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SUMMARY

This master thesis focusses on the development of personalized endovascular stent grafts and its production
process. These stent grafts are used in endovascular aneurysm repair (EVAR). EVAR is a form of minimally invasive
surgery and is the therapy of choice in 78% of all abdominal aneurysm repairs. Showing superior short-term
outcomes when compared to open repair, it is still similar or inferior to open repair for long-term outcome
especially in re-intervention rates due to endoleaks or migration of the implanted device.

EVAR excludes the aneurysmal sac from blood circulation using a stent graft. This stent graft is often a self-
expanding straight tubular construct which accommodates to the anatomy of the patient creating a zone of
sealing with the vascular wall. However, the anatomy of the patient is not straight therefore one diameter causes
variations in stress induced in the vascular wall. This might cause unnecessary overstressing of the wall when
large diameter differences are present. Producing a personalized stent graft might solve this problem and
thereby reduce adverse clinical outcome especially on the long-term.

Based upon literature and personal experience a list of requirements was created as well as two straight and
personalized stent graft designs; both designs in two variations: a fishmouth and a z-shape version. To test the
effects of these design a finite element analysis was performed. This analysis simulated the designs and inserted
them in three vascular models: a straight tube, an anatomical straight neck, and an anatomical conical neck. For
the stents, an elastoplastic formulation was created and for the vascular wall a 3™ order polynomial was chosen,
both based upon literature with experimental validation.

Results show stent behaviour similar to real-life cases. Maximum principal elastic strain and equivalent (von-
Mises) stress were measured and showed a reduction in both variables for the personalized stent, indicating a
positive effect on reducing vascular wall stress. These simulations offer insight as to the effects of personalized
stent grafts on the vascular wall, future research should expand on these results by investigating the effects of
various stent designs, grafts, bridging between stents, and include more realistic stent and vascular material
formulations.



1. INTRODUCTION

CLINICAL BACKGROUND

Aortic abdominal aneurysms (AAA) are dilatations of the lower aortic vessel wall, which are located below the
renal arteries in 85% of the cases.! A representation of a healthy abdominal aorta can be seen Figure 1. An
example of an aneurysm can be seen in Figure 2. Most patients with AAA are asymptomatic, however, lower
back pain and abdominal pain may occur. Aneurysms may rupture resulting in a life-threatening situation.
Patients with a ruptured AAA, who make it to the hospital have a 75-79% chance of survival.? The chance of
rupture increases with an increase in diameter of the aneurysm, which is the primary prognostic factor.>* This
ranges from a diameter of 5.5 cm with a yearly incidence of 5-10% to larger than 7.0 cm with a yearly incidence
of 32.5%.4° Treatment is beneficial when the aortic diameter is equal to or greater than 5 cm for women and 5.5
cm for men,”™ or when the AAA is symptomatic or its expansion rate is larger than 10 mm per year.°
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Figure 1 and 2: on the left (1) representation of the abdominal aorta with all its branches.*! On the right (2) a CT-A image with
vascular contrast of an abdominal infra-renal aneurysm with a long sized neck including measurements. The white areas on
the aortic wall are calcifications.'?

A successful treatment of an AAA is achieved by removing the pressure on the aneurysm before it ruptures. In
78% of the operations the treatment of choice is minimally invasive surgery; the endovascular aneurysm repair
(EVAR), which aims to exclude the aneurysmal sac from blood circulation by placing an endovascular stent graft
in the abdominal aorta.*** The technical background will elaborate on this approach. Another surgical procedure
to treat AAA is the open repair (OR), which replaces the aneurysmal sack with a prosthesis during a laparotomy.
OR showed to have higher per- and post-operative complication rates.*>'® OR shows similar patency rates as
EVAR after a follow-up period of 6 years, yet higher free re-intervention rates than EVAR (81.9% versus 70.4%,
respectively, p=0.03).%® Stather et al. compared various randomized trials and found that EVAR had short term
benefits compared to OR, though long-term EVAR showed to suffer from higher re-intervention rates and risks
of rupture.l” Possible explanations for the higher re-intervention rates might be the complexity of the EVAR
procedure, complex anatomy of the patients, and experience which is an important factor for success. The long-
term patency of EVAR continues to improve with more new endovascular devices entering the market each
year.!® Though Bahia et al. found that over a period from 1969-2011 the 5-year follow-up clinical outcome of
elective infra-renal AAA repair has shown only minor improvement (log odds ratio: 0.027, confidence interval:
0.012-0.042), despite technical and procedural advancements.*?

The endovascular stent graft varies between vendors, alternating between complex combinations of metals,
polymers and drug eluting materials to create stent grafts for varying patient cases.??! The technical background
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in this thesis will elaborate further on this topic. Most commonly used materials for aortic stent grafts are nitinol
stents with a graft of Dacron (PolyEthyleneTerephtalate (PET)) or expanded-PolyTetraFluoroEthylene (ePTFE),
which result in good management of the AAA over a 6 year period of time and often longer.?>162122 EVAR results
in a higher rate of no-mortality (ranging from 98.3% to 99.5%) than OR (ranging from 95.2% to 97%), however,
there are several complications such as high secondary intervention rates due to endoleaks and secondary
aneurysm sac rupture, which need solutions/improvements.'>16:1822-26 |n addition, a standard EVAR procedure
is not suitable for approximately one third of the patients. This might result in: the use of more complex stent
grafts such as fenestrated or chimney, OR instead of an EVAR, or a decision not to be operated at all.?’

Complications encountered after EVAR are often due to complex anatomy or a technical failure which results in
endoleaks and/ or migration of the deployed stent graft. These complications ensue the risk of rupture of the
aneurysm.'” In addition, the angulation of the neck, existence of thrombosis/ stenosis, as well as involvement of
renal and iliac arteries are important factors for the outcome of an EVAR. Therefore, during planning these
anatomical differences act as indicators for potential complications or even as contra-indications for an EVAR
procedure. Figure 3 and 4 show visual representations of some of these factors, which are a part of the
description of hostile neck anatomy (HNA) as well.?® Additionally, there is a classification system for endoleaks
shown in table 8, Appendix 9.1.2%-33
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Figure 3: Morphological variations of aortic aneurysms with regards to renal and iliac arteries. From left to right: infra-renal
aneurysm (early stage), infra-renal aneurysm (late stage), infra-renal aneurysm (including partly communal iliac aneurysms),
infra-renal aneurysm (including full communal iliac aneurysms), juxta-renal aneurysm (including full communal iliac
aneurysms) and aneurysm with stenotic and occlusive vascular disease of the iliac communal arteries.?® Note the decrease in
length of the neck (see Figure 4 as well).
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Figure 4: Visual interpretation of aortic angulation and shapes of necks above aneurysms. From left to right: straight, tapered,
conical, angulated, bulged.?8

