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1 | INTRODUCTION

Summary

Biaxial tests are commonly used to investigate the mechanical behaviour of
anisotropic soft biological tissues such as cardiovascular tissues. However, there is
still no clear understanding of the influence that the biaxial test setup conditions may
have on the computing material stress of the experimental results. The aim of the
present study is to further investigate the accuracy of calculated material stress from
measured force during biaxial tests using Finite Element Methods (FEM). The biax-
ial mechanical response of ascending aorta and pulmonary artery tissue samples was
obtained by FEM simulation under two different gripping methods: (i) a system with
noodle clamps and (ii) a clamped system with needles which leave the specimen’s
edges free to expand laterally.

The results show that the clamped method whose joints allow free movement in
the lateral direction produces stresses closer to the universally accepted formula-
tion of biaxial material stress in the central region. However, the system with noodle
clamps, commonly used to grip the sample, produces an alteration of the measure-
ment stresses. Our simulations show results giving an inaccurate estimation of the
stress at the centre of the sample. In some cases the stresses are overestimated, and
in others underestimated depending on the anisotropy of the sample. We can con-
clude that the clamped system with needles which leave the specimen’s edges free to
expand laterally should be used as an efficient methodology to other commonly used
gripping methods for biological tissues with anisotropic materials.

KEYWORDS:
Uniaxial and biaxial testing, Ascending aorta artery, Pulmonary artery, Constitutive modeling, Hyper-

elastic material

Cardiovascular diseases (CVD) are the number one cause of death globally. More people die annually due to these diseases
than from any other cause. An estimated 17.7 million people died from CVDs in 2015, representing 31% of all global deaths
[52]. In recent years, computational biomechanics has become an emerging research field that seeks to understand the com-
plex mechanical behaviours of normal and pathological human systems and to come up with new methods of treatment and/or
devices. Specifically, biomechanical computational models based on different numerical methods such as Finite Element Meth-
ods (FEMs) are now used in risk assessment of CVDs. These complex computational models require, among others, constitutive
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equations of the vascular tissue, which reproduce the mechanical response of the cardiovascular system. For this reason, the
experimental study of the mechanical properties of biological tissues and, in particular, of vascular tissues, is of crucial impor-
tance. In order to obtain the material properties of these tissues, the classical engineering testing techniques have been applied
to biological materials [see e.g., 9} [11, 23| and references therein] and a large number of experiments have been conducted
over the years on measuring the structural and functional properties of biological tissues. Nevertheless, the particular charac-
teristics of these tissues noticeably complicate the obtaining of valid results and the standardization of these measurements and
consequently the interpretation of results is difficult to establish. Several factors such as the test conditions [21} 132]], the tissue
degeneration [43]], the geometry and size of the sample [3} |35} 46], the device for gripping the sample edges [7] or the method
to determine the stress [34} 46] may have effects on the measured mechanical properties.

As regards the testing procedures used for the characterization of the vascular tissue, three different techniques are mainly
used for the measurement of its mechanical response; simple tension, planar biaxial and inflation tests. Simple tension tests,
widely used for the determination of the mechanical properties of all kinds of materials, have also been applied to soft biological
tissues [see, e.g., 14}, (16| 20, 42]]. Among its main advantages, it is worth noting its simplicity and versatility, which allows its
application to very small sized samples. Nevertheless, it allows obtaining the mechanical properties only in the testing directions.
This is irrelevant when dealing with isotropic materials, but it is an important shortcoming in testing anisotropic materials such
as cardiovascular tissues. A feasible possibility to complete the information provided by simple tension tests is to apply them
to different tension directions [18]], which partly compensates for this limitation. On the other hand, biaxial tests have been
extensively used in recent years in order to obtain the mechanical properties of planar biological tissues [see, e.g.,15,16,127, 28} 136].
Their application allows obtaining more complete information about the mechanical response of the tissue than the simple tension
test since they cause a multiaxial loading state, which is closer to the in vivo state. Nevertheless, their set up and preparation is
much more complicated, and the interpretation of the obtained results is also difficult [34]. According to several studies [39],
the small size of some biological tissues, together with the poor standardization and the influence of boundary effects, hinder
the generalized use of biaxial tests. However, it is well established that biaxial tests are better than uniaxial tests if the material
experiences stress in complex multiaxial configurations during its service life, and therefore the improvement of the experimental
biaxial test setup for soft biological tissues is one of the fields of biomechanics in which more research effort is required. Finally,
inflation tests, like biaxial tests, provide measurements of the mechanical properties of a vessel under a multiaxial loading
state. Furthermore, the manipulation of the testing specimens is minimal, which notably reduces the influence of the sample
preparation process on the measurements. For this reason, this testing technique has been widely used for the determination of
the mechanical properties of blood vessels [see, e.g.,[1} 13} 4} [13] 151 43| |44]].

