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ABSTRACT

Traumatic rupture of the aorta (TRA) isaleading
cause of fatality in motor vehicle crashes. However,
itsinjury mechanisms are still unknown sinceit is
difficult to replicate and eval uate such ruptures
experimentally. In this study, the mechanisms of
aortic rupture in dynamic pressure loading were
investigated using Finite Element (FE) Analysis.

A hyperelastic material modd with linear
viscoel asticity was used to characterize the
mechanical behavior of aorta based on oscillatory
biaxial tests and literature data. 1t was shown that the
previous data led to contradictory uniaxial and biaxial
responses. A set of new material properties were
identified which closely described all the available
experimental data.

Furthermore, a Finite Element model of aortic
arch was studied under pressureimpulse as seen in
cadaveric ded tests. Four approaches were used to
model the fluid namely, Lagrangian, Eulerian,
Arbitrary Lagrangian-Eulerian (ALE), and Smoothed
Particle Hydrodynamics (SPH). The Eulerian
approach, in which the mesh isfixed in space through
which the material flows, was the most complete one
in terms of modeling the flow and interaction with
the wall, though it required relatively large
computational time. Inthe ALE approach, a
Lagrangian material deformation was considered
followed by an advection cycle for smoothing the
mesh. Theresult of the ALE approach compared to
the Eulerian approach showed less flow and localized
deformation. In the SPH formulation, the fluid was
represented by particles which interact with one
another and the surroundings through specific
potential energy functions. The SPH approach
exhibited rather idealized behavior of the fluid flow
with less computational time. The TRA models were
validated against in vitro tests and predicted the most
probable location of rupture at theisthmus as
indicated in the experiments.

INTRODUCTION

Traumatic rupture of the aorta (TRA) isamajor
cause of fatality in automobile accidents. According
to the previous studies, aortic injuries continue to be
present in about 20 percent of motor vehicle crash
fatalities[1, 2]. Theinjury mechanism of TRA is
gtill unknown and it is difficult to replicate and
evaluate such ruptures experimentally, though
different hypotheses have been proposed. The TRA
due to pressure was the focus of this sudy. Other
proposed mechanisms of TRA include relative
motions and osseous pinching [3, 4]. The primary
site of the TRA isreported at the isthmus region with
the probability of 75-85%, which isthe transition
between arelatively mobile heart and ardatively
fixed descending aorta[1, 5].

Before failure aorta undergo large deformations
due to theinternal pressure, theinertia forces, and
the contact forces acting upon aorta from the
surrounding tissues. Simulation of aortain impact
loading using finite e ement (FE) analysis was
conducted to improve the understanding of the
mechanisms of aorticinjury. The biofiddity of the
results of the FE model isin part dependent on the
choice of material constitutive model. The uniaxial
and biaxial experimental data of Mohan and Melvin
(MM) showed that the mechanical behavior of aorta
israte dependent and failure occurs at stretch ratios
more than 60% [6, 7]. Previous FE studies smplified
aortic blood with linear elastic fluid model whichis
incapable of sustaining large deformations[8, 9].
Complicated and morerealistic flow interaction with
the aortic wall can be accomplished by applying such
techniques as Arbitrary Lagrangian Eulerian method
(ALE) or Smoothed Particle Hydrodynamics (SPH).

METHODS
Material M odel

A representative rectangular piece (20.5 mm x
18.4 mm x 1.36 mm) of human aorta, sample HA41,
was subjected to biaxial oscillatory stretch at 20 Hz
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superimposed on a constant stretch, using the test
setup described in [10] (Figure 1). The sample was
excised from the arch of aorta of a 27 year-old
subject and was connected to two shakers and two
load cellsusing 12 silk sutures. The oscillatory
deformation was determined based on the measured
accelerations of the two shakers moving in the
circumferential and longitudinal directions. The
biaxia forces were measured using two load cells
mounted opposite to the shakers. The displacement
offsets and the time history of the state of strain in the
central quadrilateral region, PQRS, were determined
based on motion analysis of high speed (1000
frames/sec) video photography of the sample
deformation.
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Figure 1. HA41 aorta sampleand its FE model
for biaxial testing at 20Hz

A second-order Mooney-Rivlin (MR)
congtitutive modd of the following form, for an
isotropic material, was assumed for aorta:

