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Characterization of the intima layer of the aorta by Digital Image Correlation in dynamic traction up to
failure

Sophie Litlzer", Philippe Vezin®

Abstract The mechanical properties of the aortic wall are important to develop a biofidelic finite element
model. In this study, the influence of the location on the deformation characteristics along the descending aorta
was investigated on 53 samples of pig aortic specimens. Uniaxial tensile tests up to failure were carried out at a
strain rate of 68 s in the longitudinal direction. Cauchy stress-true strain relationships were determined and
compared for 4 different locations from the aortic arch to the abdominal aorta. Digital Image Correlation (DIC)
was used to determine the Green-Lagrange full field strain. The experiments showed that the Cauchy stress vs.
true strain relationship is more representative of the large deformation of the tissue than the engineering
stress-strain curves. The influence of the location was not found to be significant for engineering stress (mean
value 1.2+0.3 MPa) whereas a significant difference (p<0.005) between the aortic arch (3.4 MPa) and the
thoracic aorta (2.7 MPa) was found for the Cauchy stress. The Green Lagrange strain at rupture measured for
the aortic arch was found to be significantly higher (4.0) compared to the one measured for the thoracic aorta
(1.9). The present study demonstrates the utility of the DIC to determine the local strain fields and to analyze
the tissue failure mechanisms. Different rupture patterns were observed.

Keywords Aorta, full strain field, structural characteristics, failure pattern, Digital Image Correlation.

I. INTRODUCTION

Traumatic rupture of the aorta (TRA) is a leading cause of death after vehicle crashes. Crash injury databases
indicate that TRA accounts for about 20% of fatalities [1]. The overall survivability of such injury is less than 5%
with a fatality rate of approximately 90% on the accident scene [2][3]. Although TRA is observed in different
accident scenarios, the injury patterns are very similar among the victims. Currently, the most common site of
TRA is located at the isthmus region [4]-[7]. While the exact injury mechanisms still remain unidentified, it is
assumed that several mechanisms are involved in the failure of the aorta. Considering data from autopsy or
surgery, the intima layer was identified as the first aorta's wall layer involved in the rupture. Moreover, the
rupture is typically transverse to the longitudinal axis [8]-[10].

Several studies were conducted to validate specific hypotheses related to TRA. For instance, the effect of
heart displacement was investigated by [5], and one of the conclusions was that anterior stretching of the
thoracic aorta is one component of TRA injury mechanism. Various dynamic blunt loadings were performed on
Post Mortem Human Subjects [11] to measure the motion and deformation of the aorta using a dynamic X-Ray
device. These authors assumed that axial elongation (longitudinal stretch) of the aorta is an important cause for
the generation of TRA. More specific studies focused on the mechanical properties of the arterial wall that are
necessary for the understanding and modeling of TRA that occurs in car crashes.

In the literature, some works were dedicated to link the mechanical and structural properties of the aorta.
Reference [12] tested up to failure different segments taken from thoracic and abdominal aortas and performed
histological evaluation with quantification of morphometric parameters and composition of the entire vessel
and its layers (media and adventitia). Regional differences in stiffness and failure parameters at physiological,
low and high loading associated with significant differences and changes in the structure among the different
layers and segments were reported. Other studies determined the mechanical properties along the aorta’s
length [13] and concluded that the higher stiffness and strength of the distal tissue are due to the different
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orientation of elastin along the aorta, i.e. a higher proportion of circumferentially-oriented fibres.

In addition to standard material characterization methods, non-contact optical methods were applied for
evaluating the mechanical properties of soft tissues. Displacements can be measured by applying artificial
markers to the tissue and monitoring their position during mechanical loading. Multiple-point regular grid on
the surface of tissues was used to evaluate the mechanical properties of blood vessels [23][14]-[16]. The
assumption in this approach is that the mechanical response is uniform and homogeneous between the
markers. However, due to the complex structure of the arterial tissue composed of three layers of elastin and
collagen, there is a high degree of non-linearity in response to large strain [17]. Local variation in the anisotropy
and inhomogeneity of arterial tissues has not been fully examined in detail, partly due to the limitations of most
experimental techniques that have been adopted for analysis.