The above-mentioned factors should be considered during the planning of EVAR procedures, even more so when
using patient specific stent grafts. The stent grafts are being improved continuously allowing surgeons to perform
EVAR on patients with increasingly complex anatomy as shown in Figure 3 and 4.223* An example of such difficult
anatomy is a short neck i.e. short landing zone, (in this case the aneurysm is close to the renal arteries, see Figure
3), where obtaining appropriate sealing is difficult or even impossible. A good seal is a stent graft deployed to
the neck without any gaps between the stent graft and the aortic wall. Inappropriate sealing may lead to
endoleaks and/or stent graft migration, ensuing the risk of rupture®>. When a stent graft is deployed over the
renal arteries or the coeliac trunk artery complications such as renal failure, major intestinal ischemia, or even



death may occur. Therefore, custom-made stent grafts such as fenestrated stent grafts can prove useful to obtain
proper sealing above the renal arteries without blocking the major branching arteries.3* In addition, it is reported
that Aortic Neck Dilatation (AND) for supra-renal stent grafts is 2% versus 25% for infra-renal stent graft
placements. AND increases the risk for migration and/or endoleak type 1.3° Supra-renal stents may therefore
prove beneficial to all AAA patients.

TECHNICAL BACKGROUND

To understand a standard EVAR procedure a short description is given of the steps taken during surgery.
Furthermore, the various EVAR stent graft products are discussed.

EVAR procedure

Figure 5: Abdominal aorta with aneurysm and an almost fully deployed stent graft. The grey z-shaped lines are referred to as
the stent or ‘skeleton’, the white area covering the stents from the inside is referred to as the graft.

After all preoperative imaging has been performed and the dimensions have been measured, a suitable EVAR
device is chosen from the portfolios of the manufacturers. The surgery is electively planned. Generally, after two
to three weeks the patient will undergo surgery. When anaesthesia has been administered the EVAR procedure
starts with accessing the femoral arteries (in some hospitals this is performed under ultrasound guidance) where
guide wires are inserted and thereafter the catheters. Making use of a hybrid OR allows for immediate insertion
and positioning of the main device. This main device consists of the proximal neck part, a body, and one long and
one short leg. Next, an angiographic image is made using 7 or 15 ml of contrast with a flow of 60 ml/min or 20
ml/min, respectively. Thereafter the main device is repositioned, if required, and deployed. Then the extensions
of the legs are inserted and deployed in the communal iliac arteries, while preventing over-stenting of the
internal iliac arteries. To help prevent over-stenting often a blowback image is made, where a mix of contrast
and NaCl fluid is injected into the catheter of the iliac leg with a syringe using high force. This image shows the
communal, internal, and external iliac arteries. To ensure good positioning and seal with the aortic wall the
proximal and distal landing zones are pressurized with a highly compliant balloon. A control angiographic image



is made to ensure no endoleak type 1 is present (see appendix 1 for elaboration on endoleak types). Finally, the
puncture holes in the femoral arteries are closed with a closure device or by pressing on the hole for at least 10
minutes. Figure 5 depicts a self-expandable stent graft in the abdominal aorta during the final stage of
deployment.

EVAR systems

The endovascular approach for treating aneurysmal disease is preferred to open repair as stated in the clinical
background, this minimally invasive approach is used by a variety of stent grafts on the market. From the
available devices three distinctions can be made: self-expandable stent grafts, balloon-expandable stent grafts
and ‘special’ stent grafts. The latter category contains devices such as the ‘Nellix’ stent graft; a system that
consists of two stents surrounded with endobags which are filled with a hardening polymer in vivo (see Figure
6). The Nellix fixates the stents in the aneurysm and proximal and distal sealing zones, forming the endobags
compliant with the patient’s anatomy. Which aneurysms are suitable for these self- and balloon-expandable
stent grafts is determined by the manufacturers/vendors. For instance, the Endurant is indicated for aneurysmal
neck angle of up to 60°. The Aorfix is indicated for neck angles of up to 90° (see Figure 6).

Y&/

Figure 6: From left to right: Nellix by Endologix3¢, Endurant Il by Medtronic3’, Aorfix by Lombard Medical?.

To be able to treat complex aneurysms involving branches of the abdominal aorta, some manufacturers
developed three, or even five, stent grafts combinations to be able to perform techniques such as the chimney
stent technique, snorkel approach, and sandwich technique. Such stent grafts allow for immediate surgery due
to their standardized sizes. However, when the stent grafts are deployed in the aorta, gutters are formed due to
the stent grafts’ circular profile and thereby not closing off the entire neck (see Figure 7). This might result in
occlusion of the renal stent graft branches due to thrombosis forming of blood in those gutters.



Figure 7: In red the aortic wall, in black the stent grafts and in yellow the gutters that are formed after deployment of the
stent grafts.

Despite all these advances stent grafts are often non-personalized ‘simple’ straight tubular constructs. Though
developments are made in the design of the graft as well. This involves creating multiple layers of braided grafts
which are interconnected allowing flow into the aneurysm sac whilst the returning flow is reducing the speed of
the inward flow at the same time. Therefore, causing stasis of flow in the aneurysm sac allowing for thrombus to
form and thereby reducing the aneurysm lumen to the point it reaches the stent graft and no flow is present
outside the stent graft. In addition to these EVAR systems, products have been developed that allow for
correction of the sealing zone. For instance, endo-anchors which are coiled wires that fixate the stent graft to
the vessel wall at the required sealing zone.??

Producing personalized stent grafts with fenestrations or branches to prevent blocking of the branching arteries
is costly (roughly 3 times the standard price) and has an average production time of 6-8 weeks.3° Successful
treatment is achieved by eliminating the aneurysm and thereby preventing rupture, during production, however,
the risk of rupture ensues. Even more so, due to the production time of 6-8 weeks an acute treatment with

personalized stent grafts is not possible to date. 394°



2. EXPLORATION

IMPROVEMENT OPPORTUNITIES FOR STENT GRAFTS

As described in the previous chapter multiple stent graft systems are available. However, currently the major
problems of those EVAR systems are long-term patency and their higher re-intervention rate when compared to
open repair, often due to stent graft migration and endoleaks. To illustrate opportunities for improvement a
patient case is discussed.

