298 247 3.07 213 - -
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3.1.1. Quasi-Static Test

The obtained results for the QS test (Fig 3.4), show highglitundles in the transversal
direction, for larger stretch values (larger thd®6). At lower strain magnitudes, the lon-
gitudinal direction is stiffer, in the contrary to our expetons in the first place, although,
the difference is not large. The sagittal direction appeale the softest. The significance
of this result, however, can not be taken into account sslydaecause only one specimen
was tested in this plane.

transversal mlongitudinal msagittal

Cauchy stress o (kPa)

1
OM

0.05 0.10 0.15 0.20

Tensile strain £

Figure 3.4.: Mean values of the stress-strain relationtiertested adipose tissue at four
different stretch magnitudes. Noticeable is the changa fr0%, where lon-
gitudinal direction was stiffer, td5%, after what the transversal direction was
stiffer (results from Tab. 3.1).

3.1.2. Comparison with Dynamic Test

Another interesting fact was, whether the response of thienmahis dependent of the
strain rate (speed that is chosen to achieve the strain dievieled by the initial length).
Figure 3.5 shows the results of the comparison of the meamsaif the normal (QS) with
the dynamic test. The proportionality changes in evideoncéohgitudinal and transversal
direction from10% stretch tol 5%, respectively. The sagittal direction behaves stiffer fo
QS tension ab%, almost equally stiff for both modes &% and in the end stiffer at the
dynamic tension at5% stretch.
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Figure 3.5.: Mean values of the stress-strain relation ofagdyic and QS mode. The
transversal direction becomes stiffer at the QS test coaaptr the dynamic
test at 10% stretch although, it is softer f@6 stretch . Same change of am-
plitudes can be observed in longitudinal direction 16f6 stretch whereby,
the material is slightly stiffer in dynamic test in the prews two phases. The
sagittal direction also changes the proportionality of @®8ynamic for high
stretch.

3.2. Triaxial Shear Test

The test software package is able to export several valube dfiaxial shear apparatus.
In our case we exported the shear-stresses, which was akabmlilated, the shear-strain
in z- as well as iny-direction for the shear measure and the step-test, plusbes values
in z-direction for the compression test to be written into a fdegctions are written in
coordinates of the apparatus). Additionally, for calanigtthe volume of the specimen
and furthermore the dissipated energy, we exported the gepof the specimen. Due to
the slow testing speed, the noise portion is not negligibleis means that the usage of
a noise filter is essential. This is realized during the pegssing of the obtained data,
before using it for further analysis. Figure 3.6 shows bttk,noise on the curve and the
smoothed curve.

The specimen of6 different donators were investigated with the triaxialahiest ap-
paratus. Because we tried to perform two complete testsf&gimen necessary) on each
fat sample, we got a total amount®f results. The four significant curves for loading and
unloading cycle, of a shear test, with its typical hysteyetiaracteristic, at all amounts
of shear of 20%, 30%, 40% and50%) are shown for6- andrz-mode in Fig. 3.7, for
0z- anddr-mode in Fig. 3.8 and foer- and z6-mode in Fig. 3.9. The results show a
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Figure 3.6.: Ingreenthe original curve with noise included; in the front witkue color is
the mean curve which is already smooth.