In the present study, Digital Image Correlation (DIC) was adopted to determine the strain distribution in
specimens of pig aorta subjected to uniaxial tension. DIC is a non-contact optical method that consists of
following the random speckle pattern at the surface of the tested specimen, thanks to two digital cameras with
incidence angles during deformation. DIC has been adopted to examine the deformation of structures [18][19]
or the mechanical behavior of engineering materials [20][21]. More recently, this technique was used to
determine the local strain field of soft tissue. It was used to evaluate the mechanical behavior of arterial tissue
on bovine aorta [22] and to characterize the failure in aneurismal human aortic tissue [23]. A complete
description of the DIC technique can be found in [24].

This study is part of a research project to develop a biofidelic numerical model able to reproduce the rupture
of the aorta under car crash loading conditions. The study attempts to obtain experimentally the full strain field
up to failure of the inner layer of the aorta under dynamic loading and visualize the evolution of the rupture to
the other layers. The influence of the location along the aorta was assessed in terms of maximum load, strain
and stress. The characteristics, initiation and propagation of the rupture are discussed.

Il. METHODS

Specimen preparation

Seven healthy aortas were removed from 6 month old pigs just after euthanasia. The pigs come from a local
abattoir and are standard pigs for consummation. The whole aortas were wrap in moist paper and immediately
stored in the freezer (-18°C) until their use. Frozen aortas were thawed at room temperature (19°C) three hours
before their preparation. Connective and adipose tissue were gently removed from the surface of the adventitia
by blunt dissection with surgical scissors. Aortas were opened along the longitudinal direction using surgical
scissors. About ten (depending on size and condition of the aortas) specimens were cut into a dog bone shape
using a punch and a manual press along their longitudinal orientation. All sampling procedures were carried out
in accordance with the guidelines of the IFSTTAR-LBMC laboratory for biological material handling. The
specimens were taken at four different locations along the aorta from the aortic arch (location 1) to the
abdominal aorta (location 4). The typical dimensions of samples, the location and the denomination of each
sample in accordance with their location are presented in Fig. 1.

Intima face layer (0

[ [ 1 [ |
—
: L, | P

— —_ L } - Ty I
i 1o
[ k e
L

b)

Fig. 1. a) Longitudinal cutting of pig aorta and location of specimens. b) Dimensions of specimen: useful width

(lo=6mm), useful length (L,=13 mm), calibrated length (L.=15 mm) and total length (L,=45 mm). Location 1 is at
the aortic arch, location 4 at the abdominal aorta, L and R correspond to left and right respectively.

a)
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The thickness (€,) of the useful length for each sample was measured just after cutting by a calliper with an

accuracy of £ 0.01 mm and is given in Table | according to the location of each sample. Before and during the
testing phase, all samples were kept under moist paper with physiological saline solution to ensure their
hydration at room temperature.

TABLE | THICKNESS OF EACH SAMPLE
THICKNESS (MM)

AORTA N°
1L 1R 2L 2R 3L 3R 4L 4R
5 2.33 246 213 208 178 168 1.55 1.43
6 2.03 195 198 2.05 1.68 1.63 1.20 1.30
7 2.00 210 2.00 195 1.45 1.48 -- --
8 2.05 - 2.20 2.18 1.75 190 1.53 1.50
9 2.25 213 210 1.95 1.73  2.23 148 1.38
10 2.28 265 225 223 1.53 158 143 1.63
11 2.33 235 2.05 1.93 1.53 1.65 1.50 1.45
Mean 2.18 227 210 220 2.05 1.63 191 1.73
S.D.* +0.15 +0.26 +0.10 +0.11 +0.12 +0.13 +0.19 +0.25

*S.D.: Standard Deviation

Tensile tests

Tensile tests were performed using a universal tensile test machine (Instron® 8802). Samples were fixed
using specially designed clamps. Sandpaper was glued on the clamp to prevent the slipping of a sample that can
occur in ordinary grips. Prior to the test, a rod was fixed to inferior and superior clamps to ensure no pre-
stretching of samples. This rod was removed just before preconditioning (Fig. 2.).