WzClO(ll_ 3)+C01(|2' 3) (1)
+C11(|1' 3)('2' 3)+C20(|1_ 3)2+C02(|2' 3)2

in which, Wisthe strain energy function, G are the
material propertiesand I; arethe invariants of the | eft
Cauchy-Green strain tensor. The above equation is
compatible with material 77 in LS-DYNA [11].
Viscod asticity of the material was approximated by
adding a one-term Prony series, G(t)=2mexp(- bt), to
the hyperelastic shear modulus, where m=2(Cyo+Co;)
isthelinear shear modulus and b is the decay rate.
The factor 2 in G(t) was chosen based on the ratio
between the dynamic and quasi-static result given in
[6]. Thehyperelastic materia properties were

determined by |east-squares optimization of an
anaytical solution for the biaxial forces subject to a
general biaxial deformation. The viscoelastic decay
rate was determined based on the phase shifts
between the oscillatory displacements and forces.
For the quasi-static and dynamic uniaxial test data
(MM Static and MM Dynamic) given for a 25 year-
old subject, MR models were characterized.
Analytical solutions for uniform biaxial deformation
were compared with the experimental biaxial data
given in [7] to validate the quasi-static MR models.
Finally, the MR material models for HA41 and MM
Static were implemented in LS-DY NA (ver.970) and
the model results were compared with the
experimental oscillatory biaxial data.

Fluid-Structur e I nter action

A simplified FE model of aorta (Figure 2a) was
developed based on the geometry and dimension
from ahuman aorta used in the biaxial tests[10].
The aortic wall was modeled with one-layer solid
elements. Four approaches were used to mode the
fluid namely, Lagrangian, Eulerian, Arbitrary
Lagrangian-Eulerian (ALE), and Smoothed Perticle
Hydrodynamics (SPH). In the Lagrangian method,
the mesh is attached to the body and it transforms
according to the deformation of the material. The
Eulerian approach is solving the problem with a fixed
mesh in space through which the materia flows.
Therefore, someinitially void e ements, representing
the environment, are needed. In the ALE approach,
in each time step, a Lagrangian material deformation
is considered followed by an advection for fluid
calculations. In the SPH formulation, thefluidis
represented by particles which interact with one
another and the surroundings through specific
potential energy functions. Computations were
performed using LS-DY NA (ver. 970) for the
Lagrangian, Eulerian and ALE model's, and PAM-
CRASH (ver. 2002) for the SPH model.

To perform the pressurization s mulation,
particularly for the ALE and SPH models, areservoir
tube and a piston were used to create the fluid inflow
boundary condition at the inlet of the tube. A linear
ramp representative of cadaveric ded tests was taken
asthe pressureinput (Figure 2b). The modd was
symmetric with respect to the X-Y plane and fixed
boundary conditions (no flow) were defined at the
other end. For fluid-structure interaction (FSI) in LS
DYNA, coupling of the Lagrangian mesh of aorta
with the Eulerian mesh of the fluid was used. For
this purpose in PAM-CRASH, the node to segment
contact wasimplemented. A friction coefficient of
0.08 was assumed in the ALE and the SPH model
between fluid and structure, which created flow
characteristics consistent with the Eulerian modd .

Lee?2



(@

D
o

N
o

(b)

N
o

Pressure (kPa)

o

0 20 40 60 80 100 120

Time (ms)

Figure 2. Smplified FE aorta model and pressure
history

RESULTSAND DISCUSSION

The material parameters determined for the MM
Static, MM Dynamic, and HA41 models are
summarized in Table 1. For HA41, the experimental
strains were all below 40%. Therefore, any result of
thismodel for higher strainsis merely speculative.
The MR material model was ableto closely match
the uniaxial MM Static and MM Dynamic data
(Figure 3). The behavior of the model for HA41,
which was characterized based on the biaxial
oscillatory results, in uniaxial deformation, was close
to the MM Static data particularly at strains below
40%. In uniform biaxial deformation (Figure 4), the
response of the MM Static moddl was significantly
dtiffer than thereported biaxial data. However, the
response of the HA41 model, at strains below 40%
was closer to the experimental biaxial data.

Table 1.

Material properties (in kPa) of the MR models for
the quasi-static and dynamic results of M ohan and
Melvin and the hypereastic response of the
biaxial test of HA41

Test MM Satic Dyanlsl\r/Inic HA41

Cuo 1.16E+01 1.67E+02 1.96E+01
Ca 717E01 | -4.83E+01 9.25E+00
Cu 264E+03 | -382E+03 | -5.73E+01
Caxo 1.06E+03 1.81E+03 5.46E+01
Coz 1.71E+03 2.00E+03 1.41E+01
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Figure 3. Responsesto uniaxial loading.
Experimental and MR model resultsfor the quasi-
static and dynamic tests of MM, and FE model
resultsfor the HA41 sample
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Figure 4. Responsesto uniform biaxial loading.
Experimental and MR model resultsfor the quasi-
statictest of MM and MR model resultsfor the
HA41 sample