slight difference in the magnitudes of the stress in pasitimd negative direction. The
curve for the relaxation test in all three directions anddbmpression test is showed in
Figs. 3.10, 3.11, 3.12 and 3.13, respectively.
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Figure 3.7.: Representative shear stress vs. strain (arobsiear) behavior of a complete
triaxial test inrd- andrz-direction including shearing in positive and negative
direction at levels 020%, 30%, 40% and50% shear.
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Figure 3.8.: Representative shear stress vs. strain (arobsinear) behavior of a complete
triaxial test indz- anddr-direction including shearing in positive and negative
direction at levels 020%, 30%, 40% and50% shear.
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Figure 3.9.: Representative shear stress vs. strain (arbsinear) behavior of a complete
triaxial test inzr- andzf-direction including shearing in positive and negative
direction at levels 020%, 30%, 40% and50% shear.
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Figure 3.10.: The steptest Y- and rz-direction up to a maximum amount of shear
Ymax=b0%0.
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Figure 3.11.: The steptest ifz- and dr-direction up to a maximum amount of shear
Ymax=00%0.
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Figure 3.12.: The steptest inr- and z#-direction up to a maximum amount of shear
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Figure 3.13.: Compression test is performed at the end ofritvgal shear test. Here a
shortening oB0% of the specimens height was conducted.
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3.2.1. Shear Test

During the shear test, a maximal and minimal amplitude oéthess, due to the shearing
in both directions, can be measured (Tab. 3.2). In our opjniamakes sense to analyze
the magnitude in both the positive and the negative dire@®well as calculating a mean
value of the absolute values, by reason of minimization as@urring error. Results from
Tab. 3.4 are visualized separately in the respective stibeec

Table 3.2.: Mean values and standard deviation (SD) of tearsttress for all shear modes
and strains in positive and negative direction as well asritban of both.

MEAN,,s SD,,s MEAN,. SD..; MEANc.n SDmean

Mode Shear amount

kPa kPa kPa kPa kPa kPa

20 % 0.051 0.025 -0.067 0.040  0.059 0.033

30 % 0.056 0.021 -0.088 0.047  0.072 0.034

=r 40 % 0.094 0.052 -0.127 0074  0.110 0.063
50 % 0.129 0.072 -0.150 0.078  0.140 0.075

20 % 0.047 0.015 -0.072 0.047  0.059 0.031

. 30 % 0.055 0.017 -0.112 0.088  0.084 0.052
< 40 % 0.096 0.054 -0.208 0.197  0.152 0.125
50 % 0.119 0.062 -0.267 0259  0.193 0.160

20 % 0.067 0.041 -0.100 0.060  0.083 0.050

; 30 % 0.082 0.048 -0.115 0.061  0.099 0.054
r 40 % 0.126 0.081 -0.159 0.088  0.142 0.085
50 % 0.146 0.091 -0.218 0.126  0.182 0.109

20 % 0.072 0.041 -0.086 0038  0.079 0.040

o 30 % 0.095 0.050 -0.117 0.050  0.106 0.050
40 % 0.142 0.093 -0.199 0.140 0.170 0.116

50 % 0.195 0.117 -0.228 0128  0.211 0.122

20 % 0.049  0.023 -0.064 0.027  0.057 0.025

; 30 % 0.060 0.028 -0.083 0032  0.071 0.030
r 40 % 0.071 0.035 -0.095 0.048  0.083 0.041
50 % 0.094 0.057 -0.117 0074  0.106 0.065

20 % 0.046  0.015 -0.059 0026  0.053 0.020

30 % 0.059 0.022 -0.069 0029 0.064 0.026

= 40 % 0.077 0.040 -0.078 0.042 0.078 0.041

50 % 0.091 0.050 -0.110 0.062 0.100 0.056
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The statistical analysis of obtained data did not show a abudistribution. Hence,
the results are represented in box plots. The Fig. 3.14 iscample for a box plots for
the respective test a0% shear. To see all other box plots the reader is referredeto th
appendix. Nevertheless, because of a better comparisagrgsbks are presented in mean
value and standard deviation (SD). The diagrams are justrstmindicate trends and not
to compare numerical values.

0.50 -
0.45 -
0.40 -
0.35 -
0.30 -
0.25 -

0.20 -
0.15
0.10 -
0.05 -
zr ‘ 20 ‘ rz ‘ r@ ‘ Oz ‘ Or ‘

0.00

Shear stress 7 (kPa)

Shear strain

Figure 3.14.: Data foB0% shear in positive direction. Results are not normal distad
and therefore shown in box plot.