Each specimen was preconditioned first by applying a load of 0.5 N and then 5 cycles of small amplitude
(0.5mm) at 1 Hz. Then the aortic specimen was subjected to dynamic loading up to failure at a constant strain
rate of about 68 s (velocity of the cross-head of the tensile machine was 1 m.s). The tensile load was
measured with a 1 KN piezoelectric load cell. The accuracy of the load cell was 0.5% of the measured values
(channel class 0.5). The elongation | was calculated via the displacement cell attached to the cross-head. The
data were continuously recorded at a frequency of 5,000 Hz with the Instron® on-board software.

Area of random
pattern for DIC

Upper and lower
clamps <

(a) (b)
Fig. 2. Aortic specimen fixed on the clamps mounted on universal test machine (a). Example of a random pattern
on the intima layer for Digital Image Correlation (b).
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Digital Image Correlation

Digital Image Correlation (DIC) technique was used to obtain the strain full-field on the surface of the intima
layer. DIC [24] consists of following the random speckle pattern at the surface of the tested specimen, thanks to
two digital cameras with incidence angles during deformation. Two high speed Photron Fastcam SA3® digital
video cameras with an image size of 1024x1024 pixels? were used to record the sample evolution during the
test. Two 105 mm macro lenses were used to have appropriate size and depth of field in accordance with small
samples tested. The cameras’ speed acquisition was 4,000 f.s™.

The random speckle pattern was applied on the intima layer with a black paint which was sprayed
horizontally, leaving fine particles to fall vertically on the sample lying on a horizontal plane. A black pattern was
chosen due to the white colour of the aorta. The stereo-correlations were based on the pair of images and
processed using VIC3D® software (Version 2009—Correlated Solution, Inc.) to obtain the displacement field at
every node of a 7 px (0.27 mm) grid using 21 x 21 px2 (0.81 x 0.81 mm?) patterns that covered successively the
whole 6x13 mm? patterns that covered the tissues. Then the software computed the Green-Lagrange strain field
(accuracy around 0.01 — 0.02%). Prior to the test, the VIC3D® software was calibrated with the record of the
pictures of a calibration object (grid of 9x9 markers, with 2 mm spacing) that covered the area of sample
deformation.

Data analysis

The load-stretch curve was derived to obtain the true stress-true strain relationship. This method takes into
account the large deformation of the specimen and subsequently the actual change of its dimension during
testing. The aortic wall was assumed to be an incompressible material [25]. True strain and stress (i.e. Cauchy
stress) were obtained from engineering strain and stress respectively. The engineering strain and stress are:

O'Ezsi,and &g = A -1 with A:L (1)

0 Lo
where F is the load applied, S, = |, x &,is the initial cross-sectional area, A is the stretch ratio and L, the
initial length. True strain and stress are computed as follows:
c=0(1+¢&:), and ¢ =In(1+¢;) (2)

The maximum load and true stress were determined and compared between the specimens.

In addition to this classic strain-stress analysis, the full strain field obtained from the DIC analysis is used to
determine the maximum Green-Lagrange (GL) strain value just before the initiation of the first rupture. The
longitudinal strain E,, obtained by this method is also compared with the value derived from the stretch ratio
or engineering strain using the relationship:

1
E, = (£ D =e(1+75) @)

Statistical analysis

A statistical study was completed to determine the effect of location on the tissue strain and stress. Data
from the aortas were grouped by location and the differences between the four groups were assessed with
Student t-test. Significance was assumed at a p value <0.05. In some cases, a non-parametric Wilcoxon matched-
pairs signed-ranks test (2-tailed at a significance level of p = 0.05) was used to increase the sensitivity of the
analysis by exploiting the fact that the results could be paired.

