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Effed of deformation rate onthe Mullins effed Iin
arteries (June 2011

Eva Gultova, Lukas Horny, Hynek Chlup, Ruddf Zitny

Abstract—Defor mation rate dependency of the M ullinseffed in
arterial tissieis analyzed in this paper. Cyclic uniaxial tensile test
with samples of human thoracic aorta were performed with
deformation rate 0.02; 0.05; 0.1; and 0.15s™. Different trend was
observed in circumferential and longitudinal samples. The
ascending deformation rate corre sponds with increasing stiffness
and softening rate in circumferential samples while the same
effed in longitudinal samples is observed with decreasing
deformation rate. This inconsistent observation does not lead to
the explanation of the softening extent by means of deformation
rate.

Index Terms—artery, deformation
stiffness softening.

rate, Mullins effed,

|. INTRODUCTION

I T is well known that blood vessls show some inelastic
effeds [1], such as cree, relaxation or preconditioning.
One of them is the Mullins effed, strain-induced softening
well-known in elastomer medhanics (Fig.1). It is charaderized
by the following feaures. when a so-cdled virgin material
(previoudly undeformed) is loaded to a certain value of the
deformation, the stress-strain curve foll ows so-cdled primary
loading curve. Subsequent unloading exhibits the stress
softening. Next reloading foll ows the former unloading curve
urtil the previous maximum strain is readed. At this moment,
when previous deformation maximum is exceeaded, the stress
strain path starts to tracethe primary loading curve [2].
Although existence of the stress softening within in vitro
cyclic loading of blood vessls has been known for long time
only few attempts have been made to develop new theories.
Concerning with the Mullins effed, soft tissue is frequently
modeled within the conception resulting from the theory of
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pseudo-elagticity. Ogden and Roxburgh [3] and Dorfmann and
Ogden [4] formulated pseudo-€elastic models of the Mullins
effed in rubber-like materids. These models describe
irreversible behavior incorporating softening variable, which is
included into the strain energy density function. The softening
variable is a stress reduction fador defined as the ratio
between the stress during unloading/reloading and primary
loading. Such an approacd has been recently utili zed within the
modeling the Mullins effed in bloodvessls [5], [6].

The rate-dependent (viscoelastic) mechanicd resporse of
arteries was studied largely [7]-[11]. Simple relaxation, creep
and presaure-oscill ation tests were condicted with the aim to
describe arteriadl mechanics with resped to its viscoelastic
nature.

Almost no attention, however, has been paid to rate-
dependency of the cyclic strain-induced softening. The main
objedives of this study is thus to correlate the Mullins effec
with the strain rate.

Il. MATERIALSAND METHODS

In order to illustrate the Mullins effed in human aorta,
cyclic uniaxia tension tests were performed on MTS Mini
Bionix testing machine (MTS, Eden Prairie, USA). Samples of
hedthy human thoradc aorta were reseded from cadaveric
dona (mae, 3l-yeas-old) with the approval of the Ethic
Committee of the University Hospital Na Kralovskych
Vinohradedh in Prague. Respeding the anisotropy of an aorta,
samples were reseded in the circumferential and longtudinal
diredion. Total number of samples was eight (four oriented
longtudinally, four oriented circumferentially).

Threelevels of maximum stretch were performed during the
tests: /=11, /,=1.2and /= 1.3, where ,isthe maximal
ratio between the current length | and the referential length L.
The representative of the recorded data is shown in Fig. 1.
Eadch /, level was performed as four-cycle of the loading and
unloading.

The different samples were loaded with strain rates
correspondng to constant velocity of a crosseal. It means
that this is not true constant strain rate. For the sake of
simplicity, however, this discrepancy is not considered herein.
The displacanent velocities were computed with resped to
initial dimensions of the samples and values dddt = 0.02; 0.05;
0.1; and 0.15s" were applied.

Considering the incompresshility of the tisaue, the loading
stresswas obtained acording to the foll owing relation
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Here F denotes applied forceand s the current crosssedion.
B and H denate the width and the thickness of the sample in
the reference (zero-stresg configuration. Loading force was
measured by MTS testing madine. The length of samples in
the reference and adual configurations was determined within
the analysis of digital phaographs. The thickness and with
were analyzed by laser profile measurement sensor
scanCONTROL 2800(Micro-Epsilon, Ortenburg, Germany).
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Fig. 1 Stress— strain resporse of the axial sample under cyclic uniaxial
tension with deformation rate 0.02s™ (blue paints). Maximum stretch
increased after 4 cycles due to stabili zemechanica response of the aorta.
Green paints denate primary loading.

Il RESULTS

A Stiffnessrate-dependency

In order to ill ustrate stiff ness rate-dependency, first loading
cycle (of /,, =1.1) of tested samples were compared. Fig. 2
shows the effed of deformation rate on the circumferential and
longtudinal behavior of human thoradc aorta. While loading
streses in circumferential  samples were reduced with
increasing deformation rate (Fig. 2a), in axial samples of
arterial tisue was observed an oppdasite effed (Fig. 2b). Only
circumferential sample loaded with deformation rate 0.05s™
deviated from the observed trend.

B Sdtening rate-dependency
The extent of the softening during uniaxia loading was
described with the softening variable 4.

ssoft

h= @)

S

prim

Here s¢ mears Cauchystresswithin softering (unloadng
or reloadng) and Syim iS Cauchy stress during primary
loadng. Theinstanceof evduaeddaaisshownin Fig. 3.

The impad of the deformation rate on the softening
observed during the Mullins effed was evduaed for evey
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levd of maximum stretch /. The results proved the same
trend which is represerted by the softening within loadng to
/ m =1.3 and subsequen unloadng (Fig. 4). In circumferertial
samples (Fig. 48 the curve of the softering descendedwith
increasing deformation rate. The lower vaue of the softering
variade the greder softering (ratio between stress during
loadng and unloadng) in thetissue In longtudind samples
was observed an oppaite trend (Fig. 4b). Increasing
deformation rate corresponds with ascendng curve of the
softering.  Only circumferertial sample loaded with
deformation rate 0.05s* deviated from the observed behavor.
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Fig. 2 Effed of deformation rate on the stress stretch mechanicd response of

arteries. Circumferential (a) and longtudinal (b) samples of arteria tissue
were loaded with deformation rate 0.02s%, 0.05s?,0.10s*and0.15s™.

V. DISCUSSON

This study proved the effed of strain rate on stiffnessand
softering in human arterial tissue Contrary to the published
results [12], [13] it was observed totaly differert mechamcd
behavor of samples reseded in circumferertia and
longtudind diredion. Circumferertial samples soften with
increasing deformation rate while longtudind samples stiffen
Only one of the samples reseded in circumferertial diredion
and loaded with deformation rate 0.05s” left the observed
trend This discrepancyis probablly cawsed by physiologica
inhamogenéti es concettratedin the sample.
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Fig. 3 The Mulli ns effed in axial sample of arterial tissie loaded with
deformation rate 0.15s, first cycles of every four-cycle / mlevel (a).
Correspondng progressof the softening variable  (b).

In [13] the tradion tests on the bovine cruciate ligament-
bore complex at seven strain rates were performed. The stress
increased with the augmentation of strain rates. This was
related to the movement of water in the ligament during
loading when the collagen fibers organize from the wavy
pattern into the aligned fiber pattern. In [12] were tested
samples of pig aortas which showed converse rate-dependent
effed. The samples becane softer as a resporse to the higher
deformation rate. One possble explanation for the observed
phenomenon is grounded in elastin whaose propation to the
other arterial constituents is the highest in the aorta. Elastin
chains are crosslinked together and an imposed strain
increases the order in the moleaular network. When elastin is
stretched at high rates it would attain a highly oriented
conformation and as a result the crosslinks would nat be able
to bea the load due to dippage [12]. In [14] it has been
observed in load cortrolled tests of soft tisue that the
medhanicd resporse can exhibit a deaease in norlinea
gtiffness with an increase in loading rate. Such an anomalous
behavior was conreded with the interplay between noninea
elastic and viscous effeds. Althoughour experimental setup
was stretch controlled, due to precondtioning at ead / ,, level
permanent set occurred and experimental process achieved
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load controlled charader (Fig.1).

Experimental results observed in our study could be
explained by combination of al above mentioned effeds.
Nevertheless different observations in differently reseded
samples point to the explanation conreded with inner
structure. It shoud be note that the distribution of collagen
fibers in arteria tissue is oriented [1] thus the impad of their
stretchingis diversin diff erently oriented samples.
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Fig. 4 Effed of deformation rate on the softening within the loading to the

/ m=1.3 and subsequent unloading. Circumferentia (a) and longtudinal (b)
samples of arterial tisue were loaded with deformation rate 0.02s%, 0.05s™,
0.10s’and0.15s™

The influence of the strain-rate on the softening was
described within the deformation history of the softening
variable during uniaxia cyclic tensile tests. The softening
variable is defined as a ration between the stress during
un/reloading and the primary loading. The lower value of the
softening variable the greder part of the mechanicd energy of
the sample has transformed in ancther form. It was observed
that dependence of the softening on the deformation rate is
different in circumferentiad and longtudina samples.
Softening in circumferential samples deaeases (value of the
softening variable rises) with increasing deformation rate while
in longtudina samples increases (value of the softening
variable sinks). This effed is related with the stiffness The
higher stiffness of the sample corresponds to the lower value
of the softening variable and greder softening of the material.

Nevertheless the results do not show united trend and are
not able to explain dired conredion of the softening extent
and deformationrate.
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Comparisonof the DifferentIntervertebralDisk
GeometricModels

L. Jiran,P. Heralt, M. Moravec, M. Otahal,J. Kuzelka

Abstract—This work dealswith a comparison of four different
geometric models of the intervertebral disk. Material of the
intervertebral disk is modelledashyper elasticin all casesForces
and moments are applied to models and their responsesare
compared.

