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ABSTRACT

Chemically modified bovine pericardium has been used for heart
valve substitutes for over 15 years. Neveftheless, a significant
proportion of such valves show unsatisfactory performance, which may
be related to the mismatch of the mechanical properties of the
leaflets. This thesis reports an investigation of the mechanical
properties and structure of native bovine pericardium, from which the
leaflets are ultimately made.

The thesis consists of 11 chapters, each containing an
introduction defining the main theme of the chapter and where
appropriate, short 1literature reviews. There are summaries and
discussions at the ends of each section highlightling important
conclusions.,

The first chapter outlines the reasons for studying the
mechanical properties of native bovine pericardium and the methods and
rationale of the experimental studies. The next 3 chapters discuss
the mechanical properties of the tissue. Chapter 3 reviews currently
available test methods and the results obtained using them to study
pericardium. Chapter 4 describes the development and validation of a
non-destructive biaxial inflation test, and results obtained on native
pericardial specimens. These specimens were then subjected to
uniaxial tension tests which are described in chapter 5, which also
describes the regional heterogeneity of the pericardial sac. Chapter
6 describes the angular variation of the strength, extensibility and
stiffness of the tissue under uniaxial tension and presents empirical
and structure based descriptions of the results.

Chapter 7 describes the optical properties and histological

structure of the tissue, and draws comparisons with the mechanical

anisotropy.



Chapter 8 describes the function of natural heart valves and the
requirements of bioprosthetic substitutes. The next chapter describes
the effect of chemical modification by glutaraldehyde on the
mechanical behaviour of pericardiumj the modifications in properties
produced by fatigue testing and in-vivo implantations are also
reported.

Chapter 10 describes the development of a structure-based model
of the mechanical properties of the tissue and shows that it can
adequately describe the mechanical responce under different loading
conditions. The 1last chapter contains a summary of the conclusions
reached.

The thesis is completed by a bibliography and appendices.
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1.1 INTRODUCTION

Examination and characterisation of the mechanical behaviour of
human and other biological tissues has always been one of the
cornerstones of biomechanics. The initial interest of obtaining a
better understanding of the human body has in recent years been
substituted by an ever 1increasing interest in the study of
biomaterials. Bovine pericardium constitutes a suitable candidate for
the construction of leaflets for bioprosthetic valves. Knowledge of
the structure and mechanical properties of bovine pericardium can
significantly contribute to the production of an improved pericardial
bioprosthetic valve by exploiting the use of the pericardial tissue in
the most appropriate manner. The tissue 1is wused after suitable
chemical modification by the use of glutaraldehyde, but it was decided
that the material properties of the native tissue to be studied first.
The decision was based on the idea that the fixation process may
modify the mechanical behaviour of the tissue and even hide some of
the features of the pericardial responce to 1loading. If ¢the
properties of the native tissue are thoroughly studied then during
fixation, where a degree of human intervention is always possible,
these properties can be improved to provide a material more
appropriate to its end use.

The properties of the native pericardia of some species have been
studied but this information is only of 1limited help because
interspecies variations render the results on the tissue of one
species not generally applicable. A common practice in tissue
mechanics studies is to use only one test mode in the examination of
the material properties and this has the major drawback that some
aspects of the mechanical behaviour may only be revealed if the tissue
is subjected to a combination of test modes. In the present study the
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Table 1.1:in the present report samples from 4 sites on the pericardial
membrane have been examined by a biaxial and uniaxial mechanical test
modes and an optical non-invasive method. The tissue was either in the
fresh or the fixed form. Valve tissue was always fixed.

Biaxial Uniaxial Optical
fresh I I,II,II°,III *
fixed I I
valve tissue
Glasgow #* *
Commercial ISU * *
ISU sTonescu Shiley universal

I,II,II',III :test sites on the pericardial membrane
* tirrespectively of position on the membrane
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native bovine pericardial samples were subjected to both biaxial and
uniaxial tests which were thought as being complementary and both
necessary in investigating the material’s mechanical behaviour in
full. For the biaxial mode an inflation method was developed and used
which has proved to have a potential for qualitative and quantitative
characterisation of the material properties.

One of the most interesting aspects of the mechanical behaviour of
pericardium would be the presence of mechanical and/or structural
anisotropy. Human valve 1leaflets are both structurally and
mechanically anisotropic and thus it would be of great importance if
the biomaterial to be used for the construction of the bioprosthetic
leaflets could match the natural ones in these respects. Once more it
is unfortunate that occasionally tissue mechanicians presume the
presence of isotropy and thus by using an inappropriate test program
are unable to detect and quantify anisotropy. In the presentA study
the biaxial and uniaxial testing protocols were developed and applied
in such a manner that the presence of anisotropy would be clearly
apparent, and the results justified this approach.

Tablel.1 summarises the present experimental investigation performed
on native pericardial samples originating from 4 different areas on
the pericardial sac and for material in the fresh or fixed form. A
non-invasive optical method utilising transmitted polarised light
microscopy is also included and has been found to be extremely helpful
in identification of the axes of elastic symmetry for the material.
Thus the optical method and the biaxial inflation test constituted two
non-destruective methods for the characterisation of the tissue
properties. This 1is of great practical importance since the
pericardial sample can be previewed and mechanically characterised and
subsequently used in the construction of a leaflet.

-3 -



A more detailed examination of the tissue structure has helped in

understanding some of the features of the pericardial response to
either biaxial or uniaxial loading and it was later used to build a
structure based model. The model can adequately describe and predict
the mechanical behaviour of the pericardial specimens under multiaxial
loading conditions. The model provides a constitutive relation which
accounts for non-linearity, anisotropy and multiaxial stretching, and
which can be used by bioengineers of the future who will attempt the

solution of boundary value problems.
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2.1 INTRODUCTION.

This chapter describes the tissue under examination. The
information presented refers to the origin, shape, retrieval and the
various functions that the pericardium performs. Material found in
the literature has been combined with the experimental establishment
of the tissue topography and its morphological characteristiecs.

2.2 THE TISSUE.

2.2.1 Definitions.

The vertebrate heart is enclosed in a loose-fitting fibrous sac.
It is usually called a serous membrane. As a membrane it comprises an
underlying connective tissue layer and an epithelial layer of cells
and it is a serous one because it does not open to the exterior but
faces inside covering the organs of a cavity. This membrane together
with a thin transparent layer intimately attached and covering the
myocardium of the heart constitutes the pericardium. The outer sac is
called the parietal part of the pericardium while the one attached to
the heart is the visceral pericardium or epicardium. Between the two
there is a small space, the pericardial cavity containing a watery
fluid known as the pericardial fluid(fig.2.1). The work reported
herein is exclusively focussed on the parietal pericardium of
beef-cattle.

2.2.2 Anatomy.

The mammalian pericardia of different species are more or less
similar to each other and thus their descriptions are usually
generally applicable. In the 1literature human pericardium has
attracted attention but animal pericardia which are easier to obtain
are much better studied. The results from clinical studies and
laboratory tests of animal pericardia have been assumed to apply
equally well to the human tissue because of their general
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similarities.

In humans the heart seems invaginated into the pericardial cavity,
which resembles an asymmetric inverted and truncated cone whose apex
is the diaphragm and whose base extends to the aortie arch. The
parietal pericardium is continuous with the visceral pericardium and
extends upwards to enclose the origin of the aorta and the pulmonary
artery where it is known as the arterial mesocardium (Shabetai 1981).
The pulmonary veins and venae cavae are likewise invested by the
venous mesocardium, not present in some species, e.g. dogs. The
arterial orifice of the tissue dorsally covers the veins which empty
into the atria and if the animal posesses an azygos vein or superior
vena cava these vessels are covered as well (Elias and Boyd,1960).
Apart from the great vessels the pericardial sac is attached to the
sternum, the vertebral column and the diaphragm. Elias and Boyd(1960)
distinguish a pars sternocostalis, pars diaphragmatica, pars
parietalis and pars mediastinalis on the tissue. In humans the
pars-sternocostalis consists of a narrow strip between the 1lines of
the pleural reflection. In cattle the heart is placed in a more
vertical position and thus the pericardial area facing the sternum is
limited and 1lies towards the apex. Pars diaphragmatica in the human
tissue is the triangular area of the attachment of the diaphragm and
pericardium. It 1lies from right posteriorly to the left anteriorly.
Pericardium and diaphragmatic fascia are interlaced and united in the
pars tendinea of the diaphragm (Elias and Boyd,1960). In beef cattle
again this area lies posteriorly where pericardial condensations and
tendinous attachments join the tissue to the diaphragm. Pericardial
pars parietalis extends upwards around the great vessels and unites
with the adventitia of the aorta and pulmonary artery, which originate
from within the pericardial cavity. The venae cavae are covered up to
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a point which can be either proximal or distal to the venous
bifurcation into a superior and inferior branch depending on the
animal species. The inferior vena cava, in cattle, passes through a
distinct pericardial ring, the "foramen quadrilaterum". In Pars
mediastinalis pericardii the tissue is usually in contact with the
aorta thoracica, vena azygos and the esophagus (Elias and Boyd,1960).
Vertebropericardial ligaments exist dorsally in humans and
cephalically in calves and they are a fusion of the tissue with the
prevertebral fascia.

Pericardial recesses and sinuses occur between the visceral and
parietal pericardium as complementary spaces, which are useful in
identification and of some mechanical importance. When pericardial
effusion is present the tissue there yields outwards although usually
the voids on the pericardial-mediastinal interface are filled with
fat. Sinuses are formed early in the development of the tissue and
can accomodate substantial quantities of pericardial fluid. The sinus
obliquus lies between the right and left pulmonary veins and results
in the separation of the posterior wall of the left atrium from the
pericardial space. The sinus transversus is formed between the
arterial and venous pericardial sheaths. The venous sheath forms
rings around the pulmonary veins and the vevae cavae and the arterial
sheath surrounds the aorta and pulmonary arteries. Sinuses, atria,
ventricles and the position of the major vessels (as in the human
heart) are shown in fig.2.2.

The development and relative position of the sac in the thorax
differs in different species,and has interesting physiological and
mechanical implications. The differences should be kept in mind when
results of studies on canine pericardia or of other species are
applied to humans. The fibrous pericardium is well developed in
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Figure 2.U4:By using a vector for the thorax and one for
differently inclined heart of the mammals is easier

RiC.:rib cage, V.C.:ve 1 column, D:diaphragm,. -
hiv.:heart vector, th.v.:ithorax vector, vivertical.
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humans, being relatively thicker than in all other species. From the;
rest of the species the pericardia of herbivora is generally thicker.
In humans there is an extensive attachment to the diaphragm, while in
horses there is an extensive attachment to the sternum
(Shabetai,1981). Differences appear early in embryonic 1life and
probably refiect the different functional requirements imposed on the
tissue. Heart and pericardium develop in a primitive pericardial
coelomic cavity. The heart is surrounded by the pericardial coelom
which lies in a coronal plane, which starts in a vertical position and
bends into a ventral-dorsal plane. The pleuropericardial membrane
develops in two halves which fuse together and eventually separate the
heart (developed from an early cardiogenic plate) from the 1lungs and
pleurae. The 1long axis of the heart and pericardium is, in humans,
ventral and diverted to the left. 1In horse and cattle it lies almost
vertical while in swine the position 1is more oblique in a
caudo-ventral plane, in the dog the apex is turned caudad so markedly
that the heart is almost horizontal (Kingsley,1926; Delahunta,1986).
In fig.2.3 the anatomy of the thorax of a series of animals is
presented. It is obvious that the heart is horizontal in the rat and
turns more upright as the size of the animal increases. In the
following fig.2.4 there is a diagramatic representation of the
thoracic cavity as comprised by the rib cage(R.C), the diaphragm(D),
the vertebral column(V.C) and the sternum(ST). Two vectors have been
used to represent the heart and the rib-cage. The heart-vector is
aligned to the long axis of the heart, while the thorax-vector bisects
the angle between the vertebral column and the sternum. The vector of
the thorax is placed according to a Cartesian system §f coordinates in
a manner that expresses the posture of the animal in 1life. The
relative position of the heart-vector to the thorax-vector shows that

- 10 -
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the heart’s place in the mediastinum is important for any
considerations on the suspension provided by the pericardial membrane.

Observations into the thoracic cavity of cows revealed that the
heart of cattle is tilted slightly forwards and to the left, the apex
points ventral and lies in a median plane (Ghoshal,1975) about 2.5cm
from the diaphragm. Measurements of the tilt and rotation of the
heart were made after tracing on paper sagittal and frontal sections
of the thorax of cattle of similar age, as presented in literature
(Paraux,1982). On a lateral view the heart is inclined forward
between 24 and 26°if projected in a mid-sagittal plane. The thoracic
cavity is pointing downwards about gf The heart itself, if considered
to posses a plane of symmetry across the two ventricles (or atria) and
containing the long axis, is rotated anticlockwise between 45°and 18°
Thus the right ventricle-atrium is on the front while the left half is
positioned on the rear.

Fig.2.5a represents a left lateral aspect of the cattle thoracic
cavity with the heart demarcated with the dashed line. On the left
side the greater part of the pericardium is in contact with the
lateral thoracic wall as far caudally as the fourth intercostal space.
On the right side the pericardium may be covered by the lung and have
no contact with the lateral thoracic wall. In most cases there is a
triangular cardiac notch on the right lung opposite the ventral part
of the fourth rib and adjacent intercostal spaces. The heart is
off-centered to the left and this is the reason why the pericardium
touches the ribs on the 1left and not on the right side. I have
measured the distance of the centre of gravity of the area of the
heart in fig.2.5b and found it to be 2 to 3 cm left of a mid-sagittal
plane. In the figures Latin numbers indicate the order of the ribs
and the dashed 1line the shape of tﬁe heart. The topography of the

- 11 -



thorax and this particular arrangement of the heart will be proved to
be of some significance later. An early observation is that the
lowermost part of the heart and the pericardium is not only the apex
area but due to its inclination some of the area covering the right
ventricle.

Gravitational forces as well as forces arising from physiological
activity both combine to stress the tissue in vivo and the effect
might be exaggerated on the lower parts. It seems that the heart is
not comfortably sitting on the surrounding tissues but that it is
suspended through various 1ligaments and 1ligamentous attachments.
There are thicker bands in the pericardium which probably act as
suspending ligaments and can serve as reference points on the excised
membrane.

Ligaments-Ligamentous attachments. The pericardial sac blends
with the surrounding tissues over some areas but it is étrongly
anchored to firm structures by the use of ligaments. The Lig.
sternoperdiaca or ligaments of Luschka (Elias and Boyd,1960) pass from
the tissue to the sternum or vice versa, one towards the manubrium and
the other to the Xiphoid process. In both humans and cattle the
Xipho-pericardiacum lig. ascends from the xiphoid to the anterior
pericardial surface. In humans the ligament stabilises the heart
during ventral-dorsal movements of the trunk, while in cattle the
almost vertical position of the heart suggests that the ligament
stabilises the heart during cephalad-caudal movements of the animal.
A number of upper ligaments, the Lig. sterno-costo-perdiaca superius
emerge from the superior posterior aspect of the sternum to the
anterior superior surface of the tissue below the origin of the major
vessels. Those ligaments suspend the sac in the horizontal and
vertical position and are especially important in the case where the
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heart has a more vertical position as in cattle. The various

ligamentous attachments not only keep the heart fixed in place but in
thoracic respiration dynamically enlarge the space available to the
dilating heart and create a negative pressure inside the pericardial
cavity (Holt,1970; Morgan et al,1965). Superiorly 3 ligaments appear
to exist in cattle and humans, one anterior and two lateral. The
ligaments diverge inside the tissue and can be traced as high as the
adventitia of the aorta and the pulmonary artery; they are usually
called ligaments Teutleben. Various other tendinous bands merge with
the diaphragmatic fascia and muscles of thorax but it is difficult to
identify them individually. On the posterior surface cattle have an
extended double row of fibrous flaps which seem to meet and reflect
oppositely. They attach the tissue to the diaphragm all along the
caudad area of the heart where in humans the Vertebroperdiaca
ligaments are.

The blood, nerve and lymph supply of the fibrous pericardium are

not of any mechanical importance in the isolated pericardial sac
in-vitro but in the intact pericardium in-vivo nervous reflexes in
other organs by stimulation of the pericardium have been described
(Holt et al,1960). Stimulation of the pericardium in the
anaesthetized dog causes a decrease in arterial pressure as reported
by Kricheyskaya(1962).
Blood is supplied to the tissue by the internal mammary arteries, the
musculophrenic arteries and the aorta. The vessels pass to the tissue
from the mediastinum although the attachment points and the return is
through the venous circulation. Veins closely follow the arteries
inside the tissue and the blood returns through the azygos - system to
the systemic circulation. The lymphatic system is ordered in 5
subsystems (Elias and Boyd,1960) supplying the heart, the epicardium
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and the pericardium. Its mechanical role is again negligible but it
has an immunological contribution protecting the heart against
infections during life (Holt,1970). The permeability of the membrane
has been assessed by the hydraulic conductance (flow volume per unit
of hydrostatic pressure), the reflection coefficient and a
permeability coefficient by Pegram and Bishop(1975). They found that
bulk transfer of fluid across the membrane is possible and thus relief
of excessive pressure caused by the accumulation of a substantial
amount of fluid. The actual volume of pericardial fluid under normal
conditions is under dispute. Volumes of fluid ranging between 38 to
1000ml have been drained from otherwise normal or at 1least
asymptomatic horses (Holt 1970).

2.2.3 Pericardial Cavity.

The actual size of the cavity is the sum of the pericardial fluid
and the heart’s volume which of course fluctuates during the cardiac
cycle. Human pericardium usually occupies 320-460ml, as measured in
human cadavers, and if air is pumped into the cavity until the tissue
is unfolded, but not stretched, the space has been reported to become
510-800ml (Elias and Boyd,1960). The pericardial fluid in humans has
a normal volume of 20-25ml as obtained from the pericardial cavity
post-mortem and in extreme cases reached 60ml. The space of the
cavity can increase to 150-220ml by unfolding the complementary spaces
and 626-650ml1 by stretching the membrane itself. The last value seems
erroneous and does not certainly represent any physiological cases.

A few preliminary strain measures may result from the previous
numbers. The pericardial cavity enlarges from a mean value of 400ml
to a mean value of 655ml when simply unfolded. If that space is
thought to be occupied by a sphere, the radius would vary between 4.57
and 5.38cm. A mean strain value calculated from the two radii would

- 1 -



give an estimate of 17% strain. This could be the range for strains
for a membrane moderately stretched. The same could be applied for
the second sequence of numbers. The residual normal pericardial fluid
volume was 20-25ml and the heart’s mean volume is again considered to
be 400-20=380ml. If pericardial fluid volume rises to 185ml this
would give a mean strain measure of 11% which represents a membrane
just unfolded. An excessive pericardial fluid volume of 620ml would
add 24% on the previous strain measure. It seems reasonable to
suggest that the maximum strain value for the tissue in-situ is 35%
and that examination of the membrane properties should in any case be
compatible within this limit. If the same volume differences were to
be created by the fluctuation of blood volume it would account for
most of blood present in the heart at normal conditions. It is
reasonable to suggest that the 17% strain of the spherical model
mentioned earlier 1is the maximum strain experienced by the tissue
in-vivo. It should also be expected that local areas would have to
perform overwhelmingly well to accomodate additional volumes and
stresses or be significantly restrictive in the absense of an overall
membrane dilatation. Regional variations of the mechanical properties
are more likely to exist than uniformity of properties all over the
membrane’s surface.

Stresses and strains are sustained by the fibrous pericardium whose
native properties or those of the chemically modified tissue are in
the main interest of our work.

2.2.4 The Tissue Structure.

It consists of 3 layers(Ishihara et al,1981): the Tunica serosa,
the epipericardial connective tissue which is a continuation of the
ad jacent tissues and the Tunica fibrosa.

The Tunica Serosa consists of a layer of cells whose classification is
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disputed. They are considered to be mesothelial cells that is
epithelial cells of a serous membrane. Their response to physiologic
stimuli resembles that of epithelial cells. They possess cilia, form
glandular structures, goblet cells and thus feature epithelial-like.
Others consider them to be mesenchymal cells and thus developed from
embryonic connective tissue cells, possessing though some ability to
respond to external stimuli.

The Epipericardial Contents are not distinguished as different by all
workers but they are mentioned separately by Elias and Boyd. The
interface between the membrane and the mediastinum is made up of
scattered unorganised elastin and collagen fibres.

The Tunica Fibrosa is the connective tissue layer, in particular adult
connective tissue of the dense form. The fibrosa is responsible for
the form and the strength of the pericardium. It is built by collagen
fibres with intermingled elastic fibres whose arrangement has not been
studied thoroughly, despite their importance in understanding the
mechanics of the tissue, and for any- of its other uses like the
construction of the bioprosthetic valves leaflets.

Evans(1973) has classified the connective tissues in respect to the
simplicity of their function and structure in: simple(i.e.tendons)
and complex(i.e.cartilages, skin) and regarding the level at which the
various structural elements 1interact to produce the exhibited
mechanical behaviour in: dominant(i.e.collagen’s dominance in
ligaments) and interactive (i.e.skin). In these respects the fibrous
pericardium is both collagen dominated, complex due to the presence of
various elements and interactive. We also suspect that if there is a
relative orientation in the densely packed collagen fibres in
pericardial fibrosa this will have a pronounced effect on the
mechanical beheviour of the tissue(anisotropy).
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Up to date the tissue has been treated as a whole sac enclosing
the heart and of uniform properties which have been considered to vary
from site to site only as a consequence of thickness variations(Reece
et al,1981) or composition (usually where the sac meets the major
vessels, Elias and Boyd,1960). The pericardium has been considered in
general to be of a continuum material which is subjected to mechanical
loads and deformations due to changes in cardiac form, size and volume
in systole and diastole, the phases of respiration, fluctuating blood
volume, position of the diaphragm and so forth. Every one seems to
have a clear opinion about the forces exerted as a result of
suspension or distension and therefore it could be said that there is
a pattern for the stresses imposed on the tissue i.e.suspensive forces
are directed to the 1ligaments. A concomitant structural pattern
should then follow but instead it is strange that when considering the
tissue structure any directionmal or regional variabilities are
generally disregarded probably only because of reasons of convenience.

2.3 PERICARDIAL FUNCTIONS.

2.3.1 Introduction. A number of functions have been attributed
to the pericardium and examination of the general role of the tissue
should be included in a study of pericardial mechanics. Besides the
functions that pericardium performs may be related to the structure
and mechanical properties of this tissue. A review of the main topics
is presented with an emphasis on the mechanical side of them.

Pericardium is an integrated element in the cardiac part of the
circulatory system and the effect it may exert on the heart is not
easy to assess in a straightforward manner. The complexities in
cardiac mechanics led workers to an "if not there" approach for most
of the reports. This means that the results that either the absence
of the tissue or an open pericardium have in some measured parameters,
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provided that all other parameters are kept invariable, indicated that
the tissue operates in the adverse way when present.

Fig.2.6 shows the various choices that are available as a combination
of different approaches. The arrows between tables have been assigned
a letter and thus a combination of letters is a comparison between
two, in general artificially produced, cardiac conditions.

The two main divisions are: in-vivo or with the chest closed, and
in-vitro where the heart and the tissue is examined in the laboratory
environment. The in-vivo can be subdivided for animals under normal
systemic conditions and those with plethora (excess of blood volume).
The in-vitro is subdivided into two categories, the one where statiec
pressures and volumes are employed and the one where the heart is
auxotonically beating. The latter dynamic-pulsatile method can be
achieved either manually or by exploiting the intrinsic pumping action
of the heart.

2.3.2 Pressure-~Volume Relationships.

Holt(1970) related the intrapericardial pressure and the
associated total volume enclosed by the pericardium. He produced the
"exponentially" rising curve of fig.2.7. A volume of almost 225ml was
available to the heart and the blood in it, with the pressure at zero
level. In between 225 and 300ml, the steep portion of the curve,
suggested that the pericardium was restricting the heart and this is
probably the case in cardiac tamponade or other pathophysiological
conditions. Holt essentially produced an exponential relationship
between a stress parameter and deformation which is very similar to
all stress/strain relationships of collagenous materials.

The pericardium not only allows a limited volume increase to the heart
but reinforces the cardiac wall as shown by Barnard(1898). He found
that in absence of pericardium the cat’s heart can rupture at a
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Figure 2.7:Total pericardial pressure-volume curve from a dead dog.
The heart was first drained of blood and the great vessels were
ligated. The pericardial space was cannulated and fluid was slowly
injected. The heart was then removed and its volume determined. The
volume of the heart was added to the volume of the fluid injected to
obtain the pressuce-total volume curve (reproduced from Holt,1970).
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pressure of 0.75 to 1.0 atmosphere while with the pericardium intact
the limit of pressure is 1.25 to 1.75 atmospheres.

The rest of the workers listed in fig.2.6 established other
physiological and/or mechanical functions. Barnard(1898) found that
in absence of the tissue additional volume of fluid was required to
produce the same intracardiac pressure. Spotnitz et al(1971) claimed
that pericardium contributes by a significant amount in diastolic
ventricular pressure, thus relieving the myocardium. Hefner et
al(1961) discovered that the tissue restricted the 1left ventricular
dimensions. Removal of the tissue resulted in enlargement of the left
ventricle according to Bartle et al(1978) and of the whole heart
in-vivo according to Carleton(1929). Kuno(1926) said that the tissue
had an effect on the systemic pressures where: when removed the
venous pressures decreased and cardiac output increased; the increased
venous inflow with increased venous pressure resulted in maximum
cardiac output with the pericardium present and also that an increased
aortic outflow resistance led to an increased arterial pressure in the
presence of the pericardium. Both Barnard(1898) and Holt(1960)
established that in an anesthetized animal in pericardial absence the
arterial pressures slightly increased, that venous pressures fell and
that in plethora both effects were exaggerated. All the pressure
volume relationships indicated that the tissue is effective in the
passive diastolic phase and this is reasonable to suggest for a
distension resisting structure.