The setup conditions for biaxial tests are still the subject of debate [see, e.g., 7, 8l 24} 46| 148 (50, [51]]. One of the major
challenges is attaching the sample to the loading system. Some studies suggest that the small size of biological tissues, the
influence of boundary effects on the experimental results and the appearance of stresses and shear forces on the fixing devices
have put into question the feasibility of using biaxial tests for non-linear anisotropic biological tissues [34], whereas others
suggest that it is worth learning the biaxial test configuration although much remains to be done in order to better understand it
[461/49]. Despite efforts to determine an accurate method of attaching the sample edges during biaxial tests, there is still no clear
understanding of the influence of the boundary effects on the results obtained during these experimental tests. Tabs or other
similar extensions of the sample, such as those commonly used to create samples for uniaxial tensile tests, produce significant
non-uniformities in the gauge area [48]]. In addition, tabs are not practical because of the limited size of the biological tissues
from which samples are cut. Although clamps or glue have been used [25, 1261141} 150, 151]], these methods produce high strains in
the regions between the clamped or glued areas and lateral strain is significantly impeded. Discrete attachment points along each
edge of the sample in the form of sutures [8} 22, |27} 128, 140} 48| 50, 51]] have also been used. Sutures allow lateral strains and,
as experiments on clamped and sutured pericardial tissue show, do not produce the artificially raised stiffnesses associated with
clamps. However, point attachments produce stress concentrations and localized deformations, and the results can be affected
by the number of attachment points used [7} 48]]. The use of empirical correction factors to improve the measured force-stress
relationship during biaxial tests has also been proposed [24]. Jacobs et al. [24] used FEM to quantify the load transmission
from the clamps to the region of interest in biaxial tension and to formulate a correction factor that can be used to determine
stresses in the region of interest. Additionally, computational Finite Element (FE) models can help to study the effect of these
various boundary conditions on strain and stress fields within a sample [[7,33}146|48]]. Sim6n-Allué et al. [46]] studied the effects
of boundary conditions and strain monitoring on the estimation of the constitutive parameters of elastic membranes by biaxial
tests, analyzing the effects of geometry, different gripping methods and strain monitoring. They reported that the St Venant
principle indicated that for medium or large samples the gripping method had no effect on the material parameters or the strain
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distribution at the center of the sample. Sun et al. [48]] examined the effects of boundary conditions, including varying the
number of suture attachments and using different gripping methods, sample shapes, and material axis orientations. The results
demonstrated strong boundary effects with the clamped methods, while the suture attachment methods demonstrated minimal
boundary effects. Eilaghi et al. [7] concluded from their results that sample design and attachment significantly affected the
uniformity of the strain field produced in biaxial tests. Nolan and Mcgarry [34] recently studied the problem associated with
the calculation of material stress from measured force in standard biaxial tests. They concluded that localised unmeasured shear
forces occur at the clamps due to stretching of the orthogonal clamp (negative shear force) and as a result of the material Poisson
effect (positive shear force). These forces, which are highly dependent on the sample geometry and the clamp displacement ratio,
can not be quantified and this has significant implications for the calculation of material stress from simplified force-equilibrium
relationships. They also claim that commonly accepted formulae for the estimation of material stress in the central region of a
cruciform sample are highly inaccurate. A reliable empirical correction factor for the general case of isotropic materials must be
a function of the sample geometry and the biaxial clamp displacement ratio. Finally, they assert that a correction factor for the
general case of non-linear anisotropic materials is not feasible and that inverse FE analysis should be used as a practical means
of interpreting experimental data. Fehervaryn et al. [8] recently investigated varying testing and data analysis methods and their
effect on the quality of the parameter fitting results on planar biaxial tests using rakes and concluded that inhomogeneities can
be reduced to a minimum for wise choices of testing conditions and analysis methods, but never completely eliminated.