Index Terms—intervertebral disk, hyper elasticmaterial , FEM
model

I. INTRODUCTION

HE aimsof this paperis to comparedifferentinterverte-

bral disk geometricmodelsandto decide how accurately
it is necessaryto model the real shapeof the intervertebral
disk. The disk geometryis modeledin four simplications.
Six different types of load were appliedto eachmodel and
responseso theseloadswere comparedfor all models.This
comparisonshould answerthe question,what simplications
of the reality is reasonableModels are createdand analyzed
by usingthe ABAQUS software, the loadsare assumedo be
guasi-statical.

Il. ANATOMY OF THE INTERVERTEBRAL DISK

Fig. 1. Theintervertebraldisk [1].

The intervertebral disks are interposedbetweenadjacent
vertebraein the spine and they vary in shape,size, and
thicknessjn differentpartsof the spine.In shapeandsizethey
correspondwith the surfacesof the vertebraebetweenwhich
they are placed,[1]. Eachinternertebraldisk is composedof
outer annulus brosus and inner nucleuspulposus.Annulus
brosus consistof laminaeof brous tissueand brocartilage,
which are important shock absorbers.Nucleus pulposusis
pulpy substancén the centerof annulus brosus, [1]. Thereal
geometryof the intenertebraldisk, Fig. 1, canbe modeled

asan epigycloidal cylinder.

L. Jiran,P. Heral, M. Moravec, M. Otahal,J. Kuzelkaarewith the Depart-
mentof MechanicsBiomechanicsaand MechatronicsFaculty of Mechanical
Engineering,Czech Technical University in Prague,Technicka4, 166 07
Prague6, CzechRepublic
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1. GEOMETRICAL MODELS

This section describesthe used geometric models. The
models are orderedfrom the simplestto the most realistic
model.

A. Simplemodel(Fig. 2-A)

Simple model,takesaccountonly brous tissueof annulus
brosus, nucleus pulposusis neglect. It is the rst rough
approximationof the real geometry The shapeof the disc
couldbedescribedasa epigycloidal cylinder. Epicykloid curve
is given parametricalyby (1). It is not so common used
intervertebraldisc, we areshow in it herejust for comparison
with other more complicatedand realistic models.

X()=2r cof ) r co4q2) 1)
y()=2r sin() r sin(2)

wherer is radius of smaller circle which rolls around the
outsideof larger cicle.

B. Model with emptycavity (Fig. 2-B)

Most of loadingis holdedby anulus brosus so it will be
necessaryo modelits right shape.lnner nucleuspulposusis
modeledin this case.Nucleusis replacedby an empty cavity,
so loading sectionof Anulus brosus is closerto reality. The
height of this modelis the averageof two vertebraecontact
surfacesdistance.

Fig. 2. Differentgeometricalshapef intervertebraldisc model.

C. Filled cavity model(Fig. 2-C)

e main role (from loading point of view) of nucleus
pulposusis to redistribute the axial loading forces acting
to intervertebral disc to radial directions. It is modeledas
an incompressiblecavity in the center of annulus brosus.
The hydrostatic pressureinside this cavity is constantfor
this computaibns. In the real healtly organism,the amount
of uid inside nucleusis changingduring day-life actiities.
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We are using simplication here, but it is oblivious, that this
phenomenavill have an affect on intervertebraldisc loading.
This model and its variationsis commonly used becauseof
the equiibrium betweenshapesimplicity and complyingwith
all of interverebraldisc parts.

D. Filled cavity model,realistic contactsurfaces(Fig. 2-D)

In lastmodel,we aretrying to getareal shapeof intreverte-
bral disc contactsurfaces.Surfaceswere obtainedby Boolean
cut of intervertebraldisc from lastexampleby vertebraebody.
The shapeof vertebraewas get from CT-scans,so we can
assumehatthe shapeof contactsurfacesonthediscis precise.

IV. MATERIAL

A lot of researchera/orks on evaluatingthe materialmodel
of intervertebraldisc. For this paperit is importantto compare
the geometricmodels,so weve choosedhyper elastic model
of anulus brosudorm literature. A lot of material models
could be found. We areusingthe hyper elasticmaterialmodel
of Anulus brosuswhich was obsened from experiment.This
materialmodelrespectsherelationbetweerstress andstrain

= 11342 2+ 4:7822

2

Relation (2) was obsered and approximatedfrom de-
pendenceof axial compressiorforce F[N] and deformation
u[mm] form compressiontest of disc anulus[2]. Material
propertieswere enteredin ABAQUS materialmodelin form
of table of values.

V. LoADS

We areinterestingin comparisorof loadingresponseising
four different intervertebral disc models. We dont want to
measurea stressso we chosedunitary displacementn every
of six directions.Eachmodelwascomputedor eachdisplace-
mentdirection.Most interestingdirecions for our comparison
are axial forcesin direction of tensionand compressionand
direction of frontal exion. All models were prepaed and
computedusing ABAQUS 6.10. software.

Fig. 3. Force- displacementiependencén direction of axial compression.
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V1. RESULTS

Eachmodelwas performedto displacementoading. After
all computationsve have choosedhreemostinterestingdirec-
tions, which aretensionand compressionn vertical direction
and bendingin direction of frontal e xion. All results are
plottedin force-displacemerdiagramsWe arenot interesting
in force values,we are just evaluating differencesbetween
different model responseDisplacementresponsecurves can
be seenfrom diagramsbellow (Fig. 3, Fig. 4, Fig. 5).

Fig. 4. Force- Displacementlependencén direction of axial tension.

Fig. 5. Moment- rotation dependencén directionof medial e xion.

VIlI. CONCLUSION

This report describesthe differencesof displacementre-
sponse using different geometric models of intervertebral
discs. From diagramscan be seenthe difference about 60
% of force or momentresponselt looks that there are a
large variation betweendescribedgeometricalmodelsof the
intervertebral disc. The questionis the comparisonof these
modelswith real disc loading. We are preparingexperiments
thesedaysto evaluatethe loading responseof intervertebral
disc to validate our model. This model should be usedin
kinematic evaluation of lumbar spine segment, which is a
major goal of our work.
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Semiautomaticsegmetation of the hip joint cartilage
from MR images
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Abstract

A method for semiautomaticcartilage segmenation basedon MR imagesis presered.
Hough circle transformation, maximal gradiert of grey levels (contrast) and presumption
of sphericshape of femoral headand acetabulumis employed. Exact de nition of cartilage
bordershaven't been nished.

Intro duction

The contact pressure(maximal value, distribution of the cortact pressure)is oneof the
indicators of risk origin cartilage diseasesn hip joint. Thesecortact pressuresiependon
loading, hip joint geometryand cartilage thickness. 3D cartilage model including cortact
pressuredistribution facilitates diagnosing,treatment and operation planning. The model
was created from set of MR (magnetic resonance)magesdue to common availability of
MR in the hospitals, MR isn't basedon x-ray (it is possibleto repeat scanningwithout
strict limitation - compaed to CT) and surrounding tissuesare displayed with higher
cortrast (comparedto CT).

The goalis to dewelop an automatic or semiautomaticcartilage detection method and
computation of loading to indicate statesinjuring a cartilage. It is necessaryo verify this
method and to determinate an error estimation of the method. The processof region of
interest determination and cartilage edgedetection is discussedn this paper.

Metho d

The rst stepisimageregiondetermination where wholehip joint cartilageis displayed.
As the hip joint is circular on the crosssection, it suggestitself to detect circle that
appraximates a head of femur or an acetabulum. We used Hough transformation for
automatic circle detection[1], input data were 1-binary imagewith deteded edges_2-two
diameters denoted in the binary image on the border of femoral head or acetabulum.
When the circle was detectedwe obtained the radius and the circle certer. The usersets
a multiple of radius for displaying whole region of interest. The secondstepisto nd line
connectingcircle certer with every point on the circle, using Bresenham'sline algorithm

i)
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[3], and to calculatethe rst and secondderivation in the radial direction. According to
high gradierts [2] and hip joint anatony is possibleto detect cartilagein the hip joint. It
is possibleto nd outer cartilage edge,but inner edgeis not visible (for scanninginner
edgeis necessaryto useleg traction).

Results and discussion

This method was applied on three setsof MR images
and brought results as seenin the Figure 1. Region
determination method can be improved by including co-
ordinates obtained during diameters denoting. In the
Figure 2 is an exampleof derivation in radial direction.
In the graph a blue curve shons grey levelsof the original
imagefrom the certer circle to the outer boundary. The
greenand red curvesarethe rst and secondderivations
indicating the maximal gradiert. Upgrade from 2D to
3D modelis almost nished. It remainsto de ne exadly
cartilage borders, determine the method's error estima-
tion and the optimal MR scanrer settings. Figure 1: Edge detection
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|dentification of constitutive model bloodvessl wall
from water hammer experiment

D.Hromédka, H. Chlup, L. Horny, R.

Abstract—This paper presents a water hammer experiment
performed on the physical model of blood vesl. It was assuumed
that the experiment is suitable for determining the viscous
component of blood vesel wall which is manifested by
attenuation during the experimental measurement. This
asumption was confirmed and theviscosity was estimated.
Physical model of blood vessel was manufactured from latex tubes
textile rubber bands and connedive matrix. Latex tube outer
surface was covered by elastic matrix. Textile rubber bands were
wound on elastic matrix and they imitated reinforcing effed of
collagen fibers. Mathematical model describes pulsation of
presaure after instantaneous closing of valve at outlet of pipelinea
part of which is a short dastic tested tube. Constitutive
viscoelastic model was used to describe the behavior of blood
vessl wall.