2.3.3 Pericardium-Ventricular Interaction.

The previous functions result in the pericardium acting as a
control systems in cardiac mechanics by coupling the action of the two
ventricles. The stroke volume outputs of the ventricles are balanced
due to the restrictive action of the surrounding pericardium as
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Figure 2.8:Demonstration of the effect that transfusion of blood
substitute has on the pressure in the pericardial space, right
ventricle, right atrium, left ventricle, and intrapericardial space
in a closed-chest dog. Original pressures recorded at the left, after
injection of 1000ml of 5% dextran in 0.9%NaCl solution all traces
rise during systole and diastole except the pleural space pressure
(reproduced from Holt et al,1960).
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suggested by Berglund et al(1955). Interaction of the ventricles with
the tissue intact has been examined by Janicki and Weber(1980) and the
influence of pressures in the one half of the heart to the
contralateral one by Hess et al(1982). The conclusions drawn by Hess
et al(1982) were the only ones where a comparison has been attempted
with the tissue intact in both cases. Instead they subtracted
pericardial pressures from the cardiac ones to prove their argument,
that pericardium results in interaction of the cardiac chambers while
relieving the myocardium by keeping the transmural myocardial
pressures constant.

2.3.4 Transmural Pericardial Pressure.

In order to find the 1level that the native pericardium is
stretched in-vivo various workers assumed a certain level of
pericardial pressure and used Laplace law to yield the stress values.
The concept of pericardial pressure should be handled with care
because in-vivo the tissue is subjected to a pressure gradient by
having on one side the pressure of the pleural cavity and on the other
the pressure of the pericardial cavity. Similarly the tran;mural
pressure across the heart’s wall equals the intracardiac pressure
minus the pericardial pressure. The distinction between absolute
pressures and transmural pressures 1is essential in understanding
cardiac mechanics. Clinicians find the resting absolute pericardial
pressure to be subatmospheric, therefore has to be added as a value to
the in-chamber absolute pressure value to yield the transmural
pressure. Shabetai(1981) gave an example, if left atrial pressure
equals 7 (no units) and pericardial pressure equals -l, then
transmural left atrial pressure equals 11. Fig.2.8 reveals that the
tissue is for most of the cardiac cycle under a positive pressure
difference. The pleural pressure is always subatmospheric in either
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normal or plethoric conditions. The pericardial pressure varies
around zero, being positive for most of the diastolic phase (and thus
relieving the cardiac wall), presents a peak at the onset of systole
and 1is relatively reduced for the rest of systole as the cardiac
muscle contracts inwards. Holt et al(1960) conducted systematic
studies of pericardial pressure by using a liquid or gas-filled
balloon passed through a small slit into the pericardial space and
found that pericardial pressure was directly influenced by the pleural
pressure in the vicinity of the balloon. The pericardial pressure
could also be affected by the intracardiac pressure (especially when
it was accompanied by a change in volume) and the respiratory cycles
(inspiration/expiration, Morgan et al(1965)). Holt et al(1960) found
that pressures measured in the mid-distance between base and apex
increased at the onset of systole and fell during late systole. When
pressures are measured with an open-tip catheter in the region of the
atria or apex, there was little or no increase in pressure during
early systole. They even suggested that the sudden decrease in
‘pericardial pressure at early ventricular systole lowers the pressure
around the atria. Thus the pressure difference between atria and
thoracic veins increases and an equally sudden flow of blood fills the
atria. The same well known fact has been attributed to the sudden
piston-like downward motion of the atrioventricular floor in early
systole but the role of the pericardium in the same even£ should also
be significant showing at the same time that it does not always exert
a restrictive force on the heart.

Local Variations in pericardial pressures have been shown to
exist due to the variations of the intrapleural pressure itself.
Brookhart and Boyd(1947) have shown that intrapleural pressure varies
and increases in the vicinity of the heart.
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Hydrostatic gradients of pressure within the pleural and
pericardial spaces have been found to be approximately 1cm of H20 of
pressure for 1cm of vertical height by Banchero et al(1967) They
measured atrial, pericardial and pleural pressures in dogs subjected
to accelerations up to 7g by centrifugation in the supine, prone and
both decubitus positions and confirmed that at 1g, mean end-expiratory
pericardial pressure varied directly with the vertical height of the
recording site in the thorax. Measurements of pleural and pericardial
pressures simultaneously, proved that transmural pericardial pressure
was 0 at all levels of acceleration between 1 and 7g. Transmural left
and PFight atrial pressures were independent of the height of the
recording site in the chest and were unchanged during transverse
acceleration, but slightly changed by vertical acceleration because of
change in the weight of the heart. The conclusions that they reached
were that the pericardial fluid is present as a thin film in all
regions of the pericardial space and hence that pericardial pressure
is transmitted throughout the space. In that respect the heart is
inside a perfectly balanced and well suspended hydrostatic system.

2.3.5 Summary.

The present section attempted to highlight some aspects of the
pericardial mechanics. Pericardium in general restricts excessive
dilatation of the heart. Related to this topic is the ventricular
interaction induced by the tissue through a regulation of right-left
stroke volume outputs leading to a balanced cardiac action. Increased
cardiac efficiency may also be achieved by an even spread of the
gravitational forces around the heart where despite the hydrostatic
differences equal transmural pressures at all hydrostatic levels of
the cardiac chambers assist maximal cardiac efficiency. It is a
significant point to note that absolute intracardiac pressures are not
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that important and they should be substituted by transmural pressures
in examinations of the myocardial wall or the pericardial membrane.
It was also significant that the transpericardial pressure varies
considerably from site to site. This means that the requirements
imposed on the mechanics of the tissue vary at sites and this may
reflect on a regional heterogeneity of the mechanical properties of
the tissue.

When examining the position and inclination of the heart in the thorax
it was stressed that different body postures should make difficult for
results of mechanical tests of the tissue of one species to be in
general valid to the rest of the species. This was due the different
suspensive needs imposed on each of these tissues. The physiological
and hydrostatic considerations of the last section showed that it is
likely for regional variations in thickness, composition and
mechanical properties to exist even in the pericardial membrane of one
animal. An early conclusion which provided a guideline for the
present study was that examination of the properties of the isolated
native bovine pericardial tissue should only proceed after a detailed
mapping and examination of the tissue morphology.

2.4 SHAPE OF HEART AND PERICARDIUM

2.4.1 Introduction.

In an examination of the pericardial shape and morphology it is
necessary to find not only the pericardial attachments and reference
points on the tissue but the relative position of all references to
the enclosed heart. This may enable the specific properties of
different sites on the tissue to be related to the activities of the
underlying myocardium. Although the heart moves freely inside the sac
it is feasible to 1identify an area in the pericardium and the
equivalent one on heart.
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The pericardium is a curved sac and when excised and 1laid flat it
wrinkles as a result of its 1initial shape. If the whole sac is
inflated, it assumes more or less a spherical shape and this is Kknown
from the very first references(Barnard,1898). It is reasonable though
to assume that the natural shape of the tissue more closely resembles
that of the heart than of any geometric object. That is true over
those areas, atria-ventricles, where the tissue is in continuous
contact to the myocardium and follows its motion, while where the
recesses and sinuses exist no accurate prediction on the pericardial
shape can be made.

2.4.2 Methods.

There are numerous ways in which the cardiac shape has been
examined to provide a dimensional analysis of the heart.
Sandler(1970) presented an extensive review of all methods employed to
examine heart’s geometry but they primarily measure the inside
atrial-ventricular dimensions in either animals or man. Even in those
studies simplified geometrical shapes are adopted, i.e a sphere, a
cylinder or an ellipsoid.

Plastic or silastic models of the chambers have been used along
with other methods to calculate the volume enclosed by the myocardium.
The image contrast and the definition of chamber margins are absolute
in casts or models and thus possess advantages over other techniques
like biplane radio-opaque images. Radio-opaque images have the
advantage of giving in-vivo information but they are inaccurate in
defining the borders of various structures.

Techniques for rapid fixation of the heart of dogs have been
employed to permit analysis of heart dimensions in systole or diastole
by Ross et al(1967). With rapid fixation the heart is arrested in the
various configurations but two factors should be considered: a)the
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alterations on the myocardial dimensions that are introduced by the
fixation -itself and b)the rigidity of the final fixed heart tissue
which must be of some value to sustain any further treatment or
measurements of dimensions. The fact that someone ends-up with a
so0lid structure in either the -shape of the fixed heart or any other
casts that can be subsequently made of it, has the benefit that any
sort of data can be produced by measuring an object which does not
alter in time, can be rotated, handled with ease and kept (stored)
somewhere for any later measurements., Indeed, if the circumference or
the cardiac diameter are under examination today, then the curvatures
or the shape can be the interest of tomorrow and the cast 1is always
there to meet the new requirements.

The surface of a cast is accurately described only by an infinite
number of points and inevitably some information is lost when the
surface is digitised. Janicki et al(1981), cast the inside and
outside of hearts by using plastic or gelatin media. The former a
polymeric compound hardens with time, while the latter is refrigerated
to become solid. The same medium was applied on both surfaces and
thus a gradient of hydrostatic forces on the wall was avoided but
still the 1lower parts are expected to be compressed slightly due to
forces exerted on both sides. Transverse sections normal to the 1long
axis of the final cast were made and of course the thickness of the
slices determines the amount of data lost in at 1least one of the
dimensions. The thickness of the slices is limited by the medium
which was used for the cast since it may be brittle below a certain
limit. As in histological sections there is a small geometric
distortion which is less the better the mounting medium is. The
distortion is a slight compression in the direction that the knife of
the milling machine travels and this distortion can significantly
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impair the 3-Dimensional data. A detailed 3-D analysis of the heart

is easier nowadays with the recent advances in computer techniques and
their powerful graphics capabilities. The advantages that the 3-D
data stored in a computer offers in studying cardiac morphology can be
obliterated by inadequate histologic or preparation techniques while
making the actual cast of the heart.

2.4.3 Preparation Of A Cast.

Our main interest was focussed on the outside of the myocardial
surface. The pericardial membrane used in valves originates from
cattle 18 to 30 months in age. Both heart and pericardial tissue vary
in size and thus instead of a series of casts a single heart of a mean
size was chosen. The size was close to the one most usually
encountered and it was thought to be a good representative of the
whole population. The upper and lower limits have been considered so
that the deviation of any parameters measured can be predicted from
this single sample. The heart was supplied by the 1local abattoir
which supplied the pericardial membranes as well. It was put in
saline solution after excision and it was cleaned from the quantities
of blood contained in its chambers. The blood contained in the
coronary circulation and the myocardium itself has not been
exsanguinated by exerting any mechanical means but it was let to drain
by naturally dissolving in the storing solution. The saline solution
filled the chambers and surrounded the heart itself., The heart was
removed from the animal after death and it was flaccid enough to allow
the shape of the surface to alter due to external forces. Therefore
the heart was carefully handled and not subjected to any kind of
mechanical violence.

The conditions of death should also be considered because nervous
stimulation of the myocardium could arrest the heart in a contracted
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form. The administration of drugs or other chemicals in blood can
affect the shape. The absence of the surrounding structures
supporting the heart in 1ife can also result in post mortem
distortions. In a personal communication Dr.J.McGregor stated that
his own belief is that""a heart removed from the thorax is most
unlikely to depiet any real in-vivo situation. From the very moment
that one opens the chest the position of various organs changes
immediately. It is quite different if the animal is exsanguinated or
killed instantly by a shot. The thorax appears different if during
dissection the intestines are removed before or after the contents of
the thorax. In fact the ideal would be an instant fixation of the
heart in-situ followed by removal from the thorax.

In absence of any satisfactory technique we took some minimal
precautions to preserve natural shape and conditions. The pericardium
was kept intact until the heart was brought to the rigor mortis
condition. It was thought that the membrane which helps to restrain
the heart in-vivo would also protect it from minor injuries during the
preparation. The heart was immersed inside a saline bath and as soon
as it stiffened, due to rigor mortis, it was taken from the bath and
the pericardium was excised at a level around the atria. The heart
was suspended from the major vessels. The great vessels had been
cannulated and gripped around their circumference, while a number of
skewers had been passed through numerous points. of the vessels and the
piece of pericardium still present in order to distribute the load in
a greater area. The heart was rigid enough to sustain the
gravitational forces applied to the myocardium at the time. It was
then put in deep freeze for 24 hours to further reinforce the
stiffness of the tissue. It was thought that the frozen heart could
easily sustain any hydrostatic forces arising from a medium used on
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Figure 2.9:Two aspects of the cast, A)anterior view, B)posterior view,
R:right ventricle, L:left ventricle, v.b:left ventricular border,

c.a:conus arteriosus, i.g:intermediate caudal groove, s.l:sternopericardial
ligaments, s.b:subsinusoidal intermediate branch.
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the outside to produce the female cast. The medium was a diluted

plaster solution of which the temperature had been lowered to less
than 109C to bring it closer to the temperature of the frozen heart.
The heart was placed upright in a contaiher large enough to

accommodate it without any contact of the--heart to the container’s

walls. The heart was aga%.n suspended from the major vessels. The

container was filled with thé plaster solution which took 60min to
solidify. The frozen heart was covered:with a thin iey layer which
upon thawing was incorporated to the watery plaster solution and thus
a precise mould of the myocardial surface was produced. Until the
time thaﬁ the plaster had set the container with the heart and the
solution was kept at a low temperature to avoid a premature thawing of
the frozen heart. When the plaster had set, the heart was pulled from
the container and subsequently disposed of. The female cast produced
was used to produce a male one which corresponded to the actual shape
of the heart itself. It was sent to the Dental Hospital in Glasgow
where it was filled with dental stone. The stiffness of'the stone is
much higher than that of the plaster that surrounded it. With a small
hammer we carefully cracked the plaster cast which is relatively
brittle if compared to the dental stone.

In fig.2.9 two aspects of the cast are shown. The various
regions are identified in the captions and they should be compared to
the two figures coming from an atlas of animal anatomy as given by
Ghoshal(1975) in fig.2.10. He mentioned that if compared to the
equine heart which is very popular with the veterinarian anatomists,
bovine heart is a little longer, covered with more fat and somewhat
more rounded. The left ventricular border, as in fig.2.9a, lies
opposite the fifth intercostal space, in-vivo, it is almost vertical
and slightly concave.
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Figure 2.10:A)the bovine heart in a cephalad view, B)the bovine heart
in a right caudal view (reproduced from Sisson and Grossman,1975).
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The cast has been made to a level below the auricles which are mostly
covered with fat. The lower part of the conus arteriosus can be seen
in the anterior views of both the cast and the figure of the bovine
heart. The dashed line in fig.2.10a shows up to what level the cast
has been made. The left auricle is larger than the right and the. left

ventricle was more cylindrical than the right ventricle.  The
ventricular part is more reg;larly conical and more pointed while the
top is rounded as it looks in fig.2.10a. The pericardial area below
the auricles is the one that is relatively conical and of more uniform
thickness and thus useful for valve-production. At the top of the
heart where the tissue wraps around the vessels it is much thicker and
thus of no further use.

There was great similarity between the cast and fig.2.10a
suggesting that the cast had succeeded in reproducing the shape of the
heart without obvious distortions. Fig.2.10b presents a drawing of a
view of a bovine heart and appears more pointed at the apex. I
believe that this is a result of a not very succesful drawing since we
could not reproduce such a figure by looking at the cast from any
view.

The area of the sternopericardial ligaments is drawn on the
anterior surface of the cast. As the heart is free to move inside the
pericardial sac they can be placed right-left or up~down respectively
to this place on the cast. .They have been drawn next to each other
but this is not always the case. In other species they are placed one
below the other and thus connecting the membrane with upper and lower
parts of the sternum.

In the left ventricular area and to the posterior there is a
shallow so-called intermediate or caudal groove which descends from
the coronary groove ventrally to the left side of the left ventricular
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Figure 2.11:A drawing of the heart in systole@ and diastole@

based on the findings of Ingels et al,1971, to depict motion of
epicardial markers. It is an anterior view of a heart 20% increased

in diastole drawn in a manner comparable to the views of our cast.

The maximum shortening hapeens along the lines of the markers normally
to the left descending coronary artery originating from the conus
arteriosus.
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border but not reaching the apex. In fig.2.9b which is a caudal view
of the heart the intermediate groove is marked on the left side. The
subsinusoidal intermediate branch is present in either fig.2.9b or
fig.2.10b. It lies almost in the middle of the posterior surface of
the heart and descends to the right border and 2-3cm above the apex.
This probably reflects the internal geometry and shape of the
ventricles. As Janicki et al(1981) found in sectioning their casts of
human hearts the ventricles originate at different heights from the
apex, the 1left ventricle only 0.9cm from the apex and the right
ventricle 2.6cm from the apex.

But there is more information in what meets the eye, 1like those
foldings or wrinkles on the left ventricle. They 1look 1like
originating from the paraconal interventricular branch of the left
coronary artery and running circumferentially to the left ventricle.
They are apparently related to the myocardium since they were aligned
to shades of the smooth cardiac muscle, possibly related to the
variably orientated myocardial fibres (Fenton et al(1978)). 1Ingels et
al(1971) carried out stereo-photogrammetric studies on the dynamic
geometry of the left ventricular epicardium and showed that at 1least
the upper layers of the myocardium shorten maximally at right angles
to the descending 1left coronary artery. The maximum shortening
happens in the mid base-apex region and towards the left ventricular
border. With those findings an anisotropic asymmetric model was
supported for normal ventricular systole in which all points on the
lateral free wall move towards to each other while simultaneously
pivoting about a point near the apex moving towards a relatively fixed
septum as in fig.2.11. What is also apparent from fig.2.11 1is that
because of the particular geometry of the ventricles, where the left
one is shaped in an ellipsoidal form while the right one wraps around
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the 1left, the epicardial area overlying the right ventricle is larger
than the area over the 1left ventricle. This reflects on the
pericardium of which more of the surface covers right ventricular area
than left ventricular area and despite the fact that the apex is
included in the left ventricle.

The rest of the lines drawn on the cast and shown in the anterior
view are related to testing sites on the pericardial membrane andrthey
will be clarified when the preparation of the pericardial sac is
described. The dashed line starting from the 1left of the
sternopericardial ligaments 1is ascending towards the inferior vena
cava where the pericardium forms what previously has been called
"foramen quadrilaterum pericardii™ and consists the first of the
reference lines we have established on the tissue and the cast.

2.5 ISOLATED PERICARDIAL MEMBRANE.

2.5.1 Introduction.

The main interest of the present study was on the mechanical
properties of the isolated native bovine pericardial tissue. The
pericardial membranes for the research reported in this thesis have
been kindly supplied by Dr.J.Fisher of the Dept. of Cardiac
Surgery-Glasgow Royal Infirmary who was simultaneously working on the
design and development of an improved pericardial valve bioprosthesis.
Fisher(1986) followed a standard procedure of excising the tissue and
preparing the pericardial membrane in respect to some reference
points. This standardised preparation is being followed by the
company (Biomedical Systems,Ltd) which currently manufactures 200-300
BIO-FLO valves a year. Fisher(1986) used pericardial patches coming
from suitable sites on the membrane to prepare the leaflets of the
bioprosthetic valves. Although the design of a new supporting frame

and the leaflet geometry were his main concern, the properties of the
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leaflet material in use could make all the difference between a
successful and an unsuccessful bioprosthetic valve.

Some of these membranes, randomly selected, were supplying on a
regular weekly basis our research work for a 2 years period and thus
our knowledge on the properties of the fresh tissue was going
alongside the development of the valve. The need soon became clear
for establishing particular standardised measures for identifying our
testing sites and exchange information. Only if the same consistency
that existed along the research and development in the 1laboratory is
kept on an industrial basis, is it possible that a)the design performs
as well in practice and b)our results on the fresh tissue be
applicable in life.

Because of the valve-construction related interest we
concentrated our efforts on those sites of the pericardial membrane
most likely to be used for making valves. It was the ambition of this
research work that the results on the isolated pericardium can produce
a better understanding of the mechanics of collagenous tissues, be
usefully incorporated in the construction of a better bioprosthetic
valve and enlighten the contribution of the +tissue in cardiac
mechanics in general.

2.5.2 Preparation Of A Pericardial Membrane.

2.5.2.1 Origin. Pericardial sacs are obtained from beef cattle
aged between 12 to 36 months old.

2.5.2.2 Excision. The cattle heart was removed from the thorax
with the lungs. In doing so the pericardial ligaments, the various
rather weak and irregular attachments to the pleura and the
collagenous condensations joining the pericardium to the diaphragm had
to be cut. The heart with the pericardium was separated from the
other tissues by cutting the major vessels and was stored in
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physiological saline solution until it reached the laboratory. The
tissue was then dissected around the top of the heart
circumferentially and adjacent to the major vessels. The pericardial
membrane in the form of a conical sac was freed from the heart. It
was cut down the posterior surface (as in relation to the heart) along
the middle cardiac vein and interventricular branch and between the
two flaps or rows of collagenous condensations which joined the tissue
to the diaphragm. The dissection continued around the apex and
infront, up to the two sternopericardial ligaments existing low in the
anterior surface of the heart.

This procedure allowed the otherwise conical membrane to be laid
out flat on an illuminating box. Larger or smaller amounts of fat
were carefully removed and the tissue was left with its epipericardial
surface looking upwards and the thin layer of mesothelial cells facing
the illuminating box. The tissue is white and translucent and thus
transillumination helps during this cleaning procedure. The tissue
was kept moist with physiological saline, and thus the illuminating
box had to be adequately waterproof.

The membrane then looked as in fig.2.12 with wrinkles at various
sites because its natural shape is not flat. Areas of greater
curvature wrinkled more than others and the curvature was supposed to
vary not only with the site but with direction as well.

Variations in thickness create shades in various sites and thus
thicker and therefore darker areas are easily identified. Two bands
of thicker tissue extend over the anterior surface from the two
sternopericardial ligaments to the perimetry.

2.5.2.3 Mapping. Although biological variability is accepted for
all tissues, some kind of standardisation to a flat configuration as
in fig.2.12 is always feasible to the extent that certain sites can be
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positively and accurately identified each time.

In fig.2.13 the two sternopericardial ligaments are in the middle at
points B,C. A and A" are points originally close to each other,
before the excision in the posterior surface is done. This excision
starts at AA° and goes along lines AB and A'C which if they are
brought together reconstruct the conical membrane with an apex in the
dotted area near B, C.
Point D is at the ring formed around the inferior vena cava and the
line BD is our first reference line on the tissue. The length of the
line varies with the size of the animal, with the point D placed on
the ring, even with the configuration of the membrane and the way it
is let to lay flat on the illuminating box. The line BD was usually
between 15 and 17em in length very close to the 17cm value of the
distance between the coronary groove and the apex for an adult ox as
given by Ghoshal(1975). Points E, F, G, are placed at thicker areas
associated with major vessels on the top of the heart and can be
easily found by anyone following the same procedure. The other two
reference lines are along the thick bands in the anterior surface BE
and CF. They are believed to 1lie 1left and right of the conus
arteriosus respectively. In respect to the thorax, the right anterior
band (CF) runs parallel to the left 3rd rib, while the 3rd right rib
passes obliquely to the left of the left anterior band (BE).
As mentioned before the area of the pericardium over the left
ventricle is smaller than the right pericardial ventricular area.
Right ventricular pericardium is between lines AB and CF while the
rest between CF and AC is over the left ventricle. The dotted area of
the apex should be included to the left ventricle.

Thickness varies significantly from site to site. By measuring
thickness values at 25 points in 10 membranes Fisher(1986) produced a
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mean value of thickness with a standard deviation for each of those 25
points. He chose to measure thickness at points radially emanating
from the ligaments and at a particular radial distances along these
directions. We made similar measurements which are in close agreement
to these values since the pericardial sacs were of the same origin
(same population). We both used Mitutoyo thickness gauges with lcem in
diameter pads. The reading on the gauge varies with time as the
tissue is slightly compressed by the small spring pressure of the
gauge. For this reason we kept the reading that occured after an
initial 5s relaxation period. If this rule is not kept different
experimenters obtain different results despite the fact that
everything else is identical. Instead of presenting our measurements
at points we prefer to draw isothickness lines on the map of the sac.
They appear to form a more comprehensive manner of expressing the
thickness variations and we are helped in drawing them by the amount
of 1light passing through the tissue on the illuminating box. In
fig.2.14 on a tracing paper we have drawn what the case would be 1like
for fig.2.13 if the isothickness 1lines had been used. Points on
fig.2.13 underneath label the thickness for each of the lines.
It is obvious that the reference lines BD, BE, CF 1lie on thicker
tissue. The relatively thin area between BD and BE is on the right
ventricle. The area between CF and CA” is on the right ventricle.
There is a strange connection of the isothickness lines and the
curvature of the tissue. It is easy to appreciate in fig.2.14 that
the shape of the heart especially of the ventricles 1is somehow
depicted by the lines. I have no clear opinion why that is so but it
could be suggested that variations on thickness have something to do
with the thickness and strength of the underlying myocardium. As
Shabetai(1981) mentioned pericardial thickness was inversely
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proportional to the underlying cardiac wall thickness in order to
assist thinner areas which are under stress.

When examining the mean thicknesses of pericardia of various
species there is a general relation between pericardial thickness and
the size of the heart for the various mammals found in the studies by
Hort and Braun(1962). The pericardial surface, as calculated by
planimetry, has a relation to heart weight approximately: Pericardial
Surface=kHeart Weightgg, (k=constant). The heart weight is a function
of body weight for mammals: Heart Weight=4.4Body Weight, heart weight
in grams and body weight in kilograms. The pericardial surface is
proportional to overall body weight but the same happens with the
pericardial thickness. Laplace law is: T=P(R/2), for a sphere of
radius R and where T:wall tension, P:i:pressure. The smaller the
animal, the smaller the radius of curvature, while the pressure is
approximately the same for different species and thus larger animals
are expected to have thicker pericardia. This is shown in fig.2.15
where the cattle pericardium is on the open circle and the human
appears to be advantageous to other species being stronger to the rest
of mammalian pericardia.

2.5.2.4 Testing sites. Our mechanical tests on the fresh tissue
described in subsequent chapters were undertaken on tissue specimens
from 3 sites on the pericardial sac. The choice of the sites was made
on thickness considerations and those are related to the manufacture
of valve leaflets. For the manufacture of a leaflet a piece of tissue
of 7-8cm and of nearly uniform thickness is needed. Several sites on
the tissue could comply with these requirements but the 1leaflets
should also have a thickness in the range of 0.30-0.50mm. Thinner or
thicker leaflets are not suitable for making a valve. With those
conditions only 3-4 sites on the sac are available and they are shown
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in fig.2.16 as I,II,II’,IIT. The distances to various reference
points are noted as well. Those distances have to be normalised by
using the fraction of the BD distance of any other membrane to the BD
distance of this particular sac in fig.2.16

For every membrane a map in the actual size of the sac has been drawn
including the isothickness lines. Preparation of the testing samples
themselves for each of the mechanical test will be described before
the mechanical test in particular, in the following chapters.