Case of an abdominal aneurysm with a conical neck
A patient with lower back pain appeared at the emergency room. At that point in time the aneurysm was

physically examined and found not symptomatic, however, the patient returned a week later with persistent
back pain and this time with a pressure sensitive aneurysm. A CT-A scan was performed and the patient went
into surgery 4 days later. The morphology of the patient was not ideal, a 5.3cm infra-renal aneurysm over a
length of 10cm with a conical neck (see Figure 8). The latter is cause for worry due to increased risk for an
endoleak type I. However, an Endurant Il stent graft was placed successfully (see Figure 9) and the aneurysm has
shrunk when measured during the last follow-up.

Figure 8: A CT-A scan in which a 5.3cm in diameter infra-renal aneurysm with a conical neck can be seen. Note the calcifications
proximal to the aneurysm.

According to the instruction for use (IFU) of Medtronic for the Endurant Il stent graft system, the aortic neck
should be in the range of 19-32 mm in diameter. Furthermore, the neck should not have any significant



calcifications or thrombi. Depending on the length of the neck that is usable as a landing zone the maximum
angle is determined; for less than 10 mm landing zone the angle should be lower than 60°, for less than 15 mm
landing zone it should be lower than 75°.4! This is the angle between proximal aorta and the aneurysm sac.
Another requirement is the diameter of the aortic neck should be 10-20% lower than the diameter of the chosen
stent graft (i.e. oversizing of 10-20%).*! Often patients meet these requirements and deployment of the Endurant
device succeeds. However, in this case a conical neck is present which nearly has a 4 mm diameter increase over
a 10 mm length. Citing from the IFU: ‘The safety and effectiveness of the Endurant Il/Endurant IIs stent graft
system has not been evaluated in patients who have a reversed conical neck, which is defined as a >4 mm distal
increase over a 10 mm length (infrarenal EVAR only)’, this therefore might result in unexpected outcome.*
Though experience from the vascular surgery team and Medtronic resulted in agreement that treatment with
the Endurant Il system would succeed. The successful result can be seen in Figure 9.

Figure 9: On the left an overview of the placed stent-graft (with a guide wire and pig tail in-situ), on the right a zoom on the
conical neck. Note the adaptability of the self-expanding stent graft (z-shape lines) to follow the aortic neck. Furthermore,
opaque dots (markers) are visible, as well as the letter e which is in line with the bifurcation and indicates correct rotational
positioning of the stent graft (i.e. the bifurcation is aligned with the iliac arteries).

The use of the Endurant Il stent graft for this patient case was indicated by the IFU. Though the lack of a
customized fit might result in use of stent grafts outside the IFU, exclusion of patients for EVAR or open repair
with its added perioperative complication risk. Kristmundsson et al. have investigated the CT-A scans of 241
patients and compared them with the IFU’s of Zenith, Excluder and Endurant stent grafts. They concluded that
the Endurant had the highest suitability percentage; 48.1%.%? Van Keulen et al. performed an evaluation of 100
patients treated with an Endurant stent graft. They compared the IFU of the Zenith, Excluder, Talent and

10



Endurant stent grafts with the CT-A scans of those 100 patients. It was concluded that 52, 60, 73 and 81% of the
patients, respectively, would fall under the IFU of those stents.** Due to the common stent graft its limited
applicability for complex cases, use of stent grafts outside the IFU to cope with such complex cases is considered.

Oversizing, in case of this conical neck, is considered to compensate for the change in diameter. The oversizing
for this patient case is based upon the largest diameter. However, may therefore result in unnecessary high
stresses in the vascular wall on the smaller diameters. Sternbergh et al. have shown that excessive oversizing,
more than 30 percent, increases the risk for migration 14-fold compared to oversizing of less than 30 percent.
The risk for aneurysm sac expansion at 24 months was increased 16-fold.**

Optimizing the stent graft fit for each patient might overcome oversizing problems and thereby prevent
complications like migration, endoleaks or sac expansion. This personalized fit with the patient’s anatomy should
increase the operability of patients with morphologically complex aneurysms i.e. it should result in an IFU which
includes indications for those complex cases. Furthermore, in order to treat patients in an acute setting (with or
without a complex aneurysm) a more efficient and quicker process to produce customised stent grafts for AAA
is necessary. Such a new production process may enable surgeons to treat even those patients with personalized
stent grafts. Thereby, re-iterating that surgeons might improve clinical outcome for complex cases as well as the
less complex ones by using personalized devices.

RESEARCH QUESTION

The overall research question of this master thesis is: How can we improve/ re-invent the personalized stent
graft and its production process in treating patients with an abdominal aortic aneurysm, for both normal and
morphologically complex aneurysms?

11



3. ANALYSIS

Patients with infra-renal aneurysms are treated with stent grafts that preferably land at an infra-renal landing
zone (i.e. neck). This ensures no fenestration or branches are needed into the renal arteries. If no suitable infra-
renal neck is found, a supra-renal stent graft is considered. When this is possible a custom-made stent graft with
fenestrations for the various branches of the aorta is needed. This adds complexity during placement of the main
body. A risk that is sometimes taken when patients have no suitable landing zone below the renal arteries and
open repair is not indicated due to contra-indications. This chapter will discuss materials used in stent grafts, its
geometries, furthermore, compliance and usability will be addressed, resulting in an overview

MATERIAL

Stent grafts are manufactured using a variety of materials. The wire mesh stent, also called ‘skeleton’, is most
often produced using nitinol followed by stainless steel and cobalt chromium. To be able to exclude the aneurysm
from the blood circulation a graft is fixated to the stent, forming the stent graft. This graft is made from a polymer,
often being Dacron or ePTFE.

Nitinol

Nitinol is used in many stent grafts providing the rigid form it requires as well as its capability to self-expand to a
pre-set diameter when deployed. The self-expansion is also known as the shape memory effect (SME). Nitinol is
therefore a smart material; smart is described as a material that has self-adaptability, is self-sensing, has shape
memory or multiple of these functionalities combined in one material.**=*° The shape memory of nitinol exists in
two forms; thermal memory and mechanical memory. The first converts heat into a change of the crystalline
structure of the nitinol; from so called martensite to austenite. The latter allows deformation of the nitinol
without plastic deformation (permanent deformation) also known as super elasticity, this only happens when
the temperature is high enough ensuring a full austenitic phase of the nitinol.*>475%51 Furthermore nitinol is
biocompatible, hemodynamically stable and amongst others practically non-corrosive.>>>3 Nitinols super
elasticity (SE) can mimic the elasticity of healthy vessel wall. Mimicking the native artery results in less
complications and ensues longer lasting implants.?** However, atherosclerotic plaques and thrombosis
adversely influence the compliance of the native artery. Due to this reduction in compliance the effect of
mimicking native artery compliance might be ineffective.

