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Summary

Endovascular aortic repair (EVAR) is a challenging intervention whose long-term
success strongly depends on the appropriate stent-graft (SG) selection and sizing.
Most off-the-shelf SGs are straight and cylindrical. Especially in challenging vessel
morphologies, the morphology of off-the-shelf SGs is not able to meet the patient-
specific demands. Advanced manufacturing technologies facilitate the development
of highly customized SGs. Customized SGs that have the same morphology as the
luminal vessel surface could considerably improve the quality of the EVAR outcome
with reduced likelihoods of EVAR related complications such as endoleaks type I
and SG migration.
In this contribution, we use an in silico EVAR methodology that approximates the
deployed state of the elastically deformable SG in a hyperelastic, anisotropic vessel.
The in silico EVAR results of off-the-shelf SGs and customized SGs are compared
qualitatively and quantitatively in terms of mechanical and geometrical parameters
such as stent stresses, contact tractions, SG fixation forces and the SG-vessel attach-
ment. In a numerical proof of concept, eight different vessel morphologies, such as
a conical vessel, a barrel shaped vessel and a curved vessel, are used to demonstrate
the added value of customized SGs compared to off-the-shelf SGs.
The numerical investigation has shown large benefits of the highly customized SGs
compared to off-the-shelf SGs with respect to a better SG-vessel attachment and a
considerable increase in SG fixation forces of up to 50% which indicate decreased
likelihoods of EVAR related complications. Hence, this numerical proof of concept
motivates further research and development of highly customized SGs for the use in
challenging vessel morphologies.
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1 INTRODUCTION

An aortic aneurysm is an abnormal dilatation of the aorta that is mostly asymptomatic. Endovascular aortic repair (EVAR)
involves the deployment of a stent-graft (SG) inside the aneurysm to exclude the aneurysm sac from the main blood flow and
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prevent the aneurysm from rupture. Most SGs are composed of metallic stents that are attached to a polymeric fabric (graft).
In clinical practice, SGs are cylindrical off-the-shelf devices. This means in the preinterventional planning length and diame-
ter of the SG are determined based on preinterventional CT data, but the patient-specific vessel morphology is not considered.
EVAR requires a proper seal and fixation of the SG in the SG landing zones, i.e. in the regions proximal and distal of the
aneurysm, to keep the aneurysm permanently excluded from the main blood flow. However, especially in the case of chal-
lenging aneurysm neck morphologies, i.e. challenging vessel morphologies in the region of the proximal landing zone, the
morphological discrepancy between the cylindrical off-the-shelf SG and the vessel might lead to negative effects and possible
secondary interventions62,49. Frequent negative effects after EVAR that are directly related to the conditions in the SG landing
zone are, among others, type I endoleaks17,6 and SG migration54,50,1. Most frequently mentioned challenging neck morpholo-
gies are highly angulated and short necks25,48,60. But also conically shaped, barrel shaped, hourglass shaped or elliptic necks
are frequently associated with negative effects in the SG landing zones31,58 since these nonuniform neck morphologies lead to
nonuniform SG expansion, reduced seal and reduced fixation of the SG.
Most of the existing SGs are of cylindrical shape that are unable to meet the vessel morphology of different patients. Nonuni-

form vessel morphologies require customized SG morphologies. This raises the need of a more personalized therapy where
customized SGs44,49,62 can be the next generation SGs for EVAR. By considering the vessel morphology in the region of the
landing zone, the SG performance and the SG-vessel interaction should be improved leading to better long-term EVAR outcomes
and a reduced number of EVAR related complications and secondary interventions. Currently, the usage of EVAR is limited to
friendly necks as stated in the instructions for use (IFU) of the device manufacturers, such as neck angles below 60◦ and necks
with a limited degree of conical shape34,58. Besides reduced complication rates after EVAR in challenging necks, customized
SGs could further increase the range of applicability of EVAR far beyond the IFUs of current SG manufacturers. Advanced
manufacturing technologies like additive manufacturing or electrospinning have proved to be able to meet the demands of per-
sonalized medicine in wide ranges of medical applications43,38. However, the use of these advanced manufacturing technologies
in the development of highly customized SGs for EVAR is still current area of research62 and the benefit of highly customized
SGs over off-the-shelf SGs could not yet be proved. To qualitatively and quantitatively show the benefit of customized SGs com-
pared to off-the-shelf SGs, in silico EVAR approaches21,39,2 are a valuable tool. Further, numerical investigations can provide
information on specific SG design aspects for advanced development of highly customized SGs.
The objective of this study is to show the added value of customized SGs that have the same morphology as the luminal

vessel surface in a numerical proof of concept by using the in silico EVAR methodology proposed in20. This in silico EVAR
methodology approximates the final state of the deployed SG after intervention. By comparison of the in silico EVAR outcome
of off-the-shelf SGs and customized SGs, the performance differences of the two SG types is assessed in terms of mechanical
and geometrical parameters such as stent stresses, contact tractions, SG fixation forces and the SG-vessel attachment. The focus
of these mechanical and geometrical parameters is on parameters which define the quality of the EVAR outcome in the landing
zone of the SG and which indicate the potential complication likelihood after EVAR.
In order to represent different aspects of noncylindrical geometries encountered in patient-specific anatomies, in this study

general vessel morphologies, such as curved, conical, barrel shaped or hourglass shaped vessel morphologies are used in a
numerical proof of concept. Although idealized vessels are studied, we consider a realistic state of the deployed SG which takes
stent predeformation20, vessel prestressing15 and physiological blood pressure states into account. The applied methods are
shown for the abdominal region of the aorta. Nevertheless, the results are also applicable to endovascular repair of other regions
of the aorta such as thoracic endovascular aortic repair. Further, the presented approach of customized stent-grafts for standard
EVAR is transfarable without restrictions to fenestrated prostheses for application in juxtarenal AAAs or infrarenal AAAs with
challenging proximal neck anatomy.
Common medical practice is the customization of fenestrated SGs55,36 where the location of the fenestration is done in a

