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In Vitro Measurement and Calculation of Drag Force on Iliac Limb
Stentgraft in a Compliant Arterial Wall Model

A. Sinha Roy*, K. West, R. S. Rontala', R. K. Greenberg” and R. K. Banerjee!-*

Abstract:  Interventional treatment of aortic
aneurysms using endovascular stentgrafting is a
minimally invasive technique. Following de-
vice implantation, transient drag forces act on
the stentgraft. When the drag force exceeds the
fixation force, complications like stentgraft mi-
gration, endoleaks and stentgraft failure occur.
In such a scenario the device becomes unsta-
ble, causing concern over the long-term durabil-
ity of endovascular repairs. The objective of this
study is: 1) to measure the drag force on iliac
limb stentgraft, having a distal diameter that is
half the size of the proximal end, in an in vitro
experiment; 2) to calculate the drag force us-
ing blood flow—compliant arterial wall interaction
model and compare it with the measured values
on the stentgraft for the in vitro experiment; 3) to
calculate drag force on the stentgraft using phys-
iological flow conditions. Experimental data for
a stentgraft within a silicon tubing, representing
a compliant artery, shows a peak drag force of
2.79 N whereas the calculation predicts a peak
drag force of 2.57 N; thus a percentage difference
of 7.8 % is observed. When physiological flow
and pressure pulse are used for the blood flow-
compliant arterial wall computations, a peak drag
force of 0.59 N is obtained for the same stentgraft
that was used in the experiment. The outer cavity
between the distal end of the iliac limb stentgraft
and the arterial wall reduces the drag force. These
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forces can be used as design guideline for deter-
mining the fixation force needed for the stentgraft
under physiological pulsatile flow.
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1 Introduction

An aneurysm is the dilation of a weakened vessel.
If left untreated, the aneurysm could expand and
rupture. Aortic aneurysms (AA) are common and
represent the 10" leading cause of death in white
males over 55 years of age. According to a recent
study [1], the prevalence of AA is 8.8 % in pop-
ulation above 65 years. Endovascular aneurysm
repair is a minimally invasive interventional tech-
nique where the diseased aorta is replaced by a
stentgraft. During this procedure, the endovascu-
lar graft (EVG) or the stentgraft is guided to the
affected site through the femoral artery into the il-
iac artery and then to aorta where it is expanded to
shield the aneurysm wall from the hemodynamic
forces caused by the pulsatile blood flow. En-
dovascular grafting (EVG), an alternative to open
surgery procedure, has become successful due to
a reduction in pre-operative procedures, mortality
and morbidity [2-4]. However, late complications
such as stentgraft migration, endoleaks and de-
vice integrity failure still occur [5,6]. Migration
in particular, raises concern over the long term
stability of such a device in the context of chal-
lenging hemodynamic conditions [7]. The causes
of migration relate to the drag force imparted to
the stentgraft by the pulsatile blood flow or exten-
sion of the aneurysm into the region of the aorta
used to fix the stentgraft. The later is minimized
by proper preoperative imaging and selection of
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location while the former requires a durable de-
vice design capable of resisting the applied drag
force. Thus, when the drag force exceeds the fix-
ation force, the device becomes unstable.

Recently, studies have analyzed the effect of
hemodynamics on a stentgraft. The studies have
shown that increase in proximal stentgraft to iliac
limb diameter ratio increases the drag force [8-
11]. A mathematical model to predict the in vivo
pulsatile drag force acting on a bifurcated stent-
graft without considering the outer stagnant blood
cavity has been analyzed and has shown that an
increase in proximal diameter of the stentgraft and
compliance of the aorta increases the drag force
[12]. Both analytical and numerical evaluation of
the drag force on a bifurcated stentgraft has been
performed and the study shows that the proximal
diameter of the stentgraft plays an important role
on the net force acting on the stentgraft [13]. In
another study, a quantitative local evaluation of
the stresses due to local structural and fluid dy-
namic conditions has been provided using blood
flow-arterial wall interaction of a three dimen-
sional aneurysm model obtained from computed
tomography (CT) scan images [14].

