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A B S T R A C T

Thoracic endovascular aortic repair (TEVAR) is a minimally invasive procedure involving the placement of
an endograft inside the dissection or an aneurysm to direct blood flow and prevent rupture. A significant
challenge in endovascular surgery is the geometrical mismatch between the endograft and the artery, which
can lead to endoleak formation, a condition where blood leaks between the endograft and the vessel wall. This
study uses computational modeling to investigate the effects of artery curvature and endograft oversizing,
the selection of an endograft with a larger diameter than the artery, on endoleak creation. Finite element
analysis is employed to simulate the deployment of endografts in arteries with varying curvature and diameter.
Numerical simulations are conducted to assess the seal zone and to quantify the potential endoleak volume
as a function of curvature and oversizing. A theoretical framework is developed to explain the mechanisms of
endoleak formation along with proof-of-concept experiments. Two main mechanisms of endoleak creation are
identified: local buckling due to diameter mismatch and global buckling due to centerline curvature mismatch.
Local buckling, characterized by excess graft material buckling and wrinkle formation, increases with higher
levels of oversizing, leading to a larger potential endoleak volume. Global buckling, where the endograft
bends or deforms to conform to the centerline curvature of the artery, is observed to require a certain degree
of oversizing to bridge the curvature mismatch. This study highlights the importance of considering both
curvature and diameter mismatch in the design and clinical use of endografts. Understanding the mechanisms
of endoleak formation can provide valuable insights for optimizing endograft design and surgical planning,
leading to improved clinical outcomes in endovascular aortic procedures.
1. Introduction

Aortic disease is a life-threatening condition that poses significant
challenges to clinicians in terms of effective diagnosis and treatment.
Thoracic aortic aneurysms are pathological dilations of the thoracic
aorta that can lead to rupture, with a mortality rate of 94%–100% [1].
Aortic dissections are caused by a separation of the layers of the aortic
wall and are classified in the Stanford system as type A if it involves
the ascending aorta proximal to the brachiocephalic artery, and type
B if it involves the descending aorta distal to the left subclavian
artery [2]. Left untreated, acute aortic dissections carry a mortality rate
approaching 50% within the first 48 h of onset [2].

A paradigm shift is underway in managing aortic pathology in
favor of endovascular repair over open surgery or medical manage-
ment [3–5]. thoracic endovascular aortic repair (TEVAR) for thoracic
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aortic dissections and aneurysms has been shown to decrease pain,
hospital length of stay, as well as operative morbidity and mortality,
compared to open thoracic aortic surgery [6,7]. Despite these early
advantages, endovascular repair is associated with increased inter-
vention rates, higher costs, and inferior long-term survival [4,8–15].
Longitudinal endovascular aortic repair (EVAR)-l trials comparing open
and endovascular repair of abdominal aortic aneurysms have shown
a crossover in mortality at eight years, favoring open surgery for
long-term survival [8].

The EVAR delivery system and covered cylindrical stent design
platform were essentially copied for TEVAR, which became clinically
dominant in the 2010s, with the total number of thoracic aortic inter-
ventions doubling over the last decade [16]. TEVAR failures appear as
early as three years, especially in type B aortic dissections (TBAD) [8,
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Nomenclature

Abbreviations

ePTFE Expanded polytetrafluoroethylene
EVAR Endovascular aortic repair
FDA The United States Food and Drug Adminis-

tration
FEA Finite element analysis
TBAD Type B aortic dissection
TEVAR Thoracic endovascular aortic repair

Symbols

𝛼 Scaling factor for the theoretical prediction
𝛽 Bird-beak angle
𝜖 Confinement, oversize
𝜖0 Critical strain
𝜑 Vessel angle
𝜅 Curvature
𝜅0 Baseline curvature
𝜆 Wrinkling wavelength
𝜈 Poisson’s ratio
𝜌 Mass density
𝑎 Wrinkling amplitude
𝐴artery lumen Area of the artery lumen slice
𝐴endoleak Area of the potential endoleak object slice
𝐶10 Hyperelastic material model parameter
𝐶20 Hyperelastic material model parameter
𝑑 Diameter of the artery
𝐷 Diameter of the endograft
𝐸 Young’s modulus
ℎ Bird-beak height
𝐼1 First invariant of the left Cauchy–Green

deformation tensor
𝐿 Endograft length
𝑁 Number of wrinkles
PEAR Potential endoleak area ratio
PEVR Potential endoleak volume ratio
𝑣 Experimental endoleak flow rate
𝑣baseline Baseline experimental endoleak flow rate
𝑉artery lumen Volume of the artery lumen
𝑉endoleak Volume of the potential endoleak object
𝑊 Strain energy density

17–25]. The most common failure modes are attributed to endograft
complications, including endoleak, endograft migration, neck dilation,
endograft kinking, and material fatigue [26–35]. Endoleaks in par-
ticular compromise long-term endograft durability due to continued
pressurization of the aneurysmal sac. Type 1 endoleak, caused by an
inadequate seal between the aorta and endograft at the proximal and
distal attachment sites, can occur in up to 9% of cases and are an
indication for reintervention due to a high risk of rupture [36].