patient-specific manner. Apart from this type of SG customization of advanced EVAR techniques, we propose the classifica-
tion of customized SGs into two different levels of customization (Figure 1). The first level of SG customization describes an
individual arrangement of stent rings on a classical graft to better meet the requirements of a patient-specific vessel. However,
similar to off-the-shelf SGs the morphology of first level customized SGs is cylindrical and straight in the undeformed state.
Romarowski et al.44 numerically showed the advantage of such first level customized SGs compared to two off-the-shelf SGs.
In contrast to first level customized SGs, second level customized SGs are not cylindrical and straight, but are of the same

morphology as the patient-specific luminal vessel surface and hence can even better meet the requirements of patient-specific
vessels. To the best of the authors knowledge, the work by Zhang et al.62 is the only published study on second level customized
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FIGURE 1 Sketch of a straight, cylindrical off-the-shelf SG as well as a first level and a second level customized SG.

SGs. Zhang et al.62 proposed a manufacturing technique of customized SGs which have the same morphology as the patient-
specific vessel but did not investigate the advantage of this type of customized SGs compared to off-the-shelf SGs.
The outline of this paper is as follows: in section 2, the morphological advantages of second level customized SGs are inves-

tigated theoretically. Afterwards, we describe the basic concept of the manufacturing process of the presented customized SGs.
Further, we present the models of off-the-shelf SGs, customized SGs as well as the vessel, give an overview of the in silico
EVAR methodology and describe the framework of the presented numerical proof of concept. In section 3, we compare the in
silico EVAR outcome of customized SGs to off-the-shelf SGs for several different vessel morphologies. The discussion of these
results is presented in section 4. Subsequently, limitations and conclusions are drawn in section 5 and 6, respectively.

2 MATERIALS AND METHODS

2.1 Morphology of second level customized stent-grafts
The regions proximal and distal of the aneurysm, denoted as landing zones, have the greatest influence on the quality of the
EVAR outcome53,31. Straight and cylindrical off-the-shelf SGs are not able to fully meet the requirements of angulated and
nonuniform vessel morphologies in the region of the landing zone.
The degree of SG oversizing is a major design variable of SGs54,5,47,50. The degree of SG oversizing is given by

o = DSG

DAo − 1, (1)

whereDSG is the diameter of the SG andDAo is the preinterventional luminal diameter of the vessel at the region of the landing
zone.
Given a noncylindrical vessel landing zone (e.g. a conical vessel landing zone (Figure 2I)), correct sizing of cylindrical off-

the-shelf SGs is very challenging. Mostly, the maximum vessel diameter DAo
max along the total potential vessel landing zone is

chosen as recommended for instance in the IFU of Cook Zenith R© SGs8. However, sizing of the SG according to the maximum
vessel diameter DAo

max results in excessive oversizing at narrow regions of the noncylindrical vessel (o = omax) which might
result in long-term negative effects such as aortic neck dilatation54,57. Using the minimum vessel diameterDAo

min for sizing of the
cylindrical off-the-shelf SGs increases the risk of SG undersizing at wide regions of the noncylindrical vessel (o = omin) with
its negative consequences such as endoleaks type I. Using second level customized SGs that have the same morphology as the
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FIGURE 2 Illustration of SG sizing problems of off-the-shelf SGs in a conical vessel landing zone (I) and an angulated vessel
landing zone (II) as well as improvement by second level customized SGs. Vessel landing zones are visualized in red, SGs in
black.

vessel, this inconsistency in SG sizing is obsolete. A constant degree of SG oversizing (o(s) = const) along the total arc length
s of the vessel can be achieved (Figure 2I).
The length of the landing zone is one of the most important parameters for positive EVAR outcomes53,32. Hence, the length

of the SG generally is chosen such that all of the potential length of the vessel landing zone is used, i.e. is covered by the SG.
Given an angulated vessel landing zone (Figure 2II), the effective length of the landing zone is smaller at the inner curvature
of the vessel (Lmin =


180
�(R − DAo

2
)) than at the outer curvature of the vessel (Lmax =


180
�(R + DAo

2
))53. Generally, the vessel

centerline is used to determine the SG length. A straight off-the-shelf SG of length LSG = L is not able to use the total potential
length of the vessel landing zone as it is too long at the inner curvature and too short at the outer curvature by 2ΔL where ΔL
is given by

ΔL = L − Lmin = Lmax − L =

180

�D
Ao

4
. (2)

This means that a length of 2ΔL of the potential vessel landing zone at the outer curvature of the vessel remains unused. Excess
length of the SG at the inner curvature of the vessel has to be avoided as well. This leads to longitudinal buckling of the graft
at the inner curvature with its associated negative effects on the EVAR outcome such as disturbance of the blood flow. Being
able to use the total potential length of the vessel landing zone Lmax at the outer curvature of the vessel while at the same time
the SG is not too long at the inner curvature of the vessel can contribute positively to the sealing and fixation of the SG. Second
level customized SGs which have the same angulation as the vessel landing zone can exploit much better the restricted length
of the important vessel landing zone with different effective lengths at the inner and the outer curvature (Figure 2II).