Within this context, the aim of the present study is to further investigate the accuracy of calculated material stress from
measured force during biaxial tests. The stresses on the area free from edge effects can be computed by assessing uniformity
of the stress field or by finite element modelling. The area free from edge effects depends on the gripping methods used during
the test, the size and shape of the sample, among others. Further studies should be carried out to remedy this shortcoming,
especially, for non-linear anisotropic materials, which according to the study of Nolan and Mcgarry [34], are not suitable for
biaxial tests.This is accomplished carrying out a FE study to compare the biaxial mechanical response of two arteries with
different degree of anisotropy (ascending aorta and pulmonary artery tissue samples) under two different gripping methods: (i)
a system with noodle clamps and (ii) a clamped system with needles which leave the specimen’s edges free to expand laterally.
It is hypothesized that the physical basis for the setup of biaxial tests has not yet been well established.

2 | MATERIALS AND METHODS

2.1 | Biaxial experiments

Two biaxial experiments were considered, one for ascending thoracic porcine aorta [37]] and one for pulmonary porcine artery,
to test the accuracy of calculated material stress from measured force during biaxial tests. These tissues were not randomly
chosen. It is well known that the behaviour of the ascending aorta could be considered quasi-isotropic from the point of view of
biaxial tests (similar response for circumferential and longitudinal directions) [38]]. However, the pulmonary artery has a strongly
anisotropic behaviour. Thereby, two types of biological soft tissues with different degree of anisotropy are included in our study.

Tests were carried out in a high precision drive system adapted for biological specimens, the Instron BioPuls”™™ low-force
planar-biaxial testing system (load capacity of the cells:5N). Square samples (25x25 mm) were mounted in the planar-biaxial
machine by connecting four carriages with noodle clamps, immersed in a bath filled with Phosphate-buffered saline (PBS) and
maintained at 37°C by a heater-circulation. Load controlled tests were performed at peak tension ratios in circumferential and
longitudinal directions (P, : P,=60:60 kPa). For the deformation measurements during biaxial testing, several randomized
markers were placed on the surface of the vessel and the lengths between the two markers in each direction were measured by a
Digital Image Correlation (DIC) Strain Master LaVision System equipped with two high performance digital cameras (Imager
M-lite 2M). For image post-processing in DaVis software, we used a Gaussian filter, as matching Criterion the normalized sum
of square differences criteria and bi-cubic spline interpolant. For more detail about DIC parameters see table[T}

The deformation gradient F was also measured optically by tracking the movements of the markers. Shear strains were
computed and were found to be small, and therefore were not accounted for in the constitutive model. Given negligible shear
components and the incompressibility assumption, the Cauchy stresses were determined as

Fe,

Ot = — e 1)
where F,; and A ; are the load registered by the biaxial machine and the stretch measured by the DIC technique in circumferential

(c) and longitudinal (1) directions, respectively, and A is the nominal cross-section of the sample. The nominal cross-section
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DIC Hardware Parameters

Camera

Image Resolution
Lens

Aperture
Field-of-View

Image Scale
Stereo-Angle
Stand-off Distance
Image Acquistion Rate
Patterning Technique
Pattern Feature Size (approximate)

Imager M-lite 2M

1600x1200

CC3516-2M Iris C-Mount Lens PENTAX 35mm F1/1.6 2/3”
Fl1.6

50 mm

28.37 pixels/mm

31°

316 mm

10 Hz

Spray paint with black ink stamped speckles
3 pixels / 0.1 mm

DIC Analysis Parameters

DIC Software

Image Filtering

Subset Size

Step Size

Subset Shape Function
Matching Criterion
Interpolant

Strain Window

Virtual Strain Gauge Size
Strain Formulation
Post-Filtering of Strains
Displacement Noise-Floor

DaVis 8.4
Gaussian filter

15 pixels / 0.5 mm
5 pixels / 0.16 mm
Affine

Normalized sum of square differences (NSSD)
Bi-cubic spline

20 data points

125 pixels / 4.0 mm
Green-Lagrange
Spatial filter

+ 300um

TABLE 1 DIC parameters.