Index Terms— Water hammer, constitutive model, blood
vessl, presaure pulsation, oscill ations

I. INTRODUCTION

HE water hammer phenomenonwas studied for more than

one hunded yeas. This phenomenonis usually explained
by considering an ided reservoir—pipe-valve system in which
a steady flow of fluid is almost instantaneously stopped by a
vave closure. Water hammer theory is based upon
Joukowsky’s, momentum and continuity equations [1] which
must be solved numericaly. Hybrid models are usually solved
by method of charaderistics for the water hammer equation
and by FEM for the solid (compressble) structure. Kochupll ai
[3] presented finite element formulation based on fluid
velocity. Other methods for solving water hammer equation
are presented in [1]. Bessms [3] in his paper focused on
modeling the linea viscoelastic behavior of blood vessl
wall during dynamic loading.
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This paper deds with water hammer experiment on physicd
model of blood vessl. Mathematicd model formulation is
simplified by the fad that only a small part of system boundry
is flexible (tested sedion of elastic tube is very short
comparing with a long rigid piping in experimental setup).
Thus the effed of a moving pulse wave can be negleded and
the whole system can be approximated by the ‘windkessl’
model that is by a system of ordinary differential equations.
One spedmen of elastic tubes was tested: a simple tube having
a compasite structure as a human blood vessl. And thisis the
primary aim: development and manufacuring of reprodwcible
physicd model of blood vessl. It is believed that the water
hammer tests could be useful in further development of this
physicd model of bloodvessls.

Il. METHODS

A Manuacture of physical model bloodvess

Physicd model was developed as tube with compaosite
structure with threelayers. First (intima) and third (adventiti &)
layer was formed from latex tube with thin wall. Second layer
(media) was formed from rubber band. This band was
wouncked on outer surfaceof the first layer in helicd structure.
This rubber band increases its stiffness significantly when a
large deformation is achieved (tested bands have the limiting
stretch ratio 2). The conredion between layers was redized by
a silicone matrix.

B Experiment — inflation test

Inflation test was carried out to obtain the dependence between
presaure and volume, i.e. to provide information on elastic
behavior of the tested spedmen. The physicd mode
wasinflated by defined increment of volume and presaure
transducer recorded the correspondng presaure.

C Experiment —water hammer test

Experiment was caried out using the experimental setup
shown schematicdly in Fig.1. Water flows from a reservoir
througha verticd pipe and elbow to the tested sedion closed
by a valve (stop cock). Presaure (p,) at the water level in the
reservoir and at the valve outlet is atmospheric, therefore the
only driving forceis gravity (height H). The tested elastic pipe
has approximately the same initia inner radius (R=10 mm) as
the conreded piping and the valve, the length of tested elastic
sedionis abou 10% of the conreded rigid pipes. Parameters
of water hammer experiment are presented in Tab. 1.
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Fig. 1 Scheme of experimental setup with reservoir

Table 1 Water hammer experiment parameters

Spedmen Value
Inner diameter 0.0174m
Wall thickness 0.0024m
Length 0.1450m
Piping Value
Inner pipe diameter 0.02m
Wall thickenssof pipe 0.0028n
Water level 1m

D Mathematical model
Mathematicd model is reduced only to 3 ordinary
differential equations for presaure p(t) in the viscoelastic pipe,
the flowrate g (t) in the rigid piping (and at inlet to the elastic
sedion) and the flowrate g,(t) throughthe closing valve.
The cortinuity equation (1),

V= 0- %
is constrained by the closingvalve charaderistic
% =qf()

where f(t) is a function deaeasing from 1 to O and describes
the time course of gradual closingthe valve at outlet.

The Bernodli’s equation (3) takes into acourt inertia of
liquid, friction, presaure and gravity forces

Lrq =0 R¢ gH+p, - p-

(D
)

r /L x
— =

PR 4R 2 ald

| isthe dArcy's friction fador cdculated as 64/Re in laminar
and as 0.316Re®? in the turbulent flow regime. Coefficient z
determines locd presaure losses in elbow and at the reservoir
inlet.

The Egs.(4,5) describe relationship between presaire, volume
and rate of the volume change of the viscoelastic sedion
(therefore viscoelastic behaviour of wall).

©)
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:EV +Lﬂ

v WV

P=G(V,V) =G,(V) +4G,(V)

The elastic part G; can be described by a hyperelastic model
(asuming symmetricdly deformed circular pipe) or by using
an experimentaly determined function from quasistatic
inflation tests. The simplest form of G, foll ows from a parall el
dashpa model. Initial condtions for system (1) (2) (3) and (4)
are zero presare (in fad overpressire), volumetric flowrate
and the volume correspondng to the steady state and fully
opened valve. Fully implicit numericd solution was
implemented in a simple Fortran program.

0 @

(%)

E Freguency andysis
Frequency analysis was caried out on time interval 0-1
second The Frequency was determined as the number of pegks
per timeinterval.

.  RESULTS

A Elagtic resporse

The inflation test of the blood ves®l physicd model
reveded noninea presaure-volume relationship, seeFig. 2.

Fig. 2 Nonlinea presare-volume relationship fitted by
Ogden model and Stepwise linea model.

The two models (one hyperéelastic, seoond stepwise linea
model) were adopted for description of the pure elastic
behavior. Ogden’s hyperelastic model of the strain energy
density W, proposed originaly for elastic resporse of polymer
meaterials. I1ts mathematicad form is given by equation (6).

)

3 (6)
W = ﬂ(/fk.'./;k*;k_3

k=1 A Here p; denote
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stresslike materiad parameters and g, are dimensionless

Experimentally identified values from static tests are listed in
Table 2.

Tabel 2 Edtimated material parameters for elastic
cortribution.
Parameter Value
1 1.219MPa
2 -3.355MPa
3 0.3449MPa
1 -4.211
2 -1.153
3 6.028

Stepwise linea model is described by simple linea
approximation (7).

p=38/s-h ©
Where parameters 8, represent elastic moduus and B is

presaure intercept. Parameters valued , b are given in Table
3. Both models fit experimental data succesgully.

Tabel 3 Estimated material parameters for elastic
contribution.

Parameter Value Interval V/Vq[-]
a 13043Pa
by 19500Pa <0.0.985
a 450116Pa (0.9851>
b, 450116Pa '
a3 1174569Pa (11.029>
bs 1174569%Pa "
a 149566Pa (102914
b, 118957Pa T

B Dynamic response

Results from experiment and simulation are shown on Fig. 3.
Points represent recorded presaure during the water hammer
experiment and the bladk and blue lines are numericd
prediction. The parameters for the elastic part of model in the
Table 2 and viscosity comporent in the Table 4 were used in
simulations.
Tabel 4 Viscosity used in numericd simulation.
Stepwise linear viscoelastic model Value
h 7600Pats
Ogden’s model with viscosity

h 7000Pa*s

ISBN 978-80-01-04895

Fig. 3 Presare resporses after almost instantaneously
closed valve.

Measured natural frequency was approximately 7 Hz. The
simulation based on Ogden model gave the frequency
approximately 5 Hz whereas the stepwise linea model
predicted 7 Hz.

IV. CONCLUSION

The approximation of static inflation experiment by Ogden
and stepwise linea model was in qualitative agreement with
the experiment. The same conclusion was made in case of the
water hammer simulation. It was also foundthat the viscosity
of tested spedmen can be determined by means of the
comparison between predicted and measured presare
oscill ations. However, the model failed in the prediction of
material resporse at underpresaure.
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TheActive Vibration Suppresson of Composite
Beam with a Few Active Elements

Kaspérkova T, Sika Z.

Abstract—The paper deals with the active vibration
suppresson with a few active elements. There are
described two concepts of active vibration suppresson of
composite beam with using pulley medanism.
Construction, placement sensors and actuators, control
synthesis and positives and negatives of concepts are
described in this paper.

Index Terms—Vibration, Active damping, Composite
structure, Pulley medhanism, Linear drive

INTRODUCTION

sualy the adive vibration suppresson of composite

structuresisredized by layers (e.g. [1], [2], [3]), fibers
e.g. [4] and patches (e.g. [5], [6]). Often used materials are
piemeledric and  magnetoscrictive  materials  and
eledrorheologicd fluid Usage these aduator types to
suppresson vibrations of composite structures allowed the
penetration of composite materials to dynamic loaded
construction (e.g. parts of cutting or shaping machine and
construction of the spacetelescopic aeial.

A lot of adive elements of big areaof layers are necessary
to efficient vibration suppresson. Quantities of the adive
elements make in these concepts some problems. The first big
problem is high voltage witch is necessary to cortrol a lot of
elements. The second big problem is the expensiveness of
adive material. Usage a lot of elements can rise the price of
construction unacceptably of.

The concepts, witch described this paper, show possble
solutions of problems with many adive elements. The
concepts contain sixteen adive elements. The quantity of
adive elements is low-order then adive elements quantity in
order similar constructione.g. [5].

The paper is organized as follows. In the first paragraph
are described basic construction, sensors and both type of
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grant of Czed Science Foundiation " Reseach of intelligent composite
comporents of machine tods made of ultrahighmoduus fibers and
nanoparticles modified matrix" (GA107/08/0299and grand SGS 10/248 of
CTU in Prague "Medhatronicsand adaptronics 2011"

Ing. TerezaKadpérkova Czed Technicd University in Prague, Faaulty of

Medanicd Engineaing, Technicka 4, Praha 6  (Tereza
Kasparkova@fs.cvut.cz)

Doc. Ing. Zbyn k Sika, Ph.D.: Czedh Technicd University in Prague,
Faalty of Medanicd Engneeging, Tecnicka 4, Praha 6
(Zbynek.Sika@fs.cvut.c2)

16

adive medanisms. The second part described the state space
form. The third and fourth paragraphs are used to find the
efficient sensor and “ aduator” places. The fifth paragraph
dedswith control synthesis. The last sixth paragraph show and
compare the solutions of the both concepts.

|. STRUCTURES

The basic structure is four-corned thin-walled composite
beam. It is made from carbonfibers and its length is 1800mm
and his sedion is 100 x 100 mm. All solution are cdculated
for fredy hungbeam. There are sixteen sensors conreded to
the basic structures. The sensors are accderometers. The both
aduator sets are consisted of linea drive, fiber and pulley [7].
In first concept are linea drives placel in the middle of the
beam. Eight aduators damped one side of the beam and eight
aduators damped the second side of the beam (fig 1). This
concept use the places with the biggest divergence in some
axes

Fig. 1: The first concept

The seaond concept contains the second structure inside
the basic structure. It is the composite beam with some length
and smaller sedion. The linea drives and puleys are
conreded to the seoond beam (fig. 2). The linea drives are
not placed in the middle of bean but the placeof linea drives
and pulley are cdculated in the paragraph 3.