Positive Direction

Figures 3.15, 3.16, 3.17 and 3.18 show the mean values dirdss $n the tissue sheared
into the positive direction. The magnitudes are lower comgdo the negative shear di-
rection. Here, the maximum always occurs at the she@r4direction. Same as at the
shearing in the negative direction the minima are alwaybken#- andrz-direction.
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Figure 3.15.: Shear stress240b6 shear strain for all six shear modes. The stiffest directio
here is the)z-direction. The magnitude is smaller compared to the siress
the negative direction.
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Figure 3.16.: Shear stress 3% shear strain for all six shear modes. Again the
direction is the stiffest with a amplitude of approximately kPa.
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Figure 3.17.: Shear stress4b6 shear strain for all six shear modes. The maximum value
reaches almost 15 kPa for thef z-direction.
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Figure 3.18.: Shear stressi# shear strain for all six shear modes. As before the maxi-
mum value is obtained for thz-mode at approximately.35 kPa.
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Negative Direction

In Figs. 3.19, 3.20, 3.21 and 3.22 the mean values of thessimethe tissue for the
negative shear direction is shown. The magnitudes’ dineendouble from20% to 50%
shear strain. The maximum in total changes frérn towardsz6-mode, however, the
minimums always appear during thé- andrz-mode.

Amount of shear «

20%

Shear stress 7 (kPa)

zr mzO mOr mOz W@ mWrz

Figure 3.19.: Shear stress2886 shear strain for all six shear modes. The stiffest directio
here is ther-direction, although the magnitude is not high.
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30%

Shear stress 7 (kPa)
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Figure 3.20.: Shear stress &% shear strain for all six shear modes. Tthere are three
directions with almost the same amplitude-ai.1 kPa.
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Figure 3.21.: Shear stress4it% shear strain for all six shear modes. The maximum lies
approximately at-0.2 kPa at thez6- andéz-direction.
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Figure 3.22.: Shear stressi#Pb shear strain for all six shear modes. The stiffest directio
at the highest stretch is thé-direction with a magnitude of0.26 kPa.
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M ean Value of Both Direction

Due to the different magnitudes in positive and negativedtion it is reasonable to
calculate the mean value of the two results. Figures 3.23l, 3.25 and 3.25 show the
mean values of the stress of both directions. F886 amount of shear the largest magnitude
occur atfr- andfz-mode. Afterwards, the magnitudedn-direction is the largest.
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Figure 3.23.: Shear stress2886 shear strain for all six shear modes. The stiffest directio
here is ther-direction. The magnitude reaches almastkPa.
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Figure 3.24.: Shear stress3ab6 shear strain for all six shear modes. Herefthelirection
Is the stiffest with a amplitude little bit higher thanl kPa.
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Figure 3.25.: Shear stress4% shear strain for all six shear modes. The magnitude ex-
ceeds the value.15 kPa for thed z-direction.
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Figure 3.26.: Shear stress& % shear strain for all six shear modes. As it was before the
maximum value is obtained for tlfe-mode at approximately.21 kPa.
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3.2.2. Relaxation Test

Another part of the triaxial shear test was the relaxatish M/e decided to calculate two
different parameters from the relaxation time diagramshg relaxation timetg), which
means the time in the relaxation diagram where the stres® Vals increased 3% of
the magnitude and (ii) a peak-to-plateau (PtoP) value wsighifies the relation between
the peak value and the constant part of the stress-timeattrgdeading to a value without
units. Figures 3.27 and 3.28 show the resultsfoand the value PtoP, respectively. Some
of the results ofr had to be cleaned out because the relaxation of the tissoedde last
longer than the actual test time was. The results fortghehow that the range is almost
the same for all shear-modes (betwéerand80 s). The largest values can be observed for
relaxation infz- andédr-direction. Table 3.3 shows the results for the relaxatioretand
the peak-to-plateau value.