2.5.3 Summary.

Biological tissues are not provided in bulk form. They originate
from animal species, they have a shape and form, they perform some
functions and they usually have a complex structure equivalent only to
the most sophisticated of the human designs.

I felt that it was appropriate those relevant topies regarding
pericardial anatomy, structure and functions to precede the work that
I did on the same topies. The requirements for new information have
been brought by the new needs regarding the use of the tissue for the
construction of bioprosthetic valves. Some of the information is
sought because of the examining procedure itself, i.e.geometry
directly affects the results of the mechanical tests.

Pericardial morphology was the first to suggest that the tissue was
suitable for manufacture of valve leaflets. It is collagenous like
the natural valve tissue and of comparable thickness.

The mechanical properties of the tissue determine the behaviour of the
tissue under stress and are examined in the following chapters.
Uniformity in the mechanical properties, if present, means that those
sites where thickness matches can be expected to behave similarly. If
the tissue is anisotropic then mechanical behaviour should also vary
with the direction at a particular site.
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2.6 DISCUSSION.

This introductory chapter contains information on the shape of
the tissue, the differences between pericardia of different species
and their structure.

Most of the information included in the envelope of the pericardial
functions is widely accepted but some is still under dispute
especially where values are extrapolated on the basis of primary
investigations not always performed within the same set of experiments
by a group of workers. Some points will be brought up in the
following chapters where it is relevant and useful to the research
work presented in this thesis.

Subsequently and for the needs of our research we presented our own
establishment of a set of reference points and a map of the
pericardial membrane.

We should be already familiar with the i)the subject of this
investigation, ii)aware of the possible variations between species,
iii)a gross examination of the structure, iv)the general nature, why
and how forces are transmitted by the tissue in-vivo, v)where the

testing samples originate and the reason of such a selection.
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CHAPTER 3

3.1 INTRODUCTION.

Structures, such as the pericardium discussed in the previous
chapter, have a specific load-deformation behaviour. This depends
both on the geometry of the structure and on the mechanical properties
of the material of which it is made. In order to describe the
mechanical properties of the material isolated from the structural
effects, the intensive variables of stress and strain are used in
place of load-deformation.

The mechanical behaviour of the parietal pericardium as a whole
sac presented in the previous chapter was an investigation of the
influence of the pericardium on heart function. These results are not
amenable to rigorous analysis in order to determine (or characterize)
the mechanical properties of the tissue.

The generalized Hooke’s 1law relates the six independent
components of the stress tensor to the six indepedent components of
the strain tensor by a matrix of 36 stiffness constants. Certain
symmetries reduce drastically the number of unknown constants. The
determination of the remaining constants even for the simplest
structures of the most conveniently elastic material requires a number
of tests, each one dedicated to the determination of some of the
constants and being complementary to the other tests, so that a
combination of them can be adequate to fully examine the material.

Soft connective tissues may be examined, in principle, with the
same techniques used for engineering materials but present additional
difficulties. They have time-dependent properties (short term =
viscoelasticity, 1long term = degradation, decay). They are very
sensitive to the ambient conditions (temperature, presence or absence
of water or electrolytes). The tissue mechanical behaviour presents
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the same variability that appears between individuals in the animal
kingdom. They also present regional heterogeneity or else spatial
variability. The cases where one can have large samples of biological
materials are rare. Tissues consist of various elements arranged to
make a structure and the size and shape of the tested sample can
interfere with the results. Most biological materials are fibrous or
grain composites and thus the sample dimensions must be large enough
to yield the macroscopic behaviour of a material which then can be
seen as a continuum (the smaller the sample the more the constituent
elements are distinguished from each other).

3.2 THE TESTING METHOD AND THE TESTED MATERIAL.

The internal structure and the interactions of the components in
tissues are more complicated than any engineering man-made structure
and thus their behaviour can be unpredictable and occasionally
inexplicable. The tissues are usually of a composite nature but the
simplified view of a '"reinforcing" material and ,a "reinforced"

structure 1is not easy to apply by assigniﬂg such roles to various
components.

Tests for soft connective tissues because of the peculiarities arising
from the nature of the materials, should be as simple as possible
(sophisticated techniques complicate the problem itself). They must
be easy to repeat and thus self consistent(the test itself should not
change at all especially because the material shows such variability
on its own). The appropriate test should be applied to a suitable
material and thus the combination (test-material) should appear
reliable and convincingly applicable. The test should yield those
useful parameters sought and not be sensitive to uncontrollable
factors. If the 1limits of either the method or the tissue are
violated one may not be certain, when performing a test, if one tests
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A first knowledge of the
CHOICE of METHOD ' ¢—————fexpected behaviour is

helpful; i.e linearity or not,
time-dependence or not.

Geometry of tested

Specimens
A
e Parameters sought, for use in
Original Form(shape) of a model or any other quantitative
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y
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i.e.tension,compression, torsion.

Figure 3.1:Suitability of a testing method. The arrows indicate the
course of a decision making based on the considerations included in
the blocks.
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the specimen or the method and then one has just replaced a problem

with another.

3.2.1 Choosing A Testing Method.

In tissue mechanics usually the questions "what are we looking
for?" and "how are we going to achieve this?" are inevitably linked to
each other. The network of figure3.1 presents various aspects to be
considered when deciding about the suitability of a technique. What
may seem strange is that the geometry of the specimen is placed as a
main parameter in determining the testing mode. This is because
tissues originally exist in one(tendons) or two(fasciae) dimensional
forms and not in the bulk form of the engineering materials. The
dimensions of the specimen as a number are usually equal or less than
those of the tissue(string-like specimens or sheets can be prepared
only from a 3-dimensional structure). Two dimensional tests can only
be made on essentially one dimensional structures with the greatest
difficulty. Options for testing methods are similarly affected.
There 1is no point examining the properties of a tissue in compression
when the tissue operates in a purely tensile mode in-vivo or in-vitro.
Thus tests should yield data appropriate or applicable to the end use
of the material. This 1is possible if the stress/strain (or
load/deformation) environment in which the tissue will act can be
defined. Those fine details like stress/strain 1levels, time scales
are called the testing protocol. Specific interest in some parameter
may exist for the use in further computational studies or in the
quantification, which usually follows the tests, of the behaviour
exhibited using various formulas. Similarly if behaviour in failure
is to be studied a test appropriate for yielding those parameters has
to be used.

3.2.2 The Ensemble Of Testing Modes.
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They have to be thoroughly
checked and developed before
application.

—— Applied methods
Modification of an old method, o

___________..—} ideas and designs.
usually due to the potential

brought by technological
innovations.

Adaptation of an old method,
to new requirements usually
due to limitations from the
tissue side.

Figure 3.2:The Ensemble of testing modes needs to be constantly
modernised in the study of biological materials.
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In figure3.2 a network on the modes of mechanical tests is
presented. All existing testing modes which have been proved useful
in testing biological tissues constitute an envelope which can be
expanded by novel ideas and be enriched by developments, modifications
and adaptations of the existing modes. It is equally important for
the science of biomechanics that those two fields (testing methods and
tested materials) keep on moving ahead with fruitful ideas.

3.2.3 Testing Principles And Most Common Methods.

For solid-like materials, the specimen is clamped and in some
appropriate way distorted at a controllable fashion while the load and
displacement are both recorded. For measuring strains the relative
position of the clamps is recorded or non-contacting methods in the
form of optical extensometers are employed. The use of optical
extensometers may be required when the deformation of either the whole
field of strains or strain at a specific site on the sample is to be
studied. They can be useful when the effect that the clamps
themselves have on the deformation is to be avoided, then the‘ strain
of only the central area can be examined. For the stresses, forces
may be recorded directly as they are transmitted to the clamps in
contact with the tissue or indirectly by a stress parameter and
geometrical information i.e.the pressure inside an inflated blood
vessel and the dimensions of the vessel’s walls yield the stress
value.

Common testing methods vary from uniaxial to multiaxial
approaches and from replications of in-vivo conditions to idealised
and generalised tests.

The Uniaxial test is a standard method and it has improved from the
early weight hanging on the strips to the modern tensile testing
machines. Suitable candidates for this test have been found in
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tendons, ligaments, strips of various membranes. Details such as the
specimen’s own weight, the weight of the clamps, the test-environment
distinguish the various applications of the test which has been proved
to be the most useful tool in tissue mechanics and reached significant
standards of reproducibility and consistency. Uniaxial tests are
important, but give limited information on the mechanical properties
of the tissue as deformation in more than one dimension is required to
fully examine the tissue behaviour. The analytical treatment of the
results of such tests may be relatively easy and it is always
qualitatively significant if a distinctive trend exists in the
uniaxial load-deformation curves.

Multiaxial tests are more difficult to set-up, perform and analyse but
a number of investigators have made attempts to apply such tests. The
biaxial with membranous samples stretched along orthogonal directions
is one of those tests(Chew et al,1986). This particular mode enables
a great number of strain rate combinations on the two extending
directions to be performed and this make that mode of test very
fertile in producing sets of parameters. Inflation of blood vessels
belongs to this group (Young et al,1977). Suction as applied in
skin(Grahame,1968) is a multiaxial deformation bearing though some
inherent problems in the assumptions that have to be made.
Indentation as applied in cartilage(Evans,1973) or torsion as in
skin(Barbenel,1979) are tests created to reproduce a physiological
loading regime and of straightforward qualitative merit. Indentation
is a test that is easy to apply but extremely difficult to analyse
while torsion is easier to analyse than apply. A torsion/shear test
has also been suggested to have a diagnostic/recording capability but
this is still doubtful(Finlay,1970). Patients with Ehlers-Danlos
syndrome have different torsional skin characteristics from normal

-4y -



subjects but the scatter of data due to biological variability was
such that the technique was practically never used.

3.3 MECHANICAL PROPERTIES OF ISOLATED PERICARDIUM.

The mechanical properties of isolated pericardium have been
thought to be the cause for the behaviour of the whole membrane and
particularly its demonstrated 1limited extensibility. The vspecific
tissue has been subjected both to dedicated experiments or it has been
examined as part of a general test program involving a variety of
tissues. Uniaxial and biaxial studies have been the most commonly
used in order to investigate the mechanical behaviour of the tissue.

3.3.1 Uniaxial Tension.

The uniaxial mode of testing was the first to be applied.
Barnard in 1898 reported the strips themselves to be practically
inextensible. Later Neelemans (1940) applied the wuniaxial test on
strips of cat pericardium. He demonstrated the limited extensibility
and in addition ascribed some plasticity to the tissue and calculated
the value of the elastic modulus to be 10MPa.

Rabkin et al(1974) carried out tests on canine samples and
established the basic features of the tissue mechanical behaviour.
The complete stress/strain curve was examined, starting from a resting
length, defined by the specimen’s own weight, to complete failure.
During extension a very compliant region was followed by a sharp rise
in tension, then a linear region and eventually a failure in a gradual
and inconsistent manner. When the tissue was subjected to repeated
load cycling, the elastic modulus in the linear region was found to
increase with increasing cycle number and stabilised after 3 cycles.
Apparently the behaviour was strain rate independent and there was no
correlation between elastic modulus and ultimate tensile
strength(U.T.S).
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The total amount of stress relaxation was proportional to the initial
stress value(00). Moduli of elasticity were found to increase for
those cycles after a stress relaxation test, in a way which was
similar to the effect that a prolonged cyeclic preconditioning period
had on the tissue. A permanent set in the resting length of the
strips was observed after the first cycle for all the strips. By
selectively digesting elastin, they observed a drop in the elastic
modulus and the U.T.S with a greater amount of relaxation.

In general terms their results are qualitatively valid but the actual
value quoted for the parameters should be questioned. The authors did
not pay the appropriate attention when preparing their samples
especially because species, site and directional variations are a
strong possibility. A higher load resolution apparatus could prove
wrong their statement that the hysteresis cycles always closed at a
larger than zero strain value.

In a subsequent report Rabkin and Hsu(1975) presented a
mathematical model which was designed to empirically describe the
exponential-like loading phase of the tissue behaviour. A mechanical
model of springs and dashpots, with the springs obeying the non-linear
mathematical relation and the dashpot contributing by 1its viscous
character, was also proposed. Although easy to conceptualise there is
not any real equivalence between model and mathematical formulation,
such as exists in linear-viscoelasticity.

In 1981 three reports appeared, reflecting an increased interest
for the tissue which was abundant and a convenient choice for studies
on collagenous tissues.

Lee and Boughner (1981) investigated, and presented data on, the
tissue interaction with the testing environment. In a short
introduction they pointed out that the relatively stiffer collagen and
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elastin fibres are embedded in a soft matrix resulting in a composite
structure. Some of the special problems that the examination of this
tissue poses were considered by those workers. During specimen
preparation they chose to cut their pericardial strips along the
direction of the phrenic nerve (base-to-apex) and horizontally
(circumferential), but this selection was according to the geometry of
the heart and not related to the tissue properties themselves. The
other drawback was that all vertical strips originated from the lower
3/5 of the specimen and the horizontal from the upper 2/5 and thus
they did not randomise the site within the specimen.

The samples were tested in 3 different testing environments and
preconditioned until a convincingly stabilised curve was achieved.
This required a different number of cycles for the two directions.
They observed that the stabilised curve was achieved only when the
sample had a sufficient width and thus the tissue really behaved as a
composite and not 1like a continuum. They used a width to length
aspect ratio of 0.7 and this must have resulted in significant shear
interfering with their uniaxial data.

They principally compared the effect of the 3 specific test
environments on a constant set of pafameters. These were the modulus
of elasticity at the linear region of the curve, the ultimate tensile
strength calculated over the initial c¢ross sectional area, the
resilience as the work done on the tissue strips to fracture and the
strain value at rupture. Both the composition and the temperature of
the solution could affect the values of the parameters.

The stabilised curve had an exponential-like shape and an exponential
formula similar to that of Rabkin and Hsu(1975) was fitted to the
unconditioned and preconditioned curves, not equally well though. The
preconditioned curve could be achieved by either load cycling or
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stress relaxation, and was affected by the maximum load during
cycling. All these are features of non-linear viscoelastic behaviour.
The strain rate independence was at first restated and disputed
afterwards by saying that the elastic modulus of the linear region was
strain rate dependent. A thixotropy-based explanation was introduced
for this finding. Thixotropic materials do present variable viscosity
to variable shear rates but always by shear thinning and showing
reduced viscocity with prolonged shearing. The strain rate
insensitivity of this tissue could be due to the biological complexity
and the great number of constituent materials, each one contributing
by different relaxation constants or even the fact that homogeneous
strains(or shear rates) at a macroscale does not mean homogeneous
strains at a microscale.

Contrary to Rabkin(1974) they found that there was a relation between
the modulus of elasticity and the ultimate tensile strength. Contrary
to both Neelemans(1940) and Rabkin(1974) they did not observed any
plasticity in the tissue strips and attributed this to their accurate
control on the environment. Their method, however, is open to some
doubt, because in order to set the strain origin they applied a single
10g load stretch/release cycle and thén defined the strain origin at
the first detectable load point. Thus if any permanent set had
occurred in the first cycle (as in the data by Rabkin et al (1974)) it
must have been incorporated and resulted in a wrong setting of the
zero gauge length. Based on earlier histological findings by
Wallraff(1937) and Elias and Boyd(1960) that pericardium is a
multilayer collagenous material they suggested that the tissue could
be nearly isotropic. Their methods were inadequate for examination of
anisotropy and thus their finding that only the U.T.S. value differed
with direction while the rest of the parameters were insensitive to
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direction, could be artifactual.

Wiegner and Bing(1981) attempted to explain the observed
mechanical behaviour by examining some of the structural features of
the tissue. They reached the reasonable conclusion that some stiffer
strips had a collagen fibre prepoderance along the long axis of the
strip, but their strips were under tension while fixed which itself
could have modified both the resting and strained structures. No
systematic method for examining the anisotropic features of the tissue
was used. They orientated their strips according to gross geometrical
directions and they 1lacked a technique to identify the axes of
elasticity. They considered time dependent properties and implied
that structure was responcible for both viscous and elastic behaviour.
They realised the importance of accurately defining the stress/strain
origin. Due to the very compliant initial region of the curve, the
origin of the stress and strain is difficult to define precisely. A
minimal force due to the weight of the grips (20mg) was permanently
applied and this must have reset the strain origin if any non-elastic
behaviour was present; at the same time the stress origin was varying
between cycles due to different initial thicknesses and thus different
initial cross sectional areas for the strips. A constant number of 10
cycles was used to precondition the strips, irrespectiﬁely of whether
the load-extension responce had stabilised or not.

By examining the stiffness-stress curve they noticed that the
simplified Fung(1981) approach used by the previous workers, where a
linear relation between modulus and stress allows the curve to be
described by the Fung’s modulus, was not applicable. Their
stiffness-stress curve was concave with several linear regions.

Three formulae were considered and fitted to the data. As shown in
figure3.3 significant differences in response existed between strips
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originating from the same area. The strips in figure3.3 had only a
u5° angle difference between them but an impressive difference in
their stress/strain response in all respects, with the parameter
A=20.3 for strip 9D and A=185 for strip 11A. Although the strip
numbers indicate that they belong to different samples the shape of
the curve is distinctively different within this 45° angle.
What should be pointed out is that the workers recognised that none of
their models could adequately describe a group of very compliant
strips which were building-up stress over an initial portion of the
curve and, following an "elbow", had a rapid transition to high stress
values. They could give no qualitative explanation of such a
diversity of patterns and values, except the obvious one that the
tissue could not have uniform and isotropic properties.
Some preliminary data of histological studies 1led the authors to
suggest that under small stress only those fibers aligned with the
stress carried the load. This was integrated in a discussion about
the low stress portion of the curve where for a stress of 0.05MPa,
Wiegner and Bing gave 18% strain value contrary to the 33% by
Hildebrandt (1969), the 41% of Rabkin (1974) and 2% by Vito (1979).

The 3rd report in the same year by Reece et al(1981) examined the
effects that chemical treatment with glutaraldehyde had on the
mechanical properties of the tissue. The incentive was the growing
interest in bovine pericardium as a potentially useful biomaterial for
the construction of bioprosthetic valve leaflets. Strips fixed under
various loads showed a reduced extensibility. Non-linear viscoelastic
features were retained in the treated pericardial tissue. The effect
that chemically induced crosslinking had on the tissue properties will
be examined more specifically in a subsequent chapter.

Rad jeman et al (1984) similarly motivated by the construction of
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bioprosthetic valves focussed on the anisotropic elastic behaviour of
bovine pericardium strips. They examined strips at 03 45° and 96° to
the 1long axis of the heart, but these were not cut from the same
specimen. Each orientation was cut from a specific site, but from a
different sac. Groups of parallel strips were made from specimens
from the anterior and the posterior pericardial surface. Results of 4
specimens from U4 sacs at one direction and from one site, were
compared with those of 4 other sacs at a different direction and a
similar site. In general it is very optimistic to expect to obtain
statistically significant data for 3 directions, 2 sites and U
different strain rates from only 12 pericardial sacs from not paired
data (originating at least from the same sac and thus excluding sac to
sac variations). They obtained a sigmoidal-like form of a
stress/strain curve from which a secant initial modulus and a final
modulus were obtained similarly to Lim and Boughner (1975, on heart
valve tissue). Comparison between the 2 different sites on the heart
with the other parameters remaining constant showed that there was no
statistically significant difference in the elastic response. There
was a statistically higher modulus on the circumferential strips than
those of the vertical strips with an intermediate value for the strips
at 45° angle. Stress values at rupture followed a similar pattern
according to directions. The rest of their results and conclusions
are more doubtful. The secant modulus, the strain value at transition
from the low stress region to the linear region and the strain value
at rupture are subjected to the uncertainty caused by the difficulty
in defining the resting tissue length described earlier. Inaccurate
definition of the origin, something that they did not consider at all,
can significantly affect those values.

They pointed out that the geometry of the fibers could be responsible
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for some of the differences observed. Contrary to most other workers
viscoelastic behaviour was not examined. In a short discussion they
admitted that there was no clear suggestion that they could make to
explain why the tissue was anisotropic (if it was) and how this
attributes towards a proper functioning of the heart.

They remarked that for the construction of valve 1leaflets an
anisotropic material should be orientated with its strong axis to the
directiqn of higher stresses, but did not identify these directions on
a valve leaflet, they could not suggest the direction of these axes in
the tissue, nor a method to identify them on the tissue or quantify
the degree of anisotropy. They seem to overemphasize the suggestion
that mismatch between leaflets could be due to anisotropy; while even
with a perfectly isotropic material the site on a sac, the structural
differences (sac to sac variation) and the thickness may 1lead to
mismatch as well. Mismatch between the mechanical properties and the
stress field of the valve leaflet make some of them perform well while
others not, and has further mechanical consequences on the leaflet
tissue such as fatigue and eventual failure.

Lee and Boughner (1985) are unique in reporting on the mechanical
properties of human pericardium. Most other work is performed on
animal tissue which is abundant and easily obtained. The results
obtained from the pericardia of various species were used to predict
and explain the human pericardial functions, and this was the
objective for most of reports. Lee and Boughner obtained 10 human
pericardial samples with the patients’own consent and from cases which
were not related to any pericardial malfunction or disease. The
samples were used to make strips in their usual way described earlier
in their canine tissue report. No new or improved techniques were
employed but the intention was to allow a better comparison between
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canine and human tissue.

Human tissue "displayed a significantly greater viscous character"
than the canine one, showing twice as much hysteretic loss and greater
stress relaxation and creep. Human tissue was thicker than the canine
tissue in absolute value. Its relative thickness, if one considers
the size to thickness relationship of chapter2, showed a tissue
significantly stronger than the animal pericardium. They suggested
that thickness could compensate for its lower elastic stiffness. They
restated that no plasticity was present and that as shown in figure3.l4
human strips were in general more extensible. Comparison between
strips at various directions did not reveal any differences, but this
may reflect the limitations imposed by their restricted samples. In
addition to their usual analysis they presented the correlation lines
relating ultimate tensile strength and tissue modulus, and found that
neither the slopes nor the intercepts were significantly different
between the 2 tissues. Human tissue data had a closer correlation
between U.T.S and modulus, this possibly indicates that human tissue
was superior to animal tissue, having more consistent structural
characteristics.

They implicated a lower fibre fraction volume for their failure data,
the thickness and the increased viscous character of the human tissue.
At the same time a higher fraction volume of matrix for the human
tissue could allow a greater fibre rearrangement in this tissue and
would allow a greater volume of fluid to be accomodated in the
pericardial cavity. Lower fibre fraction volume could also be related
to the higher maximum operating strains observed in human pericardial
strips compared to the canine ones. Greater collapse of fibre weave
in the stress direction allows higher strains. Their interesting
suggestion was that a biaxial test is required to quantify the actual

- 53 -



maximum strains during function.

On the isotropy question they pointed out that tests with strips at
only two directions are not adequate to totally confirm or reject
planar isotropy. The degree of alignment between the elastic axes and
the strip directions controls the usefulness of the uniaxial test in
examining the directional properties of a tissue.

In addition to these detailed studies of the response of
pericardial strips to uniaxial tension, Vito(1979) presented a review
of previous work and his own data which he had collected on uniaxial
tests made on canine tissue. Instead of a constitutive relation
explicitly relating stresses to strains, he adopted a strain energy
function(S.E.F) approach and proposed a Mooney form for such a S.E.F.
The paper was not dedicated to the mechanical properties of the tissue
but 1incorporated the Mooney form of S.E.F into a larger model of the
heart and thus tried to predict and describe the effect of pericardium
on the cardiac conditions and on heart’s operation. In essence he
followed the reverse pathway of the methods that have been presented
in chapter2 on the pericardial functions. Vito started from a clear
biomechanical study of the tissue to demonstrate that pericardium
significantly affects intracardiac pressures. His work still is more
important for his approach than his results.

3.3.2 Biaxial Extension.

Biaxial tests were subsequently used to assess the tissue
behaviour. The biaxial mode reproduces more closely the natural
stress environment of the tissue and could prove that significant
differences in the parameters used to quantify the viscoelastic and
elastic behaviour of the tissue exist between the uniaxial and biaxial
stretching modes. This is due not only to the differences in stretch
but to the geometry of the samples themselves. The existence of
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lateral 1loads offers a great number of possible configurations to
investigate stress relaxation, creep, load cycling. In terms of such
factors as tissue component rearrangement they are of a completely
different nature to uniaxial tests.

Lee et al(1985) subjected 3X3em square samples to biaxial
loading. The samples were aligned along the circumferential and
meridional directions on the heart from sites on the 1left and right
ventricle and for both normal and volume-overload dogs. They tried to
obtain samples as flat as possible from a tissue which was naturally
curved. After a first load(0.2N) had been applied in both directions
the sample was left to relax to allow definition of the resting length
to take place. The cycle-loading protocol involved sinusoidally
oscillating load in one direction while in the transverse direction
the sample was held at a constant 1lateral load. By varying the
frequency of oscillation of load they observed strain-rate
insensitivity over 2,3 orders of magnitude on the Hz scale.

Stress relaxétion and creep involved loading by stretching by equal
amounts (in both directions) and identical loads (in both directions)
respectively. No difference there was observed between normal and
volume-overload dogs regarding viscoelastic behaviour and thickness.
Creep was absent in their tests contrary to all other uniaxial studies
and they attributed this to a lack of shortening in the transverse
directions. Lateral loads are absent in the uniaxial test which we
think is in essence artificial and destructive while the biaxial is
not destructive, at least within the square specimens’ area. Biaxial
test of this kind also do not interfere with the tissue’s integrity by
weakening their structure. The composite fibrous structure of tissues
can be really affected in the strip preparation especially for those
tissues where interaction between fibres is poor or not intense
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enough. The degree in which fibres can rearrange in a whole square
piece of tissue in a biaxial mode with the laterally existing loads is
smaller than in the strips. In addition to this there is only a
por@ion of fibres running from grip to grip and the remnants of the
ones left are effectively riveted here and there by crosslinks.

In tissues from animals with chronic dilation the stabilised
stress/stretch curves (elastic response) were shifted to the right
showing that chronic dilation resulted in a more "compliant" tissue.
Thus they found a different response of the tissue in short and long
term loading. For those samples with anisotropic behaviour equal
stresses in the two directions could distort a central reference
circle drawn on the tissue into an ellipse like shape the maximum axis
of which, they suggested, coincides with the direction of maximum
compliance. There was not any consistency in the direction of maximum
compliance and this 1is probably due to the preparation of their
specimens and the alignment of the specimens to the elasticity axes.
For comparison between different samples the arithmetic mean of the
maximum strains in the two directions was used.