Most stent grafts are made of nitinol to allow for deployment flexibility; the capability to adjust the stent graft
by small amounts to optimize the positioning in the designated landing zone during deployment. This possibility,
to adjust the stent graft placement during deployment, is highly beneficial and reduces post-operative
complications such as renal artery blockage.

Nitinol can be produced via laser based Additive Manufacturing (AM) processes, albeit currently in proportions
of micrometres. Properties of a Shape Memory Alloy (SMA) produced via AM are close to that of conventionally
processed SMA, i.e. AM produced SMA has a shape memory effect comparable to conventional produced
SMA 5155 The machine settings for AM need to be chosen carefully, for the properties of SMA change drastically
with the smallest change. In addition to these settings the percentage of nickel and titanium as well as other
metals in the powder mixture requires consideration as well. Differences in the composition or impurities can
alter the material characteristics drastically.>>¢

Successes are reported on the use of nitinol in endovascular devices; properties such as biocompatibility,
hemodynamical stability and corrosion resistance. Fatigue and long term patency, especially for thinner stents,
amongst others need to be further investigated.>’
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Other skeleton materials
Nitinol is not the only material used in stent grafts, stainless steel (SS) and cobalt-chromium (CoCr) versions are

on the market as well. These latter two are balloon expandable stent grafts, and have no shape memory. The
advantage of balloon expandable stent grafts is their increased crush resistance and hoop strength resulting in a
strong fixation in the vessel wall. An additional benefit is the stable stress on the landing zone of the stent graft.
Whereas nitinol stent grafts cause a continually increasing stress on the vessel wall, due to oversizing, balloon
expandable stent grafts induce a stable stress level in the vessel wall. Though the stress level is stable, the
increased rigidity of the balloon expandable stent graft results in reduced compliance, i.e. the stent graft does
not pulsate as the surrounding artery does. According to the Windkessel model this might result in reduced flow
in a healthy aorta, which in turn might have adverse effects on the patency of the stent graft. For parts of the
stent graft that come into contact with atherosclerotic plagues or thrombi the difference between self- and
balloon expandable might be smaller due to the inherent lower compliance of those pathologies. Additionally,
balloon-expandable stents cannot be directly controlled over how they expand, compared to self-expandable
stents which expand in the pre-set shape.

The Windkessel model describes the entire vascular system as a compliant reservoir with a pump. The heart rests
in between contractions and fills with blood. When the heart is not contracting there is no flow and thus a stasis
of blood which can cause several problems such as thrombosis. Therefore, the arteries have a ‘pumping function’
as well. After the heart has contracted, the dilation of the vessel walls (due to their compliance and sudden
increase in blood volume during contraction) is returned to their initial balance state before contraction of the
heart. This results in the blood being pushed forward while the heart is in diastole, smoothening the flow curve
and allowing for continuous flow (albeit a pulsatile flow).>®

A summary of the aforementioned characteristics of nitinol, and the reasons for being the material of choice for
this design:

- Primary reason is the shape memory characteristic of nitinol which allows for each stent graft to be
patient specific and deployed in the same shape it was fabricated, for balloon expandable materials this
is uncontrollable as mentioned above;

- Furthermore, it has super elasticity allowing higher compliance, closer to that of the native artery, than
the balloon expandable materials; 2>

- Itis biocompatible, hemodynamically stable, and non-corrosive; >3

- It has proven to have higher fatigue resistance than balloon expandable stents. °’

- And it allows for adjustments during deployment helping prevent renal artery blockage.

Graft
The most common grafts are made of PET or ePTFE; materials which are biocompatible and have strong wear

and tear resistance. These characteristics are important for a graft to be able to withstand the continuously
pulsating blood. This requires grafts to be relatively thick when compared to other materials like polyurethane
(PU) or ultrahighmolecularweightpolyethylene (UHMWPE). Research by Guan et al. has shown that the current
limiting factor is the graft (in this case PET) when it comes to mimicking the native artery. When using PU it is
shown that the compliance of the stent graft increases (by a factor of 17) to the point where the stent skeleton
itself becomes the limiting factor. This increase in compliance approaches that of the native aorta.>® In addition,
PET and woven polyesters might play a role in inducing a more severe post implantation syndrome (PIS) when
compared to ePTFE. Therefore, it might prove beneficial to consider other materials like ePTFE and PU for the
graft.506!

Additionally, considering the various geometries Lin et al. have shown that z-shape stents cause more damage
to the graft during a 168h pulsatile flow test than circular stents.®? Therefore, when choosing the graft material
one should consider the amount of damage the stent geometry will cause to the graft for this might result in
choosing a material that is more fatigue resistant.
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The production of a graft can comprise various techniques amongst others: electrospinning, submersing the stent
in molten graft material, stretching graft material over the stent and using fibres to weave a graft which is sewn
onto the stent.?! Which graft material suits the product requirements best is still unknown and should be
investigated. Further elaboration can be found at the end of this chapter.

GEOMETRY

The variety in geometrical shapes manufacturers produce for their stent grafts all have their own effect on the
vessel wall, blood flow, long-term patency and so forth. These shapes can be classified in 5 classes according to
overall geometry: sequential rings (rings with bridging), individual rings (rings without bridging), woven, helical,
and coil. As can be seen in Figure 10. Subdivision can be made according to geometry per ring: z-shape and
circular, and the connection between rings: regular, periodic, and closed cell connection. As can be seen in Figure
11.%3
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Figure 10: 5 classes of stent geometries; a) sequential rings (with bridging 1,2), b) individual rings (without bridging), c) woven,
d) helical, and e) coil.
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Figure 11: subdivision of ring geometry: a) z-shape, b) circular and subdivision according to bridging: c) mid-strut to mid-strut,
d) peak to valley; 1. long, 2. short, e) regular, f) periodic (1. is a longitudinal bridge and 2. are periodic bridges both 1 and 2
with ¢, d or e placement), and g) closed cell.