lll. RESULTS

Fifty three specimens were obtained from seven pigs. Eight to ten different locations along the aorta were
tested for each pig in the longitudinal direction (Table 1). The possible slippage was checked visually on the video
and by comparison of the stretch ratio determined from the cross-head displacement and those measured by
DIC. No significant slippage was observed and all the specimens were tested. For each tensile test performed a
force-displacement curve was obtained. The true stress and the true strain were then calculated using equation
(2) and strain-stress relations were plotted for each specimen. Two examples from two different locations and
pigs are shown in Fig. 3 to illustrate the variability between pigs and location. Fig. 3.a represents typical true
stress vs. true strain curves and Fig. 3.b shows typical engineering stress vs. engineering strain curves.
Moreover, the stress-strain curves show the non-linearity of the mechanical response to loading as well as the
onset of the failure.
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Fig. 3. Typical stress-strain graph from the experiments:
a) True stress-true strain curves, b) Engineering stress-engineering strain curves.
The ultimate true and engineering stress are the maximum stress until failure of the specimen and are indicated
by A and A’ respectively. The global failure true strain and engineering strain are the maximum strain obtained
before failure and are shown by B and B’ respectively. The slope of the curve at large strain and the initial slope
at small strain are shown by C (C’) and D (D’) respectively.

Paired comparisons were performed to assess the thickness variation along the aorta. The results showed
that there were no significant thickness differences between left and right sides of the specimens for the same
location (p>0.05 for all comparisons). The average thickness decreased from the aortic arch to the bottom of the
aorta. The thickness at location 4 was found significantly lower (p<0.0001) than the three other locations.
Thickness at location 3 was also found significantly lower than locations 1 and 2 (p<0.01, except for 3R-2L

comparison where p<0.042). However, there was no significant difference between locations 2 and 1 (aortic
arch).

Maximum load and stress

The maximum force F_ ., and ultimate true stress (UTS) value at the failure of the specimens were defined
from the force-stretch curves and true stress- true strain curves respectively. The ultimate engineering stress
(UES) was computed from the maximum load using equation (1). F ., UTS and UES were compared with

respect to their location on the aorta. For that purpose, right, iR, and left, iL (see Fig.1.a) specimens were
grouped for the same longitudinal location (Gi=iR+iL samples, with j=1,4). Fig. 4 and Fig. 5 summarize the
average values for the four different locations.
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Fig. 4. Mean and standard deviation of maximum load for the four locations
(G1, G2, G3 and G4 correspond to the four groups of data for the four locations).
Asterisks represent significant differences (*: p<0.05, ** p<0.005, ***p<0.001)
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Fig. 5. Mean and standard deviation of ultimate engineering stress (a), ultimate true stress (b), for the four
locations. Asterisks represent significant differences (*: p<0.05)

The effect of the location on the maximum load was found significant for the comparison between G1 and
G3 (p=0.016) and for G1 vs. G4 (p=0.004) as well as for G2 vs. G3 (p=0.003) and G4 (p<0.001). This effect was not
observed for the comparison between two adjacent locations: G1 vs. G2 and G3 vs. G4. These results show a
decrease of the maximum load from the aortic arch to the abdominal part of the aorta.

There was no significant influence of the location on the UES values. On the other hand, an influence of the
location on the UTS values was found significant for G1 compared to G2 and G3 with a p value of 0.041 and
0.033 respectively. However, the comparison of the UTS values at the G4 location with the three other locations
did not show significant effect of the location (p>0.25). A similar trend was observed for G2 vs. G3.

Strain data from Digital Image Correlation

An interesting feature of DIC is its ability to calculate local strain compared to the global strain obtained from
the displacement sensor. Fig. 6 shows an example of DIC analysis. From the DIC analysis it was found that a local
amplification of the local GL strain occurred just before the failure of the aortic tissue close to the rupture site
on the intima. The rupture of the intima was detected on the video sequence (4 frames on the right side of Fig.
6.). Then, the local maximum GL strain (LMS) was extracted from the frame just before the initiation of the
rupture of the intima (left frame on Fig. 6.). These values of the LMS just before rupture are given in Table Il.