Working on a very similar apparatus with servo controlled linear
motors, driving orthogonally arranged wormgears Yin et al(1986b,c)
examined the variability of the coefficients used to quantify the
mechanical behaviour by testing pericardium and myocardium.
Coefficients or exponents of S.E.F., which S.E.F. yield the proper
stress/strain relationships through differentiation, have been found
to vary widely sometimes over an order of magnitude under replications
of similar test conditions because of experimental noise, numerical
instabilities in fitting algorithms or the strain history dependence
of the tissue. Searching for a method which could evaluate the
sources of variability or take it in account when interpreting the
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data, they tested pericardium arnd used (Chew et al,1986) Fung’s(1973)
assumption that a pseudo S.E.F of the Green’s strains(E) can be
applicable. They considered the reduced 7-coefficient S.E.F. for

skin as in Tong and Fung(1976):
2 £ 2
W = axEx +ayEy +2axyExEy +0.5Cexp[AxEx +Ayﬁ§ +2AxyEXEy] (3.1)

and found it to be overparameterized. Consequently a simpler form of

S.E.F was used:
2 49 ) 4
W = B(Ex+Ey) + CExEy + D[exp(AxEx + AyEy)-1] (3.2)

A,B,C,D are coefficients; x,y are directional indices.

Axwas found to differ from Ay and this indicated anisotropy but

the relative magnitude of Ax to Ay depended upon the protocol. They
claimed that their technique could exclude experimental noise and
numerical instability and thus the differences in coefficients reflect
real specimen’s properties. The coefficients dependent on the testing
protocol and the presence anisotropy could only be decided on the
restriction that the coefficients had been correctly calculated.
They seemed to be interested more on the evaluation of the Fung S.E.F
and their analytical approach in fitting such a S.E.F than on the
material properties themselves. For pericardium they said (Yin et
al,1986c) that "one major difficulty is unresolved; the direction of
anisotropy is ambiguous". We must be cautious in evaluating their
technique and their conclusions for the tissue because they neglected
a prerequisite in Fung’s S.E.F. Elimination of all shearing in the
Fung’s S.E.F is possible only when the elasticity axes coincide with
the testing axes. Thus for this approach to be valid it is necessary
that the identification of these axes first takes place and then test
and mathematical treatment should follow.
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The tissue had been examined in a system of similar philosophy
earlier by Vito(1980). He set-up a test mode for biaxial tests of
planar specimens and suggested that those could be arterial segments,
skin or pericardium. The report is devoted to the capabilities of the
system, its software and hardware and in the margin of all these a
piece of pericardium was stretched to demonstrate possible
applications of the apparatus. This responce of the tissue in the
orthogonal directions was then described as being "orthotropic".

3.3.3 Inflation.

We have seen that most of the investigators in biorheological
studies of pericardium adopted straightforward test methods in their
reports. Hildebrandt, Fukaya and Martin (1969a) called those means of
tissue characterisation "traditional'. Descriptions are restricted to
positive strains, purely empirical models and are not of general
applicability. Recognising the inadequacies of previous reports they
used a set of a uniaxial and ‘an inflation technique. Inflation is a
two-dimensional testing method where the experimenter has very little
or no control on the stretch in the two axes. Biaxial testing modes
provide such control and choice of stretching modes but as we have
seen are accompanied by other inherent problems.

Hildebrandt et al(1969a,b) examined the properties of a variety
of soft tissues including dog pericardium, which were subjected in
uniaxial tension and inflation. The workers assumed the tissues to be
nearly isotropic and incompressible. This allowed them to assume that
inflation produced equibiaxial extension which, for isotropic
incompressible membranes, is equivalent to simple compression. Thus
it is possible to "complete the length-tension curve of the tissue"
for simple tension and compression. Simple extension data is provided
by the uniaxial tensile test and data in compression by the uniform
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in-plane biaxial stretch at the membrane’s crown in inflation.

They used 1large deformational elastomer theory to describe the
non-linear elastic behaviour of the tissue. If isotropic biological
tissues are subjected to uniform deformation then theoretical formulae
of rubber elasticity could very well be applicable. Based 1in
assumptions of isotropy, incompressibility, uniformity of strain,
similarity to elastomers and possibility of similar behaviour between
tissues they decided that it should be possible to find a function

£(}) such that:
o= Q- 1:Q) (3.3)

f(ﬂ) for rubber is a function of the derivatives of the S.E.F with
respect to the stretch invariants and the deformation in particular.
With these assumptions they could give a theoretical basis to Jjustify
the application of such description to tissues. The assumptions
simplify considerably the analysis because of the particular relations
of the stretch ratios A1, A2, A3. Even in the case where a tissue is
not isotropic in 43, formula(3.3) can be an arbitrary descriptive
equation but it loses its theoretical claim. The most probable form

for 1/f(}) has been found to be that of a 3-parameter parabola:
1/7£Q) = Q-Am) (A1-AM)/KQm-AM) (3.1)

the stress/strain curve of all U4 tissues appears to rapidly stiffen as
a stretch ratio value, different for each tissue is approached
asymptotically. Then 2m is the minimum asymptote for the greatest
thinning during biaxial stretch and 214 is the maximum stretch
asymptote as obtained by simple extension. It has been found that
with appropriate choice of the parameters all Y4 tissues can be
adequately described by formula3.4 and this was impressive because
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dura’s asymptote was at 10% while mesentery’s asymptote at 130%.

The authors (1969a) thought that their analytical treatment had
certain advantages over other approaches. They found that a linearity
existed between the maximum biaxial extension of the sheet M (as
calculated by greatest thinning 2m) and the uniaxial extension
asymptote,ﬂM. Thus by knowing the dependence of one variable on
another the number of arbitrary constants can be reduced by one. They
further noticed that there was an approximate left-right symmetry of
the data points about the vertical midline between the asymptotic
intercepts. This symmetry can enable one to estimate the left half of
the function f(]]) by knowing only the right half which results from
the uniaxial test which is technically easier to perform. There is no
theoretical basis to justify those claims as they were only a result
of the symmetry and properties of the parabola used to empirically
describe the data.

The authors systematically neglected anisotropy by disregarding
biaxial strain diferences which they said could be as much as 20%.
This could very well render their analytical treatment non-valid.

3.4 DISCUSSION.

In this chapter we have seen which methods have been employed to
examine the mechanical properties of isolated pericardium of various
species and the results that have been accumulated on this subject.

It has been shown that the questions raised from time to time
still remain, more problems have been posed than solved and
occasionally have been overcome by various simplifying assumptions.
It is obvious that examination of this particular tissue requires a
better definition of the stress/strain origin. Particular attention
should be paid in the low load portion of the curve which seems to
greatly influence the deformation pattern (shape of the complete
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stress/strain curve). There is a dispute over the relation existing
between elastic modulus and U.T.S. Absense of any relation would mean
that the wultimate tensile strength is not suitable measure for
judgement about the tissue structure and the relation of those two
parameters (modulus and strength) is an absolutely random event not
influenced by the tissue structural built-up. Strain rate
independence is still questionable. Most workers have not really paid
the proper attention to the site from which the samples originate and
the relative direction in respect to references either on the heart or
on the tissue itself. The work we reported in chapter2 in mapping the
tissue and examining its topography has already been proved how vital
it is.

The techniques themselves and the criteria for their selection
have been discussed already and are a matter of continuous
controversy. The route of research up to now can only prove that
usually a combination of methods can better expose the mechanical
behavioural characteristics of the tissue. It should be generally
agreed that none of the methods used can identify, qualitatively
describe and quantify the degree of anisotropy which 1is inherent in
most of the tissues. The Uniaxial test is not capable of detecting
anisotropy on its own and requires additional preparatory work.
Multiaxial tests also are difficult to operate and interpret. Both
indentation and torsion are incapable of examining anisotropy. Thus
one of the most salient and wuseful (as it will be shown later)
features stays obscure due to testing limitations. Constitutive
equations have the potential of mechanical, structural and
physiological description but can be founded on the wrong assumptions
(such as the one regarding isotropy). There is a clear need for a
method which can be used to determine whether the pericardium 1is
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anisotropic or not, and to detect the directions of the axes of
elastic symmetry if the tissue is anisotropic.

A non-destructive technique for the examination of the mechanical
properties of membranes has not yet been presented in the literature.
Such a technique would 'be particularly useful as it 'would allow
further use of the already tested samples.

Towards this aim we think that the work by Hildebrandt et
al(1969a,b) was a breakthrough and for us the most stimulating. The
detailed assumptions made by these workers and some of their
conclusions are questionable or simply wrong. However, their
analytical approach and the connection they attempted to the
elastomeric theory was simple and clear and the inflation method has
merits and a far greater potential which has not been fully exploited.

Therefore, we will focus on inflation in the next chapter.
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4,1 INTRODUCTION.

Inflation is produced by application of a transmembranous
pressure difference which yields tensile forces in the plane of the
curved membrane. The membrane is firmly clamped on the
perimeter(along a boundary) and the force normal to its surface is
also normal to the tensile forces at each particular site.
Geometrically speaking, the pressure vector 1lies along the local
normal vector at every elemental area of the surface and thus normal
to the vectors of the in-plane deformation. In chapter3 it was shown
that one of the disadvantages of conventional biaxial testing methods
is that the exhibited behaviour is dependent on the applied protocol
and the principal testing directions. In inflation the only principal
testing direction is normal to the surface and the in-plane stresses
are created indirectly through geometry and thus it may constitute in
this respect an unbiased testing method since the deformed shape of
the membrane will be dependent on the membrane properties themselves.
It may also provide a method of identifying the principal mechanical
directions of the material.

This chapter begins with a review of the previous applications,
mostly involving isotropic materials, in order to clarify the
mathematical problems, and the benefit to be gained from the principle
and the major features of inflation. We shall seek a suitable
anisotropic equivalent material and develop a test method based on
inflation.

4,2 A REVIEW ON INFLATION.

The literature abounds with reports on inflation tests applied to
engineering materials. Tableld.1 and tablelh.2 tabulate the most
interesting of those reports, demonstrating different approaches ﬁo
the problem.
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The early attempts by Flint and Naunton(1937), Treloar(1944) and
Rivlin and Saunders(1951) have not been included in the tables since
they are representgd adequately by the most sophisticated work on this
approach by Hart-Crisp and Smith(1967).

The second column contains the purpose of the investigations.
They were mostly related to practical applications such as
high-altitude balloons, tyres, membranes as moving diaphragms in
measuring devices or for the creation of parabolic mirrors (when
appropriately coated) of variable focal distance, or to theoretical
treatments of the problem in order to predict the behaviour.

The mathematical treatment of the problem (in U4th column) has

followed a route from an analytical to a semi-analytical to a
completely numerical treatment. The modern methods are completely
numerical due to the great progress in computer hardware and software
and the introduction of improved numerical approaches.
The solution to the equations which are used in the analyses are never
of a closed form or of the analytical type and even in the simplest of
cases a power series form is the best one can get. In the
non-simplified cases, where fewer assumptions have been made, more
than one method has been followed. One can either combine the set of
the non-linear differential equations and produce a single equation,
or produce another set of linear equations which can be solved
numerically to yield a convergent solution, or employ a variation
principle where a specific quantity such as the potential energy can
be minimised to yield the stable state and thus approximate the
solution. Variational principles and minimization of quantities are
particularly fashionable lately and between some of the workers as it
appears in the 4th column of tableshi.1,4.2.

It is fortunate that the primary interest has been on natural
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rubber and other elastomers. Like the soft tissues, they usually
exhibit large deformations for which a specific deformational theory
has already been developed. Thus the size of the bubble produced by
inflating a soft tissue and an elastomer is of a similar magnitude.
This makes the geometrical formulation of the two problems very
similar but similarities end there because the 1load-deformation
response is quite different between tissues and elastomers.

In those cases where the response of natural rubber in inflation has
been examined the discrepancies between predicted and observed
behaviour can be due to inadequate mathematical formulation of the
problem or to oversimplifying assumptions, or even to lack of an ideal
model to describe the deformational behaviour of rubber.

The rest of the cases are theoretical treatments of mathematically
simple but non existent materials such as the neo-Hookean or
Mooney-Rivlin material.

In chapter3 we have seen what the general features of the mechanical
behaviour of bovine pericardium are 1likely to be. We are in fact
considering the inflation of a material which is non-linear, possibly
3-D anisotropic, may be compressible, certainly time-dependent in
response to load and likely to exhibit plasticity. This problem has
not even been considered by anyone yet, as it appears from both
tablesl.1, 4.2.

The orifice through which the material is inflated is in most of
the cases circular and the reason for this is that it constrains the
membrane’s edges to a symmetrical boundary with no preferable
orientation to start with. A rectangular boundary has yet to be
applied practically (only theoretically) and the reason for this will
become apparent as we proceed to the formulation of the problem.

The initial configuration of the material was conveniently flat

- 67 -



in most of the cases and Pujara and Lardner(1978) claimed that this
does not seriously affect the final bubble behaviour, but only the
point where the onset of loads starts.

The final column includes the main additional assumptions present
in some of the papers. They usually exist to simplify the problem and
are of the most diverse nature. They may limit the maximum or minimum
strains, specify the nature of the inflating medium, the rate of
stretch (particularly relevant to tissue mechanics), the nature of the
material behaviour (form of S.E.F.), the deformation itself
(isothermal or not), or be purely geometrical in nature (deformation
to a particular shape). They should all become clearer as we embark
in the formulation of the general problem in the next section, because
then the additional assumptions can be related to one of the 3 major
groups of relations involved.

4.3 FORMULATION OF THE PROBLEM.

4.3.1 A General Problem Of Elasticity.

There are 3 groups of basic equations as presented in a
compendium of the theory of Elasticity by Filonenko(1965).

The Static equations which contain: Differential conditions of
equilibrium(Navier’s equations) for stresses X,Y,Z, in a system of

coordinates (x,y,z), for displacements u,v,w and p;body density:

WX A X 9%
Sx 2y a8z TP P35

an + ‘be + }Yz + pY=0 (:p%lv ) (4.1)

9)( 33 dz -3—*';
9% 3Zy VZa o w
ax’( + '); + %z + PZ-O (-’W)

- 68 -



Figure 4.71:conditions of equilibrium between stresses acting on three planes
parallel to the coordinate planes and on a fourth plane intersecting the
axes at a,b,c.
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Surface conditions, yield the projections of the a total stress Py
acting on an area abe (fig.4.1) as a function of the stresses

xi’Yi.’Zi’ i=x,y,2 in the system(x,y,z):

Xy=Xxcos(vx)+Xycos(vy)+Xzcos(vz)
Yv=Ygcos(vx)+Yycos(vy)+Y,cos(vz) (4.2)

Zv=Zxcos(vx)+Zycos(vy)+Zgcos(vz)

The Geometrical equations which contain: relations of strains(es) and

displacements(u,v,w)(Cauchy s equations),

ou W dv
Sxx Ix en=§'y-+b—;
erf'gjv 2% %%%% (4.3)

o, O RTRIY
2273z T x " dy

and the compatibility conditions(Saint-Venant’s equations),

Vew Vew Fouy | D Bem den Wy Ven
9 ¥ ¥ IRy T 9z Ox ¥y 2z XY

2 2 2 G
dey e, deyr . 3 (3€_u+§ﬁ1_§_§&):2}f_ﬂ_ (4.4)

V22 Oy oz . d¥ Y 9z ax  eyz

2 .
Bgezz - 0 Cyxx _}zézx " a (Bexy Bc}l _ éezx y=2 B‘CII

¥xt 9z> dzdx 0y ¥z 9x oY 9z ox

where E:the modulus of elasticity and G:the modulus of elasticity in

shear.
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The Physical equations are those of Generalised Hooke's law:

= (1/E)§Ke~V(¥Yy 420} 5 &2=(1/G)Y, (4.5)
eyy=(1/E)§Y, -V(Z,+X )} 5 eyx=(1/G)Zy
er2=(1/E)§2,-V(Xe+Y,)} 5 ey =(1/G)X%y

where Y:Polsson's ratio.

The unknown stresses, strains and displacements can be determined
in one of two ways: a)by regarding the displacements as unknowns
u(x,y,z), v(x,y,z), w(x,y,2), when the equations of equilibrium have
to be satisfied and the relations of the external forces on the body,
or b)by regarding the stresses as unknowns, the 6 variables Xx, Yy,
Zz, Yz, Zx, Xy have to satisfy the equilibrium relations together with
the compatibility conditions. The first of the methods is simpler and
requires 1less variables to be specified. From the displacements one
can subsequently determine strains and then stresses.

4.3.2 Theory For Elastic Membranes.

The theory of thin plates o} shells for highly elastic materials
differs from that for classical elasticity because, in the former
case, the principal extension ratios in the middle surface of the
deformed shell are appreciably greater than unity. If variations of
stresses throughout the thickness of the shell are small, then
shearing stresses and couples may be neglected in comparison with the
stress resultants acting on a plane tangent to the deformed
midsurface. Under these circumstances the membrane theory 1is
developed.

Green and Zerna(1954) and Green and Adkins(1960) are pioneers in
this field and their method of approach has been adopted by Hart-Crisp
and Smith(1967), Foster(1967) and Schmidt and Carley(1975) already

presented in tablesi.1,4.2. The general 3-dimensional theory of
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stress systems in plates poses considerable anmalytical difficulty but
it can be reduced to a problem of two-dimensions by introducing the
stress resultants and stress couples.

Consider the unstrained body to be sheet(plate) of homogeneous
elastic material bounded by the plane surfaces at Xz=thg, where h,
may be a function of x,,X, (and thus of variable thickness) but with
an elastic symmetry about the 33=0 plane. The middle plane becomes
the one with y?=0 when the material is deformed. The coordinates of a
point of the plate which was originally at X, become v; after the
deformation, both coordinates being referred to the same Cartesian
rectangular axes system. The major surfaces after deformation are now
given by yg:th which is again a function of the Vg9 Vg It is helpful

to use the curvilinear coordinate system G{ which has:
Y¢=Y¢(e’ aeg) ¥3= 93 (4.6)

Greek indices take the values 1,2.

11
Ayg Apg O att at2 o
- ii_|qa12 p2¢ o
Gij... Ayg Agg O Gti=|a1% a%% o G=A (4.7)
0 0 1 0 0 1
- ap, _g%
A=Ay APhy =8y

Aqﬁ, A"*? are the covariant and contravariant metric tensors associated
to the 64 coordinates in the middle plane y,=0 of the deformed
membrane. A force acting on an elemental area when 6,=constant is
i;de’aa’ and the length of the line element on the middle plane y;=0

is:

a7 =



] / nez1) O¢curve

Nz}

Figure 4.2:an element of the middle surface M which is bounded by the
coordinate curves 8,;=ct and 8g=ct. The stress resultant ng over the
surface 8y=ct and measured per unit length of the line 8x=ct has
components along the unit base vectors denoted by Nyap) which are
called physical stress resultants and are not components of a tensor.
The physical stress resultants are directed along the covariant base
vectors of the middle surface M, (reproduced from Green and Zerna,1969).
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V(Aqg)de’zt/(AA”)de’ (4.8)

This applies similarly to 6¢=constant. Usually for such problems a
physical stress resultant E&, measured over a unit length of the curve

gg=constant in the plane y3=0, is used:

2 f
Byt — ﬁ}=ﬁdy (4.9)
VAR™ 40

The stress resultant n per unit length of a line in the y3=0 on the

deformed plate whose unit normal in that plane is:

=y 6%, (4.10)
, L3
is given by: 'ﬁ:]tdy3 i (4.11)

then the stress resultant per unit length can also be:

h 2
Tt .T—qdygzﬂﬁz ZuqHaVA“aﬂk (n«”(_};-e-q“é;) (4.12)

{A—_;\ \/A— a=1

The symmetric contravariant tensor n°f and the components of the
contravariant tensor q“ are called stress resultants and shearing
forces respectively. By the use of the metric tensors Aap, A“p we can

form mixed and covariant tensors. The physical components of Ny

along the coordinate lines are related to the contravariant stress

resultant tensor:

— G, A . .
nﬁ:MEL, (q :not summed) 3 n(“m =ndp Aﬁﬁ‘ (Q,P :not summed) y (’4. 13)

Vi
These physical stress resultants are not components of a proper tensor
and this is indicated by the brackets on the indices. Physical stress
resultants nmp, are directed along the covariant base vectors of the
middle plane of the plate (fig.4.2).

If ap s a*? are the covariant and contravariant metric tensors
associated with the same curvilinear coordinates Ox in the plane x3:0

then:

s 72 =



where edp is the strain tensor covariant, symmetric and of second
order.

Geometrical relations for a surface: if R is the position vector
of a surface M, so that R= 5(91,62) in curvilinear coordinates, we
erect the unit normal vector Ké at every point on M and then this
perpendicular distance on Ké can be a function 93 where 93=0 is the
surface M itself. The outer surfaces are at 93=1h(94,az). Every
point on the deformed shell can be represented by'§=§(94,91)+egié.

Such surfaces are examined by differential geometry which uses

the covariant and contravariant base vectors i;, A% on the surface M

and the metric tensor Aaﬁ, A%,
Bap=Be-Ry,  A%PR%R a*Pay -6', (4.15)
if Qap, c*? are defined such as:
p.A“l’c c*P-n “PCP (4.16b)

then the Mainardi-Codazzi equations are:

Cagllg=Caglly (4.17)

where the || line denotes covariant differentiation with respect to

the 84 curves on the middle surface M.

—

The previously used base vectors‘az, G*' and the corresponding

metric tensors Gii’ G4 of the deformed shell may now be evaluated

- —_ 89 P P — -— -
G‘—R,az( = -93C«)AP, G3:R,3=A3, (u.18)
The compatibility conditions for the surface are best given as:
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LMy =L, +M(ES - ) -NEy, (4.19a)

My-Ng =LT 3y +M(Iy ~Fyg )-NE 3 (4.19b)

as in Stoker(1969) where L,M,N denote the coefficients of the second
fundamental form of the surface and I;;; i,j,k=1,2=«,p are called the
Christoffel symbols of second kind; By the use of the Pegregium"
theorem of Gauss, the above equations may lead into the (4.17)
equations.

Equations (4.17) may also be obtained more easily if it is
accepted that ﬁ:ﬁ(e,,ez) has to be a function of third order and then
the mixed partial derivatives of third order of R have to be
independent to the order of differentiation, i.e. (Aa)«’ﬁ=(A¢)ﬁ:« ,
(Ag)e sp=(Ap) g rex-

Most workers use the equations in the form (4.17) and not the
proper ones(4,19). This is not only because (4.17) are simpler but
under some particular assumptions of symmetry for the surface they can
be further simplified and related to the principal curvatures of the
surface.

For a stress distributed throughout the thickness of a shell
similar formulas to (4.9)-(4.13) apply for the stress resultants,
stress couples and the physical components of these quantities.

For the external loads and the equations of equilibrium the
original shell equations of Green and Zerna(1954) are applied slightly
differently in Green and Adkins(1960).

Loads are considered only normal to the surfaces, and for a
membrane of thickness(h) small compared to other dimensions of the

shell. The unit normal to the surface is:

s . E”XE’z - (E,+Ki£\;1)x(a,_+-l\—31\;a) , ﬁ-:u.'éi (4.20)
'RMXP"?.' l R,y x-‘;‘.ﬁ.l ‘
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if Py is the normal pressure on this surface, measured per unit area

of the middle surface of the shell,

'Pza‘fA_ wT;
—e = (4.21)
lﬂytxawda {F— ho_
and then: -pzﬁVI=[T3—h,“1;]‘ (4.22)
to yield through approximation:
(Tp—>-pB/8 5 (h—>0) (4.23)
since,
T;=(dﬂfﬁ;+d*3§3)VK' then (£¥2)g4==>-p, (4.24)
similarly (t3?).g==>-p,
in general t*%=—0, t2°=0(lpy+py1/2) for h—>0 (4.25)
The equations of equilibrium are:
{’i=0 (4.26)
integrating through the thickness:
when surface loads can only be normal to each surface:
Ng sa+(Dq=Dg A3 /A=0 (4.28)

h
remembering that q“:f&“3d63, Green and Adkins reached the set of
~h

equations;
n“B"a- 2q"=o 3 h=>0 (small)
n“ﬁG,p+q“"a+(p1~p2)=0 (4.29)
for lim q“/2 =0 (4.29) become:
i (o/2)
n‘p“¢=0,
n“PCap+(p'-p2)=0 (4.30).

From this point and further on the stress/strain relations have to be
considered and combined to equations (4.29)-(4.30).
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4,4 APPLICATIONS.

Particular geometric problems like the radially stretched plane
sheet simplify equations(4.30) and reduce them to the case where a
power series solution is obtained.

For inflation another route has to be followed. The "magical"
word which appears in almost every paper in tablesd4.1,4.2 is
"axisymmetrie"., What this means is that a symmetry exists around the
principal axis of inflation (normal to the membrane’s undeformed flat
configuration) and this symmetry may apply to loads, deformations or
material properties.

Materials with axisymmetrical properties are isotropic at least
in the membrane s plane. This ¢ould be the case of a fully isotropic
material or of the transversely isotropic(2-d) material. The very
specialized case of 3-d anisotropy with radially axisymmetric
properties around a point as it results from the radial stretch of an
isotropic membrane on its plane has been considered by Vaughan(1980)
but it 1is only interesting as an application and has no-real
equivalence in natural materials.

Axisymmetrical loading (circumferential stresses independent of
the angle) when a non-axisymmetrical deformation occurs has only been
considered once(Missirlis and Armeniades,1976). It is an impossible
deformational situation since asymmetry in 1loading is expected to
yield asymmetrical deformation and vice-versa.

Deformation into an axisymmetric shape spherical, paraboloidal or
elliptical can 1lead to considerably simplified versions of equations
(4.30). A general class of problems has the middle surface of the
sheets forming a surface of revolution before and after deformation,
around the same axis of symmetry. For an isotropic material these
circumstances mean that the system of the deforming forces is also
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Figure 4.3:creation of the deformed surface of a shell by revolution
of the curve C around the axis ys. Stretch ratios, stress resultants
and curvatures are independent of the angle 3.
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symmetric about the axis. The assumptions of isotropy or
incompressibility are not strictly essential for the preservation of
the axis of symmetry but for the great majority of materials in
tablesld.1,4.2 the Mooney form of S.E.F.(W) has been assumed.