The geometry and material also influence two parameters used in self-expandable stents: Chronic Outward Force
(COF) and Radial Resistive Force (RRF). The COF describes the ability of the stent to fixate itself in the vessel wall
due to the unloading force created in the nitinol during the crushing process. The RRF indicates the force required
to crush the stent (i.e. the force the stent can withstand without collapsing or the loading force according to the
stress-strain loading curve of nitinol).5*5> As can be seen in Figure 12.
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Figure 12: A typical hysteresis loop (i.e. stress-strain curve), by Nematzadeh et al., for super elastic nitinol. The loop consists
of a loading curve, path A-B, describing the increase of stress and strain when the stent graft is crushed to the required
insertion diameter. Then an unloading curve follows, path B-C, which describes the deployment of the stent graft in the vessel
until it reaches a stress equilibrium with the vessel wall at point C1. This equilibrium has two curves as well, the COF (path C1-
C2), describing the remaining stress, or outward force, in the stent graft (i.e. the unloading curve). The second curve is the
RRF, path C1-D, which describes the loading curve of the stent graft or the force required to crush the stent at that equilibrium
point C1.65

The COF and RRF have an impact on the stability of the inlet-outlet ratio. The ratio of the inlet diameter at the
neck with the outlet diameter at the iliac legs (din/dout) increases with an increasing AND (i.e. increasing neck
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diameter). This ratio is exponential to the overall force exerted on the stent graft according to Georgakarakos et
al. %® Therefore, the force on the stent graft will increase with an increasing AND, which might result in stent graft
migration and even endoleaks.®’-%° However, Monahan et al. did not report any endoleak type | or migration due
to AND after a mean follow-up of 59 months in 49 patients. Therefore, neck diameter as a determinant for
migration outcome as reported by Jim et al. and Stanley et al. might require further investigation.”®’! Optimizing
the neck and iliac diameters ratio might prove beneficial to prevent migration and endoleaks, and should
therefore be included in the design considerations.

Strut thickness
Kastrati et al. and Pache et al. performed studies on strut thickness comparing coronary stents with varying strut

thickness.”>’® In two studies, they included 651 and 611 patients and found reduced relative risks for
angiographic restenosis (0.58, p=0.003 and 0.57, p<0.001 respectively) and reduced relative risk for clinical
restenosis and therefore intervention (0.62, p=0.03 and 0.56, p=0.002 respectively) for strut thickness of 50 um
compared to 140 um.”>”3 Furthermore, the thickness of the struts becoming smaller is an important factor in
positive clinical outcome.” The geometrical orientation of the struts did not affect the outcome. Important to
mention is that these results come from a study concerning coronal stents. Due to difference in size and goal this
might not be applicable to an EVAR design. Important to note as well is that the COF and RRF increase with the
strut thickness, therefore a balance should be found in required COF, RRF and clinical outcome. For instance, to
obtain a similar COF and RRF with thinner struts a larger oversizing percentage should be chosen. Considering
the aforementioned, the effect of strut thickness of EVAR stent grafts should be investigated, its effect on the
vessel wall and functional properties might be significant and therefore an element to take into account while
designing the optimal stent graft.

COMPLIANCE OF STENT GRAFT AND AORTIC WALL

Guan et al. gave an overview of research performed on stent graft design and its impact on the biomechanical
properties of the native aorta. Two properties of stent grafts, amongst others, need to be considered when the
new stent graft is designed. Firstly, when the diameter of the stent graft is lower than the diameter of the aortic
neck, in systole, this might result in stent graft migration. This can occur due to AND, where the diameter of the
aortic neck becomes greater than the stent graft which at systole reaches its maximum diameter and becomes
nearly non-compliant.”® Therefore, it is necessary to be precise when determining the diameter of the neck of
the stent graft. These measurements are performed often in CT-angiographic images, it is unclear at what point
of the cardiac cycle the images were taken. The diameter change of the aortic neck can be as big as 13.3%.7® This
change might impact long-term patency of the stent graft and might result in early re-intervention.””

The second property is the inherent compliance mismatch between stent graft and native artery which causes
flow disturbances that might cause stenosis and proliferation of cells at both ends of the stent graft. Creating a
stent graft in which the compliance approaches that of the native artery might resolve those flow disturbances.
Guan et al. described the influence of blood pressure condition of the patient as a factor in determining the
necessary compliance of the stent graft. Normo- and hypertensive patients benefit more from higher compliant
stent grafts, hypotensive patients benefit less from higher compliant grafts.>® Due to the lower pressure less
compliance is required to follow native artery distensions. The low compliance difference between stent graft
and native artery in patients with low blood pressure results in less flow disturbances.

Morris et al. compared stent graft compliance with the compliance of a silicone phantom, whose characteristics
approximate the native aortic wall. The ‘Zenith Flex’ and ‘Fortron’ stent graft showed no significant compliance
difference with the silicone phantom. Raising the question why, this might be due to their geometry, material
combination, strut thickness and/or graft, further investigation is required.”®
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USABILITY

The use of different market available stent grafts (spiral, circular, and z-shape with and without bridging) in
tortuous anatomical cases is investigated by Demanget et al. in 2013. They have shown that spiral and circular
stents obtain higher flexibility results while having lower internal stresses and low luminal reduction rates. These
results are created during 90° and 180° bending tests.”

Through personal experience visibility of the stent graft in vivo is highly preferable. The procedure requires good
visualization of the stent graft, though with the current radiopaque beads and opacity of the stent visualization
sometimes lacks the required unambiguity. This results in valuable time being lost discussing its current position
and presentation on screen. Incorporating more radiopaque material in the final powder composition of the
nitinol ensures better visibility perioperative, furthermore an intuitive radiopaque bead placement should be
developed.

PRODUCTION PROCESS

The vascular system of each patient is vastly different, to cope with such variation a production process with high
adaptability is required. 3D printing allows for such adaptability it is, therefore, the production method of choice
to produce personalized stent grafts. Other production methods currently used are laser cutting and braiding,
amongst others. The first is limited by the requirement of a tube from the desired material. Creating a tube
matching the patient anatomy in tortuosity and diameter is difficult, set aside that it requires a laser system with
5 or 6 axes. The latter is mostly used for digestive track stents and has device characteristics not ideal for use in
EVAR. Choosing the optimal design for 3D printing requires research into the composition of the nitinol powder
as well as the geometry for some geometries require more support which would result in unwanted extra labour
to remove these supports when printing is finished.

Using nitinol requires post-processing this helps in acquiring homogenous material characteristics throughout
the entire stent. This can be achieved through a variety of ways, commonly by using heat, which is possible to
perform in some 3D printers that can act as an oven.

OVERVIEW

Nitinol will be the material of choice for this design. Nitinol is preferable over CoCr due to the reasons mentioned
earlier, though CoCr is already printable. Whether these characteristics will be present in 3D printed nitinol
remains to be seen. Considering the materials used in stent grafts, its geometries, compliance and usability,
preferences can be noted as to which of the aforementioned would suit the final goal best. An overview of
geometries and graft types is given in Table 1 and 2. First important characteristics are explained, thereafter the
overview is given in the table.

Table 1 important characteristics:

- COF: the chronic outward force should be balanced, it should ensure a proper seal, however, it should
not cause unnecessary high wall stresses.