2.2 Basic manufacturing idea of second level customized stent-grafts
Even though the focus of the current paper is not on manufacturing of customized SGs and its technical feasibility, but rather
on giving a motivation for further research and development of this kind of SGs, the basic concept of the presented customized
SGs is given. Discussions of specific manufacturing details are not part of this study, but will be presented in a future study by
our group.
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In a first step using 3D printing, a mandrel according to the patient-specific vessel geometry from CT data is created. Using
electrospinning, this customized conductive mandrel is covered by a polyurethane (PU) graft that encapsulates nitinol stent
rings. After removal of the mandrel, a customized SG is obtained which in the undeformed state has the same shape as the
patient-specific luminal vessel geometry.
Manufacturing of various geometries (conical, elliptical,curved and straight) to determine the limits of electrospinning showed

very promising results. Initial experiments have shown that the described manufacturing process allows to manufacture complex
geometry SGs with radial expansion forces similar to commercial prostheses.
Insertion and delivery of the customized stent grafts will be very similar to the procedures used for off-the-shelf ones in terms

of delivery sheaths, ports and guide wires, due the highly conforming nature of the devices during crimping. Modifications for
enhancement for accurate longitudinal and rotational positioning of the patient-specific (especially curved) geometries of the
EVAR, as well as those facilitating sheathing and de-sheathing, are foreseen. These include steerable catheters for improved
negotiation of tortuous aortic segments, enhancement of positioning markers for precise placement, and invaginating sections
for the abrogation of shear forces during loading and delivery. Although these issues are not within the scope of the current
paper, they are already investigation and form part of ongoing studies.

2.3 Computational modeling
In the study, the focus is on the performance of customized and off-the-shelf SGs in the SG landing zones. Hence, idealized
proximal neck geometries are considered whereas the aneurysm sac is not part of the model. A state-of-the-art anisotropic,
hyperelastic two-fiber model with transversely isotropic fiber dispersion14 is utilized for the elastically deformable aortic wall
with a constant wall thickness of 1.5mm42. The vessel is embedded in spring boundary conditions with a spring stiffness of
2.0 kPa∕mm33 on the abluminal vessel wall boundary.
The SG is made up of a series of sinusoidally shaped nitinol stent rings attached to the graft. Although the material properties

of marketed woven grafts and electrospun grafts are slightly different, we apply the same material model to commercial and
customized SGs to guarantee a fair comparison. Only the benefit of the customized shape of the SG is subject of this study,
independent of the slight differences in the material behavior of woven and electrospun grafts. Further, similar stent shapes with
ten sinusoidally shaped periods, a stent height of 15 mm and a wire thickness of 0.4 mm as well as the same graft thickness
of 0.08 mm are used for the model of the off-the-shelf SG and the customized SG. The attachment between stent and graft is
modeled by mortar based mesh tying constraints41. Stent predeformation of 15% is assumed for all stent rings20. According
to40 nitinol almost fully remains in its austenitic phase in the deployed state of the SG. Hence, as long as the crimping of the SG
inside its delivery sheath is not explicitly modeled, the material model of nitinol does not necessarily need to be able to model
the phase transformation between the austenitic and the martensitic phase. Therefore to reduce complexity of the given problem
in a reasonable range, the material behavior of nitinol is modeled by a purely hyperelastic model without phase transformation
as proposed in21 and material parameters corresponding to the austenitic phase of nitinol are used. The graft is modeled by
an isotropic and hyperelastic material model with reduced bending stiffness as previously proposed20,26. A summary of the
constitutive models and model parameters of the aortic wall, stent and graft are provided in Appendix A.
The deployed configuration of the elastically deformable SG in the elastically deformable vessel under a stationary blood

pressure state of 130mmHg is approximated using the in silico EVARmethodology presented in20. The in silico EVAR approach
does not model the single intrainterventional steps itself but only aims at finding the final deployed SG configuration. The
simulation process consists of two main steps. In a first step the SG is crimped, bent and moved by a tailor-made morphing
algorithm to position the SG inside the vessel. Afterwards, the SG is deployed inside the vessel where it unfolds and makes
contact with the luminal surface of the vascular model.
The proposed in silico EVAR methodology uses geometrically nonlinear finite element methods including frictional con-

tact with a friction coefficient of � = 0.451,39 between SG and vessel. Linear hexahedral elements with F-bar-based element
technology11 are applied to the aortic wall with an edge length of 0.75 mm. The stent geometry is discretized by linear, hexa-
hedral elements with enhanced assumed strain technology with adaptive mesh refinement in the curved parts of the stent rings.
Hexahedral solid-shell elements with advanced antilocking technologies56 with an element edge length of 0.4 mm are used for
the graft discretization (Figure 3III). An implicit, quasi-stationary nonlinear solver with a semi-smooth Newton approach16 is
used to solve the given nonlinear boundary value problem. All simulations have been performed using an in-house nonlinear
finite element code. Running the simulations required approximately 6 h per case on 28 cores (Intel Haswell nodes, SuperMUC,
Leibniz Supercomputing Centre).
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FIGURE 3 Exemplary depiction of vessel morphologies (I) and second level customized SGs (II). Discretization of the vessel
(detail Z1) and SG model (detail Z2).

2.4 Framework of the study
In a numerical proof of concept, we consider general vessel morphologies (Figure 3I) that are idealizations of realistic vessel
shapes31. In31, these vessel morphologies were defined to classify realistic patient-specific cases according to their shape in the
proximal neck region. The objective of this study is to show the advantage of second level customized SGs (Figure 3II) that
consider the morphology of the vessel compared to straight off-the-shelf SGs with a circular cross section.
A mean inner vessel diameter D̄Ao = 25 mm is used for each of the consider vessel morphologies (Figure 3I). In case of the

vessel with elliptical cross section, the quadratic mean diameter

D̄Ao =
√

a2 + b2
2

(3)

is used where a = 20.5 mm is the length of the minor axis and b = 28.8 mm is the length of the major axis of the ellipse
(Figure 3I).
A meaningful comparison between the cylindrical off-the-shelf SGs and the second level customized SGs is only possible

if a similar degree of SG oversizing is used for both types of SGs. The cylindrical off-the-shelf SG has a constant diameter
D̄Ao = 30 mm which results in a variable degree of SG oversizing in the noncylindrical vessel. A mean SG oversizing ō = 20%
is achieved by the constant SG diameter D̄Ao = 30 mm in the noncylindrical vessels with a mean inner diameter D̄Ao = 25 mm
(equation (1)). The customized SGs, which have the same morphology as the vessel, are sized such that they have a constant
degree of SG oversizing of o = 20%. Hence, the local diameter of customized SGs is