Fig. 2: The second concept
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II. MODAL STATE SFACE FORM OF SYSTEM
The state space form [7, 8] in equation 2.1 is used to
cdculation placement sensors, aduators and control
X=A,*x+B, xd+B_ x 21)
y=C, xx+Dx '

Where the matrix Am is the systems matrix, the matrix Br is
the disturbing matrix, the matrix Bm is the control input matrix
and Cm isthe output matrix. The system matrix is

2.2)

Am=

ooéo
oo%’é
’\Iéooo
géoo
o o oo

o
o
o
o

- W,
Where N is the number of degrees of freedom, b is the

dampingand isnatura frequency. The inpu matrix Bm and
Br for forceinpus (u=f) is

(2.3)

Vi

Where V is the matrix of modes. The matrixes Cm and D for
acceéerometers sensors are

o :[' VW -V,2aW - VW,

D=V¥/'

-V, W] 24

(2.5)

Il .PLACEMENT OF SENSORS

The places for conrmeding sensors are optimized by
Norm H, [8]. The equation of thisnormiis

B | lc.
o Bl

Where R is number of al places for connedion sensors.
The H, placement index if the ith mode and the kth sensor in
equation 3.2 make up the matrix of placement indexes. In
equation 3.3

k=1 R (31)
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G
S, =W [Cu i=1 N, k=1 R 32
ik ik HGH ’ ’
2
52115212 SZ:Ik SZlR
S 221 S 222 S 22k S 21R
, = , (3.3)
S 2n1 S 2n2 S 2nk S 2nR

Where wj is the weight assgned and it is chosen as 1. The ith
row is set indexes of sensors for the ith mode and the kth
column consist of indexes of the kth sensors for all modes. The
vedor of sensor placenent indexes is defined

SS:[ssl S

.
sl s,
as R where © % js rms sum

of the kth sensor indexes over al modes. The index S«
charaderizes the importance of the kth sensor. The places with

the highest indexes S« are good for pladng the sensors.
These places are in the both end of the bean (fig. 3).
The sensors in the middle of the walls measure diredions x
andy and the sensors in the corners measure diredion z.

Fig. 3: The placament of sensors, first pictureisthe start of
beam and the second picture is the end of beam [9]

IV.PLACEMENT OF ACTUATORS

The places for conreding fibers in first concept are optimized
by Norm H, [8] as in sensor cdculation. They are chosen the
places with the biggest authority in ead diredion. The places
for conredion fibers in the first concepts are the same as
sensors places.

The placesfor conreding fibersin second concept are defined
as combination places on the primary beam and places for the
puley on the secondary bean [9]. Thecombinations are
cdculated from the condtion of the controll ability grammian
[8] for each mode. The controllability grammian is cdculated
from the state spaceform (equation 2.1). Itsintegral formisin
equation 4.1 ands its more used differential formisin equation
4.2.
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W ()= exp(At )BB exp(A Tt it

0

(4.1

W, = AW, +W_A" + BB’ (4.2)
The target of the optimizationis the best value of the condtion
number of the controllability grammian. The best combination
of the fiber and pulley paosition has been evaluated separately
for the particular modes.

V.CONTROL LAW SYNTHESY S

It is many posshiliti es of the control synthesis. In this case are
the aduators under control of the state spacefeedbadk control

[10]. The cortrol input is cdculated from the state space
feedbadk and the control input is defined in equation 5.1
u=-K>x (5.2)
where K is the gain of feedbad cortrol. From equations
2.1and5.1 follow

x=(A, - B,XX)x+B, (5.2)
The gain K is determined as minimization of quadratic cost

function J from LQR method The quadratic cost function Jis
defined in equation 5.3

J :g(xT Q3 +u' XT m)dt

0

(5.3)

where Q and T represent weights on the different states and
control channels. The matrix Q have to be symmetric semi-
positive definite and T have to be symmetric pasiti ve definite.
The matrix T is diagoral matrix and its elements are 0.001
The matrix Q [11] isdefined in equation 5.4.
Q=HTH (5.4)

where H is the matrix of weight of the state. The gain matrix K
iscdculated in equation 5.5

K=T"'B,P (5.5)
Where Pis cdculated from Riccai equation
PA+A"P+Q- PB T'B,'P=0 (5.6)

V1. EXAMPLE OF RESULTS
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The results are transfer functions of uncorntrolled and
controlled beam. Uncontrolled beam have blad line, the first
concept have red line and the second concept have blue line.
Theresults are 16 graphs from 16 accéerometers.

Bode Diagram

130
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Fig. 4: The transfer functionto x-diredion

Bode Diagram
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Fig. 5: The transfer functionto y-diredion

Bode Diagram
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Fig. 6: The transfer function to x-diredion

VII.CONCLUSION
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Two new concepts of adive suppresson of vibration with few
aduators have been presented. Both concepts use linea drive
and pulley mecdanisms with composite fiber to vibration
damping. The first concept is spedaized to suppresson
deviation of the diredions. The seacond concept is spedalized
to damping of separate modes.

The sensor places are found with Norm H, by bath concepts.
The same method is use to finding the aduator places (fiber
conredion). The condtion number of the controllability
grammian has been use to finding combination of places pull ey
and places of fiber conredion. The state space feedbadk
control with LQR methodis used to control the control inptt.
The first concept has better results in diredion z, but in
ancther diredion is worse or same. The second concept make
better possble reduce number of aduators.

Now the experiment is prepared and the experimental results
of presented concepts will be known in the end of the summer.
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Model of "aorta-iliacarteries' branching

Kronek J., R

Abstract— The terminating part of aorta — its branching into
common iliac arteries is a part where atherosclerotic lesions
occur very often. This may cause ischemic disease of lower limb
and without treating may lead to amputation. The paper deals
with this “Y-shaped” part of aorta and describes it"s behaviour
during physiological presaure loading. Both FEM model and
physical (real) model were designed. The unique tednological
process for physical model casting and testing is described.
Silicon elastomer Sylgard 184 was used for fabrication of the
model. Presaure — location-spedfic deformation relationship was
evaluated using FEM.

One of resultsisthat the stressconcentration coefficient in the
most dangerous place (“crotch* of the bifurcation) may be more
than 4.5 compared to nominal wall stressin the straight non-
branched blood vessl. The second result isthat the stressfalls to
the nominal value (the value in straight tube) approximately in
thedistanceof onetuberadius.

Index Terms— Aortic bifurcation, FEM, Sylgard, Stress
concentrator.

|. INTRODUCTION

I t may seeam, that aortic bifurcaion (AB) into common
iliac arteries is not as important and interesting part of
cadio-vascular system (CVS) as carotid or crania arteries.
But it is corred to dedare, that this region is affeded by
atherosclerosis very often.

Generally and simply, there are two basic biomedanicd
approaches for atherosclerosis occurrence asessment. The
first, “hydrodyrnamic” one correlates the amourt of plagues or
the probability of disease genesis and progresson with blood
flow parameters. It means mainly with blood vorticity, shea
stresson the inner epithelium layer or shea stressgradient. A
lot of articles [1]-[7] ded with this correlations. The second
approach solves the distribution of stress and strain in blood
vessl wall caused by blood presaure and correlates it with
atherosclerosis ocaurrence. There are also several works,
which are based on this concept. The most complex study is
presented in [8]. The purpose of this article is to describe
medhanicd behaviour of a simple bifurcaion during
presaurizaion withou presence of parasitic phenomenon
Laboratories al over the word ded with mechanicd testing of
human blood vessls to assss its medchanicd properties.

J Kronek, P. R i ka, H. Chlup, L. Horny; CTU in Prague, Faaulty of
Medhanicd Engneeing, Department of Mechanics, Biomedhanics and
Medhatronics, Technicka 4, 166 07 Prague 6, Czedh Repubic, e-mail:
jakub.kronek@fs.cvut.cz

R. itny; CTU in Prague, Faallty of Mechanicd Engineeing, Department
of ProcessEngineaing, Technicka4, 16607 Prague 6

This work has been suppated by Grant Agency of the Czech Technicd
University in Prague, grant SGS10/247/0HK2/3T/12

2C

i kaP., ChlupH., Horny L.,

itny R.

Tested spedmens are not homogeneous and uniform tubes. It
isnot clea what is tolerable distance from an inhamogeneity
(a bifurcaion in this case) from which its influence can be
negleded.

To use sili con elastomer for simulating mechanicd behaviour
is suitable for many reasons: It doesn’t get dry and doesn’t
change mecdhanicd properties itself in short time compared to
a biologicd material. Experiments can be performed
repededly. It is pasgble to change geometricd parameters of
the mode arbitrarily by modifying a casting mould. Moreover,
material properties may be modified also by variation of
poymerization temperature and mutual ratio of base poymer
and curing agent.

Il. METHOD

A. Silicon model

Firstly the 3D modes of both inner and outer parts of
mould were prepared (Autodesk Inventor 2011) (Fig. 1a).