For axially symmetrical problems a curve C(fig.4.3) in the
undeformed shell creates the middle surface So through revolution
around the X3 axis of the system (?,a,xa). In the deformed shell
when the curve C revolves around the axis V3 creates the surface S in
the system of coordinates (r,a,yé). When C is the plane curve of a
plane including the axis Xg s it constitutes a meridian of the surface.
For the polar coordinate system (y,3;§3) the arc 1length AoPo is
denoted by nj; in the deformed shell this distance along the meridian
is denoted by E.

Because of the axisymmetrical conditions lines of latitude are normal

to the meridians. Principal extension ratios are 11 ,21,23 and then:
A,1:d§/dn, )\2=r‘/’, }\3=1/X')\1‘ (incompressible) (4.31)

all quantities )1’]1’A3’r’§’n are independent of (3) and can become
functions  of (P). Alternatively r,E,n may be treated as the

independent variables from now on.

For the particular shell of revolution:

ds,=d§;+r'9'd32 (4.32)

dst=an®+p*aY %= (an/d8) a8 %p?ad’ 1\ FaB % P s D ® (4.33)

for curvilinear coordinates 854 set to coincide to the orthogonal

(5,9), then e,=§, 6,=3 :
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1 o ] 1 o ]

Bap= AP A=r* (5.34)
o r? ! o /1t
12 - 2 o ]

aup= a*fs asr g A (4.35)
_0 rz/A:. _0 A;r'gj

the relations connecting deformation to stresses are built around an
isotropic strain energy function W(I,,Ig). If curvatures along the

parametric lines (meridian-latitude) are k,,k, then:

2 4 A
&} ==k, , Co =-Kg, Cg =C, =0 (4.36)

r,=-rar/d8, T3 =(1/r)ar/ds, (4.37)
and then equilibrium equations(4.30) reduce to:

A (4.38a)

(T r)= Tgr

K 1*1‘2 Tg=F 3 P=ps-p, (4.38b)

the Codazzi equations (Y4.17) yield:

d
-Zg—(kg_r)-k' dr/d8 (4.39)
from elementary differential geometry for the plane curve C:
2 2
r/dE

()T

putting this into (4.39):
1
kyr=[1-(ar/a§) % (4.41a)
(4.4%0), (4.41a) can be combined into:

s T8 =



k'k2r= - —_—— (4.41b)

from (4.38), (4.39):

T,Q‘%(ker)+kde§-(T'r)=P(dr/d§) (4.42)
in integrated form: kgT,:P/Z-o-L/r'2 (4.43)

where L is constant of intergration,

for a shell cutting the axis of revolution at right angles:
k' =k£=k’ %1'-:%1:%, T,:TiZT’ (u.ull-)

at the pole, and we can see then that both (4.43) and the second of

(4.38) give the same expression:
2kT=P, L=0 (4.45)

4,5 SIMPLE GEOMETRIES.

4.5.1 Solution Of An Axisymmetrical Case.

It 1is interesting to examine the way that Hart-Crisp and
Smith(1967) handled the problem of inf}ating a circular membrane of a
specific form of S.E.F. What is more interesting is that they also
considered the possibility of using the technique as a potential
testing method for determining the elastic constants of the material.

The set of equations were non-dimensionalized by dividing the
stress resultants Ti by 2hG, all linear dimensions by the radius po

and the pressure by 2hG?o to yield the reduced Geometric relations::

!“:X’P' (4.46)
ar*/agdn [1-(kgr )% (4.47)
Dg/dp =(1/p ) dr /dp N, ] (4.48)
dkg/dp“=dr /dp”(k /-kg) (4.49)
dz’/dp =-Askgr’ (4.50)
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z” is measured on the X4 axis of revolution. Equilibrium equations:

kT, +k Ty=P" (4.51)

2Kk T, =P’ (4.52)

Elasticity relations:

A3=1/), ), (4.53)
Ey=I 1-3=)\1’+)\:+):-3 (4.5U)
I =1/\T /A1) (4.55)
T; g (N5 D) [exp (K, E])N\K, /T, ] (4.56)
Ty g (NfNG) [exp (K, ED A K, /1, ] (4.57)

in those relations the material was assumed to have the exponential

elasticity parameters of Hart-Crisp and Smith(1966):
/81, =Gexp[K,y (1,-3)%1, WAL =K, /1, (4.58)

.with G,K,,K2 being material constants.
Note should be taken that equation(i4.52) is strictly applied to
axisymmetric conditions.

The numerical solution is initiated at the crown and there for a
particular stretch ratio l,:k,_:l the authors derived a calculated
value for the curvature k':2()—1)%%%, and determined the non-uniform
thickness distribution for the whole shell based on the assumption
that acquires the form of a spherical cap.

Determination of A:X,:A,_ and k’'=k;=k; through (4.53)-(4.57)
gives Té:T{:Té and the pressure value P°.

P’ is kept constant and calculation proceeds for the rest of the
points on the bubble at increments (Ap’) of 7,

at a point n from (4.46)-(4.57):
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(r’)y‘:(}\q.?’)" (4.59)

1

(dr/dp )g=(hgdn [1-(kgr 212 (4.60)

(dhg/dp In=L1/p (dr /dp A, (4.61)

(dkg/dp Iy=(dr /dp ), [(k -k, )/r ], (4.62)
first approximation of these denoted by the prefix subscript,
are 1 Qg In+9=(Ngdn+(dNg/dp )nbp” (4.63)
and 1(ki),.,.;,:(ké),,+(dk§/dp'),,hp' (4.64)
used intos 1 (T neg=(P7/2) 4 (kg o (4.65)

again although applying only to the polar region they have been used
everywhere on the bubble. The first approximations of ,(T;)n+,,

,(),)"+4 give through the incompressibility assumption:

and by the use of the constitutives:
TI
T e (4.67)

9 2
A n+1=1Qdnee +
1o 3m [ A (exP(KER) + A3 Ke/1, ], ,
the successive approximation of ,(l,)n+, is averaged with the previous and

substituted into:

Y A3 +4=17/ 4N dns41Ngdneg (4.68)

and back into (4.67) to improve the accuracy on these measures. This
safety loop 1is an innovation introduced by the authors and helps to
improve convergence of the iteration procedure for the larger stretch
ratios. Knowledge of (},), aloné with (Ay) estimates ((Tg)y+, from
(4.54), (4.55), (4.57). By combining the general(4.51) and the

axisymmetric(4.52) one derives:
ky=kg (2-Tg/Ty) (4.69)
this eliminates P’ and then the complete set of )i,ki,T{,Ti,A,,k;, is
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known and used back into (4.47)-(4.49) to make up second
approximations through the same loop for the particular point (n+1).
They claimed also that the specific averaging that is performed,

in (4.48):
2 0‘2)"“= (A,)n+(ﬂp'/2) [ (il%)n-*(d'%‘)nﬂ] -~ (U4.70)

gives to this system accuracy of a second order integration system
much better than using once a second order Taylor series. A final
second set of values ,(Agdy41s g(Kgdness 9(Tilners gAadntgs g Agdn+ys
a(Tgdn+1s o(k3)y44 is reached and the profile of the bubble is drawn

by determination of (z")p,+q from (4.50):

dz’ dz”

(2 )a49=(z" I+ Bp /2)[(d9,)n+(dp Inta] (4.71)

This completed the solution for this particular application. We
think that by presenting one of the best numerical solutions we have
highlighted the weaknesses inherent in these methods. A numerical
solution can handle the system of the 7 non-linear differential
equations of the 7 unknowns k/, kg, Ags Ag, Ty, Tg, 2", but they are
depending on basic assumptions and the original membrane equations as
much as any analytical solution. Equation (4.51) is essentially the
well known Laplace formula applicable to any point of the shell at
which the two principal curvatures are k;,ké. Equation (4.52) is-
applicable only to axisymmetrical deformations and can easily yield
(4.51) if k{:ké. Thus the two equations may in principle be only one
at the crown, but it is unsatisfactory to use (4.52) anywhere else but
at the polar region, even as a minor element in an iteration routine.
This could be one of the reasons why discrepancies between observed
and predicted profiles were found in this paper. Adoption of an
incorrect form for the S.E.F. or the values of its coefficients, or
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Figure 4.U4:variation of the inflating pressure with the stretch ratio
at the crown for different rubbers. The softer materials I=0,0.1 present
bifurcation while for I=0.5 a monotically increasing function results;
IV:for I varying according to the experimental data of Rivlin and
Saunders(1951) the bifurcation is inevitable. '
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errors in the numerical routine itself can have a similar drastic
effect on the results.

Comparison between predicted profiles for various parameter
values and observed profiles as given by Treloar(1944) or produced by
the workers themselves, was attempted. For the best set of
coefficients comparison was good only up to a stretch ratio of A:S,
afterwards practical problems 1like "slipping" of the edges or
analytical inadequacies could be responsible for the observed
discrepancies.

In general it was shown that the choice of the
exponential-hyperbolic function for (W) was better than a Mooney
S.E.F. and thus the form of the (W) used was important on its own.
Small variations in the coefficients significantly affect the profiles
and thus the attempt of predicting the correct values of the
parameters through the membrane’s behaviour(profiles) is rather
insecure.

The basis of the determination of the material parameters
involves the relation of a mechanical factor 1like the inflating
pressure to a geometric one like the extension ratio at the crown. In
fig.4.4 it is shown that for higher values of I where J=C,/C, of a
Mooney material in which W=C4(I,-3)+C4(I,-3), the material has a
motonicaily increasing relation for both normalised pressure and
stretch. For lower values of K, it reaches a critical point and then
depending on the value of T itself, it either stabilises in an
enlarged configuration or it keeps on flowing till failure. For a
Mooney material there is a critical value for X under which the
material exhibits bifurcation, but for material 1like pure gum
vulcanizate Rivlin and Saunders(1951) have shown that C, and thus r
is a function of the deformation itself and thus these materials
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Figure 4.5:by using an overlying chart and the positions of the first

peak and the valley Hart-Crisp and Smith(1967) suggested that estimation of
the finite elasticity constants for an inflated rubber can result from a
plot of the reduced pressure versus the stretch ratio value at the crown.
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always demonstrate bifurcation. Hart-Crisp and Smith(1967) considered
exactly such a material through their S.E.F. and exploited the shape
of the Pressure.v.Stretch curve (first peak followed by a valley) as
in fig.4.5. The specific site of the pressure minimum in the valley
gives by the use of an overlay -chart the value of K4 and Kz of
equation (4.58).

4,.5.2 The Simplified Cylindrical Geometry.

Shells of cylindrical shape have been widely used for practical
applications. The analysis introduced previously can be further
simplified for a such geometrical shape.

A cylindrical surface is depicted in fig.4.6b, it is the special
case of a "line generated surface" of fig.l4.6a for the pointing vector
i having a constant direction along the curve i&e,). The position

vector is:
T=K(8,)+8,1, 6,20, ©,=8 (4.72)
the unit vector tangent to the surface is:

?:3?/36:3?/36, (4.73)

-— -

base vectors now are: a,=t, Eééi, if R=(1/k)=zradius of curvature

then:
9t/80'=0t/90=-3, /R=-k3; (4.78)
-a-’ ,'=—k§3 (u075)
Ty 29589 1139 1920 (4.75)

the contravariant base vectors of the middle surface are:
2 -

a‘:g,=€, 5 =E’_= I}

then C'1=-a_3 .5.-' ’ =-k C.’z:gs 0_5‘ ,,‘=0 ng=§.—3 ._a-i ,2:0 (4.76)
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Figure U.6:

line generated surface r=K( 9,)+0, i(ey)

for e,=180, 8,-=§, T=K(0)+ § 1(0)

cylindrical surface r=K(6 )+ 51, 0¢o¢ , 0¢ § ¢ 1
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1 " 2 2
Cy=Cy4y=-k C2=C’=C2=0
and the Christoffel symbols: I?xza“.ap,x==tfx=o (4.77)
stress resultants are:
nitz=n, n‘z=n1‘=n9§ n? =ny
1_ 2 '} 2
P'=p, P'=Pg  Q'=Qg Qq =qg (4.78)
and the physical ones are:
D(14) S0g D (19) =N (a1) “Ngg  Dygq) “Ng
Q=0 99 =g P =Py P(g =Pg P(gy) =P (4.79)
the equilibrium equations become:
3neg/be + anglag + pgzo (4.80)

kng - p =0

the last equation then immediately gives the stress resultant n, in

terms of load:

nozp/k=pR (4.81a)
as it can be seen ng is not influenced by any edge conditions,
while: €
13
ny =-l(3neg/ae +p§)d§+w¢(9) (4.81¢)

include functions W,(@), wzce) which have to be determined by the edge
conditions.

In a cylinder of infinite 1length the circumferential stress
resultant equals, naszo, while the contribution of the longitudinal
stress resultant in balancing the normal force to the surface is small
due to the infinite value of the radius(curvature equals zero).

For a finite cylinder with end plates (fig.4.7) inflated by a uniform

pressure p equation (4.52) predicts the presence of a longitudinal
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Figure 4.7:for a finite cylinder inflated by uniform pressure p, the
longitudinal stress resultant(ng) equals half the circumferential stress
resultant(ng).
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stress resultant which equals half the circumferential stress
resultant.

4.5.3 Conclusions~Prominent Features Of Inflation.

In spite of the many differences between the various inflation
tests of tablesl4.1,4.2 some common features exist which can be
properly exploited.

There 1is a general correspondence between the material

properties, the system of coordinates in use, and the orifice shape.
At the boundary the displacements are zero, their gradients are also
zero and the circumferential stretch ratio is constant and equal to
unity. For a numerical method this is essentially an initial value
problem and the solutions are set to converge to certain values. A
circular orifice then is best expressed in cylindrical coordinates by
setting the previously measured parameters to certain values at a
certain radius. The Cartesian system of orthogonal axes best
expresses the rectangular orifice along its orthogonal axes.
Isotropic materials or those of transverse isotropy or the radially
stretched sheet are better examined by the use of a circular orifice
which possesses a similar symmetry. Materials with orthotropic
properties in the plane of the sheet are likely to require the use of
a rectangular system of coordinates with a rectangular orifice and of
course an alignment between those two, which may not be an easy task
as the principal axes are not always known.

The boundary can significantly affect the shape of the whole
bubble as can be seen in fig.4.8. It may well be that the shape of
the orifice can be constructively used to deform the bubble at a
desired shape.

In a complete mathematical solution the field of stresses and

strains over the whole mebrane is usually estimated. This requires
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Figure U4.8:deformed configurations of an inflated plane nonlinear Mooney
membrane at increasing reduced pressure (P*) values. The constant contour

lines are directly influenced by the shape of the boundary (reproduced
from Feng and Huang,1974).
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that a)a specific mathematical formulation has been developed, and
b)that the proper S.E.F. has been fed to the elasticity
conditions(Yang and Feng,1970). This, however, is never the case in
the use of inflation as a testing method, because the stress/strain
relations are themselves sought. In experimental cases the
deformations should be recorded (direct caleulation of strains), and
then the stresses estimated from the geometry. The law of Laplace is
a useful tool at this instance as it is the only condition which is
generally applicable and with least restrictions. It can be used for
evaluation of stresses where it 1is most convenient for the
experimenter. Once the appropriate relation is obtained, the
experimenter may try to compare the shape and deformation of the
bubble mathematically with that predicted by the S.E.F he has already
acquired.

Inflation is a non-uniform and a non-homogeneous deformation as
both the magnitude and the direction of the principal stresses vary
from site to site on the bubble. An elementary rectangle of the
initially undeformed membrane deforms and distorts in a trapezoid or a
general curvilinear parallelogram when the sheet is inflated. This,
initially, has been thought to be advantageous by Joye and
Poehlein(1972), if it could provide a mode where an infinite number of
biaxial alternatives could exist on the same sample, but the same
authors later(1973) found this to be a rather elusive possibility.
The non-uniformity of the stresses(as well as stress resultants and
thickness) does not appear to significantly affect the radial
component of the stress resultant which attains a more or less
constant value from the crown to the bbundary, regardless of the
material used or the particular application (fig.4.9). Nearby points
on the same meridian have almost equal radial stress resultants.
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Figure 4.9:in @ and the radial stress resultant does not vary much
from the centre of the bubble(p’=0) to the boundary(g‘=1), while the
circumferential stress resultant fluctuates considerably (reproduced:from
Hart-Crisp and Smith,1967). At @ the stiffer the material is the more
constant: the radial stretch ratio 7lr' remains along this same distance
(g"=0,p"=1) (reproduced from Pujara and Lardner,1978).

88A



4,6 USE OF INFLATION ON TISSUES.

Miller et al(1979) attempted characterisation of the mechanical
properties of human fetal membranes by an inflation method. The basic
assumption was that the kinematical behaviour of the tissue was the
same as that of rubber and thus the axisymmetrical equations presented
in earlier séctions”;;uld be applied. The S.E.F. was of the Mooney
form a function of two parameters C,,Cz. The formulation was
developed on a determination of the inflated surface at different
stages of inflation by fitting to the profiles of the bubble a simple
analytical expression. For determination of deflections at various
radial distances the deflection of metal rods, which were attaching
the specimen, was used. This must have affected their data straight
from the beginning and in association with numerical computational
errors resulted in them finding that the material parameters for
rubber were varying with the level of inflation! The results were
reported as a histogram for the distribution of the estimated values
of the parameter Cy, with parameter Cg being almost O.1C1.

Wineman et al(1979) also thought that inflation has the potential
of derivation of the S.E.F. for tissues and based on the same well
known axisymmetric, isotropic incompressible relation they attempted
to prove this claim. They tried to exploit the idea that each
material point of the bubble is under different biaxial homogeneous
extension along the ¢two principal directions of the axisymmetrical
deformation. In axisymmetrical conditions the crown is under uniform
biaxial stretch, which gradually turns into pure shear deformation at
the boundary where always ﬂz=1. Thus certain deformation modes are
common at different sites at different inflation levels and thus
computational effort is reduced. Unfortunately demonstration of the
method was performed on data that had been generated and not
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experimentally observed. The same form of representation was used to

identify the S.E.F. as was used to generate the data. These workers
promised to present an application on tissues in a later report, but
none has appeared in the literature. The main obstacle is probably
that tissues have S.E.F. of the most diverse form and thus the good
knowledge of the S.E.F. which is required to initiate the solution is
also the main task of the experiment.

Kriewall et al(1983) inflated fetal dura mater and attempted to
characterise the material by determining the parameters of the S.E.F.
they used. One of these workers (Melvin et al,1970) had already
eétablished the anisotropic and viscoelastic nature of the mechanical
properties of dura mater but in the case of inflation tests they
assumed once again that the material was incompressible, homogeneous,
isotropic and non-linearly elastic. The formulation of the problem
then conveniently followed the mathematical analysis described in the
earlier sections of the chapter and invariably used by all(Hart-Smith
and Crisp,1967; Green and Adkins,1970). One further limitation was
that the porosity of the fetal dura mater required the use of a rubber
sheet underneath to seal the 1leaking air and thus the exhibited
properties were a superposition of the properties of the rubber sheet
and the properties of the dura mater under examination. Kriewall et
al considered two possible forms for the S.E.F., that of a Mooney
material and the STZC form(Skalak et al,1973) and decided that while
the Mooney form was applicable to rubber properties, the combination
of rubber and dura mater required the use of the STZC form. The
determination of the pair of parameters used in the STZC form showed
that one of the parameters could be maintained constant while the
second which they called "stiffness" factor had to vary significantly
to fit different samples. The only clinically important result was
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that the tissue stiffness, as expressed by the stiffness factor,
increased with age. However promising the fit of the behaviour by
using a certain S.E.F. may appear for this particular tissue it has
not been confirmed for other deformations than inflation and thus it
remained very much an academic exercise.

Mohan and Melvin(1983) inflated human aortic specimens which were
examined in both quasistatic and dynamic inflation rates and up to
pressures which resulted in failure. The failure of aortas caused of
excessive pressures or pathophysiological conditions led these workers
to concentrate on failure behaviour and not the quantification of
stress/strain behaviour. The anisotropy of aortas as found in
uniaxial tensile tests(Mohan and Melvin,1982) was also demonstrated in
the biaxial failure test by exhibiting a consistent tear in the
transverse direction of the specimens, There was no statistical
difference in the ultimate stresses and strains between quasistatic
and dynamic biaxial tests, or in the ultimate stresses between dynamic
biaxial and dynamic uniaxial tests.

4,7 INFLATION OF AN ANISOTROPIC MATERIAL.

It can be seen in tablesi.1,4.2 that one possibility has not been
examined or considered at all and it 1is exactly this class of
materials that may constitute the equivalents of naturally occuring
tissues; inflation of a material with orthorombic symmetry (having
properties symmetrical to 3 orthogonal planes) and of a material with
fibre symmetry (with the fibre axis 1lying on the plane of the
membrane). Materials with fibre symmetry are 1like the ones with
transverse isotropy but in the latter case the directioné of identical
mechanical behaviour 1lie on the plane of the sheet. Both the
orthorombic material and the fibre symmetrical with the odd axis on
the plane, are anisotropic in the plane of the sheet and it is 1likely
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Figure U4.10:case a’ uniaxial stretch of an elemental parallelepiped with
lateral contraction along the other two directions; case b’ uniaxial
stretch along direction 1 may be combined by retention of the lateral
dimensions along direction 2 at a stretch ratio=1.
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that inflation of such materials can be expected to yield a
non-axisymmetric deformation. Either of those materials has on the
plane a symmetry along orthogonal directions and thus we suspect that
this will lead to an "orthotropic" deformation, the shape of the
inflated membrane reflecting the anisotropy of the material.

4,7.1 Search For A Suitable Material.

Suitable materials of such properties were sought to test this
assumption but a)it not easy to find a material being anisotropic in
its resting condition, and thus b)it was decided to ‘“produce" an
anisotropic material by prestretching an engineering material which
has the additional advantage of being with consistent properties from
sample to sample. Vulcanised rubber was used, which is cheap with
reproducible and consistent behaviour and exhibits large deformational
behaviour. Although the physies of rubber elasticity are yet not
fully understood the mechanical behaviour of rubber has been
extensively investigated over the years. Furthermore rubber, which is
isotropic in its unstrained state can be brought into either of the
anisotropic cases of orthorombic symmetry and fibre symmetry mentioned
earlier, if appropriately stretched.

In the elemental parallelepiped of fig.4.10 directions 1,2 are in
the plane of the membrane and direction 3 is the normal to the sheet.
Associated to these directions are stretch ratios: 2{, i=1,2,3. The
undeformed parallelepiped can be deformed in either of the cases in
fig.4.10a or 4.10b. We chose to create a difference I?&-A@I:O.Z,
«,p:1,2, a%ﬁ, in the stretch ratios in the plane of the sheet.
case a’:If stretched along A, it will contract along 32, 23 and due
to isotropy by equal amounts )2=)3. If the incompressibility
condition is also valid then K,]\lﬂsﬂ and )‘2=13=(11)‘/% This requires
a simple tensile stretching till 24:1.137 in respect to the undeformed
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Figure 4.11:®typical force/extension curve produced in uniaxial stretcing
rubber; relation (4.83) predicts that along the prestreched direction
the stresses will be increased while along the contracted direction the
exhibited stresses will be reduced.
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reference length 1:” and with the previous assumptions this must be

followed by a contraction to A,=4,=0.937.
case b :If stretched along 1, till 3,:1.2 and held at constant 22=1
then this will lead to a compression 33=0.833. (FT)

A typical force/extension curve for vulcanised rubber is shown in
fig.4.11a. It has been obtained by uniaxially stretching strips of
rubber 100mm in length, 10.64mm in width and of 0.24mm in thickness at
a nominal strain rate of 0.005/min. It is a markedly non-linear curve
which stiffens considerably presenting an upwards turn at stretch
ratios greater than A“’ =3.

The question is how the prestretch will reflect on the mechanical
properties exhibited 1in test where stresses and strains start from a
zero(0,0) point. Calculation of stresses can be made by using the
principle of S.E.F can be used, where the stress f?’:bW/BA?' at a
particular direction. If the initial reference 1length for relaxed
rubber was 1:°’, an equal new reference length after prestretch is

noted by 11f,’, but in essence in the stretched state it includes

) of the relaxed rubber. We

material that was contained in 0.81
define A‘“, A“" as the current stretch ratios calculated when

testing unstrained or prestretched rubber respectively:
AP =x()19? A =x ey (4.82)

these quantities are in fact only numerically equal because the real
stretch ratio when stretching the already prestretched rubber AR,

equals 1.27U*" times the one exhibited in test.

(FT) .Subscripts: they denote prinecipal directions i=1,2,3;
superscripts:in parenthesis is the value of time or any other suitable
monotonically increasing variable, thus €9 denotes the reference
state at the start of the test, ‘¥’ is any subsequent state, the prime
outside the parenthesis denoting that these same variables are of the
test of the prestretched rubber.
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Thus for the exhibited stresses:
£ 040 <G/ = Qurdhp QA AR H=1.2QudRY =126 (4.83)

and thus the stresses when testing the prestretched rubber along the
prestretched direction should in fact lie at 20% higher values from
the “original’ curve(rubber relaxed at its undeformed dimensions) for
case a’ and 13.5% for case b’. For contraction in the lateral
directions we should expect the real curves to be at 6.3% (case a“)
and 16.7% (case b”) less than the ‘original’ curve of fig.4.11la.
The curves of fig.4.11b start from a (0,0) origin for stresses and
strains and this is particularly suitable for inflation where stresses
are measured indirectly from the strains and thus no stresses can be
predicted when no deformation occurs. The inflation of a flat rubber
sheet is treated similarly for either prestretched and/or unstretched
rubber as if the prestretched rubber 1is a naturally anisotropic
material in its relaxed state when zero lateral pressure is applied.
We suspect that the prestretched rubber sheet will produce a split of
the ‘original® biaxial curve into two, for the two principal
directions.

4,7.2 Inflation Apparatus.

Inflation tests were carried out in the apparatus of fig.l4.12.
This device consists of a polymethylmethacrylate (PMMA) chamber, the
top of which is made as an annulus of 90mm outside diameter and 41.5mm
inside diameter, and thus provides an approximately 50mm wide annulus
for clamping the samples along the perimeter between the PMMA annulus
and a similarly shaped aluminium plate(fig.l4.12).

The top of the annulus was covered by a layer of uniformly spread
silicon-rubber to provide a surface that could be slightly compressed
and of higher friction (not allowing slippage of the samples) and at
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the same time not to cause any damage to the material. A recessed
groove in the PMMA annulus adjacent to the central hole, housed a
rubber "O" ring. The aperture of- the apparatus was filled by a
perforated PMMA disc which 1levelled with the top surface of the
it to bend under gravitational forces.