850

1035
Ezz Greenllagrange Ezz Green-fl@grange

Local
maximum
strain

Fig. 6. Example of Green-Lagrange strain field at rupture from Digital Image Correlation analysis.
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TABLE Il LOCAL MAXIMUM VALUES OF THE GREEN-LAGRANGE STRAIN
AT BEGINNING OF THE FAILURE

AORTA N° 1L 1R 2L 2R 3L 3R 4L 4R
5 1.83 2.15 136 094 1.02 206 1.98 2.2
6 1.6 1.11  0.82 1.22 1.58 1.42 1.54 1.6
7 2.55 342 111 1.07 1.64 2 -- --
8 1.68 -- 1.04 133 074 086 187 1.56
9 2.2 245 140 1.18 0.88 0.86 1.8 1.73
10 1.68 2.43 1.25 1.39 134 1.25 1.69 1.43
11 1.32 1.74 071 0.72 128 116 1.57 1.88

The MLS values were also grouped by location and the influence of the position along the aorta was
statistically assessed. Differences were found significant for the comparisons G1 vs. G2 (p<0.0002) and G3
(p=0.0014), as well as for G4 vs. G2 (p<0.0001) and G3 (p=0.002). On the contrary the influence of the location
was not found significant for the comparison of G2 with G3 (p=0.181) and G1 with G4 (p=0.148).

By comparison, the values of the global GL strain obtained with equation (3) were found to be higher (almost
twice) than the values computed from the DIC (Table Ill). Moreover, the influence of the location on the global
strain value was not found to be significant for all the comparisons between G2, G3 and G4. The comparison of
G1 with the three others shows significant differences (p<0.0002).

TABLE 11l COMPARISON OF THE AVERAGE AND STANDARD DEVIATION VALUES OF THE GLOBAL AND LOCAL
MAXIMUM GREEN-LAGRANGE STRAIN AT FAILURE

° 1L 1R 2L 2R 3L 3R 4L 4R

1.84 2.22 1.09 1.12 1.21 1.37 1.74 1.73

LocAL
1041 +0.77 10.26 +0.23 +0.34 049 10.17 +0.27
GLOBAL 3.79 423 2.04 1.89 2.17 2.37 2.60 2.53
+0.66 +1.02 +0.90 +0.62 +1.08 091 +1.06 +0.61
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Fig. 7. Mean and standard deviation of Green-Lagrange strain for the four locations: (a) Global strain computed
from stretch ratio (b), local strain from Digital Image Correlation.
Asterisks represent significant differences (*: p<0.0002, ** p<0,0001, *** p<0,002)

IV. DISCUSSION

Effect of the location on the ultimate stress

Rupture of the aorta is a leading cause of death after vehicle crashes, but the exact injury mechanisms
remain still unidentified. Computational assessment of traumatic rupture of the aorta is one of the main
challenges to improve the assessment of vehicle safety. Knowledge of aortic wall behavior is critical in improving
the biofidelity of computational analysis and a correct description of the mechanical properties up to failure is
needed. The mechanical parameters of the aortic wall have been intensively studied in the past using uniaxial or
biaxial tensile testing ([10][12][26]-[28]).
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True stress-engineering strain and engineering stress-engineering strain relationships have been published.
However, these traditional approaches do not give a true indication of the deformation characteristics of the
soft tissue since they are based on the original dimensions of the specimen and not on the actual dimensions
during the test. This is particularly critical for the aortic tissue under uniaxial loading that undergo large stretch
due to their hyper-elastic behavior. The actual variation of the current cross-sectional area of the tissue must be
taken into account and hence, under the assumption of the incompressibility of the tissue, the true stress-true
strain relationship was used in the present study.

Our results show the regional change of the aortic wall thickness that gradually decreased from the aortic
arch to the abdominal aorta. This is in good agreement with aortic morphometric studies [12]. These authors
report that wall thickness decreases down the thoracic part of the aorta and remains constant in the abdominal
one. This decrease in the overall thickness is due to the decrease of the media thickness whereas the adventitia
thickness remains constant. In the abdominal aorta, the media thickness decreases more slowly and is
compensated by an increase of the adventitia thickness by about the same amount.