Fig. 1la Model of mould parts (Autodesk Inventor 2011)

Fig. 1b. Red mould asembly
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Seawndy the mold prototype was manufactured using 3D
printer Prodigy plus, Stratasys, USA (Fig. 1b). The outer parts
were made of ABS durable thermoplastic whereas the inner
part was made of soluble material intended for suppat
structures. This material can be disolved by wed akaline
solution (WaterWorks techndogy by Stratasys, USA).

After mould finishing, Sylgard 184 elastomer was prepared.
The mutual weight ratio of curing agent and base stuff was
chosen as 1:10. The ratio is assumed to have a strongimpad
on the elasticd properties of fina matter. The article [9]
deding with this material dedare the dependence shown on
(Fig. 2a). But our own uniaxial tensile tests with reference
spedmens showed diff erent stresgstrain dependence (Fig 2b).

Nominal stress [MPa]

0 + T T T
0 0,2 0,4 0,6 0,8 1
Nominal strain [-]

Fig. 2a. The elasticity dependence on the mutual ratio of A and B parts
of Sylgard 184—uniaxial tensiletest [9]
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Fig. 2b. Uniaxial tensile test of reference spedmens

During mixing of Sylgard, some air bubHes got inside and
would have caused discontinuity of model. In order to remove
them, Sylgard 184 was placal to vacuum chamber for 15
minutes before casting.

Then the model was casted immediately. After 18 hous,
when the elastomer poymerized, the physicd model was
caefully removed from the outer mould. The inner one was
disolved.

Geometricd parameters of the bifurcation and experimental
setup are shown in (Fig.3). All edges at the branching area
were rounded with aradius r=1mm.
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Fig.3. Geometricd parameters of casted AB with region of interest

B. FEM mode|

FEM analysis was performed using Abaqus/CAE 6.9-2. The
moded has the same geometry as casted bifurcaion. 2D shell
elements seemed to be sufficient for the purpase of this study.
Data from uniaxia tensile test were fitted by hyperelastic,
incompresshle, polynomial Yeoh model with expresson of
deformation energy density:

Average element size in “the crotch” of bifurcaion was
0,15mm (in other places 1mm). Structured meshing by 4-node
elements was used in the crotch and tube-like aress. The
automati c mesh generator was used for arest of geometry.

Kinematicd boundry condtion: All degrees of freedom
were restricted in “end-circles’ (Fig. 3).

Dynamicd boundry condtion: The inner surfaces were
loaded by presaure of 16 kPa.

1. RESULTS

The crotch of hifurcaion was assessd as the region of
highest interest. Mises stress was mapped on the path from
this paint to the end of branched tube (Fig. 4a). Mises stress
ratio was cdculated as a ratio of Mises stress and a nominal
Mises stress which would occur in a straight tube. The
distribution of this ratio on the path is shown on (Fig. 4b). The
Mises stressratio in the middle point of the crotch was approx.
4.5.

Fig.4a. Misesstressof presaurized AB with marked path of interest
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From this paint (the origin of the path) the stress rapidly
degreases and from the distance of approx. one tube radius
(1/2 D), its value is comparable to the nomina stress which
would occur in non-branched straight tube.

# $ &

Fig.4b. The ratio of region-spedfic Mises stress and the nominal stress
onthe path from the middle of the croatch

V. CONCLUSION AND DISCUSSON

The technicd node of red bifurcaion mode casting was
described. Silicon padymer Sylgard 184 seams to be very
suitable materia even for more geometricdly complex parts
of CVS. Its fluidity before pdymerization is very good
Moreover Sylgard 184 is transparent, what can be widely used
for measuring of flow parameters inside. But this property
depends on moulds surfacequality. Differences in mechanicd
properties between uniaxia tensile tests, which we performed
and pubished data [9], are caused probably due to following
no strictly the same preparation condtions. The main
diff erence was the temperature during polymerization.

FEM anaysis was performed to evauate Mises stress
distribution. The deviation of first principal stressor tangential
stress and Mises stress was less than 15%, therefore Mises
stresswas asesed as a good representative of stress state in
AB wall.

It’s fair to say, that the stressratio depends on the size of
elements in the crotch. For this reason other different meshes
were generated with a various elements sizes. One would say,
that the prediction of Mises stress for “zero-size” elements
seansto convergeto afinite value (Fig. 5).

The comparison of experimental measurement of casted AB
and FEM analysis will be performed in the nea future.

The literature [8] claims, that atherosclerotic lesions as
same as stress concentrators occur not only at the crotch, but
aso at “hips’ of AB. These stress concentrators were
observed, neverthelesstheir value of Mises stressratio were
less than 1,7 in this case. One woud say that theses
concentrators are insignificant in comparison with the crotch
concentrator, but they affed larger areas of the AB.

The physiologicd pre-stress of aorta inside human bodyis
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believed to reduce stress concentration, but this phenomenon

was hegleded.
>
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Fig.5. The value of Mises stress for “zero-size” elements seems to

converge to afinite number.
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Ductil e damage of the material for nuclear faalities

M. Moraveg, J. Kuelka, J.R i ka, M. Spaniel

Abstract — Fracture strain (strain reached at the instant of
fracture) is one of the commonly used criteria of ductile fracture.
Theoretical and experimental studies have shown that it depends
on the stressstate and that stresstriaxiality isthe key parameter
controlling the magnitude of the fracture strain. This paper
presents the way how to use the damage model which is extended
for 3D usage by utilization of the Lode angle parameter. The
fracture strain is defined in the stress triaxiality and Lode
parameter space as a surface For description of the parameters
of the material model it is necessary to use the numerical
simulation and experimental material tests for calibrating the
material parameters.

Index Terms— ductile fracture, stresstriaxiality, L ode angle

| MOTIVATION

Within the scope of the projed “Ductile damage of the
material for nuclear fadlities’ we am to find a way of
description of a material fradure model for numericd
simulations. The fradture strain models are included from the
literature and we try to cdibrate material parameters for
computing.

Il I THEORETICAL - INTRODUCTION

The main ideas of the reseach adivity are contained in this
chapter. It deds with charaderization of the stressstate and
ductil e fradure models and their application.

IILA° CHARACTERIZATION OF STRESSSTATES
If amaterial isasaumed to be isotropic, the material models
can be formulated by means of threeinvariants of the stress
tensor [ ], defined as

= 5,2 - guls)= - Slou s s.)

a=s = 21913

e T O e

- 294414 - Zoefs)

%(sl- SulS2-Snls2- Sn)

Where[S] isthe deviatoric stresstensor,
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[s]=[s]+ pl]
[l is the identity tensor and 1, , and 3 describe the
principal stresss. It is asumed that 2 5 It is
convenient to work with the dimensionless hydrostatic
presarre A, defined by
Sm
s
The parameter /7, often referred to asthe triaxiality parameter,
has been extensively used with ductile fradure. The second
important parameter is the Lode angeq , which is related to

the normalized third stressinvariant  through
3

= cos (37)

h:i:
q

X =

Since the range of the Lode angleis O£ g £ p/3, the range of

is -1Ex£1. The geometricd representation of the Lode
angleisshowninthe Fig. 1.

Fig. 1 — Three types of coordinate system in the area of
principal streses[1].

The stress state in a particular point in an isotropic material
can be defined in three coordinate systems, as shown in Fig. 1.
The first ore is the Cartesian coordinate system(s,,s,,55),

the second ore is the cylindricad coordinate system (sm,§,q),
and the third one is the sphericd coordinate system (éd J ,q),
where the equivalent stress 5 is related to the eguivalent
strain e throughthe strain hardening function of a material.
The coordinate  is related to the stresstriaxiaity A by the
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foll owing equation:

h=

m|§|

tn||"’

ctan/

Furthermore, the Lode angle can be normali zed by

q =1- &g =1- Earccc}sx
P P
Therangeof g is - 1£ g £1. The parameter ¢ iscdled the
Lode angle. Now al stressdiredions can be charaderized by
the set of parameters (/75) defined abowe. It can be shown

that g =1 corresponds to the axisymmetric tension, ¢ =0
corresponds to the plane strain or generalized shea loading
condtions and g= -1 corresponds to the axisymmetric
compresson[1].

[I.B - DUCTILE FRACTURE MODELS
The equivalent plastic strain fradure &; is widely used to

charaderize material ductility in engineaing applications. One
of the basic fradure models is the constant fradure model. In

general &; isnot constant under different loading condtions.

Stress triaxiality is the only important parameter for simpler
fradure models. McClintock and Rice and Tray analyzed the
void growth under hydrostatic loading and derived a simple
exporential expresson for the function - &, (47) , which will

be referred to as a 2D fradure locus.
g =& (n)=ce

where C; and C, are material constants. Johnson and Cook
propcsed that material ductility can be expressed by an
exporential function of the stresstriaxiality

g =é(n)=C,+Ce ™,

where C;, C, and C; are material constants. This formulation
means that the fradure strain depends on the stresstriaxiality.
This model has bewmme very poplar in engineaing
applicaions. Bai and Wierzbicki have formulated a more
complicaed model. Both of the abowe fradure models
consider only the effed of triaxiality. The general 3D
asymmetric fradure locus is constructed in the 3D spaceof an
equivalent strain to fradure &, stresstriaxiaity /7 and the

Lode angle parameter g , as shown in the foll owing equation:
. Tlat) 2\ 20 =2 Lla) a1} =
e, =2 )= 2 eD): 0 g7 2el)- ey al

2

q

" D@t g

1
~|\Dge®

2 o
+% (Dle’ o pg Deh)a +Dg

The geometricd representation of the 3D asymmetric fradure
locusisshownin Fig 2.
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Fig. 2 — A general 3D fracture locus postulated by Bai and
Wierzbicki.

The dependence of the equivalent strain of the fradure on the
stress triaxiality £ is described by an exporential function

while its dependence on the Lode angle parameter g is taken
to be parabadlic.
8l) =p,e o
corresponds to the boundng curve at g =1,
8l) =p,e o
corresponds to the boundng curve at g =
el) = p,e o

-1, andfinaly

corresponds to the boundng curve at g =0. There are six
fradure (material) constants in the model.