Table 3.3.: Showing the mean value and standard deviatrahéaelaxation time) and
the peak-to-plateau value (PtoP).

Mode MEAN(ir) SD(r) MEAN(PtoP) SD(PtoP)
S S - -
rz 62 40 1.80 0.40
o 66 60 1.57 0.38
ar 63 40 1.65 0.33
20 69 46 1.50 0.24
Or 71 50 1.56 0.26
0z 78 43 1.61 0.25

The lowest and the largest PtoP values were obtainédand the largest at.8, re-
spectively. The PtoP values were distributed equally fostear-modes.
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Figure 3.27.: The results to the relaxation test for theeddiht shear-modes. The maximal
time duration is observed in tife-direction, which means that the viscosity
is in this direction larger compared to the others.

2.5 4
zr mzO mOr mOz mr@ mrz
2.0 4

1.5 -

1.0 -

peak-to-plateau value

0.5 4

0.0

50%
Amount of shear «

Figure 3.28.: Results from calculation of the value shovtireg the range of the relation of
the two phases lies betweéry and1.8 for all the tested modi.
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3.2.3. Compression Test

The compression test was the last test before finishing idvadl shear test. The dia-
gram in Fig. 3.29 shows the results for the compression ofissee in the three possible
directionsr, z andd. Here, the compression in transversal direction is thiestifthe max-
imum is almost twice than in the other directions. In Tab. @& can find the results for
the compression stress in each direction.

Table 3.4.: Showing mean values and standard deviation ¢6fbe compression stress in
the three possible directions.

MEAN SD
kPa kPa

z 0.26 0.19
r 0.33 0.30
0 049 0.55

Mode

1.2 4

z m@ mr

1.0 -

0.8 |

0.6 -

0.4 -

Cauchy stress o (kPa)

0.2

0.0

30%
Compression strain €

Figure 3.29.: Results from tl#9% compression test indirection of the machine. Stiffest
direction at this type of loading is thedirection.

3.2.4. Dissipated Energy

Another point of the analysis of the triaxial shear data ésdalculation of the dissipated
energy during one loading- and unloading cycle. The resitiltsis calculation are shown
in Figs. 3.30, 3.31, 3.32 and 3.33 for the different sheairsét The energy level for all
shear-modes for each amount of shea#g, 30% and40%) range was almost at the same
level. At50% shear strain the maximum energy dissipation occurreétt4direction, see
Tab. 3.5.
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Table 3.5.: Showing the mean values and the standard daviédD) of the dissipated
energy (W) in all possible shear modes.

Shear 2r 20 Or 0z rf rz
wy SO Wy SD Wy SD Wy SD Wy SD W, SD
strain gNm gNm gNm  pgNm o gNm  gNm o gNm  gNm o gNm  gNm o gNmo gNm

20% 219 101 203 093 239 148 211 080 236 127 231 1.26
30% 329 184 294 133 322 147 324 161 331 153 353 121
40% 445 213 450 195 459 228 496 239 411 188 4.76 2.70
50% 6.54 338 659 396 579 262 794 356 6.28 4.07 7.10 299

12
zr mzO mOr WOz mrO mrz
10

Dissipated energy Wy (uNm)
=

20%

Amount of shear ~

Figure 3.30.: Energy dissipation for one cylce during thesshiest a20% amount of shear
for all shear-modes.
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Figure 3.31.: Energy dissipation for one cycle during thesstiest aB0% amount of shear
for all shear-modes.
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Figure 3.32.: Energy dissipation for one cycle during thessltiest at0% amount of shear
for all shear-modes.
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Figure 3.33.: Energy dissipation for one cycle during thesshiest ab0% amount of shear
for all shear-modes.