DSG(s) = 1.2DAo(s), (4)

where s is the arc length of the vessel centerline and DAo(s) is the local inner vessel diameter in an orthogonal plane to the
vessel centerline at location s. The same SG length of 36 mm (72 mm for the curved SG) is used for the off-the-shelf and the
customized SGs.
The consideration of curved vessels is of major importance as the IFU of SG manufacturers limit the application of EVAR

mostly to neck angles below 60◦ since the likelihood of negative outcomes of off-the-shelf SGs is higher for larger neck angles.
A vessel with an angle of  = 90◦ and a radius of curvature of R = 45.8 mm is chosen for the current study (Figure 3I). The
radius of curvature ofR = 45.8 mm is chosen such that the arc length of the centerline of the curved vessel is 72 mm. In keeping
with the straight vessel examples, the curved vessel has a luminal diameter of 25 mm. In contrast to the considered SGs of the
straight vessels, the SGs for the curved vessel consist of four stent rings (Figure 3II). All other SG related characteristics are
equivalent to the examples of straight vessels.
In total, we consider seven different straight vessels (cylindrical, conical, elliptical, barrel shaped, hourglass shaped and two

irregularly shaped vessels) as well as one curved vessel with a cylindrical cross section. For each of the eight different vessel
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morphologies, we qualitatively and quantitatively compare the in silico EVAR outcome of the customized SG with the off-the-
shelf SGwith respect to the quality of the deployed state. As proposed in22, the following geometrical andmechanical parameters
are used to assess the quality of the deployed state:

1. Graft-vessel gap: The graft-vessel gap gn defines the distance between the outer surface of the SG and the luminal vessel
surface (Figure 4I). Large graft-vessel gaps indicate an inappropriate attachment of the SG in the landing zones and
increase the risk of endoleaks type I17,6. Further, large graft-vessel gaps might induce blood flow disturbances45,7,27 which
might contribute to intraprosthetic thrombotic deposits59.

2. Graft-vessel seal: To properly seal the aneurysm leak-proof a good attachment of the SG to the luminal vessel surface
is required. For points of the graft with a graft-vessel gap gn = 0, i.e. SG and vessel are in contact, “seal" between SG
and vessel is assumed. For all other points of the graft with gn > 0 “no seal" is given (Figure 4I). The graft-vessel seal
assesses the sealing pattern of the deployed SG and hence gives an indication of the likelihood of endoleaks type I17,6.
It is important to note, that whether graft-vessel gaps lead to an endoleak type I or not strongly depends on the sealing
pattern of the deployed SG, among other factors. As long as a complete circumferential seal of sufficient length is given
in the landing of the SG, large graft-vessel gaps do not necessarily lead to an endoleak.

3. Normal contact traction:Normal contact tractions tn in combination with friction between SG and vessel are responsible
for the passive fixation of the SG in the vessel. However, local hot spots with excessive normal contact traction might also
trigger local tissue remodeling or even might lead to erosion of the vessel wall29,18.

4. Stent stress: The Cauchy von Mises equivalent stress measure is used to assess the stress state in the stent. Large stent
stresses are associated with a higher risk of SG fatigue24,3.

5. SG fixation force: In order to resist the pulsatile blood flow as well as blood pressure and prevent the SG from migrat-
ing54,50,1, SGs are designed with an oversize with respect to the vessel diameter (equation (1)). The resulting contact
tractions lead to a passive fixation force F̂ of the SG20

F̂ = ∫ ||tn|| da (5)

where tn is the normal contact traction at the contact interface between SG and vessel. The integration area a corresponds
to the total abluminal graft surface of the considered SGmodels in the deployed configuration. This force is named passive
fixation force to clearly distinguish between the active SG fixation by barbs that is used by many marketed SGs.

These mechanical and geometrical parameters may give indications of potential EVAR related complications. However, the
respective EVAR related complication and its consequences are not modeled. For instance, modeling of an endoleak type I
would require modeling of blood flow. Further, the proposed parameters assess the EVAR outcome from a purely engineering
perspective. Medical, biological or other parameters that also may have an influence on the occurrence of EVAR related com-
plications are not evaluated. The incorporation of these parameters into a setting to be used in clinical practice is future work
and beyond the scope of this contribution.
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3 RESULTS

In the following we evaluate the deployed state of the off-the-shelf SG and the customized SG for all eight vessel morphologies
with respect to the graft-vessel gap, the graft-vessel seal, the normal contact traction and the stent stresses in Figure 5-9 as well
as with respect to the SG fixation force in Figure 10. For improved visualization of the results a projection of the results into
the flat auxiliary X̆Z̆-plane is used in Figure 5-8. The auxiliary X̆Z̆-plane represents the uncoiled lateral surface of a virtual
cylinder with radius R̆ = 15 mm (Appendix B).

3.1 Reference solution of straight, cylindrical vessel
As a reference, we first consider the in silico EVAR outcome in a straight, cylindrical vessel (Figure 5). A straight and cylindrical
vessel is considered to be the optimal vessel morphology for the deployment of a SG48,60. For this setting, the off-the-shelf and
the second level customized SG are identical.
A very uniform deployment and attachment of the cylindrical SG in the cylindrical vessel is obtained with moderate radial

buckling of the graft (Figure 5I) due to 20% oversizing of the SG compared to the vessel. The SG is in direct contact with the
vessel only at the location of the stent rings (Figure 5III). Minor radial buckling of the graft leads to a maximum gap between SG
and vessel of approximately 1.5 mm (Figure 5II). A relatively uniform distribution of normal contact tractions of approximately
100 kPa is found between SG and vessel at the location of the stent rings (Figure 5IV). Maximum stent stresses of approximately
200 MPa occur in the curved parts of the stent rings (Figure 5V). The stress distribution is identical for each stent loop.