A previous study has reported experimental work
using an in vitro model to visualize the flow pat-
terns in different commercially available stent-
grafts to understand the hemodynamics [15].
Flow visualization results have indicated that
there are no significant changes in the flow pat-
terns between an exo-stent (where the stent is af-
fixed to the outside of the graft) and endo-stent
(where the stent is mounted within the graft) con-
figuration. An in vitro experiment on vascular
graft has been performed and has concluded that
very low displacement force is required when the
pressure in the aneurysm sac is equal to the sys-
temic pressure [16]. Longitudinal force required
to cause migration of a stentgraft in a human ca-
daveric aorta has also been studied [17]. Stents
with hooks and barbs tend to increase the fixation
of the stentgrafts tenfold, while the radial force
has minimal impact [18]. Lawerence and col-
leagues [19] have analyzed different attachment
patterns for the stentgraft at the proximal end in
an in vitro model and concluded that contoured
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(zigzag) attachments of graft material to the stents
reduces the fixation force. Resch and colleagues
[20, 21] have performed experiments with cadav-
eric aorta to obtain the fixation force for different
commercially available stentgrafts and reported
that dilation in the proximal neck region is the
main cause for the migration of the stentgraft.

From figure 1A, it can be seen that the proxi-
mal end of the stentgraft before the bifurcation
has limited scope of any design improvements be-
cause the diameter is sized to optimize fixation
and sealing to prevent failure due to endoleaks as
evidenced clinically. However, there is a possibil-
ity of reduction in the overall drag on the entire
bifurcated stentgraft by reducing the diameter of
the free (unanchored) distal end of the iliac limb
segment. Thus, there are two possible cases for
the iliac limb stentgraft segment: (1) the distal
end of the iliac limb of stentgraft has a diame-
ter smaller than its proximal end, such that only
the proximal end is anchored and there is a cavity
between the stentgraft and arterial wall (see fig-
ure 1A, left limb); (2) the proximal and distal end
of the iliac limb stentgraft have the same diameter
and both ends are anchored such that the stentgraft
is flushed to the arterial wall (see figure 1A, right
limb). Thus, case 1 is similar to case 2 except for
the reduced distal diameter of the iliac limb stent-
graft.

In figure 1A, the right limb shows the case 2 of the
iliac limb segment of the stentgraft whereas the
left bifurcation shows the proposed case 1. One
of the main causes of stentgraft failure is underes-
timation of the hemodynamic forces placed on the
stentgraft’s fixation sites. These types of failures
will re-pressurize the aneurysm sac and increas-
ing the probability of rupture. In figure 1A, the
top X-ray image illustrates an iliac limb segment
properly mated with an AAA device and its dis-
tal end anchored to the distal artery, having the
same diameter as its proximal end; the arrow in-
dicates the overlapping segment. Due to elevated
displacement forces caused by the large angle and
pulsatility of the blood flow within the extension
device, the iliac limb segment separates from its
host; see bottom X-ray image in figure 1A. This
type of failure will require additional surgical in-
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Figure 1: A. Schematic diagram of the stentgraft. The left bifurcation shows the proposed iliac limb stent-
graft, having a distal diameter that is half the size of the proximal end, and an earlier design where the inlet
and outlet diameters of the iliac stentgraft are the same (right bifurcation); B. Schematic representation of
the in vitro set up for the evaluation of drag force; C. Location of the pressure and flow probes.
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tervention and will be repaired by inserting an ad-
ditional stentgraft device to gap the separation.
Thus, the case 2 is prone to failure in patients and
is clinically less relevant. Hence, this case has not
been evaluated further.