1l OUR EXPERIMENTSAND NUMERICAL SIMULATION

These experiments and numericd simulation have been
procesed in order to cdibrate the fradure (materia)
parameter. The numericd simulation was caculated using
FEM with the Abaqus software. The values of triaxiality and
the Lode angle parameter are shown in Fig 3. It isnecessary to
cary out different material tests for ead areain the plane of
the stresstriaxiality and the Lode angle parameter.
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Fig. 3 — Conceptual representation of initial stress states on
theplaneof- and g .
The procedure of the numericd simulationtest isintroduced

below. The Comtes —FHTcompany exeauted the experimental
part for these material tests.

[IILA TENSILE TESTS

Sampleswith a notch
The numericd simulation model of samples with a notch was
creded in the Abagus software. The material data used were
adapted from the materia library for materials 15CH2NFA
and 08CH18N10T. It was considered an axisymmetric
problem with the other symmetry surface Only one quarter of
the numeric model was creaed. SeeFig. 4.

Fig. 4 — Example von Mises stress of the one quaer of the
numeric model of sample with a notch with diameter 12 mm
andradius of the notch 2 mmfrom material 15CH2NFA.

The needed force was cdculated from an analyticd equation
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and the results were used in the numericd model. The values
of the stress triaxility were caculated in the path from the
center of the notch to the center of the sample. As shown in
Fig. 5 for samples with diameter 12 mm.

Fig. 5 — Course of the stresstriaxiality from the center of the
notch to the center of the sample for different notches and
material 15CH2NFA.

Flat samples

The numericd simulation model of flat samples with a notch
was creded in the Abaqus software. It was considered
symmetric problem, which was symmetric acording to all of
the main surfaces. One eighth of the numeric model was
creged with the corred boundry condtions for symmetry.
See Fig. 6. The materia data used were for materials
08CH18N10T, 15CH2NFA and Zircon. The load of the
sample was prescribed for movement 1 mm in the loading
diredion.

Fig. 6 — Example von Mises stress of the sample with lenght
10 mm width 5 mm thickness0,5 mmand notch 1,25 mmfor
material 15CH2NFA.

The stresstriaxility in the path from the center of the notch to
the free surface which best represented the plane stress was
cdculated in the sample. As shown in Fig 7 for different
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notches.

Fig 7. — Course of the stresstriaxiality from the center of the
notch to freesurface for material 15CH2NFA.

[II.B PRESSURE TESTS

Sampleswith a notch
The numericd simulation model of samples with a notch was
creged in the Abaqus software.The material data used were
adapted from the materia library for materials 15CH2NFA
and 08CH18N10T. It was considered an axisymmetric
problem with the other symmetry surface Only one quarter of
the numeric model was creaed. SeeFig. 8.

Fig. 8 - Example von Mises stress of the one quaer of the
numeric model of sample with a notch with diameter 12 mm
andradius of the notch 2 mmfrom material 15CH2NFA.

The nealed force was cdculated from an analyticd equation
and the results were used in the numericd model. The values
of stresstriaxility were cdculated in the path from the center
of the notch to the center of the sample. For samples with
diameter 12 mm seeFig. 9.
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Fig. 9 — Course of the stress triaxiality from center of the
notch to the center of the sample for different notches and
material 15CH2NFA.

Smooth samples
For the numericad simulation a model of smooth samples was
creged in the Abaqus software. The material data usedwere
adapted from the material library for materials 15CH2NFA
and 08CH18N10T. It was considered an axisymmetric
problem with the other symmetry surface Only one quarter of
the numeric model was creaed as shown in Fig. 10.

Fig. 10 — Magnitude diplacement of the smooth sample with
diameter 5 mmandheight 7,5 mmfor material 08CH18N10T.

Two numericd tests were procesed. The first one was withou
friction in the jaws and for the second one absolut friction in
the jaws was considered. The load force was cdculated from
an analyticd equation. For a sample with the friction see Fig.
11

Fig. 11 — Von Mises stress of the smooth sample with the
absolut friction for material 08CH18N10T.
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II.C SHEARTEST

The sample for the shea test was an axisymmetric problem.
The loading was simulated using two rigid body plates. One
plate was placal on the bottom of the sample with zero
displacement applied. For the other one the displacament of 5
mm was used in the loading diredion. For the results of the
simulation seeFig. 12.

Fig. 12— Von Mises stressof sample for the shear test.

The shea_test simulated both, static situation and dynamic
situation. The results show that for both simulations the
situationis similar — Fig. 13.

Fig. 13—figure of shear rate plastic strain on displacement.

Only the static simulation coud be used for cdibrating
material parameters.

II.D NAKAZIMATEST

The numeric model for Nakazma test was asymmetric
problem, which was symmetric acording to al of the main
surfaces. The model is an assembly of three parts — a purch,
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jaws and a shed. Both the purnch and the jaws are designed as
a rigid body surface while the shed as a thin metal plate
designed as the symmetric problem constitutes the only part
that is subjed to the deformation. The loading is described by
displacement 15 mm of the purch in the loading diredion. The
shed after cdculationisshownin Fig. 14

Fig. 14 — Equivivalent plastic strain for sample shed with
notch 40 mmanddiameter of the shed 100mm

The important point, where the stresstriaxiality is caculated,
isin the center of the sample on the bottom side. For results of
the cdculation seeFig 15.

Fig 15. — Course of the stresstriaxiality and equivalent plastic
strain.

V. CONCLUSION

Within the scope of our projed we have finished the first
step. It includes computational suppat of static material tests.
Similarly, dynamic tests are planned to be prepared in the
same way. In the phase of ductile fradure cdibration
numericd simulations of materia tests would be necessary to
reped with ductiile damage model included. The Jonson
CooKs material, which is implemented in the Abaqus
software, will be used in these cdculations as the first one. The
more complicaed Bao Werzbicki formulation may be
programmed in thefuture. This formulation would have to be
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programmed in Fortran as an user subroutine in the Abaqus
software.
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Mechatronic Stiffnessby HAC/LAC Control
Strategy using Integral Shape Control

M. Smr , M.Vaasek

?

Abstract: The paper deals with using HAC/LAC strategy for
the Medatronic Stiffness and explores posibilites of using the
Integral Shape Control as HAC. The proposed control strategy is
analyzed numerically showing goad performancefor increasing of
dynamic stiffnessat low frequencies.

Index Terms—: Active damping of vibrations, Integral Force
Fealback, Medatronic stiffness Shape control.

I.INTRODUCTION

HE Medatronic stiffness concept is based on increasing

dynamicd stiffnessof a primary structure using auxili ary

structure conreded by set of aduators (Fig. 1.). The
aduators with an appropriate sensors conreded in the
feedbadk loop compensate deviations of the primary structure.
The concept was investigated analyticdly and experimentally
using the model based control approach LOR (see[1], [2]).

Fig. 1 The Concept of Mechatronic stiffness Image from [1].

Necessty of having an acarate model to design the
cortroller is the disadvantage of the LQR method The model
of finite dimensions can't cover up the whole dynamic
behavior of a red structure. Moreover, during the controll er
design processwe are forced to reduce model of the structure
to keep the controll er order acceptably small. The discrepancy
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Ing. M. Smr: Czeth Tedchnicd University in Prague, Faallty of
Medhanicd Engineging, Technickd 4, Praha 6, 161 00, Czech RepuHbic,
(Martin.Smrz@fs.cvut.cz)
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can lead to a substantial dearease of the controll er performance
and the instability may occurs in the worst case (Spill over
effed, see [3)]).

Partially these can be solved by LAC/HAC strategy. The
controller can be divided in to two parts: the Low Authority
Controller (LAC) using the collocaed decantralized control
strategy to increase damping of the structure and the High
Authority Controller (HAC) for the displacament control.

Fig. 2 The HAC/LAC control strategy for position control of the truss
Image from [3].

Since the LAC is collocaed, the control loop is
uncondtionally stable while assuming ided aduators/sensors.
The damping introduwced to the system by the LAC can
increase resistance to instabiliti es of the HAC. Traditionally
the High Authority Controller is the LQG cortroller. In [3],
this strategy was used for the wide band pasition cortrol of the
truss(Fig. 2).

The aim of this paper is to explore the posshiliti es of using
Integral Shape Control as HAC in the case of the mechatronic
stiffness
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Il .SHAPE CONTROL

The theory of shape control isbased onthe principle that for
deformable bodes loaded by externa forces it is possble to
find such an internal mechanicd strain distribution that is
exadly oppasite to the strain caused by this loading.

Fig. 3 An Eledrodes shape of a piezeedric layer for compensating of a
beam tip force Image from [4].

The paper [4] describes posshilities of using
Euler-Bernodi beam theory to construct the eledrode shape of
piezoeledric layer on the beam to eliminate the deformation
caused by the external loading.

Moreover the control can be collocaed if we use the
eledrode with the same shape for piezeledric sensor
([4],[5)). The shape of eledrode can be approximately
discretized by using of n redanguar piezoeledric aduators.
Then, the desired deformation can be achieved by stepwise
eledricd voltage on particular acuators [6]. Then from the
control point of view we can understand the integral shape
control as a transformation of MIMO (Multiple Output
Multiple Inpu) system to SISO (Single Output Single Input)
as you can see in Fig. 4. It can simplify the process of
controller design.

Fig. 4 The Block diagram of MIMO to SISO transformation by input and
output weighting functions f,g.

In the case of the medhatronic stiffnes we can aso design
the force distribution to acuators that will make the primary
beam strait. On the condtion of that we know the spatia
distribution of the external forces.

[Il. CONTROL STRATEGY
Consider a structure composed from two beans conreded

3C
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by set of n piezoeledric stadk aduators equipped by tension
sensor as you can seein Fig. 5. The primary beam is loaded by
the external force F (disturbance). The tip displacement of the
primary beam is measured by a PD sensor

Fig. 5 The Controled Structure.