Thus clamping a material or tissue on this stage allows the sample to
be adequately held in its perimeter, to be subjected to air-pressure
through the perforations and to deform in a shape mostly determined by
the shape of the central aperture of the aluminium plate fixed on the
top.

The pressure increase inside the chamber, which deformed the
specimens, was created and controlled by a hand held sphygmomanometer.
A large chamber (5 litres in volume) was connected to the tubing
attached to the rig. This additional reservoir increased the volume
capacity of the system and consequently the ratio of the air-volume
pumped each time into the system by the sphygmomanometer to the total
volume already present. This allows a better control of the
deformation along with lower rates of inflation.

A sheet of rubber was prestretched according to case a” by a
stretch in one direction and contraction in the other two. To achieve
this a wooden box was used housing a central hole of 115mm diameter.
The hole had 1larger dimensions than the PMMA inflation annulus and
could accomodate it on the inside. The unstretched sheet was stamped
by a square grid and by the use of common "chinese ink", with the
sides of the small grid squares being 5mm 1long. The sheet was
stretched along one of the main directions of the grid and with the
use of masking tape attached at various points along the perimeter.
The use of a number of attachements of the tape onto the sheet allows
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Figure U4.13:(A)preparation and maintenance of the rubber sheet in its
prestretched state, (B)mounting on the rig.
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lateral contraction in the free space between the tapes, while the use
of a single tape all along the stretching edge would not. The rubber
sheet was stretched till the appropriate stretch ratios had been
achieved and in a manner that uniform deformation existed in the
central area; this was easy to confirm due to the presence of the
square grid. The oﬁter edges of the tapes were pinned onto the wood
and the sample appeared as in fig.4.13a ready to be mounted on the
inflation rig.

The sheet was pierced in U sites to allow the inverted screws of the
rig to pass through while ensuring that this had not affected the
strain distribution around the holes, which in addition were closer to
the outer diameter of the annulus and away from the central area. The
rig was raised from underneath and (fig.4.13b) the specimen was
mounted in its stretched state.

The pressure was increased slowly up to 2.66kPa(20mmHg) and the
inflated shape was observed. It was definitely a non-axisymmetric
surface which bulged outwards at 2 antisymmetrical positions.

In order to confirm this we applied the idea initially introduced by
Feng et al(1974) (tableld.2). They mathematically predicted that if a
membrane is inflated against a constant constraint which happens to be
flat, it will form an attachment boundary which, for small heights of
depression, follows closely the surface contours (fig.l4.1l4a). For
larger depressions the boundary deviates significantly from the
contour-shape of a freely inflated membrane (fig.4.14b). Thus a thick
rigid glass plate was pressed lightly against the bubble at its crown
which was inflated through the circular orifice, when it could be
observed through the glass that the area of attachment had an oval
boundary. At the same time it was obvious that the major-minor axes
of the ovals were precisely aligned to the axes of our prestrech which
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Figure 4.1l4:0ne quadrant of an inflated Mooney membrane against a constant
constraint as predicted by Feng et al(1974). For small deflections the
contact boundary follows closely the surface contours.
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were along our stamped square grid.

This rather crude method is inappropriate to apply in inflation
of soft tissues. It had to be substituted by another, which was
stereometric and preferably non-contacting, because the contact itself
distorts the shape of the bubble.

4,.7.3 Shadow Moiré Technique.

4,7.3.1 Production of the fringes. The Moiré fringes are
produced by the interference of a grating with its own shadow which is
cast on the object’s surface by the use of an intense 1light source.
Assuming a rectilinear propagation of light (no diffraction present),
gratings like the one in fig.l4.15a can by superposition on their own
shadow create the fringes of fig.4.15b. This phenomenon can be easily
seen by superposition of two thin layers of silk(moire) and gave its
name to a technique which when applied in other forms can be
invaluable in engineering strain analysis (Theocaris, 1969).

The highly regular grating of fig.l4.15 is not strietly necessary
for the formation of the fringes. The potential of the "shadow Moire"
is that the shadow of even an irregular grid interfering with itself
can form fringes. Highly regular gratings, with specified pitch are
only required for a precise analytical treatment of the fringe
pattern.

The three main elements for performing the "shadow Moire" are the
light source, the grid and the observing apparatus(camera). The’
nature of the illuminating and observing rays can either be diverging
from a point light source or linear source (equivalently converging to
a pin-hole observatory), or can both be parallel in their geometry
(illumination and observation). That leads to the 3 cases possible of
fig.4.16. If both light rays and observing rays are of the same
nature (parallel or diverging) the fringes behind the screen are light
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Figure 4.15:superposition of a grating with another of a larger pitch or
with an angular displacement to the original creates Moiré fringes.

(a) grating of 16.75 lines/cm
(b) two gratings of 16.75 lines/cm and 9.5 lines/cm in parallel
displacement and two gratings of 16.75 lines/cm in angular displacement
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and dark planes parallel to the screen. Case 4.168 has the additional
advantage of constant interfringe distance. For all cases the
interfringe distances are constant depending only on the order of the
fringe n, and not affected by the exact position of the object behind
the grid. Case 4.16¢ has no advantages and should be avoided.

The order of the fringe gives the distance from the screen by the

use of formulas:

case a) Dh = s cci(i), s:piteh, Dh:distance to screen, (4.84)

case b) Dh(n)= nl/[(d/s)-n], (4.85)

using the screen to fringe depth, the 2-dimensional image information
of the fringes yields a 3-dimensional reconstruction of the object’s
surface.

Shadow Moire can thus provide the means for determining the
general shape of the inflation bubble and ultimately lead to a spatial
analysis of the surface by examination of the topographical maps as
depicted in photos.

4,7.3.2 Set-up of Apparatus. The three main combonents of the
technique are shown diagramatically in fig.4.17. The main distances
have been selected so as to provide a 1mm interfringe height for all
fringes according to (4.84) or 1mm screen to first fringe distance for
formula (4.85).

The light source was a 800W Halogen 1linear filament with a
cylindrical reflector. When a line-shaped filament is used (as in our
application) it is necessary to align it with the rulings of the
gratings in order to create the shadow. This light source could be
used as both a point source (especially if used with a slit in front)
or as a parallel ray illuminator if used with a light stop along the
filament (fig.4.17). It is essential that in either case the 1light
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beam 1is collimated to avoid a blurred shadow which would prevent the
formation of the fringes.

A 35mm Nikon SLR camera was equipped with a telephoto lens and an

extension tube was used and could essentially fill the 35mm negative
frame of the film with only the image of the central 41.5mm diameter
circular aperture. Another camera, a 120mm Zenza Bronica, was set at
the level of the inflation rig and could take side views of the bubble
to be used in an estimation of the height of the central(maximum)
deflection at the crown.
Geometrical considerations similar to those for the light source also
apply to the camera. A pin-hole camera with a large aperture at a
large distance 1, can be considered as viewing the screen in parallel
rays, while the same camera at shorter distances with a smaller
aperture acts as a receiver for converging rays. In our application
the distances were large and the aperture in use was of considerable
size, £/8=50mm/8=6.5mm, but it is recommended that whenever it is
possible formula (4.85) should be used for better precision.

In setting-up the technique it is important that: a)the camera
should view the screen(grid) perpendicularly, b)the light source and
the camera-lens should be in a plane parallel to the screen(grid),
c)light and dark planes behind the screen are always formed in
relation to the grid and parallel to it, ¢thus a tilt of the grid
results in tilted planes intersecting the object, d)the object should
be placed under the screen on the optical axis of the camera for a
better image, for the reason that areas in a distance of the normally
viewed centre are seen through the periphery of the lens and the image
could be optically distorted.

Limitations on the uncertainties D1,Dd,Ds in the set up of the
apparatus in order to achieve a specified small error in the fringe of
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Figure U4.17:the set-up for photographic observations of the inflated
samples, Distances have been chosen as to produce 1mm interfringe
distances for the first fringes closer to the grid.

maximum y=3cm,
minimum y=central deflection at 0.266kPa(2mmHg)
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order n have been estimated previously by Wijk(1980), who applied the
rule of propagation of error in formula (4.85). For values of d,l,s
scaled down to our own values the maximum uncertainty in placing the
camera should be within +71cm, the uncertainty in camera to light
source distance within +0.5cm accuracy in order to achieve an accuracy
of half a fringe height at the depth of the 20th fringe. The values
of those error bounds can relax for our application because the
maximum height that the bubble attains is less than 20mm for medium
pressures of less than 7.99kPa(60mmHg). Estimation of the errors is
essential when accurate analytical treatment of the photos is
required. It is safer to check the distances of the fringe planes
with calibration objects since for this optical method small
alterations of the relative place of the components can significantly
affect the fringes.

The gratings used in the test apparatus were initially printed on
thin films supported by a surrounding frame. It was found that they
could bend slightly under their own weight and thus glass gratings
were prepared similar to the ones used by Fenton(1973). Commercial
gratings of translucent adhesive backings (Letratone-Letraset Ltd.
U.K.) are readily available but their backings diffuse the light. If
a contact print of these gratings is made on high contrast glass
plates (Ilford N.60 photochemical plates,backed) the dark lines are
retained while the translucent backing is replaced by the transparent
glass surface.

It was found that there was a limit on the depth at which
discernible fringes could be formed on the screen. It is recommended
that the screen is as close as possible to the object in order to
retain as much as possible of the effective depth of the field of the
fringes. Experimentally it was found that 20mm was the maximum depth
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Figure U.18:flat® and inf‘lated(20mmHg) Moiré views of the mounted
prestretched rubber sample. The dark arrow on the rig platform indicates
the contracted dimensionj; along this direction the sample is softer,
thus more extensible and presenting the long axes of the ovals.
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of field for forming clear fringes. This was adequate for all the
following experiments.

4.7.3.3 Moiré imaging of inflated rubber specimens. The
prestreched rubber sheet which had been prepared and mounted on the
rig as descri@ed in_gection 4,7.2, was inflated and obseryeqvwith tpe
Moiré apparatus ~of ~fig.4.17. At a pressure of 2.66kPﬁfébmmHé)”t£;
topographic image of fig.4.18b resulted. It was found ‘that for
certain surfaces (like rubber) a paint was required to improve the
contrast and produce clearer fringes. In fig.4.18 an emulsion of
titanium dioxide in saline was used on the yellowish rubber surface in
order to enhance the contrast. Titanium dioxide is a white pigment
used in paint and it has the additional advantage of being inert and
non-toxic (Deichman Gerarde,1969) and can be washed off. These
features make the solution particularly suitable for subsequent use
with biological tissues.

In fig.4.18b the light(alternative dark) fringes had unequal axes
along the orthogonal directions which coincided precisely with the
axes of prestretch and contraction and thus the axes of mechanical
anisotropy. This result demonstrated that the method could indeed be
used to identify the axes of mechanical anisotropy by determination of
the principal geometrical directions of the surface. In order to
confirm this claim the test was repeated a number of times from the
prestretch stage to the Moiré views and always the arrow on the
aluminium plate, which showed the direction we had expected to be more
extensible, coincided with the major axes of the ovals.

The reason for the production of the ovals is demonstrated by the
profiles of fig.4.19. The outer profile along the more extensible
direction has a larger length and intersects horizontal planes (equal
height,z) at larger radial lengths than the profile produced in the
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Figure 4.19:the production of the ovals is due to the unequal length of
the two profiles which at a certain height 2 present diffemnt radial

distances r and r+dr, the latter corresponding to the more extensible
direction on the sample.
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stiffer direction.

4.,7.3.4 Analytical form for the surface. There are two reasons
why it would be better if we could express the exhibited shape of the
bubble in an analytieal form. Firstly, in test the bubble does not
deform in any of the simple axisymmetrical geometrical shapes that
have been considered in tables4.1,4.2 (paraboloidal, sector  of a
sphere) aﬁd this may be due to the faect that a more general
geometrical form had not been devised. Thus a new geometrical shape
to be used with this great variety of materials could be particularly
useful. Secondly, for rubber in particular which has attracted much
attention in the past, it would be very helpful if we could desecribe
its complete deformational behaviour throughout the whole test more
precisely.

We started considering the general ellipsoid of fig.d.20a with

the unequal axes A,B,C, participating in the impliecit relation:

x*/8% + y¥c® + 2% % =1 (14.86)
it becomes an ellipsoid of revolution (fig.4.20b) by putting B,C:

x*/8% 4+ y*/B® + 2%/0% =1 (4.87)

this form could possibly describe an axisymmetrical deformation but it

does not yield different profiles along the orthogonal directions.

Thus we modified it by introducing coefficients 1,, 1, as:
x*7(8%1,2) + y*7(B%1,2) + 2%/a% =1 (4.88)

thinking that: 1)for 1,=14=0 it yields the previous equation(4.87),
2)for 2=0 it yields the correct boundary of an ellipsoid of revolution
since qulxz=Bg+lyz:B2, 3)for z=A (at the crown) it converges to a
general ellipsoid with 3 unequal denominators B’#lxz=B241,z=A2 and
especially U4)it complies with our observation that the radial
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Figure 4.20:@a general ellipsoid of three unequal semi-axes A,B,Cj;
@an ellipsoid of revolution and @the distorted ellipsoid of revolution
resulting by use of relation (4.88).
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Figure 4.21:by putting the coefficient 1 to have positive or negative
values, a profile could be drawn on the outside or the inside of the
original profile of a simple ellipsoid of revolution (1=0) respectively.
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difference of the two profiles of fig.4.19 is actually proportional to
the height z for medium heights.

It was found (fig.4.21) that a positive coefficient 1 in (4.88)
produces a profile outside that produced by equation(%4.87) while if 1

is negative the profile would lie on the inside. Model (4.88) could
;sufficiently follow the real surface along the profiles but it was
still uncertain how well it would behave in between the prinecipal
axes. It was expected that since formula(4.88) describes a smooth
continuous surface which converges to the real one along the profiles,
it would not differ significantly for the rest of the surface.

After repetitive trials the most probable values for the
coefficients ly, 1y were defined from the lateral views of the bubble
ét various inflation levels. These coefficients were subsequently fed
into a computer program -("CONTOUR",Appendix Ch:4) which drew contours

for height-steps corresponding to the interfringe distances of Moiré
80 thét if the correct coefficients had been selected along with the
'proper interfninge heights, then the contours should prediet and
coincide with~the light fringes of the photos.

The result for inflating the bubble with pressures of 1.33, 6.66kPa is
shown in figuresl.22a,b,c and on the overlying transparencies the
contours have been drawn. Coincidence is good especially for the
inner contours. Discrepancies could be due to the fact that the
contours have been drawn to the size of the photos with a
magnification factor calculated from reference points on the rig while
the camera is focussed on the screen. There is a small out of focus
magnification (fig.4.23) and has been accounted in the program by
using formulas (4.89),(4.90) which correct the differences between the
real distances X,Y and the apparent x,y. The difféfences are due to
the projective geometry of the apparatus and the use of a pin-hole
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Figure 4.22:The Moiré views of the inflated sample at (A) 1.33kPa(10mmHg)
and (B) 6.66kPa(50mmHg); on the transparencies the predicted contours by
using (4.88) could adequately describe the surface contours especially for

inner fringes(closer to the grid).
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camera.

The interfringe height is calculated with the variable depth
formula(4.85) which particularly helps the deeper fringes
corresponding to the outer contours of fig.4.22. Variable interfringe
distance and-. projective geometry are factors which hayeu been
considered and implemented in Moire topography by previous workers
(Takasaki,1973; Meadows et al,1970; Wijk,1980).

The good agreement between the graphical contours and the fringes
of the photos shows that analytical description of non-axisymmetrical
inflated caps is possible and that more complicated expressions such
as formula(4.88) should be considered in the future.

4,7.4 Quantification Of Deformation.

4,7.4.1 Use of a square orifice. In section 4.6 it was suggested
that there was an appropriate shape for the boundary to match the type
of anisotropy of the membrane and thus form the inflated dome at a
suitable geometrical shape which allows the quantification of the
deformation. Having succesfully applied the "shadow ngzéz* to
inflation of c¢ircular specimens, the technique was applied to square
specimens. An aluminium plate having a square orifice was locked into
the circular aperture of the inflation rig. The sides of the square
orifice were 26mm long and aligned with the orthogonal principal axes
of prestretch.

Through the square aperture the sample deformed into the shape of
a squared dome and with the lateral orthogonal views of the bubble
shown in figuresi.28a,b. The profiles of the dome could still be
described by formulaX.88 and the use of coefficients l,,ly, but now
4.88 applies only on the principal axes and not on the whole surface.
The complete deformational behaviour of the material through the two
orifices is compared in fig.4.25. The central deflection A is plotted
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Figure 4.23:corrections for perspective geometry and for variable inter-
fringe height have been incorporated in the computer program which drew
the Moiré contours.
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against the normal pressure and it is sensibly less for the square
orifice as it corresponds to a specimen of smaller initial dimensions..
The plot of the coefficients against the control variable(pressure)
shows a similar behaviour for both orifices with a sharper decline for
the square orifice. This difference is not an adverse effect of the
square orifice because the local shape of the dome is quite different
for the two bubbles along the profiles. Along most of the length of
the square-dome profiles a c¢ylindrical shape exists with the
generating lines parallel to the sides of the square boundary,
suggesting that stress/strain relations could be obtained by the use
of the Laplace formulas at those cylindrical sites.

4,7.4.2 Selection of sites. Thorough observation of the square
dome of figuresld.2la,b with both the lateral cameras and the Moire
apparatus led to the selection of the area of the 4 neighbouring dots
appearing in the photos. They corresponded to radial distances of
4,6,8,10mm from the centre and had been marked by the use of normal
black ink. A number of concentric cirecles of similar radii had been
drawn on the perforated Perspex plate which supported the sample when
the specimen was flat and helped us in the marking procedure. The
markers were placed at a mid-distance between the centre of the
specimen and the square boundary; consequently all values of stress
and stretch(strain) were calculated on those marked areas.
The camera for the lateral views was slightly above the level of the
rig in order to render the markers on the profile visible.

4,7.4.3 Stress/strain formulas. The stress resultant was
calculated by the use of (4.81c) which produced an Eulerian value for
this variable. It was further divided by the initial thickness of the
rubber sheet, h=0.25mm, to produce a semi-Lagrangian stress value.

The local value of curvature was also needed for the stretch. It
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Figure 4.2L4:two orthogonal views of the inflated bubble to demonstrate
the different profiles along the two principal directions at a 5.33kPa
(40mmHg) pressure.
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was calculated by measuring the quantities of tablesl.3,4.4. The

formula used was:
R=[ (1%)+(sH1/2s (4.91)

this formula applies to an arc of a circle and thus it has to be
assumed that the small "space between the outer dots had a circular
shape.

The stretch ratio was calculated by formula:
A= 1+ 2 R [Arc(sin(1/R))1/L, (4.92)

which calculates again the stretch produced by deforming an initially
undeformed 1length Ly into the are of a circle of radius R. The
distances were measured on a digitiser table. The estimated stretch
ratio was equivalent to a Green strain since it was calculated with
respect to undeformed dimensions.

A1l measurements were performed on enlarged photos and the values
were scaled down to normal sizes by division by the magnification
factor. We have used a Calcomp 9000 digitiser with 0.025mm resolution
for objects in the enlarged photos. Thus real object dimensions were
estimated with a resolution error of 0.001mm, leading to an error of

0.01 in the stretch ratio.

The measurements of stress/strain pairs were performed at the 5
inflation 1levels of the test and for pressures of 1.33, 2.66, 3.99,
5.33, 6.66kPa (10, 20, 30, 40, 50mmHg). The result is shown in
fig.4.26. A pair of curves appeared which predicted that for the same
stress levels a different stretch value was exhibited by the sample in
the two orthogonal directions. The curve on the left which predicted
higher stresses for the same strains was obtained along the
prestretched direction and thus demonstrated the effect that
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the initial circular orifice were very similar regarding the behaviour of

the central deflection A and the variation of the surface coefficients
with the applied normal pressure.
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l 13mm

Table43: profile of prestretched direction
Measured parameters

Calculated values

pressure 1 s Radius Ax Tx Sx
(133.32 N/m’} (mm) (mm) (mm) (N/mm)  (N/mm?%)
10 6.05 0.30 31.60 1.044 0.042 0.168
20 6.20 0.50 19.99 1.072 0.053 0.213
30 6.40 0.65 16.45 1.110 0.066 0.263
40 6.50 0.90 14.23 1.130 0.076 0.303
50 6.80 1.01 12.09 1.188 0.080 0.322

Table 44:profile of "soft" direction

Measured parameters Calculated values
pressure 1 s Radius Ay Ty Sy
(133.32 N/mf) (mm) (mm) (mm ) (N/mm)  (N/mm?)
10 6.06 0.48 19.89 1.048 0.026 0.106
20 6.26 0.70 14.64 1.087 0.039 0.156
30 6.u45 1.00 11.01 1.128 0.044 0.176
40 6.60 1.05 10.99 1.156 0.058 0.234
50 6.82 1.20 10.33 1.198 0.068 0.275
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prestretch had in producing an anisotropic material in its reference
state.

4,7.5 Validation Of The Method.

Treloar(1975) has given the mechanical behaviour for a number of
different testing modes applied in rubber. The curves for uniaxial
tension and pure shear tests have been reasonably confirmed by us by
testing strips of rubber (of the same type that was prestretched) in
an INSTRON tensile testing mashine. The resulting curves for the
inflation of the anisotropic rubber sheet fell on either side of
Treloar s biaxial curve with the prestretched direction 1lying on
higher stresses and the contracted direction lying on lower stresses.
In order to be able to predict the behaviour in the hypothetical case
where equibiaxial stretch of an isotropic material is performed
formula (4.83) was used with the S.E.F. given by 0Ogden(1972) for
rubber. Ogden’s formulation(1972) could adequately describe Treloar’s
data(1975) and the predicted curves are shown in fig.4.27a having been

produced by using a set of coefficients in the formula:

« &, «
W=y Pn/an(Aq Ay Az -3) (4.93)
n
from which for biaxial mode where ]93':1/)':1/],‘, and ty=ty, t3=0

the nominal stress results in:

£=t/2= ) pa@ T\ ) (4.94)
n

with the set of coefficients ay=1.3, a2=5.0, a3=-2.0, and P1=0'63’
P2=0°0012’ F3="0‘01 (P in N/mmz). The split biaxial curve alongwith
the inflation data is shown in fig.4.27b. The comparison is
reasonable and the discrepancies may be due to either: a)not very
accurate fit of Ogden’s formula to the original rubber curves, or
b)experimental error in the inflation data, or c)slight differences
between used rubbers, or d)to the fact that the inflation mode is not
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Figure 4.26:the biaxial inflation curves for the prestretched rubber
specimen. The prestretched direction was both stiffer and less extensible.
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a simple equibiaxial stretech and the estimated stresses and strains
are calculated at two different areas on the axes of mechanical
symmetry.

4,7.6 Discussion.

The arguments applying to the test and the produced data have
been introduced in section#.7.1 while preparing the rubber sheet.
Inflation is incapable of demonstrating the stress which is already
there due to prestretch, because it treats the zero pressure state as
being the reference state and for the reason that stresses in
particular are calculated indirectly through the measurement of the
curvature. For this reason both inflation curves converge to the true
zero/zero origin for both stresses and strains without predicting any
initial values.

The 20% prestretch can not also be experienced by the strains which
are represented by the horizontal difference between the curves.
There we observe that starting from a zero difference we end up at a
value for the strain difference between the curves of approximately
50% of the initial prestretch that had been induced. This is the
result of marking the sample after we had prestretched it and thus
treating the prestretched geometry as our reference configuration.

In both these respects our prepared and hypothetically anisotropic
material behaved as a truly anisotropic material.

A distinction should be made about the history of recording,
keeping track and eventually plotting the data. The loads estimated
in this method are follower loads. These loads are specified at a
point of the membrane, that of the markers, and set according to the
undeformed positions. Loads may change magnitudes and directions, but
they act at the same material point throughout the deformation. A
field load on the contrary would be specified at a position 1in space
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108 A

chapter.



and thus a point is subject to a load only if it occupies a particular

position in space, i.e. at a certain radial distance throughout the
deformation. This experimental test has the objective of determining
material properties when a particular tissue area 1is subject to
deformation and thus a follower load was adopted.

The fact that the stress values are estimated at two different
points on the specimen raises a few questions. At sectionli.6 we saw

that calculation of radial stresses(also called ‘'meridional' in

inflation) can be done at a small distance from the centre since the
meridional stress value does not vary significantly towards the
boundary. It is the lateral stress resultant ('circumferential' for a
circular border) which alters with the radial distance from the centre
and thus may not have a constant value along the arc length over which
we calculate an average value for the meridional stress. Those
meridional stress values do not coexist at a particular area of the
sample but at two different testing sites being at roughly the same
radial distance from the centre. The lateral existing stresses at
each of fhe two areas are in general not equal and may be a certain
fraction of the meridional stress resultant itself. 1In inflation of a
cylinder the lateral(longitudinal) stress resultant (equivalent to the
circumferential in inflation) has  half the value of the
circumferential stress resultant on the cylinder(equivalent to the
meridional direction in inflation). Despite some limitations the
proposed testing mode is far simpler and more consistent than any
other biaxial testing mode and thus has great value as it is offered
for general use.

4.8 INFLATION OF BOVINE PERICARDIUM.

4.8.1 Introduction.

Having confirmed that inflation provides a non-destructive method
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of detecting mechanical anisotropy, a test mode has been established
for quantification of the biaxial stretch of an anisotropic sheet.
The technique was applied to fresh bovine pericardium specimens to
assess the properties of the tissue.

Soft tissue samples are easier to clamp and stretch with an
inflation test and wdrkers like Miller et al(1979), Wineman et
al(1979), Kriewall et al(1983), Mohan and Melvin(1983) working on
fetal membranes, soft tissues, fetal dura mater and aortic tissue
respectively have found this an advantage. In these respects it_ is
preferable to apply this mode of deformation, although
non-homogeneous, than homogeneous uniaxial or biaxial tensile tests
where gripping of the specimens and the application of loads pose
problems:

When used simply for identification of the principal mechanical
directions this non-destructive technique allows the mechanically
previewed samples to be subsequently used for a different purpose,
i.e.the construction of bioprosthetic valve leaflets.

The finding that a suitable boundary(square) was required to
deform the inflation bubble in the desired shape is not unfamiliar to
tissue mechaniecs. Cook(1975) wused a race-track shaped border to
deform skin under the application of a suction force. The cylindrical
conditions produced could provide measurement of only one stress
resultant per test and the test had to be repeated with the race-track
orifice at a different direction in order to observe directional
variations.