3.3. Multi-Photon-Microscopy I nvestigations

We prepared eight specimens from four different donatotk thie photo-clearing pro-
cess. Previously, a measuring of a specimen was conducteduwipreparing the tissue.
Two of the results were not useful for interpretation beeaafsbad image qualities. More
specific, one image stacks was obtained from sampld pone from sample nol’/ and
two from no. V11 (because the first stack was not a good quality). The lastenstake
was acquired from sample ndX.

3.3.1. Preprocessing and Visualization

An image stack can be visualized on a computer with two diffesoftware products.
The first one, called Leica LAS AF Vers. 3.1.0, is an applmathat can visualize the stack
in layers. One extracted image of a single layer is showngn ¥B84. The software gives
the possibility to scroll through the tissue’s layers gasifhe second software program
(Amira Vers. 5.3.3 by Visage Imaging Inc.) was used for baigd3-D reconstructions
of the stack. After opening the file, see Fig. 3.35, the firgtespance of the whole 3-D
reconstruction is not very informative.

In order to perform an analysis of the obtained image statksas necessary to cut
the stack into smaller slices (at least one third of theahigength). Thereafter, some
more image preprocessing, e.g. noise or Gaussian filteg, pexformed to achieve a better
visualization. Figure 3.36 shows an example of such a snatlee of adipose tissue, after
the image preprocessing stages were performed. A pariiyudd this certain specimen
in Fig. 3.36 is the collagen band (a special variation of darlobular septa) that spreads
through the whole thickness of the specimen.
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Figure 3.34.: Image showing a single layer of the MPM measerd of specimen nd/ /[
visualized in Amira. The viewed area620x620um

Figure 3.35.: Image stack into the 3-D reconstruction saféns shown. One can see very
good that the intensity is decreasing towardstkdirection.
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Figure 3.36.: Image stack after performing the graphicapprycessing work shown in the
3-D reconstruction software. A distinct difference in beem the two image
stacks is notable.

3.3.2. Angle of Interlobular Septa

Table 3.6.: Mean value and standard deviation (SD) of theetlngles of the interlobular
septa within the human.

MEAN SD

¢ 241 151
v 146 7.6
¥  49.3 135

After finishing the preparation of the images it was posdiblece the interlobular septa
very well (see Fig. 3.36). The results of the measured asagelhe calculated angle, is
shown in Tab. 3.6. Figure 3.37 shows a graphical illustratibthe results. These results
show that the special fibers are situated within the bodytdsvilne head, like we expected,
with a small angle and are rotate to one side (left or right)swdth an even smaller angle.
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Figure 3.37.: Results to the analyses of the measuring @rigke of the interlobular septa
within the human adipose tissue.



4. Discussion

Human abdominal adipose tissue is already used in cliniealtige as a material for re-
constructions in plastic surgery, hardly no multi-axiaearch of the mechanical behavior
has ever been conducted. Plastic surgery will become marenane important for soci-
ety, therefore it is absolutely inevitable to gain more valg data of this type of tissue.
Therefore, this study shows biomechanical data obtainetidman adipose tissue from
biaxial tensile and triaxial shear testing. The human agBpgssue has been investigated
in a couple of research studies.

Because of these facts it is difficult to compare results st pavestigation groups with
those of this project. The acquired data intended to be fitiea non-linear constitutive
model. Afterward, the material model with the gained paramsemight be used in FEM
simulations. This can further lead to a software that map dektors visualize the issues
and the chosen medical intervention and support their w&ssIn this workl7 different
samples from two institutions were investigated. It wasspae to conduct triaxial shear
tests for almost all samples (in suifi). Due to the larger specimen size we could only
obtain the biaxial tension behavior fot samples.

Due to fact that the tissue was assumed to be linear-elasticsatropic, it was decided
to take into account the anisotropy of the tissue as well antm-linearity. The result of
the biaxial tension tests showed that the longitudinaldiioa is stiffer for smaller stretch
values. If the stretch increases and excelédsé the transversal direction becomes stiffer
than the longitudinal. Further, we detected that the stregmitudes during dynamic tests,
are smaller for all three directions than for quasi-stagtd. The results of Comley and
Fleck (2009) showed that adipose tissue becomes stiffes fest at higher strain rates.
The reason of our contrary results could be explained byabéotwv capturing frames-per-
seconds achieved with our digital camera. A new camera isinstalled to increase the
quality of the results.