In this study, an iliac limb section of the Zenith®)
Renu™ AAA ancillary graft (Cook Incorporated,
IN) has been investigated by in vitro and compu-
tational methods. The objective of this study is to
measure the peak drag force on an iliac limb sec-
tion of the stentgraft in an in vitro experiment and
validate the results using a blood flow—compliant
arterial wall analysis of the stentgraft model used
in the in vitro experiment. Thus, for case 1, the
blood pressure in the cavity between the distal il-
iac artery and the distal end of the stentgraft will
apply a stabilizing force on the stentgraft (see left
limb in figure 1A). This stabilizing force will not
exist in case 2. Thus, leaving the outlet of the iliac
limb stengraft free could significantly reduce the
failure rates. In comparison with past studies, the
drag force has been measured by using an in vitro
model representing a compliant artery and subse-
quently validated using computational means. An
improvement to reduce the net drag force on il-
iac limb stentgraft has been suggested based on
inferences obtained from experiment and compu-
tational model.

2 Methods
2.1 Experimental set up

The in vitro experiment has been conducted by
the Endovascular Branch Vessel Laboratory at the
Cleveland Clinic. Fig. 1B shows the schematic
representation of the single pulse wave elastic
tube in vitro model. The in vitro set up con-
sists of a stentgraft radially secured within an
elastic tube immersed in a water bath. A tran-
sonic flow probe positioned 60 cm proximally to
the stentgraft measures the fluid velocity. Two
internal pressure guide wires of diameter 0.014
inch (Radi Medical systems, MA) are used to ob-
tain the pressure 2 cm proximal and 1 cm distal
to the stentgraft. The stentgraft is an iliac limb
of a Zenith AAA (Cook, Bloomington, IN) en-
dovascular graft with an exo-stent configuration,
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where the stainless steel stents are fixed outside
to the graft. Fig. 1C shows the geometry of the
stentgraft with the location of the flow probe and
pressure wires. The elastic tube is immersed in
the water bath to eliminate the effect of contact
stresses between the elastic tube and bath surface.

The in vitro model has been developed to sim-
ulate the forces that would be encountered by
the proposed model of iliac limb stentgraft in ac-
tual physiological conditions. Since the stentgraft
used for this study is an iliac limb of an AAA
graft, only a straight artery model is considered
rather than a bulging aneurysm model [8-11]. The
elastic tubing is an elastomer (Sylgard 184, Dow
corning, Midland, MI), with the stentgraft radi-
ally fixed on its inner wall. By activating an elec-
tromagnetic valve for approximately 80 ms and
maintaining a pressure differential of 150 mm Hg
between two reservoirs generates a single pulse
wave. The test fluid used in the in vitro exper-
iment is water having properties:u = 0.01 Poise
and p= 1 gm/cm>. Ten thousand data points for
each of the observed variables, the pressure (prox-
imal and distal), inlet velocity and stentgraft dis-
placement forces were collected for a cycle time
of 1.25 sec subsequent to the valve activation. The
velocity data is acquired proximal to the stentgraft
at point A (Fig. 1B). Pressure waveforms are mea-
sured at points 1 and 2 of the stentgraft (Fig. 1B).
The force acting on the proximal end of the stent-
graft is measured by a calibrated beam load cell
(Transducer Techniques, CA). The data of inter-
est is the peak drag force acting on the stentgraft
model. The peak inlet pressure and flow gener-
ated in the in vitro experiment are 140 mm Hg and
75 cm/s, respectively. The data from sensors are
recorded by a data acquisition system (LabView
7.1) integrated to a computer.

3 Blood flow - Compliant artery wall Inter-
action Model using Fluid Structure Inter-
action (FSI) Technique

3.1 Geometry

Fig. 2A shows the axi-symmetric model of the
stentgraft along with the pulsatile fluid flow do-
main and cavity region in between the elastic tube
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Figure 2: A. 2D axi-symmetric model; B. Stentgraft used for the in vitro experiment.

Table 1: Material properties for the elastic tube and stentgraft in the in vitro experimental study.