- RRF: the stent graft should be able to withstand changes from the body that cause an outside pressure.
Commonly agreed; the higher RRF the better.

- 3D printable: 3D printing requires supports to print geometries for instance with an overhang. Difficult
geometries are therefore harder to print than more simple geometries would be.

- Graf-able: a graft can be applied to the stent in multiple ways, however, stent geometry plays a role in
how accessible they are in various graft application methods.

- Anatomically shape-able: certain stent geometries are less ideal for shaping to the anatomy of a patient,
due to their inherent larger profile.

- Fatigue resistant: the various geometries all behave different and therefore result in varying fatigue
behaviours.
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- AND: under influence of the COF and the geometry, AND might be prominent than in others.
- Dislodgement force: the force the stent graft can withstand before it migrates.

Table 1: Indications of the forces to be expected and the behaviour of the stent regarding its overall functionality.”480.81

Stent COF RRF 3D printable Graft- Anatomically | Fatigue AND Dislodgement

geometry able shape-able resistant force
+++=balanced | +++=higher +++=best +++=best | +++=best +++=best | +++=lowest | +++ = highest

Z-shape ++ +++ ++ ++ ++ + + ++

Circular + +++ ++ ++ +++ +++ ++ +++

Closed cell | +++ + +++ +++ + + + ++

Woven +++ + N.A. +++ + ++ +++ +

Helical ++ ++ + + ++ ++ ++ +

Coil ++ ++ ++ + +++ + +++ +

The z-shape and circular stent geometries offer balanced characteristics, of which 3D printability and
anatomically shape-able are the most important for this research project its goals, therefore z-shape and circular
will be included in the concept designs. Though the closed cell, woven, and helical stent design are superior in
some characteristics, in others they are inferior. Therefore, a balanced stent design might offer overall better
results.

Table 2 important characteristics:

- Compliance: the compliance of the graft indicates the possibility to approach compliance of a healthy
aortic wall. Higher compliance is therefore preferable.

- Endothelization: the graft plays an important role in accepting the stent graft and reducing PIS. The
amount of endothelium that grows over the graft differs per graft type and porosity. A graft that offers
quick and stable endothelization is preferable.

- Abrasion resistant: due to the pulsatile environment, an abrasive resistant graft is required.

- Graft-able: the graft should be mouldable to the patient anatomy and quickly applied to the stent.

- Low PIS: inflammation can cause major complications, therefore, PIS induction should be as low as
possible.

- PWV: the graft should have, ideally, no influence on the flow profile of the blood.

Table 2: Indications of the characteristics of the graft.>%>9.82

Graft type Compliance | Endothelization Abrasion Graft-able | Low PIS PWV

resistant
+++=higher | +++=better +++=better | +++=better | +++=low | +++=Low

resistant induction | influence

ePTFE + +++ + + +++ ++

Dacron (PET) | + +++ ++ + + +++

PU +++ ? ? +++ +++ +

UHWMPE +++ ? ? +++ ?

Dyneema + +++ +++ + ? ?

Considering the graft material, there are still unknowns therefore, a standardized study into the functionalities
of these graft materials is essential before a decision for one can be supported. However, compliance and graft-
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ability are important characteristics for this research project, therefore, PU or UHWMPE seem the most likely
candidates as graft material.

DESIGN REQUIREMENTS

To be able to properly identify requirements for the stent graft design user have been identified as well as their
requirements, which can be found in table 3. A total of 6 requirements from users have been identified through
a quick question round with the vascular surgeons:

- Lower costs: the amount of money a surgery costs, specifically the cost of the used stent graft systems
which should be as low as possible for these stakeholders.

- Quantity: the amount of operations that can be performed with the stent graft systems used,
operational wise the system should be able to be produced easily to allow for large quantity production.

- Revenue from product: the margins on the product should be as high as possible.

- Higher treatability: the complexity of the cases able to be treated with the stent graft system should be
greater than what is currently available.

- Safe product: the product should be safe to use in all cases.

- Lower complication rate: the amount of complications that occur with the used stent grafts.

Table 3: Users and user requirements; the vascular surgeon, hospital and producer have the most requirements in this project.

User Lower | Lower Quantity | Revenue Higher Safe

costs complication from treatability Product
rate product

Vascular surgeon X X X X

Interventional radiologist X X

Operating assistants X X

Patient X X X

Healthcare insurance X X X

Society X X X

Producer X X X X

Material industry X X

Hospital X X X X

CE Marking

FDA X X
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List of requirements
Some requirements have been identified above, all the requirements can be found in the list below and are

formed based upon literature, personal communication with my supervisors and OR time. The requirements are

subdivided into four categories: functional (what should it do), operational (how does the production chain look

like), technical (how should it perform) and transitional requirements (how is it implemented into the workflow).

Functional

>

Should be able to be used for either all abdominal aneurysms or at least one of the following: infra-,
juxta- and supra-renal abdominal aneurysms.

o Stent graft should include branches for renal and visceral arteries.

o Should also be used for infra-renal aneurysms with a small neck

» Should be inserted via the femoral artery.
o Compatible with guide wires.
o Profile lower than 20 French (smaller is better).”
» Should have a user interface similar or more intuitive to current EVAR products.
o Positioning via radiopaque beads should indicate locations of top and bottom as well as
fenestrations/branches.
o Stent should be as radiopaque visible in its entirety as possible.
o Should be able to be manipulated during placement.
o Deployment should be controlled via rotating handles on the interface-end.
o Should self-expand during deployment. (requires nitinol)
o Should self-adhere to vessel wall through COF and RRF inherently in the stent.
» Custom made for better match with patient’s anatomy.
» Should be long enough to provide an artificial landing zone for subsequent stent grafts to be placed.
» Should be compatible with other brands of stent grafts as an artificial landing zone.
Operational
» Should use Angiographic images to produce data for use in the design of the stent graft.
» Should produce a 3D model of the stent graft in a file compatible with the AM method (current is a STL
file).
o Should use a semi-automatic or automatic method to produce that model.
» Should be produced with an AM method (3D printing).
o Printer should be compatible with reactive metal printing (use of Argon gas).
» Should have as low as possible material costs.
o Should be capable to produce multiple products in the same manufacturing instance.
» Should withstand post-processing annealing to ensure homogeneous material characteristics.
o Nitinol requires annealing to ensure homogeneous super-elasticity and shape memory.
» Should be able to be covered with a polymer film.
o Already certified and much used polymers: e-PTFE and Dacron.
o Less used but interesting: PU and UWHMPE.?!
> Should prevent graft erosion and abrasion as much as possible 21,883
> Should be able to withstand a surface treatment for sterilization, both nitinol and the polymer.?!
Technical
» Should have similar characteristics to conventional produced stent grafts.
o Composition of the powder for 3D printing should be fine-tuned.
o Should comply with CE Marking and FDA approved standards.
> Should have full patency longer than 2 years (comparison mid-term current devices).?3
» Should cope with high alternating pressure inside the blood vessel.
o Should have high endurance and little to no chance of breaking/fatigue.
» Should not induce too much AND > COF should be balanced with the vessel wall.
» Should be flexible to retain profile without kinking = A high enough RRF should be ensured.
» Should allow for a polymer film to be created over the stent, therefore the space in between struts
should be small.
» Should not migrate or leak.