(A =t w, ) of the sample was obtained by two methods: measuring the distance between holes or using the whole area of the
sample to take into account the quasi-zero stress outlying areas effect. ., and w, ; are the sample thickness and the considered
width, respectively.

According to Equation [I] if the cross-section of the sample is uniform, the stresses along it should theoretically be constant
(Figure[I]a), but in fact this is not the case. The cross-section of the sample is not uniform around the area of the needles, causing
a peak of stresses in this area (Figure[I]b). For this reason, the distribution of stresses is commonly measured only at the central
area of the samples where, if the biaxial experimental results are valid, it should be uniform. However, differences between the
theoretical and real Cauchy stress along the central part of the sample could lead to significant errors in the estimation of the
mechanical properties.

2.2 |

All the tissue samples were modelled as nonlinear, hyperelastic, and anisotropic, defined by two families of fibre materials [19].
In addition, the tissues were assumed to be incompressible [2]], that is det(F) = A,4,4,, where F represents the deformation
gradient tensor and A; with i=1,2 and 3, the stretches in the principal directions. Given that this hyperelastic and anisotropic
material is not included in the ABAQUS 6.14 library, an in-house user subroutine UMAT was written to define the mechanical
behaviour. The behaviour of the tissue was modelled by using the strain energy function proposed by Holzapfel et al. [18],

Constitutive model for tissue
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FIGURE 1 (a) Theoretical and (b) real stress distribution at the cross-section of the sample.
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where 4 > 0, k; > 0 and k; > O are stress-like parameters and k, > 0 and k, > O are dimensionless parameters. The
0 < p < 1 parameter is also dimensionless and accounts for the fibre dispersion. I, is the first invariant of the Cauchy-Green
tensor characterizing the isotropic mechanical response of the elastin [12,29], C = F'F, I, = m; - Cm,, and I = n,, - Cn,
are invariants which can be expressed as a function of the main stretches and depend on the direction of the family of fibres at
a material point X, that is defined by the unit vectors field m,, and n,, [47]]. The function represents the strain energy stored in
a composite material reinforced in two preferred directions represented by the invariants I, and I,. Given that each family of
fibres represents the main direction of collagen bundles that are orientated in a helicoidal manner, both families were assumed
to have the same mechanical response (k; = k,, k, = k,) and the anisotropy directions were assumed to be helically oriented
at + 0 degrees with respect to the circumferential direction [[17].
The material parameters for the constitutive law of each tissue were obtained from previously presented experimental data.

The experimental results were fitted using the Levenberg-Marquardt minimization algorithm with the help of a self-made
code written in MATLAB [31]]. Table [2] shows the experimental stress-stretch model parameter identification fitted using the

e
Levenberg-Marquardt minimization algorithm [31]. The normalized mean square root error (¢) which is defined as € = £
was used to check the goodness of the fit, where g is the number of parameters of the (SEF), n is the number of data pomts
n — g is the number of degrees of freedom, and y is the mean stress. Convergence to the global minimum is difficult to achieve
and the final results depended strongly on the initial guess. This problem was noted earlier and reported by Fung [[10] among
many others. For this reason, the fits were performed multiple times starting with randomized parameters. However, the model
involves a small number of material parameters, so that a least-squares procedure avoids problems of nonuniqueness associated
with their sensitivity to small changes in the data [[1O, [19]]

APl [ RkPa] [ BT [ p=T [ O [ el
scending
Aorta 13.1 9.86 12.4 0.41 37.35 | 0.085
Pulmonary

Artery 7.09 9.31 19.4 | 0.0831 29 0.073

TABLE 2 Material parameters used in the finite element analysis for both the artery aorta and pulmonary artery.
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2.3 | FEM sample geometry and boundary conditions

A three-dimensional (3D) geometry corresponding to a rectangular volume with a section of 25 mm x 25 mm and a thickness
of 2.1 mm was modelled in the commercial FE code ABAQUS 6.14 (Dassault Systemes, Vélizy-Villacoublay, France). Three
holes were made along the outer portion of the perimeter of each attachment point, where the clamping device is fixed. It should
be noted that three points is the minimum number of attached noodle suggested by Eilaghi et al. [7]]. These attachment points of
0.3 mm radius are spaced 2.72 mm apart, and their centreline is 2.88 mm from the edge of the sample. In addition, the first of the
three holes is located 9.78 mm from the edge (Figure2]a). FE concretisation was performed on a mesh of 26728 linear element
8 node brick and a hybrid formulation with a typical edge length of 0.5 mm and 34095 nodes. The mesh was made as symmetric
as possible in order to match the centreline of the sample and the direction of the load. In addition, the sample thickness is
meshes with 4 layers of elements (Figure 2]b). The same geometry and mesh were used for all computational models.
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FIGURE 2 (a) Geometry and dimensions of the tissue sample model. Longitudinal and transversal sections. (B) Mesh.