Parameters Elastic Tube Stentgraft
Wall thickness 0.07 cm 0.03 cm
Diameter (inner) 1.96 cm Inlet -1.9 cm Outlet -1 cm
Young’s modulus (E) 1.8MPa 10 GPa
Poisson ratio 0.49 0.27
Density 1.12 glem?B) 6 g/cm’l®)

and inner stentgraft. The inner diameter of the
stentgraft is d;=1.9 cm at the inlet and d}=1 cm at
the outlet. The inner diameter of the outer elastic
tube is df =1.96 cm with = 0.07 cm thickness.
The stentgraft is assumed to be isotropic with a
uniform thickness of #*=0.03 cm and attached to
the inner wall of the elastic tube at the proximal
end while the distal end is left free. Previous mod-
els of AAA stentgraft have distal portion of iliac
limb attached to the iliac artery di = d;[2-5]. The
material properties of the stentgraft and the elas-
tic tube used in the in vitro model are shown in the
Table 1.

3.2 Governing Equations and Boundary con-
ditions

3.2.1 Fluid Model

The fluid domain has been modeled as laminar,
incompressible, homogenous and Newtonian. For
large arteries such as the iliac artery, a Newtonian
assumption for fluid is acceptable [22]. The ar-
bitrary Lagrangian-Eulerian (ALE) formulation is
used to solve the momentum and continuity equa-
tion of fluid flow. The in vitro data consists of flow
rate, proximal and distal pressure. The pressure
and flow data acquisitions were not performed si-
multaneously. Thus, the flow and pressure data
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were not acquired with the same reference initial
time, i.e., t = 0 was not the same for the acquired
data. Moreover, the pressure was measured closer
to inlet and outlet of the stentgraft whereas the
flow rate was measured 60 cm proximal to the
stentgraft. Hence, the inlet and outlet pressure
wave have been imposed as boundary conditions
as it results in reduced computational domain and
time. In order to account for the phase difference
and to obtain same reference time for the pressure
and flow profile in the in vitro measurement, the
following procedure is used:

1. First a flow computation for the model
(Fig. 2A) without blood flow-compliant ar-
terial wall interaction is performed with in-
let boundary condition of flow rate and outlet
pressure (p,), which were obtained from the
in vitro experiment.

2. The pressure at the inlet is obtained from
the above computation. A phase shift of
0.027 sec between the calculated proximal
pressure from the above step and experimen-
tally obtained proximal pressure (p;) is ob-
tained. When this phase shifting was ac-
counted for in the computational drag force
data obtained from the above step, the time
instant at which computational peak drag
force was attained matched with the time in-
stant at which the experimental peak drag
force was attained.

3. Therefore for the blood flow-compliant
artery wall interaction computation, the p; is
phase shifted by 0.027 sec and specified as
normal traction at the inlet while p,, (without
phase shifting) is specified as normal traction
at the outlet.

The governing equations for the fluid domain are:
du

(5, +((u—un).Vu) = =Vp+V.(uVu) (1)

Vu=0 2)

where u is the velocity vector.

The boundary conditions used for the computa-

tions are:

Pressure at the inlet = p;(7) 3)
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Pressure at the outlet = p,(t) )
u, at the axis =0 5
u, at the inlet =0 (6)

where u,, is the mesh velocity, u, is the radial ve-
locity and u — u,, is the relative velocity of the
fluid with respect to the moving coordinate veloc-
ity.

The drag force acting on the stentgraft along the z
direction can be evaluated at each time ¢ using eq.
7

L d
Pidi — Polo +Fp = (miui - m()uo) + E /PudV
v

(N

where a = cross-sectional area, Fp = drag force, m
= mass flow rate and v = complete volume of the
fluid domain. The equation 7 shows the compo-
nents of the drag force: the pressure force, shear
stress along the stentgraft surface and inertia of
the flowing blood. In the computations, the drag
force has been obtained directly from the code,
which does a balance of pressure force, shear and
inertial force at each time along the stentgraft sur-
face. Thus the drag computed numerically by the
code would be the same as drag force computed if
equation 7 had been used.