3.2 Straight, conical vessel
The use of the cylindrical off-the-shelf SG with a constant diameter of 30 mm results in a degree of SG oversizing of 50% at
the narrow end (Z = 18) of the conical vessel and a degree of SG oversizing of 0% at the wide end (Z = −18) of the conical
vessel. In contrast to the off-the-shelf SG, the conical customized SG has a constant degree of SG oversizing of 20% along the
total length of the SG (Figure 6).
A clear difference between the in silico EVAR outcome of the cylindrical off-the-shelf SG and the conical customized SG can

be seen in Figure 6. A full expansion of the off-the-shelf SG at the wide end (Z = −18) and severe buckling of the graft at the
narrow end (Z = 18), which results in larger graft-vessel gaps of up to 2.5 mm at the narrow end (Z = 18) can be identified. The
off-the-shelf SG exerts high normal contact tractions at the narrow end. At the wide end (Z = −18) of the conical vessel, the
off-the-shelf SG is not even in contact with the vessel. Unlike the off-the-shelf SG, the conical customized SG is more uniformly
attached to the luminal vessel surface with a uniform distribution of normal contact tractions of approximately 100 kPa and very
small gaps between SG and vessel. Due to the better and more uniform apposition of the SG to the vessel, the conical customized
SG results in around 1.5 times higher SG fixation forces compared to the off-the-shelf SG in the same conical vessel (Figure 10).
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FIGURE 6 In silico EVAR results of off-the-shelf SGs and customized SGs deployed in a straight, conical vessel as well as in
a straight, elliptical vessel: deployed state (I), graft-vessel gap (II), graft-vessel seal (III), normal contact tractions between SG
and vessel (IV) and Cauchy von Mises stent stresses (V).

The deployed state of the customized SG in Figure 6I also shows that at the narrow end (Z = −18) more severe graft buckling
is apparent than at the wide end (Z = 18), although constant SG oversizing of 20% is used along the total SG length. This shows
that depending on the vessel diameter the same degree of SG oversizing can have a different influence on the deployed state.

3.3 Straight, elliptical vessel
Only very minor differences between the deployed state of the off-the-shelf SG and the customized SG can be identified for
the straight, elliptical vessel (Figure 6 and Figure 10). The graft-vessel sealing area is slightly larger for the customized SG
since the off-the-shelf SG undergoes more graft buckling. The maximum graft-vessel gap, the distribution of stent stresses, the
distribution of normal contact tractions as well as the SG fixation forces of the off-the-shelf SG and the customized SG are
almost identical and very similar to the results obtained for the straight, cylindrical vessel (section 3.1).
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FIGURE 7 In silico EVAR results of off-the-shelf SGs and customized SGs deployed in a straight, barrel shaped vessel as well
as in a straight, hourglass shaped vessel: deployed state (I), graft-vessel gap (II), graft-vessel seal (III), normal contact tractions
between SG and vessel (IV) and Cauchy von Mises stent stresses (V).

3.4 Straight, barrel shaped vessel
The deployed off-the-shelf SG has minimal graft buckling at the wide region of the vessel (Z = 0) and severe buckling at
the narrow regions of the barrel shaped vessel, which leads to relatively large graft-vessel gaps of up to 2.8 mm (Figure 7).
In contrast, the customized SG undergoes uniform graft buckling along the total SG and has a relatively uniform graft-vessel
sealing pattern. The normal contact tractions between SG and vessel are slightly higher for the customized SG which results
in approximately 1.2 times higher SG fixation forces (Figure 10). No discernible differences in stent stresses can be identified
between the deployed off-the-shelf SG and the deployed customized SG.

3.5 Straight, hourglass shaped vessel
The cylindrical off-the-shelf SG exhibits severe buckling of the graft with graft-vessel gaps of up to 2.0 mm whereas the cus-
tomized SG almost fully expands and exhibits only minor buckling (Figure 7). The hourglass shaped customized SG in the
hourglass shaped vessel leads to an almost complete seal between graft and vessel. The off-the-shelf SG produces high normal
contact tractions between SG and vessel above 200 kPa at the narrow region of the vessel (Z = 0). Unlike the off-the-shelf
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FIGURE 8 In silico EVAR results of off-the-shelf SGs and customized SGs deployed in two different straight, irregularly shaped
vessels: deployed state (I), graft-vessel gap (II), graft-vessel seal (III), normal contact tractions between SG and vessel (IV) and
Cauchy von Mises stent stresses (V).

SG, the distribution of normal contact tractions of the customized SG is very uniform without hotspots at the narrow region of
the vessel (Z = 0). The stent stresses of the deployed customized SG are slightly higher than the stent stresses of the off-the-
shelf SG (Figure 7). The use of the customized SG leads to approximately 1.5 times higher SG fixation forces compared to the
off-the-shelf SG (Figure 10).