Two sets of boundary conditions were studied (Figure [3). The first set is a system with needles which leave the specimen’s
edges free to expand laterally. The axial displacements were constrained at the contour of the holes. The longitudinal displace-
ment was allowed, whereas the circumferential displacement was defined using the values obtained during the experimental
biaxial tests around the holes. The second set consists of a system with needles, but the needles are joined to the clamps in such
a way that the perpendicular movement to the pull direction is constrained but not rotation. The axial displacements were also
constrained at the contour of the holes and the displacements to the direction of movement was defined using the values obtained
during the experimental biaxial tests around the holes.

3 | RESULTS

Figuref]shows the contour maps of the Cauchy stresses in the longitudinal and circumferential directions (S11 and S$22) and the
shear stresses (S12) for the two types of tissue (pulmonary artery and ascending aorta) for the two sets of boundary conditions.
The distribution of stresses at the central area of the samples is uniform for the four studied models. In addition, the greater
stresses are located at the area around the needles which are in the load direction. Therefore, if the force applied at the clamps
increases, the sample will likely break around the area of the needles. Figure [ also shows that the load applied at the clamps is
not transmitted completely to the sample, since outlying areas can be found where the normal stresses are close to zero. Finally,
the shear stresses are zero at the central area of the samples, confirming the hypothesis of the biaxial tests. The Cauchy stress
distribution in the longitudinal and circumferential directions (S11 and S22) shows clearly that the anisotropy of the pulmonary
artery is higher than the ascending aorta.

The Cauchy stresses and nominal strains along the central section of the samples in both circumferential and longitudinal
directions were obtained for each FE model. In addition, the sum of the reaction forces around the holes was the force applied
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Set 1 of boundary conditions Set 2 of boundary conditions
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FIGURE 3 Sets of applied boundary conditions.

during the test. Therefore, using this force value, the nominal cross-section of the sample and the displacement, the theoretical
value of stress at this section can be calculated following equation|I] Table[3]shows the data for the theoretical value of the stress
of each sample for the Set 1 (free needles) and Set 2 (clamped needles) attachments. In all cases, the Set 2 clamped methodology
showed an apparent stiffer material compared to Set 1.

TABLE 3 Data to obtain the theoretical stress at the cross-section of the sample with and without holes using Eq. || for Set 1
(free needles) and Set 2 (clamped needles) attachments.

F (kN) AG-) A (mm?) o, 0. kKP2) Ay, (mm?) o, (kPa)

whole

Pulmonary Artery Set1 Circumferential 886,45 1,074 52,5 18,13 40,404 23,81
Longitudinal 657,26 1,115 52,5 13,96 39,984 18,33

Set2 Circumferential 1242,7 1,074 52,5 25,42 40,404 33,38

Longitudinal 1094,74 1,115 52,5 23,25 39,984 30,53

Ascending Aorta Set 1 Circumferential 967,46 1,078 52,5 19,87 40,404 26,08
Longitudinal 802,86 1,091 52,5 16,68 39,984 21,91

Set2  Circumferential 1397,54 1,078 52,5 28,70 40,404 37,68

Longitudinal 1257,17 1,091 52,5 26,13 39,984 34,30

Figure[5|compares the real circumferential and longitudinal Cauchy stresses along the sample computed by the FE model for
the two types of tissue and for the two different boundary conditions. It shows the values obtained by means of the FE analysis
(in blue) and the theoretical value considering both the whole sample (in green) and the sample between the holes (in red). The
results show that the second set of boundary conditions underestimates the theoretical values for both the pulmonary artery and
the ascending aorta and for both circumferential and longitudinal directions. The first set of boundary conditions, which leave
the specimen’s edges free to expand laterally, provides stress values closer to the theoretical values. In addition, for the first set
of boundary conditions, the ascending aorta results are more accurate than those obtained for the pulmonary artery due to the
strongly anisotropic behaviour of the latter. For the circumferential direction, the stresses are overestimated.