o Should be oversized by 10-20% to ensure good radial force, this should be in balance with
potential vascular wall damage.
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o Should have a top stent with barbed wires to hook into the vessel wall.
o Should have a graft design that prevents endoleaks type Il and IV.
> Should be biocompatible.?!
o Bio-inert towards blood.
o Promote low vessel wall ingrowth.
o Demote sclerotic plaque forming.
o Low corrosion levels.
o
increased flexibility.
o Should not be toxic, allergic, or carcinogenic.
= Should have a low PIS effect.
o Should not cause thrombosis, haemolysis, foreign body reaction or inflammatory response.

Transitional
» Should reduce production time to less than one week from delivery of CTA scans.
» Should be placed as first stent graft to provide the operator with an artificial neck/landing zone.

Should have a form of porosity or patterned holes for improved endothelialisation and
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4. CONCEPT PHASE

A variety of stent grafts are available on the market. Evidence for the superiority of a specific design is not yet
available. As mentioned in the second chapter for some of the design choices such as: thin- versus thick-struts
and high compliant versus low compliant stent grafts choices must be made which will be implemented into the
final design. One should take into account that the EVAR procedure is minimally invasive and therefore is bound
to a user interface which cannot always accommodate all the movements a surgeon wants. The design should
be adapted to this and be as simple as possible to prevent the surgery becoming unnecessary difficult.

At first the design should focus on the supra-renal to infra-renal part. Considering that ‘off the shelf’ stent grafts
can be placed inside the custom-made stent graft part (see Figure 13); as a first design, an artificial infra-renal
neck is suggested for the off the shelf stent graft to land on. This design is technically less complex since it does
not include fenestrations for renal arteries, a next iteration of the design should include juxta- and supra-renal

stent grafts.

Figure 13 legend
Yellow: Custom-made stent graft.

Black dashed line: Anatomically shaped rings
in custom-made stent graft.

Grey dashed line: Proximal ring from the off
the shelf stent graft.

Figure 13: A sketch of the off the shelf stent graft inside the custom-made supra- / infra-renal stent graft.

Considering the list of requirements two design concepts are made in Solidworks. A fishmouth stent and a z-
shape stent. Both designs have a straight tubular version as well as one that is matched to the anatomy of a
conical aortic neck (see Figure 18 the set-up of Ansys).
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Figure 14: Personalized Z-shape stent of 36 to 32mm diameter and a strut thickness of 0.1763mm.
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Figure 15: Z-shape stents of 32 and 40 mm diameter and a strut thickness of 0.1763 mm.
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Figure 16: Left image: Fishmouth stent of 28mm (left) and 30 mm (right) diameter and a strut thickness of 0.1763 mm.
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5. EMBODIMENT PHASE

To test the functionalities of the designs and their impact on the vascular wall simulation are performed using
the finite element method. Due to the early stage of the project some indications on whether these designs will
have a positive effect on the vascular wall is preferred before money is invested in manufacturing the stents. This
approach allows for simulation of various aortic necks and stent designs and quick evaluation of subsequent
iterations of the stent designs. Furthermore, detailed data can be acquired regarding the stent, the aortic neck,
and their effect on each other. Good simulation practice requires hand calculations and experimental data. The
calculations are performed below, the experimental data is acquired from the literature.

PRE-SIMULATION CALCULATIONS - GOVERNING EQUATIONS FOR A FINITE ELEMENT
ANALYSIS OF A STENT

Oy 1—v Ex
|| T =]
0z — E 1—v &z (1)
Tyz (14v)(1-2v) 1—2v Vyz
lsz 1-—-2v Iyxz |
Txy 1-2v b’ny

The matrix above describes the stresses of one infinitesimal small cube of material in three dimensions, as a
function of the strains. Furthermore, E is Young’s modulus, v is Poisson’s ratio, o is stress, T is shear stress, € is
strain and y is shear strain. The strain-displacement relations describe the strains on a small cube of material.
Which is a ratio of the change in dimensions of the cube due to forces and its initial dimensions.

__Ou __ov __ow
& = o fy T 52T 5p (2)
__0v  dw __Ow | Ju __O0u | dv

Vyvz =g, v o, Yz = 5, T o, Yoy =5, T o 3)
These equations (1, 2 and 3), based upon Hooke’s law, are only valid for the linear elastic behaviour of the
material, if the yield threshold has been reached the behaviour of the material will change into nonlinear and

these equations will not represent the changes in the cube anymore.
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Figure 17: a cube is changed into a bar due to forces which causes the original diameters (x, y, and z) to change with u, v, and
w. This is an exaggerated form for functional display.
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EXAMPLE CALCULATIONS - ADAPTED VERSION OF HOOKE’S LAW

According to Boron and Boulpaep’s Medical Physiology book, the change in length of the blood vessel and its
wall thinning during distension is not a major factor. Therefore, Laplace’s law can be used to describe the wall
tension (T) in a blood vessel considering only the transmural pressure and the radius of the vessel.>® Comparable
to pulling together the ends of a longitudinally separated vessel wall.

dA:'\,Smm
r =13mm

A-initial

Mo = 15MM

L,=10mm

e

CA:ZWrA

Am

Figure 18 and 19: on the left dimensions of the aorta neck are shown; the radius r, the thickness d, and the length L. On the

d,=1,5mm

right the aorta ‘sheet’ is shown with its thickness d, width L and circumference/ length C and the pulling direction indicated by
the arrow.

A blood vessel, when longitudinally cut, can also be described as a sheet of material. The wall tension can then
be described through the adapted version of Hooke’s Law which describes the blood vessel like it were an elastic
band that is stretched.>®

F Li—Lo

Boron and Boulpaep’s adapted version of Hooke’s Law °%: Z =FE X L (4)
0

The Young’s modulus of the aortic wall is 4.46x10%° Pa and its Poisson’s ratio is 0.49.54

Using the adapted version of Hooke’s Law (4), the force required to strain the sheet of aorta by 12.57mm (a 4mm
diameter increase) can be calculated:

9.42 %1072 — 8.17 x 1072
8.17 x 1072

l 4.46 x 10°
— =4, X X
A

F
= 682x10°N/m?