In traditional aortic open surgery, the surgical graft is sutured to the
aorta, forming a physical structural connection [37]. In endovascular
repair, the endograft is placed inside the lumen, where the device and
the aorta function as separate entities. The interface between the aortic
wall and endograft, called the seal zone, lacks physical coupling and is
poorly understood [38,39]. There is a pressing need to comprehensively
understand the mechanisms that govern the biomechanical stability
of the seal zone as a method to inform greater science-based patient
2

selection with current endograft technologies. A profound understand-
ing of the mechanisms that drive specific interfacial failure modes will
allow for the scientifically informed design of the next generations of
endografts that can benefit patients for decades post-TEVAR surgery.

The urgency surrounding the long-term failure of endovascular
aortic repairs (especially the appearance of endoleaks [27–35,40]) is
highlighted by The United States Food and Drug Administration (FDA)
in the recent public review showcasing how little the technology has
evolved over 30 years [41].

There is a growing clinical appreciation that the uniformly cylindri-
cal endografts designed for the straight thoracic and the thoracoabdom-
inal aorta are not ideally suited for the curvature and the hemodynamic
conditions in the distal aortic arch [26]. Proper alignment and con-
formity of endovascular devices within the aortic seal zone are crucial
to prevent complications like endoleak and unfavorable aortic remod-
eling, which contribute to poor long-term outcomes [26,30,42]. Poci-
vavsek and Milner [43] were the first to propose a paradigm shift in the
mechanical conceptualization of the seal zone as an adhesive interface.
They showed that the seal zone can be effectively modeled using the
cohesive zone method in the case of a perfectly cylindrical seal [43].
Fundamental to the understanding of the seal zone as a cohesive
interface is the formation of an interface between the inside of the aorta
and the outside wall of the endograft. First and foremost, forming a
reliable interface between the endograft and the aorta depends on the
geometric compatibility of these components at the interface. Quanti-
tative studies on the impact of geometric incompatibility on interfacial
stability have been attempted for simple shape mismatch systems, such
as the adhesion of a flat disk/plate to a curved sphere (contact lens
problem) [44]. Such quantitative understanding of the effects of the
geometric incompatibility induced by deploying a cylindrical endograft
in complex aortic geometry on seal zone stability is lacking.

Despite TEVAR being widely accepted in clinical practice, a more
rigorous scientific understanding of the mechanisms underpinning fail-
ure modes, such as endoleak, is required. This knowledge would
help identify the surgical procedure best suited to a specific patient’s
anatomy and support the creation of technological and design frame-
works to inform the next generation of devices [26–35,37–41,45–
54].

The use of numerical simulations is gaining importance and building
trust in biomechanics, with researchers pushing the boundaries of
mechanistic understanding of biological principles. The integration of
simulations has become standard in the design process of endovascular
devices, significantly shortening development timelines and enhancing
outcomes. FEA has been used to simulate the deployment of devices
inside idealized and patient-specific anatomies. In the last decade,
several authors have reported computational simulations of stent-grafts,
investigating different aspects of aortic stenting. Their studies utilize
numerical simulations and computational frameworks to analyze en-
dovascular repair and stent-graft deployment in the ascending aorta,
comparing postoperative images with corresponding simulations of
custom-treated pseudoaneurysms [19,55], analyzing post-TEVAR bird-
beak configurations [56], and addressing the impact of Nitinol stent
design on contact and radial force effectiveness [57]. Several numerical
simulation studies based on the finite element method have been
published dealing with the use of stent-grafts in the aorta. It has been
shown that information from personalized computational simulations
can significantly assist the clinician in pre-surgical planning [58].
Another relevant study aims to provide a realistic and robust com-
putational framework to support TEVAR planning in clinical practice,
including post-TEVAR hemodynamic studies [59]. The recent literature
review strongly emphasizes the importance of the credibility and reli-
ability of a computational model for reproducing the clinical TEVAR
procedure [60,61].

FEA has been shown to be an efficient tool to model endograft

deployment but has yet to be applied to provide mechanistic insights
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Fig. 1. Structure and dimensions of the stent-graft, which is comprised of a polymer
graft and 12 metal stent support rings. At the proximal end, there is an uncovered
bare metal region extending by half the amplitude of the ring modeling a free flow
configuration. The total length of the graft is 140 mm and its diameter is fixed at
37 mm. The peak–trough length of a stent support ring is 12 mm.

into how the endograft oversizing and axial positioning (correlated to
aortic curvature) dictate interfacial stability.