The LAC is represented by n independent Integral Force
Feeadback (IFF) loops between eadh coll ocated aduator-sensor
pair (seeFig. 6). All lopes with same feedbadk gain g.

D(s) = g% (1)

For the detail s about IFF see[3].

i

The HAC cortroller is designed to cortrol the tip
displacement, whil e the aduators are controlled by scdar input
signal through the weighting function f. The complete block
diagram of the suggested control strategy isin Fig. 7. Sincethe
HAC fealbad is not collocaed, the low passfilter shoud be
included to avoid the instabiliti es.

W2

Fig. 6 The LAC control loops.

F9)=5——— 2
= 7 s @
The standard Pl controller will be used:
H(s) = r(L+1) ®)
S



13th WAM, 29.6.2011, CTU in Prague

YVvYYy

T

Fig. 7 The HAC/LAC control strategy with the Integral Shape Corntrol.

IV.NUMERICAL EXPERIMENTS

The proposed strategy was tested on a model prepared by
the Finite Element Method using BEAM and LINK type
elements. The materia of the beams was chosen to be acarbon
fiber compaosite. Parameters of the modeled beams can be seen
inTable 1.

We dedded to use three aduators uniformly distributed
along the length of the beams. The aduators was modeled
usingthe LINK elements with stiffnessk,=2.1 10" [N/m]. Itis
approximately 50 times higher in comparison with the bending
stiffnessof the primary bean.

Table 1 Paremeters of the beams.

Primary Seomndary
bean. beam
Length 2 2
[m]
Moment of inertia 38 51 10°
[mnd]
Crosssedionarea 2834 2100
[mnf]
Density 1470 1470
[Kg m?]
Moduus of Elagticity 280 280
[GPa]

A. LAC controller

We adjust the feadbad gain g using the roat-locus method
The pasitions of roats for the adjusted gain g can be seen as
blac datsin theroot locus Fig. 8

Remark, that all others roots, which canna be seen on the
introdwced figure, were stable for al g. It relates to
unconditi onal stahility of coll ocated systems.
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Fig. 8 Roat locus of closed loop pdes of system with the LAC controller.

Fig. 9 shows the open and closed loop frequency resporse
functions between the force F and the tip displacement u, of
the primary beam.

Ut
rF

Fig. 9 The Frequency Resporse Function uy/F with and withou LAC
controller.

B HAC controller

In order to identify the shape function f, the Forces on
aduators that produce the displacement of the primary beam
same as a displacement from unit force F had to be computed.
It was dore by the least square method Fig. 10 shows the
displacanent of the beam from aduators and force F. The
displacaments curves are identicd with the root mean square
errorequal to4 %
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Fig. 10 The displaament alongthe primary beam.

After that the other parameters of the blocks in the HAC
feadbadk loop could be set up. The low pass filter cut of
frequency was preset to =0.9 , and the constants of Pl
cortroller were adjusted in order to increase dumping of the
first mode and deaease a stiffnessin low frequencies.

Fig. 11 shows the final frequency resporse function of the
controlled system, we can see that the first mode amost
vanished and also the resporse at frequencies lower than
was inreased substantially. Since, the Pl cortroller was used
the static gain iszero asis shown onFig. 12.

Uil
rF

Fig. 11 The Frequency Resporse Function uy/F achieved by HAC/LAC
control strategy.
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Fig. 12 The Resporse of tip displacenent uito the step input of ForceF.

V.CONLUSIONS

The posshilities of using the proposed control methods
were investigated. The Numericd analysis showed good

ISBN 978-80-01-04895

performance of the HAC/LAC controller for damping of the
first six modes. Unfortunately the stiffness was pasitively
affeded just for frequencies lower than the first resonant
frequency of the analyzed system.

REFERENCES

[1] M. Valések, M. Ne as, and J. Pdikan, “Medhatronic stiffness with
disturbance force rejection,” Bulletin of Applied Medhanics, val. 6, no.
24, pp. 89-93 2011

[2] M. Neas and M. Vaések, “Mechatronic Stiffness of MIMO
Compliant Branched Structures by Active Control from Auxiliary
Structure,” Recent Advancesin Medhatronics, pp. 167-1722010

[3] A.Preumont, Vibration control of active structures. Springer, 2002

[4]  H. Irschik, M. Krommer, and U. Pichler, “Dynamic shape control of
bean-type structures by piezeledric aduation and sensing,”
Internationd Journal of Applied Eledromagretics and Medharics, vol.
17, no. 1-3, pp. 251-:258 2003

[5] M. Nader, Compensation of Vibrations in Smart Sructures. Shap
Control, Experimental Realization and Feedback Control. Trauner
Verlag, 2008

[6] M. Smrz and M. Vaasek, “Advanced Piezeledric Sensor for Shape
Control,” in Procealings of the IV Ecoomas Thematic Conference on
Smart Structures andMaterials, Porto, 2009

32



13th WAM, 29.6.2011, CTU in Prague

ISBN 978-80-01-04895

Collagen Fibers Orientation within the Vein Wall
(June 2011)

J. Vesdly, L. Horny, H. Chlup, R. Zitny

Abstract— This paper presents a histomorfometrical analysis
of internal structure and organization of components within the
vein wall. Dominant directions of collagen fibers were
investigated in histological sedions from media and adventitia
layer of the human vena cava. Sedions were analyzed by in-house
developed software BinaryDirections. Digital images were
converted to binary pixel maps, where white color represents
collagen fibers. Software, BinaryDirections, employs an algorithm
of the Rotating Line Segment to determine significant directions
in digital images. It was found that collagen fibers are aligned in
circumferential direction in media layer. Contrary to that in
adventitia fibers are arranged in longitudinal direction. In
contrast to elastic artery, no evidence of helically reinforced
composite structure was found.

Index Terms— blood vessl architedure, vena cava,

cdlagen fiber distribution, biological composite
I n recen yeas a big increase in interest in corstitutive
modds of biologicd tisaues based on their microstructure
was noticed Biologcd tissues comprise large number of
differert cdls, matrix proteins and bondng elemerts. A good
undestandng of internd structure and orgarization of
material is necessary to effedively devdop these modds.
Whenthe vein wall is corsidered, there are three distinct
layas (tunics). Each laye has differert fundion and
composition. Tunica intima is the innea laye of the vascular
wall andis composed of onelaye of flat enddhdial cdls[1].
In hedthy young individuds the intima is very thin and its
influence on the mechamcd propeaties of blood vessls is
insignificart. Tunica meda is the midde laye of blood
vesEls. It corsists of a complex threedimensiond network of
SMC, elastin and boundess of cadllagen fibrils [2]. For

|. INTRODUCTION

?

This work has been suppated by the Czech Ministry of Education
projed MSM6840770012 Czech Science Foundition GA10608/0557 and
Grant Agency of the Czedh Technicd Universty in Prague
SGS10/247/0HK2/3T/12.

J. Vesdly; Czedh Technicd University in Prague, Faaulty of Mechanicd
Engneaing, Technicka 4, 16607Prague, Czech Repullic
(jan.vesdyl@fs.cvut.c2).

L. Horny; Czech Technicd University in Prague, Faaulty of Mechanicd
Engineaing, Technick& 4, 16607Prague, Czech Repubic
(lukas.horny@fs.cvut.cz).

H. Chlup; Czed Technicd University in Prague, Faallty of Mechanicd
Engineaing, Technicka 4, 16607Prague, Czech Repubic
(hynek.chlup@fs.cvut.cz).

R. Zitny, Czed Technicd University in Prague, Faallty of Mecdhanicd
Engineeing, Technicka 4, 16607Prague, Czech Repulblic
(ruddf.zitny@fs.cvut.cz).

33

instance in aorta, orientation of fibrill ar comporents is helicd,
with very small pitch hence the fibrils in the media are almost
circumferentially oriented. From a mechanicd point of view,
media is the most significant layer in a hedthy artery [3].
Tunica adventitia is the outer layer of blood vessl. It consists
of fibroblasts and fibrocytes (cdls that produce collagen and
elastin), ground substance and thick bundes of collagen
fibrils. The adventitia is continuowsly surrounced by loose
conredive tissue. Generally, the thickness of venous wall is
smaller than the thicknessof the arterial wall of the sameinner
diameter [1]. The different types of vessls differ by having
ore of the layers more or less developed. Histologicd
structure of muscular arteries may differ significantly. For
more detail s see[2-3] and references therein.

Our aim was to analyze the internal structure of material
within the vein wall. Dominant diredions of collagen fibers
were investigated in histologicd from media and adventitia
layer of the vein.

II. MATERIAL AND METHODS

Histologicd sedions were obtained from human abdominal
vena cava inferior. The orientation of sedions and the
definition of collagen fiber angle 6 are shown in Fig. 1.
Spedmens were routinely fixed in 10% buffered
formaldehyde, embedded in paraffin, cut, and stained with Van
Gieson. Digitalized images were evaluated by in houwse
developed software BinaryDiredions with implemented
algorithm of the Rotating Line Segment (RoLS).

Fig. 1 Orientation of the histologicd sedions and definition of
theangeb.

Digital images were converted to binary pixel maps by
tresholding of RGB filter which transforms stained coll agen to
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white (logicd unity) pixels and non-collagen comporents to
blad (logicd zero) pixels. Binary conversion was obtained in
software NIS-Elements (NIKON INSTRUMENTS INC,,
USA, New York).