3.2.2  Solid model (Stentgraft and Elastic tube)

The stentgraft and the outer elastic tube is the
solid domain which is assumed to be homoge-
neous, linear and isotropic. Table 1 lists the ma-
terial properties of the stentgraft and the elastic
tube. The governing equation and boundary con-
dition for the elastic tube and stentgraft domain
are as follows:

Oopp =0 8)
ds=df ©)
03515 =0 (10)
Opp g = OypNip (11)

where d°, d*, 63 and Ggﬁ are the displacements
and stress tensors for the solid and fluid, respec-
tively, and # is a unit vector normal to the bound-
ary. Displacements and stresses at the fluid solid
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interface are given by eq. (9) and eq. (11). The
axial displacements d5 and d! are set to zero at
both inlet and outlet for the model. The radial
displacement of the axis is set to zero (Fig. 2).

In addition to validation of in vitro drag force,
computations have been done to calculate the
peak drag when in vivo velocity and pressure
waveform [23] are imposed as boundary condi-
tion to the present model. The fluid properties
used: u = 0.04 Poise and p= 1.05 gm/cm?® are
similar to blood. The fluid is considered to be
Newtonian which is acceptable for large arteries
such as aorta [22]. In vivo drag force in actual
physiological condition for this particular type of
stentgraft geometry has been analyzed and dis-
cussed further in the results section.

4 Numerical method

The finite element method [24, 25, 26] is utilized
for simultaneously solving the solid and the fluid
equations. The mesh in the fluid zone consists
of triangular axi-symmetric elements while solid
zone consisted of bilinear quadrilateral elements.
The sparse matrix solver based on Gaussian elim-
ination was used for solving the governing equa-
tion. The number of nodes for the fluid and solid
zones were 7500 and 1500, respectively. Mesh
dependency has been confirmed till the variation
in solution was less than 0.5%. Convergence cri-
teria used for the fluid and solid degrees of free-
dom were 107% and 107, respectively. The sec-
ond order trapezoidal rule of time integration is
used for both solid and fluid equations. Compu-
tations are carried out for three cycles. After the
first cycle, no further change in the solution was
observed. Hence, the data presented in this study
are those of the second cycle of the computation.

5 Results

Pressure and flow rate data obtained from the in
vitro model are shown in Fig. 3A. The proxi-
mal pressure data is phase shifted by 0.027 sec
as discussed in the methodology section which is
shown in the Fig. 3B. The peak pressure and mean
flow rate obtained in the in vitro model are 150
mmHg and 0.97 1/min, respectively, which are
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comparable to the physiological condition [18].

5.1 Validation of the computational and in
vitro drag force

Fig. 4 shows the comparison between the numer-
ical drag force obtained from the compliant artery
model and the experimental drag force measured
by the load cell. The drag force is calculated
along the stentgraft wall except where the stent-
graft surface is attached to the outer elastic tube.
The peak drag force obtained for the compliant
artery model is 2.57 N and for the in vitro model
it is 2.79 N; thus, a percentage difference of 7.8
% is observed. After 0.4 sec, fluctuations seen in
the drag force data are mainly caused by wave re-
flection of pressure and flow from the downstream
and upstream end reservoir or tank of the flow
loop. These results provide the minimum fixation
force necessary for the stentgraft to be in position
after the intervention procedure.

5.2 Radial dilation of the outer elastic tube

Fig. 5A shows the specific location along the in-
ner wall of the elastic tube where the deflections
are reported. 1, 2, 3 and 4 are the locations along
the inner wall of the elastic tube and points 5, 6
are the locations where the stentgraft is in con-
tact with the silicon tube. Fig. 5B-C show the
radial dilation of the elastic tube at specific loca-
tion for one cycle. The initial radius at the inlet
and outlet of the elastic tube is 0.98 cm. Since the
outer elastic tube is compliant with E = 18 x 10°
dynes/cm?, the maximum and minimum radius of
the elastic tube varied between 0.95 cm to 1.10
cm, respectively. The mean inlet and outlet radius
of the elastic tube is 1.033 cm and 1.030 cm, re-
spectively. The radial dilation at location 5 and 6
are minimal because the stentgraft is stiffer than
the elastic tube which restricts the dilation. The
stentgraft surface between locations 5 and 6 is the
one which is attached to the iliac artery under in
vivo condition.