The comparison between the different locations along the aorta showed significant difference for the

ultimate load ( F_.. ). The ultimate force decreases from the aortic arch to the abdominal aorta. This should be

put together with the decrease of the thickness of the aorta wall in the same direction. When comparing the
ultimate engineering stress that takes into account the thickness of the arterial wall, the influence of the
location was not found significant. All the specimens whatever their position along the descending aorta have
the same ultimate engineering stress. However, when the same analysis was performed on the true stress that
not only takes into account the initial-cross section but also its variation during the loading, an influence of the
spatial location was observed. This comparison between engineering and true stresses suggests that the
regional thickness variation is not the cause of the decrease of the ultimate stress.

Structural parameters such as orientation and number of elastin and collagen fibres are probably factors of
influence. The true stress takes into account the modification of the structure of the arterial wall due to the
successive recruitment of the collagen fibres during the loading. The distribution and orientation of these fibres
were found to vary along the aorta [12]. This author explained that the wall of the aortic arch had the highest
elastin area density whereas the abdominal aorta had the lowest. The relative area of density of collagen was
almost constant in the thoracic part of the aorta and steadily increased down the abdominal aorta.

In addition to these differences in the density of components, there is also a difference in the material
properties. The collagen’s Young’s modulus is greater than the elastin one [29]. Consequently, the stretch and
then the ultimate stress of the arterial tissue are affected by the ratio elastin/collagen. The orientation of the
fibres is also an important parameter that can explain the differences between the locations along the aorta. A
structural model was proposed by [30] who measured the orientation of the collagen fibers in the three layers
of the arterial wall. This author found that these fibres are oriented with respect to the transverse direction by
an angle of 18.8° (intima), 37.8° (media) and 58.9° (adventitia) respectively. In our study, the ultimate tensile
stress in the longitudinal at the aortic arch was found to be slightly greater than for the different locations along
the descending aorta. Reference [29] reports an opposite trend for the circumferential ultimate tensile stress.
This difference between longitudinal and circumferential material properties behavior is due to the non-
isotropic properties of the aortic wall and to the orientation of the collagen fibres.

max

Failure pattern of the aortic wall to uniaxial loading

The digital image correlation methodology used in the present work allows us to determine the full-field
strain at the intima surface of the aorta. This approach compared to the traditional one permits access to the
local values of the strain. Thanks to the DIC, the different steps of the failure of the intima layer were observed
qualitatively on the digital image and the local magnification of the strain close to the starting point of the
rupture was quantified.

The Green-Lagrange ultimate strain values obtained from the DIC were found lower than the global values
computed from the displacement sensor mounted on the tensile machine. The DIC analysis provides the strain
at the surface of the intima layer while the global values are a measure of the whole arterial wall elongation.
The intima layer is known to be more fragile than the media and the adventitia. A similar study with speckle
pattern of the adventitia side of the aorta needs to be performed. An attempt was made to apply DIC on both
sides of the specimen. This was not successful due to the difficulty to apply a random speckle pattern on both
sides without creating artifacts (pattern on one side are visible on the other side by transparency).

The local maximum longitudinal strain was found significantly different and higher at the aortic arch
compared to the descending aorta (Wilcoxon matched-pairs signed-ranks test). This result implies that the
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aortic wall is less extensible from the aortic arch to the abdominal one. This is consistent with previous
observational reports in the literature [12]. The same research group suggested that at high stresses the
mechanism of the elongation of the tissue is controlled by the straightening of the collagen fibres [31].

In the majority of the cases, the failure of the tissue starts close to the point of the maximum Green-
Lagrange strain. The intima is torn locally and the failure propagates transversely horizontally or with an angle
along the width of the specimen (Fig. 8). The aortic tissue continues to be stretched and then the whole arterial
wall suddenly breaks. Depending on the specimens, the total rupture happens either rapidly after the tear of the
intima or later with a substantial elongation of the specimen. Due to the absence of the speckle pattern once
the intima is broken, the strain just before the total rupture cannot be determined. Multiple tears of the intima
are sometimes observed on the specimen but almost with the same pattern with finally a rupture of the
specimen at the maximum strain location.

a) Horizontal propagation b) inclined propagation
Fig. 8. Examples of different types of aortic wall failure.
The red color corresponds to the maximum of Green-Lagrange longitudinal strain.