This paper presents a distinct view of the endograft-aorta seal zone
with a volumetric analysis of the potential endoleak. Numerical simu-
lations are used to deploy highly realistic TEVAR devices of different
oversizes inside model arteries with varying curvatures. Motivating our
study is the clinical knowledge that oversizing is the only operational
control parameter in endograft selection while aortic curvature is the
anatomic variant that must be considered. The current work provides
a critical step towards the full development of the elasto-adhesive seal
zone model [43]. We show that a complete interface between the
endograft and aorta exists only in a limited region of the curvature-
oversizing parameter space. The appearance and characterization of
non-contacting regions within the seal zone is the primary focus of
this paper. Our hypothesis is that such regions serve as the first mode
of failure within the seal zone, since they are effectively failed con-
tact zones within which blood can accumulate or flow. The volume
contained within the non-contacting regions is our primary output
and presented as the potential endoleak volume ratio (PEVR). PEVR is
shown to develop by two mechanisms: a local buckling of the endograft
membrane driven by oversizing and a global buckling of the cylindrical
endograft when constrained in a curved aorta. Strategies that minimize
PEVR through better patient selection or improved endograft designs
are likely to minimize future endoleaks.

2. Methods

The study employed FEA to investigate the mechanics of a covered
TEVAR endograft inside an artery with varying curvature and stent-
graft oversizing. Fifteen configurations are constructed by combining
three different curvatures (0◦, 30◦, and 60◦) and five different oversiz-
ing ratios (0%, 5%, 10%, 20%, and 25%). Stent-graft deployment inside
the vessel is simulated in LS-DYNA [62], and the resulting deformed
geometry is then post-processed and examined using Blender [63].
A simple experimental setup is also designed to compare against the
simulation data, and a theoretical model is derived to predict the
potential endoleak in straight cylindrical confined geometries.

Finite element analysis

A model of a generic stent-graft with a length of 140 mm and
diameter of 37 mm is created in Gmsh [64]. Sinusoidal curves with
nine peaks are used to create the 12 support rings of the stent. The
dimensions of the stent-graft are shown in Fig. 1. The diameter of the
wire is 0.5 mm and the thickness of the graft fabric is 0.2 mm.

The curved artery is parametrically modeled in different configura-
tions, depending on the curvature and oversizing ratio. The dimensions
of the artery along with the parameters are shown in Fig. 2. Given
the greater complexity of creating the stent versus the artery, we
decided to use a single stent model and change the artery geometry
to study various degrees of oversizing and curvature. Clinically, this is
equivalent to using the same device in various patient anatomies.
3

Fig. 2. Dimensions of the artery. The diameter 𝑑 of the vessel is parametrized to
achieve different oversizing ratios. Different vessel curvatures are achieved by changing
the angle 𝜑 between the proximal and the distal end of the artery. On both ends of
the artery, there is a 30 mm long straight portion, and the rest of the artery is curved
with a centerline arc length of 140 mm. The wall thickness is uniform and equal to
3 mm.

Dynamic explicit analysis is performed in LS-DYNA to simulate the
stent-graft deployment inside each of the artery models. The endo-
graft is meshed in Gmsh with a combination of beam (metal support
rings) and membrane (graft fabric) finite elements with shared nodes,
allowing the stent-graft to deform as a single part without additional
constraints. Linear Hughes–Liu beam elements with cross-section inte-
gration (ELFORM = 1) and triangular fully integrated Belytchko–Tsay
membrane elements (ELFORM = 9) are used. Based on the performed
convergence study (see Appendix A for details), the selected beam
and membrane element size is 0.7 mm and 1 mm, respectively. The
artery is meshed with 8-noded hexahedral solid elements (ELFORM =
2) with three elements through the thickness and global element size
of 2.3 mm. Both ends of the artery are fully constrained.

A hyperelastic material model proposed by Vorp and Raghavan [65]
is used for the artery. The strain energy function is defined as 𝑊 =
𝐶10(𝐼1−3)+𝐶20(𝐼1−3)2, where 𝐼1 is the first invariant of the left Cauchy–
Green deformation tensor, and 𝐶10 and 𝐶20 are material constants, for
which the values are acquired in the literature [66] (𝐶10 = 0.174 MPa
and 𝐶20 = 1.881 MPa). The Poisson’s ratio, 𝜈, is set to 0.49 and the
mass density, 𝜌, to 1000 kg/m3 [67]. The Nitinol (Ni-Ti alloy) rings
of the stent-graft are modeled as linear elastic with Young’s modulus
of 83 GPa, Poisson’s ratio of 0.33 and density of 6450 kg/m3 [68]. A
neo-Hookean material model is used for the graft fabric (ePTFE) with
the initial shear modulus of 1353 MPa and density of 3360 kg/m3 [69].