5.3 Circumferential stress along the radial di-
rection in the elastic tube

Figure 6A shows the circumferential stress at spe-
cific locations along the elastic tube and Fig. 6B
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compares the circumferential stress with time at
locations 1, 2, 3, 4 at the middle of the elastic tube
wall thickness. The peak circumferential stress of
about 4 MPa is obtained at location 1 in the elas-
tic tube, while the distal location 3 and 4 shows
a peak stress of about 2.5 MPa. The mean stress
at the inlet and outlet is about 1.18 MPa and 1.06
MPa, respectively.

5.4 Variation of the drag force along the stent-
graft wall surface using in vivo pulse

Fig. 7A-C show the in vivo velocity and the
pressure waveform used for simulating the actual
physiological condition, respectively [22]. Fig.
7A and B show the in vivo velocity and pressure
waveform of a typical abdominal aorta. The peak
drag force is 0.59 N. Further, this configuration of
the stentgraft is more effective for the in vivo set
up than the in vitro model under dynamic physio-
logical conditions.

6 Discussion

There are two types of stentgraft configurations
available for treating abdominal aortic aneurysms:
1) a bifurcated device, and ii) a aortouniiliac de-
vice. Both of these devices utilize main body ex-
tensions for the purpose of sealing the distal por-
tion of the device within the iliac artery. Recently,
Zenith® Renu™ AAA ancillary graft (Cook In-
corporated, IN) has been approved by the Food
and Drug Administration for salvage of previ-
ously placed endovascular prosthesis that have
suffered migration or other events to the proxi-
mal fixation or sealing segments. If AAA’s can
effectively be treated by endovascular means, then
repairing aneurysms involving internal iliac arter-
ies, renal arteries, and the visceral vessels should
be achievable by similar means. The architecture
of the iliac limb stentgraft studied by the authors
is comparable with a main body extension stent-
graft. The need for secondary endovascular re-
pair due to stentgraft migration can be reduced
by using the proposed iliac limb stentgraft de-
sign in patients with abdominal aortic or aorto-
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iliac aneurysms.

In previous studies [8-14, 30], the drag force was
evaluated for the bifurcated AAA stentgraft that
was fixed in the proximal end and distal limb di-

ameter was the same as the iliac artery diameter.
However, in this study only the iliac limb portion
of the stentgraft was considered. The focus of the
present study was to assess the variation of the
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Figure 7: In vivo pulsatile velocity (A), pressure
profile (B) and variation of pulsatile drag force
(C) along stentgraft surface for the in vivo pulse.

drag force on the iliac limb stentgraft, by reducing
the diameter of the distal end of the stentgraft and
keeping it free. It was evident that when the distal
end of the stentgraft, for the selected configura-
tion (Fig. 1A; left limb of the bifurcation), was of
same diameter as iliac artery, the outer surface of
the stentgraft experienced a constant arterial sac
pressure and higher net drag force. Hence, the
drag force profile in the previous studies had simi-
lar trend as the pressure profile used in their model
[8-11, 30]. In this study, the drag profile was dif-
ferent from the pressure profile (fig. 7C). This
was due to the effect of pulsatile pressure acting
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on both the outer and inner surfaces of the stent-
graft instead of constant sac pressure when the
distal end of the stentgraft has a diameter equal
to the diameter of the iliac artery. There is reduc-
tion in peak drag because of the increased annulus
area between the distal sections of the artery and
the stentgraft, which enhances the opposing drag
force acting on the outer surface of the stentgraft
and thus reducing the peak drag force on the com-
plete system.