A. RoLS Algorithm

Exad mathematicd formulation of the Rotating Line
Segment (RoLS) was described in details in [4]. Histologicd
sedion converted to binary pixel map can be viewed as the
matrix with elements uniquely correspondng to pixels.
Elements are equal to either zero or unity depending on the
pixel color. The algorithm explores neighbahoodof ead non
zero pixel (cdled target pixel) in the image using the rotating
line segment. The neighbahood of the target pixel is a square
represented by NxN submatrix M, where N is an odd integer.
Now, imaginary line segment is rotated step by step aroundthe
midpant of the neighbahood Ead rotating step, b, of the
line segment is represented via additional NxN matrix, say L”.
L? has only nonzero elements in pasitions correspondng to
the rotated li ne segment.

The aim of RoLS is to find dominant diredions in an
image. This procedure is based on so-cdled matching
coefficient, C(6). The matching coefficient is normalized
number of nonzero pixels shared with the line segment and
neighbahoodof target pixel at given rotating step &:

c(p)=12—— @

| = L )

Normalization procedure is related to length of square
neighbahood N and number of pixels creding the line
segment, |.

There are two ways how to obtain relevant information

abou dirediona frequency of nonzero (collagen) pixels in
the neighbahood of target pixel. First, one can reduce
information from pixels neighbahood to the most frequent
ange (rotation step with the greaest C(6)) and creae
histogram over the entire image (all target pixels). The seaond
way is to consider C(b) as a function of 6 in ead pixel and
averaged these functions through all target pixels. Obtained
results may depend on N, therefore analyses shoud be
repeded with different values of N and the N shoud be chosen
with resped to charaderistic dimensions of structures
observed in images (eyes of expert are the best optimization
todl, as usualy).
Image-based determination of tissue architedure may employ
many kinds of agorithms and mathematicd methods.
Presented algorithm, RoLS, is similar to the so-cdled volume
orientation (VO) method which operates with point grid and
seeks for the longest intercept in target volume. VO was first
described in Odgaad et a. [5]. It was found to be suitable
within an analysis of bore architedure. Interested reader can
track detailsin [6] or recent review [7].
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Il . RESULTS

Fig. 2 — Left panel shows an example of digital image from
media and definition of ange 4. The same image converted to
abinary pixel mapisin Fig. 2 (Right panel). The sensitivity of
the results to the length of rotating line segment is shown in
Fig. 3. It was foundthat the usage of different lengths of the
rotating segment Ni {61 pix, 121 pix, 181 pix, 201 pix} have
not significant effed on the distribution of angle 6. Final
results for images processed in BinaryDiredions from media
and adventitia are shown in Fig. 4.

Fig. 2 Left panel - Histologicd sedion from media layer
stained with Van Gieson. Coll agen fibers are stained in red.
Right panel - Binary pixel map creaed from histologica
image in | eft panel. White color represents coll agen fibers.

Fig. 3 The sensitivity of the resultsto the length of rotating
line segment. Empirica probability density function for
seleded sedion from adventitia (left) and media (right) for 4
lengths of line segment.

Fig. 4 Resulting averaged empirica probability density
function for media (red) and adventitia (blue).
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It was found that collagen fibers in media are aligned in
circumferential diredion. Contrary to that fibers in adventitia
are oriented in longtudinal diredion.

V. CONCUSYONS

It was shown that analyzed histologicd images from human
vein adventitia gives unimodal density distribution of
orientations with one maximum at approx. 90° for the coll agen
fibers. It was foundthat orientation of coll agen fibersin media
is purely circumferential with very compad organization of
collagen. Conwersely, results from adventitia show that
orientation of collagen is axia with sparse arrangement of
fibers. This arrangement of comporents within the vein wall
differs from arrangement for example in aorta. This may be a
consequence of another type of loading, where skeletal
muscles are helping venous return medhanism. There is also
lower blood pressure in veins than in arteries. Contrary to
elagtic artery, no evidence for modeling vein as helix
reinforcedcompasite was found
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Ride Dynamic Moddling of Off-road Vehides

Jan 9tFK OLFKAl 9 DDaHN

Abstrad? A vehicle ride in a sever terrain requires spedal
techniques of modelli ng becauseof low travel speed, high vertical
and lateral whed displacement and high roughnessof a surface
In this paper a novel multi-body model of a vehicle ride has been
proposal taking into acoount these spedfic reuirements. A
spedal attention has been paid to tire modelling and contact
patch forces. The proposed modelling technique has been tested
on vehicle with two different suspension systems showing a
significant improvement in lowering of lateral whed
displacement during bounceor rebound.

Index Terms? off road vehicle ride, tire modelling, long whed
travel suspension

INTRODUCTION

At the presem time using a simulation in vehcle
development is indispensatle. The whed suspersion is the key
vehcle comporent, which at most affeds overall vehicle
behavor. For modelling of a vehcle ride wide variety of
miscdlaneaus models from very simple to the complex ones
can be used[5]. All these modelsare primarily intendedto use
for application on road vehicles. In behalf of getting a basic
idea of suspension behavor in heavy terain with esential
dynamic models satisfied the requiremerts. By using differert
suspersion charaderistic and exciting these models by same
road (terrain) disturbarces these suspension types can be
compared

Building of the off-road vehicle model is descibed in the
article ard the model is used to compare two types of
suspersion. The first one is conventional suspension and the
seoond is ore has nealy linea vertical whed motion. The
most significart differences with regard to the road vehicle
model are descibed primarily.

MODEL SETUP

Modelling of an off-road vehcle brings differences which
do naot occur in road vehicle models. Next chapers descibe
the model structure and thesediffererces are charaderized in
more details.

The authors gpredate the kind suppatt of the grant SGS 10/2490of CTU in
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A. Vehcle madel

The model used in this study is basedon a full car model.
The whed suspension is indeperdent and the model includes
spring ard damper for each whed. No other extemal force is
applied to the model. The mathematicd model is then
combination of the full car model ard a model of tire lateral
behavor. The model is simulated as nonlinea and all
position varables are measured from dtatic equilibrium
pasition.

Figure 1 A nontlinea full car model with marked dimensions, forces and
coordinates. M, |, I, Iy are sprung massand moments of inertia respedively,
m, and m; are SUSE@NSIoN UNspPrung masss, &, a, tr are whedbase and track
dimension respedively, ki, k; and by, by are susgnsion stiffnessand dumping
respedively, ki is tire stiffness, R, R, Fii, Fur aretire latera force vy, z, z,
Zi, Ziry Zn - DHSR/WRQand anguar position coordinates and v is vehicle
speal. Subscripts f and r indicae front and rea axle while subsciipts | and r
indicate left and right side.

B. Tire madel

Onre of the most significant featuresof the off-road vehcles
is long whed travel. For purpose of this model the suspension
with maximal whed travel rougHy 0.4 m is asumed
Commonly used suspensions are based on principle of
conneaing the body and the whed hub by certain number of
amms. This solution brings in any modification atrad charge,
which is more relevart by such a long whed travel, ard is
necessary to take into account lateral tire characeristic. Since
the model is so far interded to use only for simulating of
straight line movement at low speed withou cornering and
drive torque is possble to simplify the tire behavior only into
lateral diredion. Regarding simplicity of the whole model,
serial spring damper lateral tire model [1] is used Schematic
illu stration of this model is shown on Figure 2.



13th WAM, 29.6.2011, CTU in Prague

A\’ klat
T
A
Figure 2 Modd of tire-road interadion in lateral diredion. Coefficient kiz is
lateral stiffnessof the tire, by is viscous damping representing the road-tire
interfacey is tire-road contad point lateral movement depending on verticd
whed movement and suspension charaderistic, y; is auxili ary coordinate, v is
vehicle speed and Z is anguar velocity of the whed.

Tireforceis thengiven by equation
F,oky y o (1)

C. Swspersion represertation

The suspersion is represerted primairily by an unsprung
mass in the model. Moreover suspersion kinematics is
introduwced by the latemal displacement of the tire-road contact
pointy. It is expressed asa function of whed travel z

y fz. @

MODEL USE AND RESULTS INTERPRETATION

The dynamic model of the off-road veticle is smulatedin
MATLAB/Simulink. The proposed model is used to compare
two differert typesof suspersion. One suspersion is standard
commercially used and the other one is a suspersion with
almost linea motion. This modified suspersion shoud
denmonstrate lowering late motion of the vehicle by
reducing lateral movemert of the whed. Resallts of these
simulations are discussed below.

A.Suspersion types
The first type is a doulde wishbore suspension with equal
length parallel amms. In this case (2) became

y | I 7 ©)

where | is length of the amms. The secondtype of suspension is
a suspersion with almost linea whed motion along whole
vertical whed travel. The lateial displacement of the tire-road
contact paint is than instead of (2) represeted by look up
tabe. Thesesuspersions differ in unsprung masssignificantly
as well. The tire-road contact point lateral motion in
depererce on whed travel of doude wishbore suspension
ard nea linea motion suspension is il lustratedin Figure 3.
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Figure 3 Suspension charaderistic

B. Model excitation

For purpose of this comparison the model is excited only
vertically, represeting straight ride without any cornering or
applied driving torque. Both sides of the ca are excited
separately with different ranrdom surface profile. To compare
different types of suspersion at the same surface profile a
rardom signal is substituted by a filtered sum of finite number
of sinusoidal signals with ranrdom phase angles [4]. These
signals are logaithmicdly distributed along frequency
spedrum [3] amd amplitudes are adaped according to
frequercy interval which it represerts, to get constart power
spedral dersity. Shape filter coefficients are modified
appropriately to desred suspersion whed travel. In this case
coefficients are HXL'YDGPVWRWH FKODRVHWLIR 3EDG
XQRWLHGRDG IWRP [4]. The resuting random signal is
moreover shiftedin time domainto obtain zero initial value.

Travel speal of the vehicle during the simulation is 5 m/s
ard the time deperdercy of resuting road profile is shown in
Figure 4.

0.5

left road surface profile
041 — right road surface profile |4

0.3F
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0.1
\ :
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road surface height [m]
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Figure 4 Road profile height

C. Reslts

The simulation reaults of doulde wishbore suspension ard
nea linea suspersion are compared in following figures.The
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