The endograft is compressed to the lumen diameter, bent to align to
the artery centerline, and finally released to expand and conform to the
arterial wall. This deformation of the stent-graft is guided by a crimper
tool, modeled as a shell tube with a diameter of 37 mm and thickness
of 1 mm made of steel (linear elastic: 𝐸 = 210 GPa, 𝜈 = 0.3, 𝜌 =
7850 kg∕m3). Each node of the crimper has a prescribed displacement
curve to perform the desired motion. The described steps of the analysis
are shown in Fig. 3. Pressure of 10 kPa (75 mmHg) is applied to the
internal surface of the endograft to simulate mean aortic pressures
experienced by the luminal surface of the graft post-deployment.

The symmetric general contact formulation
(*CONTACT_AUTOMATIC_GENERAL) with a friction coefficient of 0.1
is utilized in LS-DYNA. This contact algorithm is adept at handling all
element types (beam, shell, membrane, and solid) and is applied to all
contacts. During simulation steps involving compression, bending, and
expansion of the endograft, the crimper–endograft contact is employed.
Prior to the stent-graft expansion phase, the endograft–artery contact
definition is initiated, and once the expansion phase is complete, the
crimper–endograft contact is deactivated.
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Fig. 3. Stent-graft deployment procedure in FEA: (a) initial configuration, (b) crimping,
(c) bending (forming), and (d) deployment (expansion). A prescribed displacement is
applied to each node of the crimping tool (gray wireframe) to satisfy the required
movement to deploy the endograft (white) inside the artery (red). The finite element
mesh of the artery and the crimper is also visible. The artery is shown in section view
for better visibility.

Volumetric analysis

The resulting deformed geometry (shell graft and solid artery) of
each model is exported from LS-DYNA as an STL file and imported into
Blender for further processing and analysis. Each beam element is rep-
resented by two nodes, and therefore cannot be exported in STL format,
which contains triangular surfaces made of three points. A Python script
in Blender is used to create a 3D geometry from beam elements. The
imported graft surface is thickened inside Blender to create a 3D solid
body of the graft. A volumetric analysis is performed in Blender using
Boolean operations. A new object is created to represent the lumen of
the artery. The stent-graft is then used to cut the artery lumen and
create a new object representing the potential endoleak volume. The
4

objects used for the volumetric analysis are shown in Fig. 4. The volume
of the potential endoleak and the volume of the artery lumen are then
measured and used to calculate the potential endoleak volume ratio
(PEVR) for each model: PEVR = 𝑉endoleak

𝑉artery lumen
.

The endoleak object is manually checked for volumetric integrity
to identify gaps and separate volumes. Partitioned volumes are then
colored differently for visualization.

An additional analysis is then done to see how the endoleak vol-
ume is distributed in the axial direction. A Python script is used to
create multiple slicing planes along the artery centerline (acquired with
VMTK [70]) according to stent support rings placement. A total of 24
slicing planes are created and placed at the center and the end of each
support ring, as shown in Fig. 5. Those slicing planes are then used
to cut the potential endoleak object and the artery lumen object to
get the cross-sectional area of the potential endoleak and the artery
lumen at each slicing plane. The ratio is then calculated to get the
normalized potential endoleak area ratio (PEAR) at each slicing plane:
PEAR = 𝐴endoleak

𝐴artery
. The PEAR is then plotted against the normalized axial

position on the artery centerline.

Experimental setup

A proof-of-concept experiment is also designed to compare against
simulation data. We hypothesize that these computational predictions
for the potential of endoleak can be tested by measuring and comparing
the leak rates through seal zones of varying degrees of geometric
mismatch. Cylindrical endografts are deployed inside clear Tygon tubes
(McMaster-Carr) with different diameters to obtain various oversizing
ratios. A 25 mm graft inside a 25 mm tube, a 30 mm graft inside a
25 mm tube, and a 25 mm graft inside a 20 mm tube correspond to 0,
20, and 25% oversize, respectively. The angulation of each endograft–
tube pair is increased from 0◦ to 30◦, and 60◦, as shown in Fig. 6. A
total of nine endograft–tube configurations are tested. An additional
test on a tube without an endograft is used to establish a baseline.

The tubes are connected to a pulsatile water pump (Harvard Appa-
ratus) which controls the fluid flow through the tube lumen. Tap water
is used with the flow rate of 400 mL/min. To measure leakage, a well-
controlled 4 mm hole is induced in the lesser curve of the bent wall of
the Tygon tube in the seal zone. The higher potential for endoleak is
hypothesized to be associated with a faster rate of fluid leaking through
a hole in the tube wall in the seal zone. Therefore, we measure the
volume of the fluid leaking through the puncture in a fixed timeframe
to acquire the leak rate (Fig. 7).

The experiments are limited by only having access to fixed sizes
of tubing and stents which restrict the geometries and available over-
sizing ratios. The use of manual manipulation of the tubes to impose
varying degrees of angulation might also limit the consistency of the
experimental results.