The inclined propagation of the rupture was already observed for other soft fibrous tissues such as the skin or
the liver capsule [32][33]. These authors explained that the failure pattern is linked with the micro structure of
the tissues and more specifically with the orientation, recruitment and rearrangement during the loading of the
collagen fibres. To support their assumption they performed histological analysis that was not possible on our
aortic samples.

Limitation of the study

As with many other soft tissues, the arterial wall mechanical properties are strain rate dependent. The
present study was performed at a constant strain rate of 68 s (constant loading speed of 1m.s™). For better
assessment of the mechanical properties and failure mechanism, additional data need to be acquired at
different strain rate. Moreover, this study focused only on uniaxial loading. A biaxial tensing test could be more
appropriate to take into account the radial deformation of the aortic wall due to internal pressure or arterial
dilation. The assumption of quasi-incompressibility of the arterial wall to compute the stress and the strain from
the measured stretch is questionable. The incompressibility was demonstrated in the past under loading in the
range of the physiological conditions [25][34][35], but the applicability of this assumption at higher magnitudes
of stress or strain is not yet demonstrated and could depend on the loading and deformation applied to the
tissues [36]. Another problem with in vitro tissue testing compared to real loading in the human body is the
absence of the pressure of the surrounding organs. The applied loading in our research is a simplification of the
forces actually being applied to the aorta. A study on the rat carotid artery demonstrated that the mechanical
properties of the rat carotid artery substantially differ in vivo, in situ and in vitro [37].

The present study was performed on a relatively small sample size (n<15). In order to achieve statistical
power, the left and right specimens at the same location from each aorta were regrouped. Consequently, we
assumed that there were no effects of the laterality. Only a few tests (4) were rejected due to tissue slippage.
Additional tests need to be performed to increase the statistical power and to assess the effect of the laterality.

Concerning the DIC analysis, the main difficulty comes from the achievement of the speckle pattern on soft
tissue. This is particularly difficult on small aortic specimens. In some cases, the random speckle pattern was not
good enough in terms of contrast, isotropy and non-periodicity to obtain a good correlation. Nevertheless, the
DIC method is a very accurate method and was used in the last decades by several research teams to obtain
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experimentally a mapping of the strain on biological soft tissues, see for instance [22][23][32][33][38]. With such
information, we can then compute the full field stress and determine a reliable model of the arterial wall up to
failure. Such a model taking into account the anisotropy, heterogeneity and structural parameter of the aorta
can be implemented in the FE model.

V. CONCLUSIONS

In order to study the mechanisms of traumatic rupture of the aorta, we performed an experimental study to
determine the stress-strain relationships up to failure along the descending thoracic aorta. Fifty-three pig aorta
specimens were submitted to longitudinal loading at a constant strain rate of 68 s™. Cauchy stress-true strain
curves were derived from the force-displacement measurements and Digital Image Correlation method was
applied to determine the full-field strain at the surface of the intima.

We analyzed the effect of the location along the descending aorta. Our results show that the maximum load
at failure decreased from 15.2N to 10.5N with the location, i.e. from the aortic arch to the abdominal aorta. On
the other hand, the engineering stress at rupture was found to be similar whatever the location (about 1.2+0.3
MPa). But significant influences of the location were found for the Cauchy stress (3.4MPa at the aortic arch,
2.7MPa for the thoracic aorta and about 3.0MPa for the abdominal aorta). This result can be explained by the
differences in the micro structure such as orientation and number of collagen fibers that are described in the
literature.

The analysis of the strain field by DIC shows that the aortic arch encountered large Green-Lagrange strain
(4.0) compared to the descending aorta where influence of location has been observed (Green-Lagrange strain
at failure increases from 1.9 (thoracic aorta ) to 2.6 (abdominal aorta).

Finally, two common types of failure pattern were identified: a typical inclined failure pattern that
propagates continuously up to the final failure of the tissue and a horizontal and sudden rupture of the arterial
wall.
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