4,8.2 Additional Considerations.

Three more factors should be considered while dealing with
inflation of a soft tissue. They are implicitly related to each
other: the environment, the inflating medium and the mode of

- 109 -



deformation as applied in reality.

Examination of soft tissues should ideally take place in an
environment similar to their physiological one. The behaviour of the
tissue is sensitive to the ambient conditions (temperature, pH,
electrolytes) and it would be desirable to have the tissue inflated
- with a liquid?medium on ‘either side of the membrane. The presence of
liquid on the outer surface was for the moment ruled-out because of
the optical effect of the medium which would make the Moire fringe
technique more difficult to apply.

Application of physiological solution only on the inside produces
another problem. 1In all previous applications and for the formulation
of the problem we considered the applied pressure to be uniform
everywhere on the bubble surface. This can be achieved if the same
medium is present on both sides because it prevents the development of
hydrostatic forces. The addition of such forces to the uniformly
applied pressure would render the inflating pressure non-uniform and
increasing from the top to the bottom of the bubble. Inflation by
using a gas is always easier to pump and control. Thus the samples
were inflated by air on either side with provision taken to retain
them adequately moist.

The manner in which. control 1is exerted in inflation was
considered next. Joye and Poehlein(1973) suggested that if a certain
mass of gas is pumped into the membrane because of the ideal gas law
PV=ct would predict that a specific pressure should result and thus a
constant tension through Laplace law (T=PR). This method of control
could resemble a creep test which produces a deformation under
constant stress. The viscoelastic nature of the sample renders this
idea dubious. The sample will creep under stress and thus increase
its enclosed volume, while the gas can expand and reduce its pressure.
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Figure U4.28:Moire fringes on inflated fresh pericardial specimens indicated
the presence of mechanical anisotropy. The specimens were mounted with the
circumferential direction along the dark arrow on the aluminium plate of
the inflation rig. @at 0.266kPa(2mmHg) the shape was rather axisymmetric
or even more extensible axially, at 1.33kPa(10mmHg) the circumferential
direction was clearly more extensible than the axial one. A pyramide of a
120° dihedral angle was used as a calibration object to adjust the camera
and the light source as to produce Tmm interfringe heights.
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This pressure reduction is combined with the reduction in loecal radii
and must definitely result in a time-dependent reduction in membrane
tension.

If a constant volume of liquid is used to inflate the specimen, it
would maintain the total volume of the bubble constant but due to
cfgébuand:ﬁﬁemggn-hoiégeneity of the stress field the deformed shape

of‘;he bugﬁle could alter locally.

It was decidéd, therefore to run a test using increments of pressure
and maintain the pressure constant at each step for a certain time
interval. This could allow additional volume to be pumped into the
system to compensate for creep and also for minute leaks in the
pipelines. If creep is small, changes in radii should be even smaller
and thus tension would be maintained essentially constant.

4.8.3 Sample Preparation.

Exploratory tests were made on all sites identified in section

2.5.2.4, but a complete series of mechanical tests were carried out
only in site-I. Test site-I is the most suitable for the construction
of a valve leaflet but the fact that one can prepare only one leaflet
per membrane from site-I, leads to the use of sites II, II°, III as
well.
For site-I the circumference 1lies at a 490 angle to the 1line
connecting points B and D in the pericardial map of chapter2. There
the tissue is relatively uniform with the thickness being in the range
0.30-0.40mm.

The samples were cut in a polygonal shape, with the polygon
inscribed in a cirecle of 90mm diameter equal to the dimensions of the
inflation rig platform. The polygonal shape was required in order to
allow space at the perimeter for the inverted screws whiech clamped the
top aluminium plate (see earlier fig.h.12). The pericardial sample
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Figure 4.29: the overhead camera was put at a 30cm distance as to.cover
both the rig and the mirrors in its frame. The inclination of the mirrors
was then adjusted to ’49" in order to allow the camera to view the top of

a lcm tall bubble normally.

112A



was initially placed in a saline bath and kept flat in a relaxed state
on a saline lubricated glass with its smoother, serosal, surface
downwards. An annulus of thin card with an outside diameter slightly
smaller than 90mm and with a central circular hole of M41.5mm was
~pressed firmly onto the upper epipericardial surface which adhered to
‘ the dry card. The tissue was thHen gently removed— by sliding the
specimen along the glass surface and transferred with the adherent
card to the upper surface of the test chamber and clamped between the
Perspex and aluminium annuli. The card allowed reasonable handling
without introducing unwanted deformations and maintained the sample
dimensions along the perimeter (in contact with the card) as they were
when it was lying flat in the bath.

4.8.4 Inflation Of Tissue Samples.

The pressure inside the chamber was increased to 0.66kPa (5mmHg)
by the hand sphygmomanometer and the positive normal pressure was
"applied to the membrane through the perforations. The membrane was
observed with the Moiré set-up and the deformed shape was
photographed. When clear fringes (enhanced by the use of the white
emulsion) formed ovals a non-axisymmetric deformation existed, and
thus the anisotropic material behaviour (fig.4.28) of the tissue
demonstrated.

4.,8.5 Test Method.

The overhead camera was replaced by a ZENZA BRONICA (which uses a
larger negative frame) and placed at a closer distance to the
inflation rig (distances were worked out graphically, fig.%4.29). A
set of front-surface silvered mirrors (kindly supplied by the Dept.
of Physics) were set on a stage ¢to orthogonallly view the
"orthotropic" bubble along its maximum and minimum extension

directions.
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Figure ll.30:@flat configuration of the fresh specimen(K”) marked and
ready for inflation, the fresh pericardial specimen(K’) inflated by
a 2.66kPa(20mmHg) transmembranous pressure.
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The selection of the range of stresses was in reality indirect
through the specification of the pressure range. An upper value of
16kPa(120mmHg) is greater than the real transmembranous pressures to
which pericardium is submitted (discussed in chapter2) but in the form

of fixed valve leaflets peak pressure values of even greater magnitude

aré%normal for the systemic circulation vessels proximal to the Q§§?§l.

A single test would proceed as follows: »
a)the mounted sample was inflated by a 0.66kPa(5mmHg) pressure and Ets
principal directions identified and marked on the rig,
b)the pressure was released and on the flat relaxed specimen ink
droplets (ball pen ink) were placed on the axes and at radial
distances corresponding to the concentric circles drawn on the
underlying perforated Perspex plate. When the tissue was illuminated
from beneath it is translucent enough to allow the circles to be
clearly seen,
c)the square aperture was aligned with the principal directions and
locked in place by three bolts, the final view before inflation beipg
as in fig.4.30a,
d)pressure was applied in steps at 0.266, 0.666, 1.333, 2.666, 3.999,
5.333, 7.999, 10.666, 13.333, 15.999%Pa (2, 5, 10, 20, 30, 40, 60, 80,
100, 120mmHg) and at each level the tissue was allowed to creep for
30s and a photo was taken which 1included both orthogonal
views(fig.4.30b). Subsequent measurements on those photos were to be
taken and used in the analysis.

4.8.6 Results.

Qualitative observations of samples of different sites and from
different sacs revealed that the majority were anisotropic.

The deformation through the square aperture indicated that our
quantitative approach was also applicable and thus the experimental
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Figure 4.31:stress/stretch curves of the biaxial inflation test of
specimen K'. The caudo-cranial(axial) direction was less extensible
than the circumferential direction. Ten pairs of points existed,
which were produced at the ten stages of inflation and are indicated

by numbers 1 to 10.
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and analytical preparatory work on rubber should yield meaningful
results on the anisotropic behaviour of soft tissue samples by
performing measurements at sites a,b, of the fig.4.30b.

For results from one site and from different sacs to be plotted
on—the same diagram and to be of more general usefulness, a
difectional consistency should exist between the samples;"

All preliminary Moiré inflations of samples from site-I revealed
that they were anisotropic with their more extensible direction lying
within a 10° angular range to the circumferential direction of the
heart. This directional consistency is impressive if one considers
the biological variability present and the handling and mounting
difficulties of soft tissue specimens. Thus this behaviour should
have a mechanical cause.

A series of 7 specimens originating from site-I, were then

quantitatively examined.
With the same analysis of section 4.7.4.3 and formulas (4.91), (4.92)
a single sample(membrane k°, of 0.33mm thickness before inflation
test) produced the curves of fig.4.31 with the values of
tablesy.5,4.6.

The non-linear relationship between stress and strain for both
curves 1is characteristiec of the soft connective tissues. In both
directions the tissue appears initially very compliant and then stress
rises sharply to higher values. It has been mentioned earlier that
the test is performed in a very slow and stepped creep mode 1in order
to obtain the stabilised elastic phase of the tissue behaviour.

Anisotropy is also apparent in fig.4.31 with the tissue being
more extensible(at higher stress levels) in the circumferential than
in the axial direction, both directions being related to the heart.

The crossing of the curves at low stress 1levels, for pressures

- 114 -



Table 45: profile along caudo-cranial direction
Measured parameters

Calculated values

pressure 21 s Radius \x Tx Sx
(133.32 N/m?)  (mm) (mm) (mm) _(107*N/mm) (107 N/mm?)
2 13.99 1.00 14.31 1.103 0.381 1.156
5 14.03 1.06 13.56 1.107 0.904 2.739
10 14.06 1.10 13.16 1.111 1.754 5.315
20 14,07 1.13 12.85 1.113 3.427 10.384
30 14.13 1.13 12.95 1.117 5.178 15.693
40 .25  1.15 12.94  1.127 6.898 20.904
60 14,31 1.18 12.77 1.133 10.213 30.948
80 14,4y 1.21 12.69 1.144 13.530 41,023
100 14.51 1.28 12.15 1.152 16.195 49.077
120 14.55 1.33 11.78 1.157 18.851 57.125
Table 48: profile along circumferential direction

Measured parameters Calculated values

pressure 21 s Radius Ay Ty Sy
(133.32 N/m®)  (mm) (mm) (mm) (107 N/mm) _ (10°*N/mm®).
2 13.53 0.94 14,22 1.079 0.379 1.149
5 13.83 1.16 12.14  1.109 0.809 2.452
10 13.87 1.32 10.82 1.118 1.442 4,370
20 14.25 1.36 11.08 1.149 2.955 8.953
30 14.29 1.38 10.99 1.153 4,397 13.324
40 14.43 1.45 10.70 1.167 5.708 17.297
60 14,57 1.47 10.77 1.179 8.616 26.110
80 14,66 1.55 10.40 1.188 11.095 33.623
100 14,72 1.56 10.39 1.194 13.857 41.991
120 14,76 1.57 10.39 1.197 16.622 50.370
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lower than 1.33kPa(10mmHg), was a typical finding for all seven pairs
of curves. Descriptively speaking this crossing resulted because the
membrane after it had been lifted from the stage, by the application

of a small pressure, settled in a configuration which exhibited larger

——-gxial extemsion. This axial extension later increased only moderately

~ while in the circumferential direction the tissue started less™
extensible and gradually extended to finish at a larger extension
ratio at the peak pressure(120mHg).

Stresses for the first pressure levels were very similar and thus

the crossing of the curves was mostly caused by the directional
difference in the extension ratios. Another reason for the crossing
of the curves at lower stress levels could lie in their shape. The
circumferential has a prolonged 1loading phase with higher initial
incremental moduli followed by an elbow and a rapid increase in the
stresses.
For pressure levels greater than 1.33kPa(10mmHg) the axial stresses
were consistently higher than their paired stresses in the
circumferential direction. This was because the stresses were
calculated through the geometry and the tissue exhibited different
radii of curvature and extensions in the two principal directions.

This finding of higher axial stresses at each pair of stress
values was significant as it applied throughout the population of
paired values of all 7 samples. Since higher stresses are accompanied
by lower extensions in the axial direction, while lower stresses are
related to higher extensions in the circumferential, the product of
the two would be roughly comparable and consequently the accumulation
of the products which is related to the area under each of the curves
for sample K°. If this area is equivalent to work elastically stored
in the tissue during deformation, this work is comparable between the
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Figure U4.32:the average mechanical behaviour in biaxial inflation of
all 7 specimens given as meantst.error mean points.
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two directions. There is no real need for the dissipated work along
the two curves to be balanced since the pair of loading curves are
produced at two different testing sites on the specimen, but it
appears that inflation stretched almost equally the two directions.
We checked the population of all pairs and 60% had higher axial
stresses and thus favoured the idea that the work stored elastically
oﬁ the tissue along the two directions was comparable. From the 7
samples, four finished at higher stress values in the axial direction
one exhibited equal stresses and only two exhibited higher stresses in
the cifcumferential direction. The ratio of the circumferential to
axial energy was 1.15 for the 3 samples with the higher axial
stresses, and 1.31 for the 3 samples which exhibited higher
circumferential stresses. Those values were not very dissimilar and
this is due to the particular shape of the curves. Circumferential
curves have a longer loading length with stress building-up only in
the last segments of the curve where it rises rapidly. Therefore the
result depends critically on the stop point for pressure.

It should be pointed out that the curves of fig.4.31 always exist
in a pair and not separately and trace the magnitude of the principal
stresses along the axial and circumferential directions produced at
two different testing sites.

All 7 samples exhibited the same consistent behaviour of which
the general features are present in fig.4.32 as well. This is a plot
of the mean values at equal pressure levels for stresses/strains of
all 7 samples examined. The standard error of the mean is plotted as
well with values in tablesl4.7,4.8. The error resulted from the
deviation of the population values from their mean and was not the
reading error or the calculating error of these measurements. The
experimental error for measuring extension ratios was of a similar
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Figure 4.33:the complete data from all 7 specimens; dark symbols
were used for the circumferential direction which was in general

more extensible than the axial direction.
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magnitude estimated at 0.01. The resulted curves were significantly
different, with the circumferential being more extensible for all
pressure levels above 2.66kPa(20mmHg) (Friedman test, p<0.01) which is
af'ter their crossing point.

The complete data obtained from all 7 samples is presented in
fig.4.33. Identical symbols have been used for the curves of each of
the samples, using open symbols fof the axial curves and dark symbols
with solid 1lines for the circumferential curves. The envelopes that
resulted in this way are distinguishable from each other because their
width is quite narrow, comparable to the mean difference in
extensibility between the two directions.

It is clear that with the exception of sample K° each of the
circumferential curves is more extensible than the whole population of
the axial curves. Thus one can, by just choosing the circumferential
direction for a specimen from this site, be sure that this same
direction is the most extensible from the whole population of samples
that may be used. Sample K° exhibited the lowest extensibility in
either direction and it may have been mishandled during the
preparatory stage (as by prestretching) resulting in an artefactually
reduced extensibility in both directions. It has otherwise the
typical response of all 7 specimens.

4.8.7 Discussion.

The mechanical behaviour of the soft bovine pericardial tissue
has been examined using a novel inflation technique.

The method has been applied in a step load mode which resembles a
creep test and presumably has the same effect at the specimens that
preconditioning through repetitive cycling has on soft tissues,
leading to a stabilized response. Deformations at very low strain
rates (like this incremental test) demonstrate mostly the
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Table47: mean values for stress/extension ratio of all 7 samples
along the caudo-cranial (axial) direction

pressure
(133.32 N/m?)

extension ratio

mean value

standard error

2

5
10
20
30
4o
60
80
100
120

stress
(N/mm?)
mean value | standard error

0.0128 0.0012
0.0269 0.0022
0.0534 0.0044
0.1002 0.0061
0.1453 0.0083
0.1883 0.0106
0.2741 0.0146
0.3609 0.0191
0.4452 0.0220
0.5309 0.0268

1.119
1.141
1.152
1.159
1.166
1.171
1.175
1.181
1.185
1.192

0.0068
0.0097
0.0117
0.0130
0.0129
0.0126
0.0129
0.0122
0.0119
0.0107

Table4.8: mean values for stress/extension for all 7 samples
along the circumferential direction

pressure
(133.32 N/m%)

extension ratio

mean value

standard error

|2

5
10
20
30
40
60
80
100
120

stress
(N/mm®)
mean value | standard error

0.0146 0.0017
0.0303 0.0027
0.0550 0.0051
0.0989 0.0059
0.1414 0.0076
0.1824 0.0093
0.2683 0.0127
0.3502 0.0158
0.448Y4 0.0223
0.5173 0.0225

1.111
1.162
1.186
1.215
1.226
1.237
1.245
1.250
1.255
1.259

0.0125
0.0138
0.0149
0.0135
0.0146
0.0143
0.0133
0.0126
0.0129
0.0124
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characteristics of the elastic phase of the material.

Concerning the nature of stresses, from the Eulerian stress
resultant we have derived a semi-Lagrangian by dividing by the initial
thickness of the membrane before the test. To our knowledge no valid
method of measuring the thickness during the test exists up to date.
In any case we would prefer to have a fully Lagrangian stress than a
fully Eulerian one since our deformation estimates (stretch ratios)
were calculated over the undeformed length, and hence were Lagrangian.

Inflation also simulates the natural deformation protocol for
this particular soft tissue, which both in its natural state as soft
pericardial tissue or as a chemically fixed valve leaflet deforms
under the influence of a transmembrane pressure difference.

This inflation test results in the production of a pair of
stress/strain curves and developes a specific mode of biaxial
stretching in which the experimenter has little_(or no) control on the
stretch induced. The only parameter under control is the normal
pressure with the specific relation between the stretch ratios at the
othogonal directions varying from specimen to specimen being a result
of the local equilibrium equations and the properties of the specimen
of the test. This deformational mode though is the most natural for
this tissue and under these conditions the specimens exhibited a
directional difference in extensibility or mechanical anisotropy.

Inflation, unlike classical biaxial tests does not need initial
identification of the principal directions of elastic symmetry and can
on its own cope with this problem.

The mechanical anisotropy could have resulted from structural or
geometrical reasons. The heart, and the pericardium which clothes it,
is curved, but the inflation specimen is constrained to be planar.
The specimens thus could be slightly deformed before inflation; this
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tright ventricle

:left ventricle

taxial radius
tcircumferential radius

axial direction

range of:{curvature|radius|extension ratio

dioptre | (m)
2 0.261 0.001
6 0.087 0.010

circumferential direction

range of:|curvature|radius |extension ratio

dioptre | (m)
T 0.075 0.013
12 0.04Y4 0.042

Figure 4.34:optician’s lens measure is a simple spherometer using
formula (4.91) to express the curvature of a surface in
dioptre(D)=one reciprocal meter=reciprocal radius of curvature.
Focal power, F=(n’-n) K (n:refractive indices, K:curvature),
n’=1.523 for glass, n=1 for air resulting in F=0.523 K and
Radius=0.523/F. Friom the radius, the contraction ratio of tissue
is calculated by the use of formula (4.92).
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this form of anisotropy we called "geometrical". Measurements of the
curvatures at the test site-I were made in the plaster cast of the
heart which was prepared and already presented in chapter2, using a
"lens measure" which measures the focal power of a lens in dioptres,
these units were converted to mm length for the radii of
curvature(formulas in fig.4.34). Formula (4.92) was used to estimate
the contraction of the tissue from the curved segment of radius Ri to
the straight 1line with the same end separation. The circumferential
curvature was found to be greater than the axial one and thus may have
contributed to the anisotropy shown by the specimen. The stretch
ratio values differed at the most 0.03 while the difference of the
mean stretch ratios of all samples along the two directions
(circumferential-axial) was 0.06, at the ©peak pressure in
tablesl.T7,4.8. It could thus account for some but not all of the
anisotropy present.

We attempted to determine the neutral configuration of the specimens
by applying a minimal pressure, to only 1lift the tissue from the stage
by simply counterbalancing its weight. The density of a fully
hydrated pericardial piece of the testing site was calculated at
2.4x10-3 g/mm3. For a surface area that of the orifice of inflation
only 1.02x10’3(MPa) normal pressure (0.076mmHg) should be adequate for
the specimen's weight. We found that control of the tissue inflation
at such small pressures was impossible, with the tissue being under
real stretch for our first pressure level 0.266kPa(2mmHg).

The finding, that anisotropy is present in every single specimen
test 1is very significant because it immediately refutes the commonly
accepted view arising from badly organised simple tension tests that
this tissue 1is isotropic. In general, results of this section
confirmed the anisotropy demonstrated by classical biaxial tests
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conducted by other investigators (Vito,1980;Lee et al,1985;Yin et
al,1986). Results obtained in inflation though, are more explicit on
the question of presence of anisotropy or not.

Presence of anisotropy is of particular importance in the
construction of bioprosthetic valve 1leaflets and this will be
discussed in later chapters. It could also have some meaningful
results in clarifying the role of native pericardium in-situ and thus
it is absolutely necessary to confirm that the aforementioned
mechanical anisotropy (in results) is indeed material anisotropy and
not a geometrical one. In order to confirm that the directional
variation of extensibility was a material property simple tension

tests were carried out and the results are reported in subsequent

sections.
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5.1 MECHANICAL. BEHAVIOUR IN UNIAXIAL TENSILE TESTS.
5.1.1 Introduction.

In the previous chaptery a biaxial inflation test mode was
developed and applied to a specified test site on the pericardial
membrane. The response suggested, both qualitatively and
quantitatively, that the specimens were orthotropic. It is possible,
however, that the initial curvature of the pericardium may have
influenced the result. Uniaxial tensile tests were carried out in
orthogonal specimens cut from the region of inflation 1in order to
eliminate geometrical effects. The sac-to-sac variability may make
comparison of inflation and uniaxial tests difficult, unless they are
made on the same sample.

As discussed already in chapter3 uniaxial tests have certain
advantages but they also require considerable work for preparing the
speciméns. The geometry of the strips possesses a major dimension
much larger than the other two and thus the tests directionally
isolate the structural elements and selectively examine the material
properties at the direction chosen during the preparation.

The range of stresses and extensions used were close to the levels of
the inflation tests and thus close to the operational conditions
expected for heart valve leaflets.

The comparison of results obtained in the two orthogonal directions
and between biaxial-uniaxial test modes may consist in examination of
the extensibilities at prescribed stress levels, examination of the
values of specific parameters measured from the loading response and a
qualitative view of the shape of the curves themselves.

Having established a satisfactory test and analytical protocol on
specimens from a single site (test site-I), the influence of the site
was examined by testing strips from different areas suitable for

- 123 -



constructing valves. The results were fed in a multifactorial
statistical analysis of variance procedure to check for the influence
for 3 factors: sac, area and direction.

The time dependent properties as exhibited in stress relaxation of
strips were also investigated, as well as the effect that relative
position within an area has on the resulting response.

5.1.2 Preparation of Samples.

The samples that have been used in producing the mean inflation
curves of chapterll were used for the present investigation. After the
completion of each of the inflation tests the whole polygonal sample
was returned to the saline bath and was let flat to relax overnight at
4°C. After the inflation test a significant reduction in the tissue
thickness had been observed (chapterl4) in the area which had been
inflated, when flattened presented wrinkles an obvious sign that the
area had been enlarged.

After 24 hours the tissue sample had regained its original

pre-inflation thickness and assumed a plane shape over all its area.
The same thickness values of the inflation tests have been used in the
uniaxial tensile tests for the calculation of the initial cross
sectional area and nominal stress.
A glass block was introduced into the saline bath, beneath the
specimen. The specimen 1lying on top of the glass block was gently
removed from the bath and white card was then placed on top of the
smooth serosal surface of the tissue, to which it adhered. The glass
was removed by sliding it along the sample’s surface, leaving the
sample 1lying on the card with its epipericardial surface upwards,
bearing the markings of the previous inflation test. The small ink
droplets, which were used for ¢tracking the deformation during the
inflation had been washed away easily.
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Figure 5.1:preparation of the strip specimens in two orthogonal directions.
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For the preparation of the strips a block of 4 blades had been
prepared with spacers between them to keep the blades 3mm apart along
their entire cutting edges. With this block two sets of 3 strips each
were prepared (fig.5.1), each set aligned along an axis of anisotropy
as identified by the biaxial inflation test. The reason for having
more than one strip per direction was to exclude possible regional
variations, to avoid loss of data in a direction which is possible if
a test fails and eventually to average the uniaxial tensile behaviour
over a larger tested area but still performing on the same principle
of uniaxial tensile testing. The strips prepared this way had a
uniform width of 3mm and an almost uniform thickness. Thus the tested
tissue between the grips had a relatively uniform cross sectional area
along its length. This however does not mean that during the
following test the nominal stress is uniformly distributed along the
strip since the strip is not subjected to a homogemeous deformation
along its length because it acquires a dumbbell shape.

5.1.3 Test Apparatus.

5.1.3.1 Grips. The tissue specimens supported by the underlying
strip of card were mounted on a jig(Nachemson and Evans,1967) which
had two pairs of jaws which were kept 15mm apart by a removable gauge
block. The grips were spring loaded and the jaws had serrated
surfaces to hold the specimens firmly and not allow them to slip
during the test. For testing pericardium pieces of waterproof sand
paper were used in the interface of the specimen and the jaws in order
to avoid damage of the tissue due to gripping at those areas and at
the same time still firmly hold the ends of the strips. After some
preliminary tests it was found that at higher loads slipping still
occured. Eastman210 cyanoacrylate adhesive was used in combination
with the sand paper to eliminate this possibility.
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5.1.3.2 Test Chamber. Tests were carried out in a test chamber

mounted onto the cross head of a tensile testing machine. The front
and back surfaces of the chamber were glass plates which allowed the
viewing and photographing (if required) of the specimens during the
test. The chamber had an inlet and an overflowing outlet for 1liquid
solution to be recycled between a solution tank and the chamber. The
recycling and temperature control of the solution which filled up the
chamber in tests were provided by a “Grant SU6” pump to an accuracy of
0.1°C. The temperature of the solution during the tests was set at
37°C and was constantly checked by a thermometer present inside the
bath of the test chamber.

The bottom set of jaws was firmly attached to the chamber and the top
set was hooked to the load cell via a thin metal rod and a universal
joint coupling. The gauge block was removed and then the paper card
strip which backed the specimen was gently cut by a pair of scissors.
The front door of the chamber was closed and the chamber was filled
with an one quarter strength Ringer’s solution from the tank.
Specimens were extended by the downwards movement of the bottom grip
attached to the crosshead which was driven by two lead screws housed
within the vertical columns of the instrument.

The INSTRON tensile testing machine was driven by a 1195 electronic
control unit and used a specially enlarged frame. It could separate
the grips under either strain or load control and provide for step,
ramp, trapezoidal or sawtooth inputs.