3.6 Straight, irregular vessel shapes
In this section, the deployed SGs in two straight and irregularly shaped vessels are considered. The first vessel has a one-sided
widening and the second vessel one-sided narrowing (Figure 8).
The results of the first irregular vessel are very similar to those from the straight, barrel shaped vessel (section 3.4) and

the results of the second irregular vessel are very similar to the findings of the straight, hourglass shaped vessel (section 3.5).
However, the difference between the off-the-shelf SG and the customized SG is less pronounced. While for the first irregular
vessel model the customized SG results in slightly smaller stent stresses, for the second irregular vessel the customized SG
results in slightly larger stent stresses in the highly curved parts of the stent rings.
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3.7 Curved, cylindrical vessel
In the curved vessel (Figure 9), the straight off-the-shelf SG of length 72 mm is longer than the potential vessel landing zone at
the inner curvature and shorter than the potential vessel landing zone at the outer curvature of the vessel by 2ΔL = 19.6 mm
(equation (2)). Hence, the off-the-shelf SG is unable to adapt to the curved vessel, which results in severe longitudinal buckling
of the graft at the inner curvature (Figure 9I) where the SG is longer than the corresponding vessel attachment side. In contrast to
the off-the-shelf SG, the curved customized SG can almost perfectly adapt to the curved vessel. Only minor radial graft buckling
exists and no stent collapse occurs.
The expansion of the first and last stent ring of the straight off-the-shelf SG is strongly asymmetric with an asymmetry

angle � of approximately 20◦ (Figure 9I). The cross section of the vessel in a plane defined by the asymmetry angle � is
elliptical (Figure 9I, slice S2). The circumference of the ellipse, i.e. the coverage length in circumferential direction, is larger
than the circumference of a circular vessel cross section. Hence, asymmetric stent expansion results in a reduced degree of SG
oversizing53. A purely geometric consideration of asymmetric stent expansion leads to the reduced degree of SG oversizing (cf.
equation (1))

oassym =
DSG

D̄Ao
ellipse

− 1 = DSG
√

(DAo)2+(DAo∕cos(�))2

2

− 1 = DSG

DAo

√

2
1 + 1∕(cos(�))2

− 1 = (o + 1)

√

2
1 + 1∕(cos(�))2

− 1 ≤ o, (6)

where D̄Ao
ellipse is the quadratic mean diameter of the ellipse (equation (3)) that results from slicing the vessel in an angle of � with

respect to the orthogonal plane to the vessel centerline (Figure 9I, slice S2). Further, in (6),DSG is the undeformed SG diameter



Hemmler ET AL 13

cyi
nd

ric
al 

ve
sse

l

co
nic

al 
ve

sse
l

elli
pti

c v
es

se
l

ba
rre

l sh
ap

ed
 ve

sse
l

ho
urg

las
s s

ha
pe

d v
es

se
l

irre
gu

lar
 ve

sse
l 1

irre
gu

lar
 ve

sse
l 2

cu
rve

d v
es

se
l0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

st
ra
ig
h
t,

cy
li
n
d
ri
ca
l
ve
ss
el

st
ra
ig
h
t,

b
ar
re
l
sh
ap

ed
ve
ss
el

st
ra
ig
h
t,

h
ou

rg
la
ss

sh
ap

ed
ve
ss
el

st
ra
ig
h
t,

ir
re
gu

la
r
ve
ss
el

sh
ap

e
1

st
ra
ig
h
t,

ir
re
gu

la
r
ve
ss
el

sh
ap

e
2

st
ra
ig
h
t,

el
li
p
ti
ca
l
ve
ss
el

cu
rv
ed

,
cy
li
n
d
ri
ca
l
ve
ss
el

st
ra
ig
h
t,

cy
li
n
d
ri
ca
l
ve
ss
el

st
ra
ig
h
t,

co
n
ic
al

ve
ss
el

st
ra
ig
h
t,

cy
li
n
d
ri
ca
l
ve
ss
el

st
ra
ig
h
t,

cy
li
n
d
ri
ca
l
ve
ss
el

st
ra
ig
h
t,

b
ar
re
l
sh
ap

ed
ve
ss
el

st
ra
ig
h
t,

h
o
u
rg
la
ss

sh
a
p
ed

ve
ss
el

st
ra
ig
h
t,

ir
re
gu

la
r
ve
ss
el

sh
ap

e
1

st
ra
ig
h
t,

ir
re
g
u
la
r
ve
ss
el

sh
a
p
e
2

cu
rv
ed

,
cy
li
n
d
ri
ca
l
ve
ss
el

F̂
c
u
st
o
m
/
F̂
o
↵
[�

]

FIGURE 10 Relative difference of the SG fixation force (equation (5)) of customized SGs F̂custom and off-the-shelf SGs F̂off
in the eight considered vessel morphologies. Values of F̂custom∕F̂off > 1 illustrate the improvement of customized SGs with
respect to the SG fixation force.

and DAo is the preinterventional vessel diameter. For the given asymmetric stent expansion of � ≈ 20◦ of the off-the-shelf SG,
the reduced degree of SG oversizing is oassym ≈ 16.2% compared to the nominal degree of SG oversizing of o = 20%. Unlike
the off-the-shelf SG, the customized SG does not lead to asymmetric stent expansion in the angulated vessel (� ≈ 0◦, Figure 9I),
i.e. oassym ≈ o = 20%.
Stent collapse at the outer curve of the vessel at the first and last stent ring (Figure 9I, slice S2) with poor attachment between

SG and vessel are further negative consequences of the deployment of the straight off-the-shelf SG in the angulated vessel.
Large gaps between SG and vessel above 3 mm exist at the inner curve of the vessel in the case of the off-the-shelf SG whereas

the gaps between the customized SG and the curved vessel are below 1.5 mm (Figure 9II). At the critical inner curve of the
vessel, the customized SG is almost fully in contact with the vessel (Figure 9III). Hence, in total the graft-vessel sealing is better
in the case of the customized SG.
Due to the nonuniform compression of the straight off-the-shelf SG in the curved vessel, the stent rings are of elliptical shape

in the deployed state with a major-to-minor axis ratio of 1.15 (Figure 9, slice S1). This results in higher normal contact tractions
between SG and vessel at the major axis of the elliptical SG and lower normal contact tractions at the minor axis of the elliptical
SG. The curved customized SG maintains its cylindrical shape even in the deployed state. Hence, the distribution of normal
contact tractions is very uniform in the case of the customized SG (Figure 9IV).
The perfect attachment of the customized SG in the curved vessel as well as the uniform distribution of normal contact

tractions is also reflected in around 1.5 times higher SG fixation forces compared to the off-the-shelf SG (Figure 10).
At the location of the collapsed stent parts of the off-the-shelf SG high stent stresses of above 500 MPa occur. In contrast,

maximum stent stresses of approximately 300 MPa occur only at the curved parts of the stent rings of the customized SG
(Figure 9V).