Theoretical prediction

A simple mathematical model is derived in 2D to predict the wrin-
kling of a thin tubular membrane under cylindrical confinement for 0◦

angulation. The confinement of the endograft with diameter 𝐷 inside
the aorta with diameter 𝑑, where 𝐷 ≥ 𝑑 is assumed. The endograft
has to be radially compressed to fit inside the artery, therefore forming
wrinkles on the surface to bridge the geometric incompatibility (Fig. 8).
The wrinkling occurs in the circumferential direction. The potential
place for the endoleak is the volume between the endograft and the
artery wall, which can be approximated. Membrane inextensibility
provides the classic relationship between wrinkle amplitude 𝑎, the
wrinkling wavelength 𝜆, and confinement 𝜖 [71,72]:

𝑎 ∼ 𝜆
𝜋
√

𝜖 − 𝜖0 (1)

The confinement (i.e., oversize) 𝜖 can be expressed as a function of the
diameters of the endograft and the artery: 𝜖 = (𝐷 − 𝑑)∕𝑑. The initial
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Fig. 4. Objects used for the volumetric analysis and for calculating the potential endoleak ratio in Blender. Artery and the stent-graft were imported from the FEA as deformed
geometry. The remaining objects were created in Blender with Boolean operations. PEVR is the ratio of the potential endoleak volume (blue) and the artery lumen volume (pink).
Fig. 5. Slicing planes defined to extract the artery lumen area and the potential
endoleak area at different positions along the vessel centerline. The artery is shown in
its lengthwise cross-sectional view. The planes are aligned to the stent support rings
(peaks and middle portions). Each plane creates a slice of endoleak and the artery
lumen, which are then used to calculate the area ratio at each location along the
endograft. PEAR is the ratio of the blue area to the gray area at each slice.

Fig. 6. The angulations of the tube for the experiment: (a) 0◦, (b) 30◦, and (c) 60◦.

confinement 𝜖0 is the oversize of the endograft before the wrinkling
occurs.

The potential endoleak volume depends on the amplitude 𝑎, the
wrinkling wavelength 𝜆, the length of the endograft 𝐿, and the number
of wrinkles 𝑁 (𝑁 = 𝜋𝑑∕𝜆). The number of wrinkles also corresponds to
the number of stent struts on the section of the endograft. Substituting
𝑁 and 𝑎 into the equation, the potential endoleak volume transforms
to:

𝑉endoleak = 𝑎 (𝜆𝑁)𝐿 = 𝜆
√

𝜖 − 𝜖0𝑑𝐿 (2)

The PEVR is defined as a ratio between the endoleak volume
(Eq. (2)), and the volume of the artery lumen (𝑉 = 𝜋𝑑2𝐿∕4).
5

artery lumen
Fig. 7. The leak rate measurement setup for the experiment. A hole is created in the
lesser curve of the tube in the seal zone area, and the volume of the fluid that leaked
out is measured in a fixed timeframe to calculate the leak rate. A baseline is established
by measuring the leak rate of the punctured tube without the endograft.

Fig. 8. The theoretical system is composed of an artery with a fixed diameter 𝑑 and the
endograft with a diameter 𝐷, that is compressed to fit inside the artery, geometrically
confining the endograft and forming wrinkles on the surface. The wrinkling wavelength
𝜆 corresponds to the spacing between the stent struts.

We added a scaling factor 𝛼 and the initial confinement 𝜖0 (shifting
the curve on the 𝑥-axis) to help fit the theoretical prediction to the
experimental data. Substituting and simplifying, we get the equation
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Fig. 9. The potential endoleak volume ratio (PEVR) for different stent-graft oversizing and artery curvatures. The potential endoleak generally increases with oversizing. That
could be attributed to the wrinkling of the graft material when compressed and the amplitude of the wrinkles increasing with more compression (larger oversizing). The larger
amplitude of the wrinkles can be linked to a larger potential endoleak volume. The increase of the PEVR with larger oversizing is almost linear with the 0◦ while the 30◦ and
60◦ curvatures show an increase in the potential endoleak at 0% oversizing (also 5% oversizing at 60◦). Higher vessel curvatures require larger endograft oversizing to overcome
the geometric incompatibility between the straight endograft and the curved artery. The theoretical curve fit (Eq. (3), 𝑁 = 9) corresponding to the 0◦ configuration is also shown
with a dashed line. The fitting parameters 𝛼 = 0.33 and 𝜖0 = 8.35% were determined by fitting the theoretical curve to the 0◦ data points and calculating the minimum sum of
squared residuals.
to theoretically predict the PEVR.

PEVR ≈ 𝛼 4𝜆
𝜋𝑑

√

(𝜖 − 𝜖0) = 𝛼 4
𝑁

√

(𝜖 − 𝜖0) (3)

3. Results and discussion

The results from the volumetric analysis show how artery curvature
and endograft oversizing influence the potential for endoleak. The
PEVR for different curvature-oversize configurations is presented in
Fig. 9. Each curve on the graph represents one of the artery angulations,
that is 0◦, 30◦, or 60◦.