The possibility of utilizing particular physiolog-
ical conditions to increase the stability of stent-
grafts is important. At the present time, several
design concepts that could possibly benefit from
the presented geometry are being investigated.
For example, the stent-graft geometry illustrated
in figure 1 is an abdominal aortic aneurysm that
can also be repaired by using an aortomonoil-
iac device and cross-femoral bypass grafting. As
the pressure within the aneurysm sac decreases
post implantation, the tapered graft’s hemody-
namic forces want to displace the stent-graft into
the aneurysm sac causing a Type III leak. Since
the number of stent-graft components are sub-
ject to increase, the number of modular joints
and the risk of Type III leaks (component sepa-
ration and/or stent-graft migration) are also sub-
ject to increase. A possible solution to this prob-
lem would be to allow a decreased level of sys-
temic pressure to exist within the sac offsetting
the pressure difference and decreasing the prob-
ability of stent-graft migration. This analogy can
be applied to the development of branch vessel de-
vices aiding in reducing hemodynamic displace-
ment forces. For example, if the sac pressure were
50% of the systemic pressure, theoretically, the
hemodynamic displacement forces would also be
reduced by 50% (this would be neglecting drag
and gravitational forces). There are several is-
sues that would need to be addressed in applying
this technology, one being the possibility of the
transmural pressure contributing to the continued
growth of the aneurysm. Therefore further stud-
ies would need to be completed to determine an
acceptable sac pressure.

The inlet and outlet diameters of the iliac limb of
bifurcated stentgraft in previous models [8-11] are
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1.7 cm and 1.1 cm respectively, which are com-
parable to the diameters of 1.9 cm and 1 cm re-
spectively, used in this study. Past studies [27-
29] have concentrated more on the stress patterns
in the abdominal aneurysm before and after stent-
graft placement and concluded that the stentgraft
reduces the wall shear stress in the aneurysm by
85%. Thus, this study demonstrates reduction in
the drag force due to the opposing forces acting
on the outer cavity region of the stentgraft. The
limitation of this study is that the flow and pres-
sure data for the in vitro model have not been set
to produce the in vivo flow and pressure wave-
forms. Improvements in the data acquisition, such
as simultaneous triggering of pressure and flow
probes; thus fixing a unique start time for data
acquisition, can enable us to avoid estimation of
phase shifting by computational means.

The elastic tube along with the stentgraft is im-
mersed in a water bath at a depth of approxi-
mately 1.5 cm. The pressure head produced by
1.5 cm depth of water is negligible in compar-
ison to level of pressure inside the elastic tube.
Anisotropic behavior of the artery was not con-
sidered. Rather a linear isotropic behavior was
used for the elastic tube. However, the stent-
graft consists of metallic stents woven onto a graft
which reduces its compliance significantly (or-
der of E ~10'° dynes/cm?). Hence the addi-
tional reduction in compliance in the computa-
tional model due to stents should not produce sig-
nificant change in flow dynamics of the stentgraft
for the blood flow-compliant artery wall analysis
and the assumption of homogeneous material for
the stentgraft is valid for this study. In future, the
in vivo calculations could be performed with hy-
perelastic incompressible arterial material proper-
ties [31] for better estimation of drag. Clinical
issues like thrombus formation and cellular inter-
action [32], decrease in the wall shear stress due to
reverse flow seen at the distal end of the stentgraft
and optimization of stentgraft distal diameter will
need further investigation.

In summary, this study investigates the peak drag
force on the iliac limb section of the stentgraft that
is downstream the bifurcated abdominal aortic
stentgraft. The selected design reduces the drag
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force considerably when used in the actual dy-
namic physiological conditions. This study inves-
tigates the drag force by both computational and
experimental means and provides insights into the
hemodynamic parameters of the stentgraft. Addi-
tional investigation like optimal iliac limb diam-
eter with respect to the distal artery diameter in
conjunction with the entire bifurcated stentgraft
design and improved in vitro experiment to sim-
ulate the exact physiological pulse are considered
for the future work.

Nomenclature

u velocity

p pressure

u average velocity

d diameter

r radius

t time

E Young’s modulus

Superscripts

S solid

F fluid

S stentgraft

e elastic tube

Subscripts

z axial

r radial
circumferential

o,3 co-ordinate directions

i inlet

0 outlet
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