4 DISCUSSION

In this study second level customized SGs with a morphology equivalent to the morphology of the luminal vessel surface
were investigated. The comparison of the in silico EVAR outcome of straight, cylindrical off-the-shelf SGs and second level
customized SGs has shown that using customized SGs can lead to considerably better EVAR outcomes. The numerical proof
of concept of the benefit of customized SGs compared to off-the-shelf SGs was done with eight different vessel morphologies:
seven straight vessels of different morphologies and one curved vessel with a circular cross section.
Noncylindrical vessel morphologies result in a variable degree of SG oversizing when cylindrical off-the-shelf SGs are used.

For instance, in a conical vessel there is always the trade-off between SG undersizing, i.e. too little SG oversizing, at the wide
end of the vessel and excessive SG oversizing at the narrow end of the vessel. This means there is always a trade-off between
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complications associated with SG undersizing54,52, such as SG migration and endoleaks, and complications related to excessive
SG oversizing9,47, such as postinterventional aortic neck dilatation. It was shown that by using second level customized SGs this
inconsistency in choosing the degree of SG oversizing is obsolete. A constant degree of SG oversizing along the total length of
the vessel landing zone could be achieved by using customized SGs that have the same morphology as the vessel.
Compared to the off-the-shelf SGs, the second level customized SGs led to reduced graft buckling and larger sealing areas.

Furthermore, the maximum gaps between SG and vessel were smaller for customized SGs. In total, the improved appositioning
of the customized SG to the vessel is a clear indicator that second level customized SGs might be able to reduce the likelihood
of type I endoleaks in challenging aortic morphologies. Furthermore, the more uniform attachment of the customized SG to
the vessel led to a more uniform distribution of normal contact tractions. Whilst off-the-shelf SGs partly led to local hot spots
of normal contact tractions with increased risk of vessel damage or endograft infection30,37, the distribution of normal contact
tractions of customized SGs mostly was very uniform even in nonuniform vessel geometries. Using the same degree of SG
oversizing, the customized SGs led to considerably larger passive fixation forces than the off-the-shelf SGs for all investigated
vessel morphologies. Even if the likelihood of stent-graft migration is reduced by introduction of barbs in latest generation
stent-graft devices4, customization might further contribute positively to long-term fixation of the stent-graft without migration.
Further, smaller degree of SG oversizing could be used for customized SGs to obtain the same passive fixation forces between
SG and vessel and hence reduce potential negative effects of large SG oversizing54,9,47.
The smallest impact of SG customization was identified for straight and elliptical vessels. It is explained by the relatively

small lateral stiffness of a cylindrical SG. This means that little deformation energy is required to deform the cylindrical SG
into an elliptical one. Hence, the mechanical behavior of the cylindrical off-the-shelf SG and the elliptical customized SG are
almost identical.
The largest benefit of the customized SG compared to the off-the-shelf prosthesis could be observed for curved vessels as

well as straight, conical vessels and straight, hourglass shaped vessels which are frequently observed vessel morphologies in
clinical practice31. Using the customized SG in a curved vessel with an angle of 90◦ increased the passive SG fixation force by
approximately 50%. This substantial difference in passive SG fixation force between the straight off-the-shelf SG and the curved
customized SG can be explained by the following:

1. The exploitation of the restricted length of the vessel landing zone is improved by second level customized SGs,
resulting in a considerably longer attachment length of the SG. A small SG attachment length is a frequently mentioned
reason for insufficient SG fixation61,1. The effective length of the vessel landing zone is larger at the outer curvature than
at the inner curvature of a curved vessel53. The straight off-the-shelf SG, whose length is sized according to the length
of the vessel centerline, is too short to be able to fully exploit the effective length of the vessel landing zone at the outer
curvature of an angulated vessel.

2. Removal of longitudinal buckling at the inner curvature of angulated vessels by using second level customized SGs
which results in larger sealing areas and a more uniform radial force transmission between SG and vessel. The length of a
straight off-the-shelf SG, which is sized according to the length of the vessel centerline, is longer than the effective length
of the vessel landing zone at the inner curvature of the angulated vessel. This incompatibility between effective length of
the vessel landing zone and the SG length leads to longitudinal compression of the graft at the inner curvature resulting
in severe longitudinal buckling of the SG.

3. Second level customized SGs do not show asymmetric stent expansion which is associated with the reduction of the
degree of SG oversizing53. The most proximal and the most distal stent rings of the investigated off-the-shelf SG showed
asymmetric stent expansion with a reduction of the degree of SG oversizing from a nominal value of 20% to 16.2%. A
smaller degree of SG oversizing is commonly associated with smaller radial forces between SG and vessel10,20.

4. No ovalization of second level customized SGs. Bending of a straight off-the-shelf SG results in ovalization of the SG12.
The SG with elliptic cross section does not fit perfectly into the vessel with circular cross section. It follows a nonuniform
attachment between off-the-shelf SG and vessel with a nonuniform distribution of contact tractions.