Our results show that endoleak volumes relate to oversizing and
curvature in a highly non-linear bimodal mechanism (Fig. 9). The
first source of non-linearity is from graft buckling or wrinkling. In
the zero-curvature case (yellow curve in Fig. 9), a classic buckling
instability is observed, where stent oversizing is directly proportional
to circumferential compressive strain, 𝜖 = (𝐷 − 𝑑)∕𝑑. Of note, 𝜖 can
be re-written in terms of curvatures, 𝜖 = (𝜅0 − 𝜅)∕𝜅; from this vantage,
oversizing can also be viewed as a curvature-mismatch problem, where
the relevant curvatures are set by the inverse radii of the aorta and
stent-graft. Buckling instabilities are known to have a critical strain,
𝜖0, beyond which a sinusoidal deformation of the initially flat surface
grows. This is observed in our simulations, where PEVR remains zero
until 𝜖 = 5%. Beyond this critical strain, PEVR grows with a square root
dependence on strain. The excellent agreement between the wrinkle-
based theoretical calculation and the simulation results (dashed black
line and yellow line in Fig. 9) allows us to conclude that the endograft
fabric buckles with a wavelength 𝜆 set by stent ring spacing (𝜋𝑑∕𝑁)
and an amplitude that behaves like traditional wrinkles.

The wrinkling pattern is clearly evident when looking at the axial
cross-sections as shown in Fig. 10. Interestingly, the square-root de-
pendence holds even though the wrinkling amplitude is not monotonic
along the axial length of the stent-graft. The theoretical analysis is two-
dimensional and the theoretical endoleak volume in Eq. (2) is obtained
by simply multiplying with 𝐿. However, as Fig. 11 shows, the cross-
sectional area, PEAR, fluctuates along the longitudinal (𝐿) axis. These
fluctuations can be understood from the standpoint that the membrane
is tethered to the metal stent ring, and as such, when the mem-
brane approaches the metal its amplitude is dampened. Despite this
6

Fig. 10. Endograft behavior with increasing geometric incompatibility. The inner
surface of the endograft is colored differently for better visibility. The wrinkling on the
oversized configurations is caused by the diameter mismatch and occurs in the radial
direction. The wrinkling amplitude on the distal end is almost twice as high as on the
proximal end of the graft. This is due to the stent-graft structure, where the fabric fully
covers the stent struts on the distal end, and only half of the support ring is covered on
the proximal end, ensuring a shorter wrinkling wavelength and, consequently, lower
amplitude. With increasing vessel curvature, the geometric incompatibility manifests
in bird-beak formation and separation of the arterial wall and the endograft at the
middle of the interface. The effect is more noticeable with 0% oversizing, where there
are some minor wrinkles on the lesser curve, but the rest of the graft is stretched out,
especially on the greater curve side. More excess material in the form of wrinkles helps
reduce the geometric incompatibility, allowing the greater curve side to stretch in the
longitudinal direction, also reducing the bird-beak angle (𝛽).

modulation, the two-dimensional wrinkle model captures the overall
endoleak volume well in the zero-curvature case. Lastly, the observed
membrane buckling is stable despite the addition of 10 kPa of luminal
graft pressure. This last observation is key, since clinically, vascular
surgeons often operate under the assumption that small amplitude
graft ‘infolding’ or wrinkling, is collapsed by blood pressure; indeed,
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Fig. 11. Potential endoleak area ratio (PEAR) along the stent-graft for different oversizing ratios and curvatures (0◦, 30◦, and 60◦). The figure shows the distribution of the
potential endoleak along the stent-graft. At 0◦, the potential endoleak is evenly distributed along the whole endograft. The volume created between the artery and the stent-graft is
the result of the wrinkling of the stent-graft, the amplitude of which increases with oversizing. The sine wave-like pattern, that is more pronounced at higher oversizing ratios, can
be attributed to the locations of the slicing planes. The wrinkling amplitude and wavelength changes according to the position on the stent-graft. When the slice is positioned along
the middle of the stent support ring, the wavelength is about half of the wavelength to when the slice is in line with the peaks of the stent support ring. The larger wavelength
is linked to larger amplitude of the wrinkle and therefore larger potential endoleak.
our simulations disprove this empirical hypothesis. In conclusion, the
first source of non-linearity in endoleak volumes arise from the local
buckling–wrinkling instability of the compressed graft membrane and
can be best observed in the zero axial curvature simulations.