A further limitation noticed was the slippage of the tissuéaf the clamps. The fixation
of a specimen is a important point for testing all sorts of baflogical tissues. In our case,
the mounting of the adipose tissue was tricky because oigbed's very loose structure,
e.g.it was not possible to use hooks like for arteries. Mayleee are other more satis-
fying solutions than using super glue. Another problem visas the specimen sometimes
expanded immediately after contact with the warm PBS smtutin this case to adjust the
focus of the video-extensometer was very difficult. If it wassible to fix the limitations
with the focus of the video-extensometer, another futwststeould be performed.

From the triaxial shear test data were acquired including f@lues for the shear test
(positive, negative direction, and mean values as well attergy dissipation); two for
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the relaxation and one for the compression test. The resiuiitee shear test in the positive
and negative direction show that the absolute magnitudesticorrespond to each other.
It appears that shearing the specimen in negative directianses higher stresses than in
positive directions. The#- andrz-shear modes remain the modes with the lowest stress
value at all shear strains, both for positive and negatikection (hence also for the mean
value). The magnitudes lie abotft to 50% lower than for the maximum shear stresses.
The relaxation time are within the same range for all sheatesoThe same characteristic
can be observed for the PtoP-value. The dissipated eneppaafo be the same level for
each shear mode at the four different amounts of straird08& and especially fo50%
amount of shear the dissipated energy, on the one hand iartest with8 xNm in 0z-
direction, on the other the smallest wiil8 ;Nm in fr-direction. The energy dissipation
from 20% shear t50% shear has increased to approximately the fourfold of itsaln
magnitudes. The compression test distinctively showetth®ed-direction is the stiffest
and z-direction is the softest under compression. Thereby, ttess magnitude of the
stiffest compared to the softest is double. Further,tukrection is50% decreased in
comparison to the maximum ifrdirection. In summary, the results of the triaxial shear
tests show that human abdominal adipose tissue is non-mebanisotropic.

A problem occurred at the relaxation test for some of the ispets. It appeared that
the relaxation time is higher than the actual testing timg50fs. These results might be
caused by an error during the test, which has not yet beeretigaut. Therefore, the results
that included such large relaxation times were neglected.

Usually people would assume a correlation between the Bgerof the donors. Hence
we tried to figure out whether there did exist a correlatiotwleen the maximum stress
values in one of the directions at biaxial tension or tribgieear test. The stress magnitudes
did not correlate with the BMI nor with the age of the donatfmsall stretches at the
biaxial tensile test. The same effect was observed for aasimodes a0 and 30%
shear strain. A statistically significant positive cortigla in the positive shear direction
was observed forf-mode att0% shear amount between the age and absolute stress values
(r= 0.42,p= 0.04) and for thefr-mode between the BMI and the absolute stress values (r
0.049,p= 0.02), respectively. Fob0% shear strain this correlation was also notice at the
same shear modes as #0®6 (age atd: r= 0.048,p= 0.02; BMI at r: r= 0.064,p= 0.01).
Hence there appears to be a correlation between the ageastidhls ind- and between
the BMI and the stress ifir-mode, respectively, at higher shear strains. This pe@sitiv
correlation between the age and the shear stregsimode could mean that the amount of
collagen fibers in the direction of the interlobular septa@ases. The correlation between
BMI and shear stress ifv--direction might go along with an extended intergrowth o th
collagen fibers for more obese people.