5. Second level customized SGs lead to a reduced risk of stent collapse. The straight off-the-shelf SG lead to stent collapse
located at the outer curvature of the vessel which is frequently observed for SGs in aortic necks with large angulation23,5,1.
Stent collapse is associated with a loss of the SG-vessel attachment and hence a loss of radial force transmission between
SG and vessel.
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In addition to reduced SG-vessel attachment and reduced fixation forces, stent collapse of the off-the-shelf SG lead to locally
high stent stresses within the region of the collapsed stent that might trigger SG fatigue24,3. Second level customized SGs did
not show any stent collapse in the angulated vessel. Hence, maximum stent stresses and the likelihood of SG fatigue is reduced.
Besides reduced complication likelihoods, these positive results of second level customized SGs in vessels with large angu-

lation are very promising to increase the range of applicability of EVAR far beyond the IFU of current SG manufacturers, i.e.
far beyond the current restrictions to vessels with a neck angle below 60◦.

5 LIMITATIONS

Basic model simplifications were used in the in silico EVARmethodology. Instead of modeling the real-world medical interven-
tion of EVAR, the in silico EVAR methodology only aimed at giving an approximation of the final deployed SG configuration.
The pulsatile nature of blood flow was neglected. Instead, a quasi-static pressure state was considered. Dry friction using
Coulomb’s law was considered at the interface between SG and vessel. Lubrication between SG and vessel could not be
considered by the purely solid mechanical model.
Further, in the presented examples we only considered the aortic neck whereas the aneurysm sac was not part of the model.

Furthermore, improvements of the vessel model could be achieved by consideration of intraluminal thrombus and calcifica-
tions28,20,21 . In the numerical proof of concept of this study only idealizations of realistic vessel shapes were considered. In
future studies, the advantage of customized SGs in a realistic and patient-specific setting should be investigated.
Subject of this study was the investigation of the impact of the SG shape of customized SGs. Hence, the same material model

was used for customized and off-the-shelf SGs. Slight differences in the material behavior of off-the-shelf SGs, that mostly
use woven PET grafts, and the proposed customized electrospun grafts might have an impact on the outcome which should be
investigated in further studies.
Finally, the SG morphology of the considered customized SGs was equivalent to the luminal vessel morphology. In clinical

practice, accurate placement of SGs is facilitated by radiopaque markers and radiographic guidance, but precise placement of the
SG remains very challenging. Hence, it is questionable if the morphology of the customized SG as an exact copy of the luminal
vessel surface is the best choice taking into account the maximum SG placement accuracy. We assumed perfect placement of the
SG, i.e. the shape of the customized SGfit perfectly to the luminal vessel surface. A sensitivity study of the effect ofmisplacement
of customized SGs on the EVAR outcome should be investigated in future studies. Using a combination of topology and shape
optimization, the performance of customized stent-grafts could be further improved. Topology optimization could be used to
develop the patient-specific optimal design of the stent rings with respect to fixation forces and uniform attachment to the vessel.
Shape optimization could be a valuable tool to determine the optimal morphology of the entire stent-graft for patient-specific
cases. Such a topology and shape optimization of customized SGs should also consider the possible placement accuracy of the
SG.

6 CONCLUSIONS

Elevated EVAR related complication likelihoods are given in hostile aneurysm neck anatomies, where many of these complica-
tions are associated with a mismatch between SG and vessel. Highly customized SGs could considerably improve the quality of
EVAR outcomes with reduced complication likelihoods and could increase the applicability of EVAR to patients with extreme
vessel morphologies.
We presented models of highly customized SGs which have the same morphology as the luminal vessel surface. We numeri-

cally showed their advantage compared to off-the-shelf SGs in several different vessel morphologies. We compared the in silico
EVAR outcome with respect to different mechanical and geometrical parameters such as stent stresses, contact tractions, SG
fixation forces and the SG-vessel attachment. Especially SG fixation forces could be improved drastically by this type of SG
customization leading to a better fixation of the deployed SG and potentially reduced likelihoods of SG migration.
In summary, this numerical proof of concept showed that the presented type of customized SGs can meet the demand of

personalized therapy and can improve the EVAR outcome. The study motivates further development of highly personalized SGs
towards the usage of customized SGs in clinical practice.
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TABLE 1 Overview of constitutive models and material parameters of aortic wall and SG.
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APPENDIX A: CONSTITUTIVE MODELING

A overview of the vessel and SG constitutive models and model parameters is given in Table 1 whereΨ denotes the strain energy
function (SEF) of the hyperelastic constitutive models, the superscript (∙)Ao stands for the aortic wall, the superscript (∙)S for
the stent and the superscript (∙)G for the graft.
I1 is the first invariant of the right Cauchy-Green strain tensor and J is the determinant of the deformation gradient. Ī1

and Ī2 are the modified strain invariants of the right Cauchy-Green strain tensor. Ī4 and Ī6 are the squares of the stretches in
mean fiber direction of the anisotropic two-fiber model with the transversely isotropic dispersion parameter �. The mean fiber
direction of the two fibers i = {4, 6} in the local radial, axial and circumferential coordinate system of the aorta are given by
Mi = [0, sin(�i), cos(�i)]T. Ψvol is an Ogden type volumetric SEF13,35 whose volumetric bulk modulus is chosen sufficiently
large to sustain almost incompressibility of the aortic wall.

APPENDIX B: AUXILIARY PLANE FOR VISUALIZATION OF THE RESULTS

The coordinates of the flat auxiliary X̆Z̆-plane (Y̆ = 0) are given by

X̆ =

⎧

⎪

⎨

⎪

⎩

R̆
(

arctan
(

Y
X

)

+ �
2

)

, Y ≤ 0

R̆
(

arctan
(

Y
X

)

− �
2

)

, Y > 0
(7)

Z̆ = Z (8)

where X and Y are the reference coordinates of the SG and R̆ is the radius of a virtual cylinder.
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