The second source of non-linearity in endoleak volume scaling
enters with the mismatch in the reference centerline curvature of
the artery and graft. The zero-stress configuration of the endograft is
the straight cylindrical tube. The aorta however has axial curvature.
Geometrically such surfaces are mismatched in their metric since the
Gaussian curvature of the graft reference configuration is zero while
that of the aorta is non-zero and spatially varying. In this paper, we
reduce the metric mismatch to a mismatch in centerline angulation
which is 0◦ for the graft reference configuration and 0◦, 30◦, or 60◦

for the model aortas. The isolated impact of axial curvature mismatch
is seen in the 0% oversizing data for the three aortic angles in Figs. 9
and 11.

Qualitatively, the data can be understood by considering the flex-
ural rigidity of the stent along the centerline. The confined stent is
initially forced to bend onto the geometry of the arterial center line
7

(this mimics the centerline wire in a TEVAR procedure). However,
once deployed, the final configuration is one that minimizes the elastic
energy of the stent, which includes its flexural bending energy along
the center line. The graft will naturally tend towards a straight cylinder
unless boundary forces arising from contact with the arterial wall
change the balance of forces. In the case of 0% oversizing, there is very
little to no contact with the aortic wall, as such the initially curved
graft always returns to its straight cylindrical reference configuration
(see Fig. 10). This generates a large amount of volume between the
two surfaces which is represented in the rapidly rising PEVR with
increased angles. Fig. 11 shows that the distribution of this volume is
also non-linear along the length of the graft.

The largest contribution to the endoleak volume coming from the
proximal and distal ends of the stent (near 0 and 1 on the abscissa in
Fig. 11). This is clinically significant since such configurations when
observed during TEVAR are termed bird-beaking, a known risk factor
for endoleak formation [73–75]. Unlike for the circumferential wrin-
kles, there is no simple mechanical model that accounts for the marked

increase in endoleak volume with increasing curvature.
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Fig. 12. Number of disconnected potential endoleak zones for each of the 15 configurations depending on vessel curvature and stent-graft oversizing. Different colors represent
separate potential endoleak pockets. The number of disconnected zones is shown next to each model. The models are divided into three groups based on the number of separate
zones (>0, ≥5, and ≥10). The models in the first group (>0) only have two separate endoleak volumes, which means that there is no contiguous seal zone created by the stent-graft
that would span the entire circumference of the stent support ring. The higher the number of disconnected potential endoleak zones, the higher the number of established seals
at endograft support rings and the lower the risk of endoleak. As the vessel curvature increases, the stent-graft oversizing should also be increased to ensure better geometric
conformity and a broader seal zone.
A simple geometric analysis does give some insight into the ob-
served linear decrease in bird-beak volume with oversizing. We observe
that the free ends of the stent are rotated such that they are not
normal to the artery centerline (see Fig. 10, 60◦, 0% oversizing). By
construction, the bird-beak angle 𝛽 is equal to the proximal rotation of
the endograft relative to the normal to the aortic centerline. Bird-beak
height is given by ℎ = 𝑑

(

1
cos 𝛽 − 1

)

. So for bird-beak angle 𝛽 = 30◦, bird-
beak height becomes ℎ = 0.15𝑑, which is in agreement with Fig. 10.
Oversizing does not change this free end stent rotation (compare 0%
and 25% oversizing in Fig. 10). Oversizing closes the bird-beak volume
by extending the stent in its rotated plane. This analysis predicts that
for a stent diameter of 𝐷 = 𝑑

cos 𝛽 = 2
√

3
3 𝑑 = 1.15𝑑 per 25% oversizing

and 60◦ vessel curvature (𝛽 = 30◦), the bird-beak volume is obliterated.
Indeed this is observed in Fig. 12 for 60◦ at axial position 0 (proximal
end) and 1 (distal end).

The point where a given PEVR curve approaches the wrinkle scaling
law defines the critical oversizing beyond which axial curvature no
longer plays a significant role in setting endoleak volume (10% for
30◦, and 15% for 60◦). From the standpoint of TEVAR, these are
significant observations. First, the known high-risk bird-beak volumes
can be reduced with a standard endograft but only at the expense of
oversizing. Second, the reduction in this volume is highly non-linear.
Third, the degree of curvature mismatch dictates how much oversizing
is necessary to push the endograft into a conformed configuration.
Fourth, even in the conformed configuration there is still substantial
endoleak volume, however the source is now from local graft wrin-
kling. We conclude that for moderate angulation (30◦) 5% oversizing
would be ideal, while for greater angulation (60◦) 10%–15% oversizing
minimizes the endoleak volume.
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Lastly, we examined the topology of the endoleak volume regions
as a function of their distance along the endograft (Fig. 12). The lack
of graft membrane apposition to the aortic wall is the dominant source
of endoleak volume, however the metal stent portion of the graft may
also lose contact depending on the arterial geometry. Such lack of stent
ring apposition has been studied previously [76,77]. We show that stent
ring apposition is always a function of metric mismatch, i.e., it occurs
only with axial curvature of the aorta. There is a strong correlation
between loss of stent ring apposition and endoleak volume that arises
from centerline curvature mismatch. We observe that the oversizing
cross-over point where the graft again regains greater than 10 separate
zones (Fig. 12) is similar to the critical oversizing at which the PEVR
data approaches the theoretical wrinkle scaling.