5.1.4 Protocol.

The strips were subjected to cyclic 1loading by imposing a
sawtooth separation on the grips. The rate of separation was set at
S5mm/min which resulted in a nominal strain rate of 0.0055/s. The rate
relatively slow nominal strain rate was set such that a cycle could be
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completed in a similar time scale to the inflation test. Initial
studies were made to confirm that the response was independent of the
extension rate within the range 5mm/min to 1000mm/min. For a change
of two or three orders of magnitude in the strain rate the response
did not alter significantly. A small and inconsistent difference was
found between the results for testing at 1000mm/min and 5mm/min, but
the traces of 200mm/min and 5mm/min were practically
indistinguishable.

The cycles were performed between the initial 15mm separation of
the grips, which from now on will be refered as the “original’ gauge
length, and a peak load of 0.8N which for most of strips was
equivalent to 0.8MPa nominal stress value. The peak stress value
varied from sample to sample due to thickness variation. The choice
of a specific peak load yielded a constant stress resultant(load per
unit length) between the biaxial and uniaxial tests and this was the
only physical quantity that was most accurately evaluated in the two
different test modes. If a certain peak nominal stress value had been
attempted to achieve(as by adopting higher peak loads for thicker
strips), then both the peak stress resultant and the peak load would
vary betwéén tests of different strips. The consequences of using
such set for the limits of stress and stretch at cycling with this
particular material will be discussed again later on.

5.1.5 Data Recording

The machine was equipped with a potentiometric pemn recorder which
had an accuracy of 0.5% of the full scale, but restricted frequency
responce. This chart recorder could plot load (or any other signal)
as a function of time and could reverse direction as did the crosshead
or run constantly in a single direction. A chart speed of 50mm/min
was selected which could produce a clear drawing of a curve at the
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required dimensions when the crosshead was moving at a 5mm/min speed.
For the 1load cycling of the present test the chart was set to follow
the motion of the c¢rosshead and thus reversing at peak load to
eventually yield loops of the load /deformation behaviour.

The load calibration was made by the use of a 10g dead weight at
full scale deflection of the chart. The minimum subdivision on the
paper was then only 0.001N but due to a slight tremor of the pen
created by vibrations transmitted through the frame this reading was
slightly impaired in its precision.

The stress and strain measures were Lagrangian in their nature.
Strain was expressed as a stretch ratio of the strips which was the
separation of the grips at any time instance (t) divided by the
initial separation of the grips (gauge length=15mm). Stress was
calculated as the overall load transmitted by the strip in tension
divided by the initial undeformed cross sectional area of the specimen
and was expressed in Pa:N/mz. Area was equal to width times the
thickness of the undeformed strip.

5.1.6 Response to Cyclic Loading.

The tissue exhibited a non-linear response with a large
hysteresis loop on the 1st cycle. Subsequent cycles resembled the 1st
unloading trace and the 2nd loading trace with the peak load point
staying relatively constant, but zero load point deformation
increasing. Examination of the tissue response in this low
stress/strain region poses some problems which can be better
appreciated from the traces of the stress/strain loops at both ends at
high and zero loads.

5.1.6.1 The problem of the ‘gauge 1length’. In fig.5.2 the
initial traces of cycling of 8 pericardial strips(from a set of 10)
are shown. The strips came from test site-I and were all 3mm wide and
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orientated along the more extensible direction as identified by
inflation. Thus they should behave very similarly but biological
variability is evident by the shape of the traces with strips 1-5
being more compliant than the rest. For these recordings the initial
scale corresponding to loads of 0.01N and 0.001N was 0.1N full scale
deflection(F.S.D.) and at this very sensitive 1load scale the pen
presented a tremor which resulted in the crimped tracings. The scale
was subsequently increased to 1N F.S.D., producing the sudden drop
from the increased load in the curves.

At a load of 0.8N a trigger reversed the crosshead motion. The
numbers at the tip of each rise are the numbers of the cycles. Apart
from sample3 which appeared at first cycle to rise in tension at a
small distance from the axis, all the rest appeared to depart from the
minimum recordable load level of 0.001N straight from the beginning.
In subsequent cycles this ‘first load point” appeared to travel to
larger deformations indicating that, as a result of the first cycle
between the original gauge length and the top load of 0.8N, the tissue
acquired a new resting length. The shift was greatest for the 1st
cycle and became progressively smaller. This measure will be referred
as the shift in gauge length and can, through the increase in the
initial tissue length, affect the measure of stretch(strain) and
indirectly the expression of the modulus of elasticity at any 1load
level.

It has been implicitly accepted that loads are the means by which
such a setting of the tissue at resting length is achieved but this is
not always the case. In fact 1in the preparation of the present
pericardial strips their geometry played the most significant role.
It must be remembered that it is the objective of the tests of this
section to confirm the anisotropy of the biaxial inflation results
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Figure 5.2:initial traces of 8 pericardial strips prepared in one direction.
The arrows indicate the points where the load departs and descends to the
stretch ratio axis. The difference indicated that the loop was not closed at
origin.
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which were particularly significant in respect to extensibilities. As
it is very 1likely that the shape of the sample may have interfered
with the biaxial data (through initial curvature), it is very possible
that due to the very compliant region at the start of the tension
curves a prestretch can be imposed on the strips by some short of
mishandling. It is for this reason that the sample was carefully
transfered from the bath on the card and was still supported by a
paper card strip till it was fully mounted on the test grips. Thus
both loads and deformations can be used to set a gauge 1length
(reference initial 1length) and the results are always in relation to
both the preparation and the convention that is to be followed.

5.1.6.2 Effect of cycling. In fig.5.2 the 2nd and subsequent
cycles appear to ascend on the same curve and the more the cycling
progressed the more evident it was that the tissue reached a
stabilized loading phase within a small number of cycles. Both the
stretch at the first load point(0.001N) and the overall behaviour up
to the peak load was well preconditioned at the 5th and 6th cycle and
the tracings on these cycles were used as the standard preconditioned
response of the tissue in cyclic loading between those load(and/or
strain) limits.

In the same fig.5.2 the sensitivity at the descending traces of
some cycles has been increased tenfold as Qell. There was clearly a
difference between the first point up and the 1last point down
indicating that the 1loop did not actually close within the positive
stress/stretch region of the chart recordings. The reversal of the
crosshead motion to perform the cycles on either side (low region-top
load) meant that the complete loop was indeed closed to a point of
minimum stress/stretch. The fact that the loop was intercepting the
zero stress axis at unequal stretch values indicated that the tip of
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Figure 5.3:traces of the 1st and subsequent cycles of a circumferential
and an axial strip from sample k°.
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the loop was at the region of negative stresses. The first load point
in ascent(loading) was always at a lower stretch value than the point
of descent as the stress was preceding deformation in the hysteresis
loop. The difference between the two could be a result of length
recovered due to hydrodynamic balance of the tissue with the
environment or because of the return to negative  strains. However
negative strains cannot be imposed on the tissue because of its lack
of rigidity which resulted in a buckling of the strip as it returned
to the ‘original’ gauge length.

Fig.5.3 includes the tracings from the 1st to the preconditioned
cycle for one of the ‘ecircumferential’ and for one of the “axial’
strips. They ariginate from sample k” of which the biaxial curves
have been presented earlier in chapterld. Those curves are typical in
many respects of the expected behaviour for any ‘axial” and
‘circumferential” strip of this particular test site-I. The tracings
have always started with the load scale of increased sensitivity and
thus the points where the minimum recordable load of 0.001N appeared
could be detected. Occasionally a region of lack of load could be
also found on the first cycle (like in the “circumferential’ of
fig.5.3) and this indicated that an amount of slackness existed when
the strip was mounted in the grips and was probably related to the
initial curvature of the tissue. The number at the point were the
sensitivity returned to its normal scale is the cycle number. The
flat crimped tracing on the 5th cycle indicates that the tissue had
acquired a new resting 1length in both the ‘axial® and
“circumferential’ of the strips. This increase was 12% of the
original gauge length for the ‘axial” and 8% for the “circumferential’
strip. The question appears if this difference (which was consistent
and significant) was an artefact caused by the fact that the initial
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Figure 5.4:the loading response of a circumferential and an axial strip from
sample k“; dashed lines are drawn by using the original gauge length which
is the same for both direction as in a before the first pull and b after
the initial cycles; continuous lines are drawn by the use of the shifted
gauge length which was in general larger for axial strips in d, than the

circumferential strips in g .
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starting modulus of the ‘axial”’ strips was lower than the starting

modulus of the “circumferential’ strips, but it was visibly confirmed
that the buckling of the strips (which indicated an increased length)
dissapeared at the point where the first load was transmitted through
the strip.

The “circumferential” curves presented an overall increased

stiffness which meant a higher initial starting modulus and a final
higher tangent modulus at the peak load of 0.8N. As a result of these
higher moduli on either region they presented a longer loading curve
which rose to higher stresses for the same extensions (irrespectively
of the gauge 1length used) and had an elbow with a sharp transition
from the higher initial to the higher peak-load modulus.
There was some overshoot at the maximum load(0.8N) reversal point.
Due to the different stiffnesses at the peak load the stiffer
circumferential stips showed a greater overshoot (up to 0.84N) than
the axial (0.81N) strips(fig.5.3).

At the peak load the curves had a rather stable stretch value for
all cycles from the first to the preconditioned one. Like the “axial’
strip of fig.5.3, “axial” strips presented a small shift which for
n=16 had a mean value of 0.40% of the original gauge length and a
standard deviation of 0.28%. ‘Circumferential’ strips shifted their
peak-load by a mean value of 0.15% with a s.d.=0.02% (n=18).

The distortion energy irreversibly dissipated on the tissue was
expressed by the size of the area of the hysteresis loop, which was
a)larger in the 1st cycle than all the rest rest, for both families of
strips, b)the same between the 2nd and all the rest of the cycles,
c)the conditioned 1loop was in general larger for ‘axial”® than
‘circumferential’ strips.

The loading curve (up to peak load) altered its characteristics
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only slightly after the first return so that 2nd loading/unloading and
the rest did not differ much. It appeared that the structural
elements of the strips had already settled to a configuration which
provided a larger resting length, a reduced size for the hysteresis
loop and a steeper loading curve as a result of the initial stretch up
to the peak load and for the peak load level applied in the present
tests.

5.1.7 A Pair of Uniaxial Tension Curves.

In fig.5.4 ‘axially’(A) aligned and ‘circumferentially " (C)
aligned uniaxial tension curves are shown. The curves were the
loading portions of the preconditioned response of sample k” of which
the biaxial inflation curves have been presented in chapterl for
comparison. Underneath a diagramatic presentation of the initial
separation of the grips and the various gauge length options is
presented. It is a side view of the mounted strip along its
thickness. At the start a)the original gauge length is 15mm, b)after
return from the first cycle to the original gauge length the strip
buckles due to its increased length, c¢)the distance between the grips
at any time instance 1(t) if divided by the original gauge 1length
gives as a measure the unshifted stretch ratio by use of which the
dashed curves have been drawn, d)the shifted gauge length at the point
where a first 1load of 0.001N was transmitted through the strips for
the “axial’ strips gave rise to the curve A° which due to the
increased gauge was less extensible and stiffer as well, e)the shifted
gauge length for “circumferential”’ strips by which curve C° was drawn.
The shifted gauge length was in general and in average larger than the
‘axial” strips, as a result the curves that initially crossed twice
(for this particular specimen) were separated in the pair of A",C’.

The curves were qualitatively and quantitatively different. Like
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the biaxial inflation pair of curves they crossed at low stress levels
and this was not related to the gauge 1length in use (shifted or
unshifted one). Circumferential strips presented an elongated
pre-linear region where the stress increased only moderately. This
region has been associated with a progressive recruitment of collagen
fibres under load and usually is refered, as the “incubation’ regipn.
When plotted from the original gauge length, the circumferential curve
started with higher stresses (or reduced extensibilities at the same
load levels) then the axial curve crossed the circumferential twice to
finish at a higher extension for the peak load of 0.8N.

The set of the unshifted curves should confirm the anisotropic
extensibility exhibited during biaxial inflation since the preparation
attempted to preserve as much as possible of the initial geometry
common between the two modes of test. During the preparation of the
strips the sample was kept at initial(reference) dimensions similar to
the ones before inflation by the use of the supporting paper card. At
the same time the marking ink-dots which were used to yield the
stretch in inflation were placed with the sample lying flat on the
inflation rig. Thus it is suggested that if geometry (initial
curvature or prestretch) had interfered with the curves obtained in
inflation, this same influence should exist in the wuniaxial tensile
strip tests so that the results can be directly comparable.

There are other factors to consider. Firstly, absence of lateral
forces allow an increased rearrangement of the fibrous components of
the strips and this effect can be directionally dependent if the
tissue had already an anisotropic distribution of fibres in its
unstrained state. Secondly, stresses measured in inflation may
reflect more accuratelly real material properties by being
semi-Eulerian. This is due to the fact that the initial thickness
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Figure 5.5:the complete curves until the failure point by the use of the
shifted (redefined) gauge length. The axial direction was less. extensible
and weaker. (strips from sample k7).
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value is wused together with the stress resultant produced by use of
Laplace’s law which is truly Eulerian because it refers to the
deformed dimensions. This may constitutes a reason why the uniaxial
preconditioned tensile curves of the redefined resting strip length
and thus of the shifted gauge 1length resemble bﬁgﬁer the biaxial
inflation data.

The first of the previous suggestions will be dealt with by a test
which examined the influence of the strip width on the response.

5.1.8 The Complete Loading Curves.

Fig.5.5 is an extension of the pair of curves(membrane k’) drawn
in fig.5.4 by wusing the shifted gauge length in order to cover the
whole range of stresses that can be sustained by the strips. The
curves have been drawn from the point where a minimum load appears
till the point where complete failure occurs. Both curves in this set
have the same general féatures up to the point where the maximum
sustainable nominal stress value 1is reached. The first signs of
stress became evident (in the full scale of 20MPa used in this chart)
only after the extension ratio had reached ‘AF1-2 due to the very
compliant initial region. Afterwards the curves turned upwards and
passed into a linear region the length of which was markedly different
in the two directions. The circumferential strips reached a high
ultimate tensile stress(nominal), while the axial failed at lower
values.

The manner at which the axial and circumferential strips behaved
after the ultimate 1load point was different between the two
directions, but consistent within each of the groups of axial and
circumferential strips. The axial strips exhibited a prolonged
creeping until the point where the load transmitted through the strip
completely disappeared. The circumferential strips reached a high
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Figure 5.6:failure of all 3 strips per direction of sample k° by using the
original gauge length. The points where a minimum recordable load of 0.001N
was transmitted by the strips is indicated by the triangles.
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stress value which precipitously fell to levels of stress comparable
to the one in the axial strips, the stress falling steadily and
complete fracture occumed at higher extension ratios than in.the axial
strips.

The behaviour of the full loading curves to failure reflects the
structure of the material. Circumferential strips have been shown to
start with a higher tangent modulus in the previous section of the low
stress/strain preconditioned area. These same strips in the traces of
the complete curves followed a steeper rise by demonstrating higher
moduli in the pre-failure 1linear region and ended-up at higher
ultimate stress values. Both measures of moduli and ultimate stress
suggest that the material structure was reinforced along this
circumferential direction.

As in fig.5.4 previously plotting by use of a commom first load
point was particularly helpful in skressing the anisotropy in
extensibilities in the two normal directions. The axial strip in
fig.5.5 were less extensible than the circumferential one at all
stress levels.

In fig.5.6 the set of 3 curves per direction has been plotted
from the original gauge 1length. The first load points have been
marked by the solid and open triangles and the unequal shift in the
two directions can be easily appreciated with the circumferential
strips(solid triangles) having altered their resting 1length to a
lesser extent than the axial strips(open triangles). By using the
original gauge length an increased dispersity between the traces of
strips at a particular direction was observed. This can particularly
be seen at the axial traces of fig.5.6 where a lateral shift exists
between the 3 curves.

The tissue was preconditioned to a maximum nominal stress of 0.8MPa
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which is below the 1MPa mark on the stress axis. Both families of
curves appear to have entered their linear region at their peak load
point and thus the -elastic tangent modulus at peak load of the
preconditioned curves is very much the elastic modulus as calculated
in the linear region.

The loads that the two sets of strips (and consequently the material)
can sustain in the two directions are enormously different. One of
the circumferential strips had even exceeded the maximum recordable
load of 20N for the load cell in use.

In the axial direction all strips failed at an ultimate stress value
below 1.5MPa. Thus the top 1load in preconditioning represented a
substantial amount of the ultimate load that the axial strips could
bear.

Assuming that the correct magnitude of stresses has been
estimated for the top pressure in inflation the previous observation
means that the material has to perform very close to its limits in one
of the directions while it can bear substantially higher loads in the
other direction.

In the series of photos around the graph in fig.5.7 +the visual
appearance of the strips was monitored by the use of a SLR NIKON
camera equipped with an extension tube and a telephoto lens.

The strips in fig.5.7 came from sample i°. In the left row of photos,
instants 1-5 came from the deformation of an axial strip. The photos
on the top are from the original gauge 1length after the initial
preconditioning cycles. The “axial’ strip appeared slack and one can
see on the plot of fig.5.7 that the first detectable 1load for this
axial strip was at a deformation 13.3% of the original gauge length
(marked by an open circle on the axis). In instant1 the extension
ratio 1is a substantial 1.375 but on the plot this represents a small
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stress value due to the compliance of the strip. Instants 2 and 3 are

before the failure point of the strip where the strip was considerably
narrow due to_contraction in its lateral directions. At instants U4
and 5 which are after the ultimate tensile strength point the strip
was flowing -and -failing in a ductile sense while deformation increased
but remarkably it still _sustained a substantial amount of the ultimate
load. Failure occured in the middle of the strip and away of the
grips, at an extension ratio of 1.951.

In the top row on the right hand side, photo2 shows the
circumferential strip mounted after preconditioning at its original
gauge length. A degree of slackness was there due to the previous
cyclic loading and in the plot it is shown that the gauge length had
shifted 1.86% from the original gauge 1length (black circle on the
axis) a value much smaller than in the axial direction.

In the second row of photos, 3 instants of the failure of a
circumferential strip from the same membrane I and oriented at right
angle to the previous one are presented. Instant 6 was at an
extension ratio 1.537 which was well within the linear region of the
curve but unlike the axial strip narrowing of this strip was not
prominent. Instant 7 was within the region of yield and it appeared
that the previously uniformly white coloured surface of the strip had
started cracking with a less uniform shade. In instant 8, which was
clearly after the failure point where the strip was creeping to
complete fracture, the strip appeared still intact with its lateral
dimensions not significantly altered but it could now transfer only a
minute fraction of its ultimate load between the grips. The photo
also reveals that from within a spongylike and translucent material
the image of a number of “silky” highly stretched collagen bundles
emerged which were responsible for this small amount of load
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transmitted between the grips. This strip also failed with a clear
snap at its middle region(fig.5.7{8).

5.1.9 Uniaxial-Biaxial behaviour in test site-I.

Differences in parameters should not only be statistically
significant but also reflecting the reality and this can only mean
that the uniaxial tensile traces shpuld present the éamg consistent
behaviour within each of the envelopes along the two principal
directions. A complete plot of all curves brought to a common first
load point is shown in fig.5.8, the dotted traces of the axial strips
are clearly and distinectly different from the whole 1lot of complete
circumferential curves.

Three strips which exceeded the maximum load recordable by the load
cell in use with this test, are marked by the arrows in the figure.
Few strips failed at extemsions less than 15mm and thus for a stretch
ratio 1less than 2. Most strips although already in the post-failure
region crept enough to exceed a stretch ratio value of 2.

For two strips in the ‘circumferential’ direction a short plateau
region existed at the ultimate tensile stress and at the time of the
test it was attributed to a high friction slipping from the grips.
These were the only cases where the combination of the waterproof
paper pads and the cyanoacrylate glue did not offer enough bonding
power to firmly hold the two ends of the strips.

The dispersity between the curves in each of the envelopes was smaller
than if the original gauge length had been used.

In fig.5.8 the unequal shift of the first load is obvious by the
pseudo-histograms of the dark and open circles on the left of the
origin. The differences in terminal slope are evident from the steep
rise of the circumferential curves.

The values of Ultimate temsile stremgth, the unshifted and the
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Figure 5.9:a pair of uniaxial curves(U) by using the shifted gauge length
and the biaxial inflation curves(B) for sample k’.
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shifted moduli of the linear region and the shift of the first load
are included in a table of test site-I (table5.1).

The differences in the values of the previous parameters between the
two directions were significant at p<0.001 (Student t-test).
Statistics were performed between U.T.S.s, moduli of the linear region

when using the unshifted gauge length, and moduli when using the

shifted gauge length between axial and circumferential strips for all

comparisons.

MEANS STANDARD DEVIATION STANDARD ERROR OF MEAN
axial strips:
U.T.S. 2.55(Mpa) 1.27(MPa) 0.29(MPa)
E unshifted [13.63(MPa) 4.47(MPa) 1.05(MPa)
E shifted 15.50(MPa) 4,90(MPa) 1.15(MPa)
shift in
gauge length | 1.141 0.035 0.008
circumferential strips:
U.T.S. 17.78(MPa) 1.99(MPa) 0.46(MPa)
E unshifted |46.23(MPa) 9.14(MPa) 2.10(MPa)
E shifted 49,70 (MPa) 10.18(MPa) 2.34(MPa)
shift in
gauge length | 1.075 0.035 0.008

The comparison of the shifted loading uniaxial curves of membrane
k’ and the biaxial inflation curves(chapterld4) for the same membrane is

shown in fig.5.9.

is very similar with the axial curves rising smoothly while the
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Figure 5.10:the average biaxial behaviour of all 7 samples as presented in
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and by using the shifted gauge length. The standard error of thé mean is also
shown.
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circumferential curves have a prolonged 1loading portion at low
stresses and then followed by an elbow rise to higher stresses with
higher tangent moduli.

The magnitude of the difference of the extensibilities of the two
curves is reasonably comparable, with the biaxial -eurves appearing
overall less extensible due to the presenée‘of lateral forces for each
of them. For this particular membrane the ‘axially’ oriented uniaxial
curve fell on top of the “axially” oriented biaxial curve (fig.5.9),
but this was not the case for the rest of the samples where the
biaxial curves were always individually and in average less extensible
than their uniaxial equivalents.

This can be appreciated in fig.5.10 where the mean behaviour of
the biaxial curves previously presented in chapter4 has been plotted
together with the currently produced mean uniaxial -curves. The
similarity between the mean curves at each of the directions is
striking. The small error bars around the zero origin which have been
introduced in chapterd alongwith the considerations for the initial
curvature of the tissue appear to have also found their counterpoints
in the measures of the shifted gauge length in the present discussion.
There is no doubt that plotting by the use of the shifted gauge length
for this tissue improves the comparibility of the results and predicts
only moderate shifts to lower strains from the uniaxial to the biaxial
curves.

5.1.10 Standardisation of Examination of Uniaxial Tests.

In the present tensile uniaxial tests the tissue exhibited a
directionally dependent behaviour which as shown in fig.5.9 for a
single sample and fig.5.10 for the average behaviour can be easily
demonstrated by using the biaxial inflation data.

The statistical examination of the values of the parameters
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Table 5.1:

SPECIMEN [A:Axial [ U.T.S| Young’s| Modulus by Shift in loaded
C:Circumferential modulus| using the length
shifted gauge

(MPa)| (MPa) (MPa) (%)

3.50 19.23 21.27 10.60

A 3.80 17.54 19.85 13.20

’ 4.70 14,62 15.83 8.30

e 14.60 | 35.71 | 39.85 11.60

Cc 18.00 | 56.18 62.13 10.60

14.60 | 46.62 52.12 11.80

1.70 7.58 8.27 9.20

, A 3.00 15.55 17.19 10.60

f 14.80 36.05 38.79 7.60
c - - - -

1.50 11.59 13.43 15.90

A 1.60 10.36 12.15 17.33

g’ 1.30 8.79 10.31 17.33

15.80 40.08 42.75 6.66

C 17.80 36.73 39.66 7.99

16.20 34.81 38.06 9.33

4.20 11.90 13.63 14,50

A 4.60 | 23.72 26.85 13.20

h' 4.00 | 20.66 22.85 10.60

19.50 46.77 52.66 12.60

C 19.60 | 45.45 49.04 7.90

20.00 36.90 39.82 7.90

, A 1.20 8.74 9.90 13.33

! 19.20 | 42.86 | 143.66 1.86

C >20.00 | 44.12 4y, 71 1.33

>20.00 | 52.19 52.81 1.33

2.40 13.71 15.54 13.32

A 2.20 13.99 15.85 13.32

j’ 2.20 | 15.15 18.08 19.33

17.20 | u45.45 47.87 5.33

c 17.50 | 49.70 51.02 2.66

17.20 42.61 46.01 7.99

1.40 12.99 15.07 15.99

A 1.35 9.09 11.03 21.33

kf 1.20 10.10 11.85 17.33

19.80 62.50 67.91 8.66

C >20.00 | 64.50 70.08 9.99

16.10 59.23 64.76 9.33
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between directions within this test site-I showed that the specific
parameters of the table5.71 accurately reflect the real situation shown
in fig.5.9.

It was found that the much more prominent failure and strength

features of the complete curves can be reflected to the 1low
stress/strain region by the higher tangent moduli and the shape of the
curves. As a means for qualitatively assessing the low stress/strain
behaviour, charts combining graphs of all plots at each of the
directions and their mean (average) behaviour have been constructed.
In figures5.11a,b the whole population of loading preconditioned
uniaxial curves are plotted. Fig.5.11 includes the unshifted curves
for the axial strips (top plot), the circumferential strips (middle
plot) and their mean behaviour (bottom plot). The mean curves have
been produced by averaging the stress and stretch values at load
levels of 0.0, 0.0%, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8N. It is
evident immediatelly that the wunshifted curves of specimens from
sample k° have a behaviour typical of the whole population as
expressed by the mean curves in fig.5.11c. Within each of the
envelopes of curves the resemblance between the shapes of the curves
is high and this is depicted in the shape of each of their respective
mean curves.
The distribution within each envelope appears normal with only a few
outlying curves. These same curves which appear more extensible have
a more prolonged “incubation” region as well, before they stiffen and
enter the linear region. Thus the previously mentioned qualitative
result which associated the prolonged incubation period of the
circumferential strips to a larger overall extensibility, appeared to
apply even within the circumferential envelope.

Fig.5.12 shows the axial, circumferential envelopes and their
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