FE simulation of the oscillatory biaxial
deformation with HA41 model showed that forces
and grains were closely following the experimental
data (Figure 5 and Figure 6 respectively). The
stiffness hourglass coefficient (type 4) for this
simulation was HG=0.1 and theratio of hourglass
energy to internal energy was less than 5%. The fact
that E22 in the experiment was larger than the model
showed that the tissue was anisotropic. For the FE
simulation with MM Static material model, with
HG=0.1 theratio of hourglass energy was 40% and
the forces were significantly higher than the
experimental data. With HG=0.001, the forces were
close to the experimental data, but the strains were
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low and excessi ve deformation occurred in the
boundary (Figure 6). Therefore, the MM Static and
biaxia dataled to contradictory uniaxial and biaxial
responses. The HA41 materia properties closaly
described the experimental data for strains below
40%.
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Figure5. Comparison of forcesin the
circumferential and longitudinal directions
between biaxial test data and FE results with
HA41 MR material model
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Figure 6. Comparison of strains between biaxial
test data and FE resultswith MM static and HA41
MR material models

Based on the materia parameters of HA41, the
FSI models were used to simulate the in vitro
pressure tests described in [10]. The velocity profile
and pressure distribution in the fluid were considered
as the main factors representing the flow
characteristics which were measured at the isthmus
region. Although all approaches predicted a
parabolic velocity profile which is expected for
Poiseuille-like flows, the Lagrangian method showed
excessive mesh distortion which caused rapid drop of
the time-step during simulation (Figure 7). All three
FSI model's predicted generation of vortices at the
isthmus only when the loading rate was increased to
20 kPalms. For the test loading condition (0.5
kPa/ms) no vortices occurred. The maximum

velocity was in therange of 2.5 to 3.0 mm/ms at
120ms. The pressure distribution was uniformly
decreasing along the tube with about 60% of the
input pressure at the ishmus.
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Figure 7. Comparison of velocity profiles of FS|
models (at 100ms)
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The trend of stretch ratios and stresses measured
in the circumferential and longitudinal directions
were consistent in the three FSI models. However,
the results of the SPH model were higher than the
two other models (Figure 9). In the SPH model, the
identical material model was not used as only the
first-order Mooney-Rivlin was available in the PAM-
CRASH solver and it resulted in dlightly different
behavior. Inthe ALE modéel, the flow could not
propagate as much asin the Eulerian and SPH
models and the deformation of aortawas more
concentrated in the ascending region. The maximum
principal stress was predicted at the inner arch of the
wall, closeto theisthmus, in therange of 250 to
275kPain the circumferential direction (Figure 8).
Theresults were compared with the uniaxia failure
tests [6] and the pressurization tests [10] (Figure 10).
The material models used in this study were
characterized based on sub-failure deformations
(maximum strain about 15%). Asaresult, the stress-
stretch ratio curves predicted from the models were
almost linear and did not show the nonlinear trend
observed in the experimentsin large stretch ratios.
However, the maximum values of stress and strain
were located within the experimental datarange.
Neither in LS-DYNA nor in PAM-CRASH thereisa
material modd that can handle both the nonlinearity
and anisotropy that is observed in the aortatissue. In
the Eulerian method, because of the void elements,
the total number of elements was higher than the
others and also required the largest CPU calculation
time (Table 2). For the SPH approach, theinitial
time step was the largest and the CPU time was the
smallest in thissimulation. However, as the number
of elements grows, calculation time may increase

dramatically.
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Figure 8. Maximum principle stress distribution
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Table 2.
Computational aspects of the models
fo'fm:t”iton Eulerian | ALE SPH
Elements 6544 1904 2016
DY; (msec) 0.97 0.97 1.75
CPU time (sec) 11238 5626 3940
Solver LS-DYNA LS-DYNA PAM-CRASH
CPU Clock Intel® Pentium®4 2.8GHz

CONCLUSIONS

Three TRA models with material properties
determined from dynamic biaxia tests were validated
againgt in vitro tests and predicted the most probable
location of rupture at the isthmus asindicated in the
experiments. The Eulerian approach was the most
complete one in terms of including the flow and
interaction with thewall, though it required relatively
large computational time. The ALE approach
resulted in less flow and more localized deformation
inthe aorta. The SPH approach exhibited rather
idealized behavior of the fluid flow but theresultsin
the aortawall were close to the Eulerian approach
with less computational time.
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