The errors between the stresses provided by the FE model and the theoretical stresses (both considering the whole cross-
section and the cross-section with holes) are presented in Table E| for the Set 1 (free needles) and Set 2 (clamped needles)
attachments. These errors were calculated at the central point of the sample as

Otheoretical ~ OFEM x100. (3)

error =
OFEM
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Ascendent Aorta Pulmonary Artery

Set 1 Set 2 Set1 Set 2

80
72.5
65
57.5
50
42.5
35
27.5

S11

125
S22

S12

[

X

FIGURE 4 Contour maps of the normal stresses in the longitudinal and circumferential directions (S11 and S22) and the shear
stresses (S12) for the two types of tissue (pulmonary artery and ascending aorta) and for the two sets of boundary conditions.

In general, Set 1 showed smaller errors than Set 2 and using a nominal area between holes proved to be more accurate than using
a nominal sample area. There are no conclusions with respect to the degree of anisotropy of the material as the results showed
similar errors for the pulmonary and ascending arteries. Minimal errors were found for the aorta samples in the longitudinal
direction results (3%) and the maximum error in the circumferential direction for the pulmonary artery, both for Set 1.

Finally, an analysis of the stress-stretch curves computed using the real Cauchy stress and the theoretical stress computed by
Equation [I]for the Set 1 (free needles) and Set 2 (clamped needles) attachments is shown in Figure[6] An analysis of this figure
is crucial given that the stress-stretch curve is the aim of the experimental test in order to understand the mechanical response
of the arteries and to compute a constitute parameters by fitting a SEF. Figure [f] shows that differences between the curves
computed using Set 1 and Set 2 are minimal. However, the Average Reaction Force (ARF) method(Equation [T)) shows lower
stress values compared to the Finite Element (FE) stress methodology for highly anisotropic material like pulmonary artery.
These differences are critical for the longitudinal direction. This means that the computed curves obtained by experimental show
a more compliances material than the real one and the subsequent computational simulations produce lower forces or higher
displacements. The differences are minimal for the ascending aorta whose mechanical response is quasi-isotropic.

4 | DISCUSSION

In this study, we have investigated the accuracy of calculated material stress from measured force during biaxial tests depending
on two different gripping methods. The physical basis for the setup of biaxial tests has not yet been well established. Further
studies should be carried out to remedy this situation, especially for non-linear anisotropic materials which, according to the
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FIGURE 5 Stresses along the central cross-section or the two types of tissue (pulmonary artery and ascending aorta) and for
the two sets of boundary conditions. It shows the values obtained by means of the FE analysis (in blue) and the theoretical value
considering both the whole sample (in green) and the sample between the holes (in red).

study of Nolan and Mcgarry [34], are not suitable for biaxial tests. They demonstrate that commonly accepted formulae for the
estimation of material stress in the central region of a cruciform specimen are highly inaccurate. A reliable empirical correction
factor for the general case of isotropic materials must be a function of specimen geometry and the biaxial clamp displacement
ratio. In addition, they demonstrate that a correction factor for the general case of non-linear anisotropic materials is not feasible
and they suggest the use of inverse finite element analysis as a practical means of interpreting experimental data for such complex
materials. Many efforts have been made in order to analyse the setup conditions of biaxial mechanical tests and definitely
identify an accurate method of attaching the sample edges during these experimental tests [see, e.g.,[7, 8] [51]).
However, there is still no clear understanding of the influence of the boundary effects on the results obtained during these
experimental tests. For that purpose, in the present study, Finite Element(FE) analyses have been combined with experimental
biaxial tests. Specifically, the biaxial mechanical response of ascending aorta and pulmonary artery tissue samples has been
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TABLE 4 Computed errors between the stresses provided by the FE model and the obtained theoretical stresses (both considering
the whole cross-section and the cross-section with holes) for Set 1 (free needles) and Set 2 (clamped needles) attachments using
Equation El

Error (whole) (%) Error (with holes) (%)

Pulmonary Artery Set1 Circumferential 55.9 20.1
Longitudinal 18.8 94

Set2  Circumferential 12.1 14.6

Longitudinal 29.5 46.3

Ascending Aorta  Set 1  Circumferential 23.3 6
Longitudinal 3 21.5

Set2  Circumferential 17 36.8

Longitudinal 349 50.4

examined under two different gripping methods: (i) a system with noodle clamps and (ii) a clamped system with needles which
leave the specimen’s edges free to expand laterally. The results of each method have been compared. We compare the theoretical
stress at the cross-section of the sample using Eq. [T] with the real stress obtained by FE analysis.