The MPM investigations showed good results to get an owareiethe microstructure
of human abdominal adipose tissue. The interlobular segta@entated as previously
assumed. The angleis 60% larger thary) and has half the size df, i.e. the orientation
in the human body lies in the longitudinal direction with &kt angle to the back and
to the side of the body axis. The results could be improvednbyeasing the observed
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volume as well as the number of specimens. Specimens thatakready tested in triaxial
shear or biaxial tension should be preferred investigatetink the results of two inves-
tigations. Additionally, it might be possible to investigaand visualize damages, caused
by the mechanical test. The results of the MPM investigatamnespond approximately to
the obtained data of the biaxial tension and triaxial shestst






5. Conclusion

The investigated tissue exhibits clearly as a mechanicaltylinear as well as anisotropic
tissue. The study shows a positive significant correlatietwvben the shear stress:6+
direction and the age. Moreover, there is a positive caralabserved between the shear
stress value idr-direction and the BMI. This mechanical and structural temued to be
used for material parameter identification and followinf §esue computer simulations.
This simulations can be used to investigate the stress wonmdluring normal life and
some more simulations. Another outcome will the usage madi practice for planning
optimal plastic reconstruction surgery procedures asagdhelping the patient understand
the planned surgical interventions.
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A. Appendix

In the following box-whiskers plots of all calculated data ahown.

A.l. Biaxial Tension
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Figure A.1.: Diagram of the not normal distributed data efliaxial tension test. Showing
the data for dynamic and quasi-static tesi%istretch.
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Figure A.2.: Diagram of the not normal distributed data efliaxial tension test. Showing
the data for dynamic and quasi-static test@ stretch.
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Figure A.3.: Diagram of the not normal distributed data efltiaxial tension test. Showing
the data for dynamic and quasi-static test#b stretch.
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Figure A.4.: Diagram of the not normal distributed data @fltiaxial tension test. Showing
the data for dynamic and quasi-static tes2@o stretch.

A.2. Triaxial Shear
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Figure A.5.: Data fo20% shear in positive direction. Results are not normal distad
and therefore shown in box plot.



64

A Appendix

0.50 -
0.45 -
0.40 -
0.35 -
0.30 -
0.25 -
0.20 -

Shear stress 7 (kPa)

0.15 -
0.10 -
0.05 -

0.00

EETEL

Shear strain 7

Figure A.6.: Data for30% shear in positive direction. Results are not normal distad
and therefore shown in box plot.
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Figure A.7.: Data forl0% shear in positive direction. Results are not normal distad
and therefore shown in box plot.
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Figure A.8.: Data fo50% shear in positive direction. Results are not normal distad
and therefore shown in box plot.

A.2.2. Negative Direction
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Figure A.10.: Not normal distributed data of th@2o shear in negative direction.
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Figure A.11.: Not normal distributed data of th@2 shear in negative direction.
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Figure A.12.: Not normal distributed data of th@% shear in negative direction.

A.2.3. Mean of Both Directions
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Figure A.13.: Mean values f@0% shear in both-direction.
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Figure A.14.: Mean values f&0% shear in both-direction.
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Figure A.15.: Mean values fai0% shear in both-direction.
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Figure A.16.: Mean values fa10% shear in both-direction.

A.2.4. Relaxation Test
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Diagram of the not normal distributed datahef telaxation time.
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Figure A.18.: Diagram of the not normal distributed datahef peak-to-plateau-value.

A.2.5. Compression Test
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Figure A.19.: Diagram of the not normal distributed datahaf tompression stresses.
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A.2.6. Dissipated Energy
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Figure A.20.: Dissipated energy in form of a box plot 206 shear.
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Figure A.21.: Dissipated energy in form of a box plot 806 shear.
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Figure A.22.: Dissipated energy in form of a box plot #0€6 shear.
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Figure A.23.: Dissipated energy in form of a box plot {06 shear.
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A.3. Angular of Interlobular Septa
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Figure A.24.: Diagram of the not normal distributed datahe angle of the interlobular
septa.
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