The experimental results shown in Fig. 13 are in good agreement
with the trend obtained from numerical simulations (Fig. 9). At 0%
oversize and 0◦ angulation, the perfectly matched shape of the cylindri-
cal endograft and the tube has the lowest potential for endoleak. At this
oversize, the potential endoleak rate grows with increasing vessel cur-
vature due to a more significant endograft–tube geometric mismatch.
As the oversize increases, the effect of the geometric incompatibility
between the stent-graft and the curved tube becomes less dominant.
That can be observed from the smaller spread of the data points at the
20%–25% oversize range compared to the 0%–20% oversize range.

For the three experimentally tested oversize values (0%, 20%, and
25%), leaking is increased with oversizing. The experimental results
are consistent with the simulation data, where the potential endoleak
volume is measured. Interestingly, at smaller oversize, we see a non-
monotonic trend in the potential endoleak in simulations, suggesting a
threshold for oversize where the two mechanisms of wrinkling form a
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Fig. 13. Experimental data for the normalized leak rate 𝑣∕𝑣baseline obtained from the
flow rate measurements for three different endograft oversizing values (0%, 20%, and
25%) and three different tube bending angles (0◦, 30◦, and 60◦). The results show a
imilar trend to the numerical simulations, where the potential endoleak volume ratio
s measured. The leak rate grows with increasing oversize, and the 60◦ configuration

shows an increased potential endoleak volume even at lower oversize ratios, which is
consistent with the non-monotonic trend predicted in the numerical simulations.

minimum endoleak value. A signature of this non-monotonicity is also
seen in experimental data for the 60◦ bent shape, where no significant
leak rate difference is seen between 0% and 20% oversize, as opposed
to 0◦ and 30◦ angulations.

4. Conclusions

Type 1 endoleak is the Achilles heel of endovascular aortic surgery
[15,17]. There is growing clinical consensus that lack of stable proximal
seal is the reason only one-third of endovascular aneurysm repairs
show meaningful signs of aneurysm shrinkage and healing [18,25,30,
37,42,48–54,78]. As noted in the introduction, our prior work has
conceptualized the mechanical stability of the seal zone within the
framework of an adhesive interface.

In this paper, we quantitate the volume and area, PEVR and PEAR,
respectively, between the above two surfaces that form the seal zone
interface. We hypothesize that this volume and area are surrogate
measures of the potential endoleak, since blood can only flow through
some existing gap within the seal zone. Using PEVR and PEAR allows
s to analyze our high-fidelity finite element simulations of stent-
raft deployment in various geometries and draw quantitative conclu-
ions about potential endoleaks as a function of oversizing and aortic
urvature.

Taking a cylindrical neck with zero-degree curvature oversized by
0%–15% as a clinical gold standard allows us to state that under phys-
ologic conditions a PEVR under 2%–4% does not generate a clinically
ignificant endoleak. Using this cut-off, we see that a standard TEVAR
ith minimal to no oversizing will be at substantial risk for endoleak

ormation purely based on geometric considerations. In this regime, the
ominant source of endoleak volume is from the metric mismatch of
he two surfaces and not from local graft wrinkling. This observation
hould influence future graft designs which should be optimized to
inimize the metric mismatch between the aortic surface and endograft

nd thereby reduce the potential endoleak volume.
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Table 1
Detailed results of the mesh convergence study conducted on seven models with varying
element sizes, including the selected mesh number 6 with beam element size of 0.7 mm
and membrane element size of 1.0 mm.
𝑖 Maximum beam

element size/mm
Maximum membrane
element size/mm

𝑃𝐸𝑉 𝑅 Computation
time

1 2.34 3.35 0.84% ≈11 h
2 1.76 2.51 4.70% ≈14 h
3 1.41 2.00 12.8% ≈17 h
4 1.17 1.68 7.67% ≈21 h
5 0.88 1.26 7.64% ≈28 h
6 0.70 1.00 7.85% ≈35 h
7 0.57 0.81 7.80% ≈48 h
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Appendix A

A.1. Mesh convergence study

A mesh convergence study is conducted for the straight artery
configuration with the largest oversizing (35%). The primary result
of the FEA is the PEVR, which is used as the parameter to compare
different mesh sizes. The maximum beam and membrane element sizes
for each of the tested finite element meshes are also provided. The mesh
sensitivity analysis results are presented in Table 1. The PEVR obtained
with the chosen mesh, which has a maximum beam element size of
0.7 mm and a maximum membrane element size of 1.0 mm, is within
less than 1% of the PEVR obtained with the finest tested mesh.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.compbiomed.2024.108745.
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