Our results show that the clamped method whose joints allow the specimen’s edges free to expand laterally produces stresses
closer to the universally accepted formulation of biaxial material stress in the central region. However, the system with noodle
clamps or rakes [8], commonly used to grip the sample, produces an alteration of the measurement stresses. This is mainly
because this kind of gripping method does not allow displacement in the perpendicular direction (Figures [ and[5). It should be
noted that Eilaghi et al. [[7] considered that three points represents the minimum number of attached noodles. Without loss of
generality, the most adverse case has been considered for this study, so increasing the number of noodles would reduce the error
on the experimental data.

According to the study of Nolan and Mcgarry [34], biaxial tests are not suitable for non-linear anisotropic materials. How-
ever, our study reveals that the clamping method used during the biaxial test is more influential and crucial than the degree of
anisotropy of the material as Table ] shows. The FE analyses were performed with two types of biological soft tissues with
different degree of anisotropy. It is well known that the behaviour of the ascending aorta could be considered quasi-isotropic
from the point of view of biaxial tests (similar response in circumferential and longitudinal directions). However, the pulmonary
artery has a strongly anisotropic behaviour. It should be noted that neither our simulations nor the analysis of Nolan and Mcgarry
[34] result in an accurate estimate of the stress at the centre of the sample. In some cases the stresses are overestimated, and
in others underestimated. However, the errors in our study are lower than those found by Nolan and Mcgarry [34]] since the
clamping methods are different. Whereas Nolan and Mcgarry [34] used conventional clamps which do not allow movement in
the perpendicular direction, we used a clamped system with needles which leave the specimen’s edges free to expand laterally.
While clamping the sample provides a simpler method, clamping can lead to very high stress concentrations at the clamped site
and reduces the area where the material stresses are uniform. In that case, a combined experimental-numerical approach should
be used, wherein the displacement on the sample surface are measured by DIC technique while material stresses are computed
via FEM and inverse methodology are used to estimated the material properties [30].

The presented results should be approached with regard to their limitations. First, all the numerical analyses assumed homo-
geneous and incompressible materials while soft tissues are in fact more or less heterogeneous which may affect primarily the
results for large samples which are naturally more heterogeneous. However, these assumptions have been widely accepted as
allowable for the assessment of the biomechanical properties of cardiovascular tissues. Second, perfectly symmetric and accu-
rate positions of clamps and needles were assumed in all the analyses. Naturally, the accuracy of the positioning of clamps or
needles represents another important dependent factor influencing the stress distribution [[7]. Third, it is noted that these results
are not directly applicable to sutures for which higher local stress concentrations and earlier ruptures may occur because of their
smaller diameter, very low bending stiffness and consequently high and varying curvature. Fourth, The biaxial stress hypothesis
on the central part of the sample were verified for the experimental part using DIC and enforced by symmetry conditions on the
FE model. This is the reason why we use the stress of the central node to compute FES. Watching Figuresf]and[5] the region of
approximately uniform biaxial stresses is located on the central part of the samples and is more than the 30% of the sample with
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FIGURE 6 Stress-stretch curves computed using the real Cauchy stress and the theoretical stress computed by Equationfor Set
1 (free needles) and Set 2 (clamped needles) attachments. FES means Finite Element Stress and ARF means Average Reaction

Force.

the exception of the longitudinal direction of the pulmonary artery which the area is reduced to 15%. Finally, the experiments
were performed with an assumption of having the principal material directions aligned with the edges of the sample.

Despite these limitations, we can conclude that the clamped system with needles which leave the specimen’s edges free to
expand laterally can be used as an efficient alternative to other commonly used gripping methods for biological tissues with

different degree of anisotropy.
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