F =6.82x10° x (1,5 X 10 X 1076)
F=102N

Therefore, the stent requires a minimal force of 10.2N to strain an aortic wall of 10mm width from 13 to 15mm
in radius.

A similar calculation can be made for a nitinol ring whose dimensions are: length/ circumference: 15mm to 13mm
/ 94.3mm to 81.7mm, width: 0.2mm and thickness 0.2mm.

The Young’s modulus of a sample of nitinol is 4.0x10%° Pa and its Poisson’s ratio is 0.46.%°

9.42 %1072 —8.17 x 1072
8.17 x 102

F
—=4.0x10"x
A
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F
- = 6.12x10° N/m?

F=612x10°x (0.2 x0.2Xx107°)
F=245N

Therefore, the force provided by the stent to expand itself is larger than the force required to expand the aortic
wall thus the stent will not collapse under the aortic wall. However, the stent will not reach its final dimensions
of 15mm radius due to the counteracting force of the aortic wall.

This calculation does not take into account the compression using Poisson’s ratio. This ratio has a value ranging
from -1 to 0.5. Metals often have their ratio around 0.3, in this case the aortic wall has a ratio of 0.49 that means
that the volume of the cube would be almost constant and the force required to change its volume would almost
be infinitely large. For metals, a small change in dimensions of the cube is possible. Calculating the stress in the
x direction for the aortic wall and the nitinol ring gives an indication of what the results from the simulation
should look like.

CALCULATION OF AORTIC WALL FORCES NEEDED TO EXERT A 4-MM ENLARGEMENT OF THE
DIAMETER.

Using the assumptions Boron and Boulpaep made regarding vessel length and wall thickness, only a pulling force
is exerted in both x-directions of the cube resulting in a normal and shear stress on the cube in both x directions.>®

If this is filled into the governing equations together with X = 2t x 1.3 =8.17x102 m and du =2t x 1.5 - 8.17 =
1.25x102 m the stress in the x direction with its corresponding shear stresses can be calculated.

446x10° 0 125x107% o
= — X 0. X —— = /X
% =149 % 0.02 817 x 10-2 @
_446x10° 0 125x107
Tz = Ta9% 002 < 0% g9z T Tsx103 ) T %4 a
446x10° 125X 107 0 274 % 106 P
= —— X U. X = 5. X
Ty =149 x 0,02 (01 817 x 102’ ¢

F, =117 x 10° x (1.5 X 10 X 1076) = 176 N

CALCULATION OF FORCES NEEDED TO CRUSH A CIRCULAR NITINOL STENT.

To be able to be inserted, the stent must be crimped to a diameter of 6 mm in a realistic scenario, though for this
calculation we assume a reduction of 4 mm (i.e. a diameter of 26 mm) is enough for insertion. This will give the
minimal stress created in the stent to crush it to 26 mm from 30 mm.

If this is filled into the governing equations together with x = 8.17x102 m and du = 1.25x10"2 m the stress in the
x-direction with its corresponding shear stresses can be calculated:

_A0X100 125X 107
T q3%x04 B17x102 O a
4010 0 125x107
=—X04 X = 1. X
Bz = 3% 04 (002t Z2x107 ¢
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_40x10 o 125x102 0
Ty = T3x04 < 04X (o1 8.17 x 10-2

) = 38.5 x 10° Pa

F, =824 x10°%0.04x 107 =330 N

As can be seen in the calculations the stent requires far greater forces to reach the desired deformation than it
would for the aortic wall. This makes sense if you look at the Young’s modulus of both materials and its definition.
The Young’s modulus is the force per cross-sectional area required to stretch the material to twice its initial
length. However, the forces required to deform the stent are high and do not represent reality.

For z-shape stents the forces are calculated differently. The geometry of the nitinol stent should be taken into
consideration. Therefore, if a stent is crimped with a z-shape geometry the cross section of the stent will have a
compressive and a tensile part. Equilibrium dictates that the forces on these parts are equal but opposite to each
other.

Neutralaxis + — — — — — — — A
y
As
Figure 20: Stress free cross section of the stent; Ax= width of the cube,
As= width of the cube at location y, y= location along the radius of the
stent. — o
< Ax >

-
—

—
Neutral axis

tension

compression

Figure 21: A side view of the cross section indicating
different parameters; AG = change in angle, p = radius of
the curve, C= radius of the stent, As’= width at location y,
y=location along the radius of the stent. Note the tension
force and compression force in their respective areas.
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For small deformations, we can assume:
Ax=pXAO—-> As'=(p—y)xXAB (5)
The strain is also known as:

As'—As -y)AO-pAO -
e = _ (p—y)A6-pA6 _ -y (6)
As pA O p

If the stent is crimped from 15 mm to 13 mm in radius, the angles between the struts (7 times 2 in total; 360/7 =
51.43°) are reduced by a factor 13/15. This results in an increase of angle 9 by a factor of 15/13. Therefore, the
A is:

15
AG = 3 X 51.43 —51.43 = 7.91°

Ax is approximately 5.8 mm and y is the maximum radius, therefore y = C = 0.1 mm. Therefore, the p can be
calculated as well as the resulting strain € (using equations 5 and 6):

Ax 5.8 0.73 -y -0.1 136x10-1
=—=—=0. Sse=|—|=|——| =1.
P =26~ 701 mm = e =|-= =573 x

This strain can then be used for calculating the stress with the governing equations:

40X 1010

=——— x07x%x 0136 =7.34x10°P
0x =3 yoq X 07 % 0136 =734x10° Pa

The force exerted on either the compressive or the tensile area is calculated by multiplying their respective areas
with the stress.

F, =734%10°%0.2x%0.1x107°=146.9N

When compared to the aortic wall force requirement (176N) it can be concluded that the stent will expand itself
into the vessel wall until an equilibrium has been reached. The stent lacks the strength to push the aortic wall to
the 4mm diameter increase, therefore a COF remains. Overall 176N and 122N quite high and most likely do not
represent realistic scenarios. More often stent crushing forces of around 5-15 N are found 2688

One extra calculation must be performed; the required 122N is calculated assuming 1 spring extending by 4 mm.
However, there are 14 similar springs/struts in the stent geometry oriented in a circle. Therefore, we can assume
equal distribution of force:

146.9
Fyper strut = Vv =10.5N
10.5 N is in the range of 6-15 N and is therefore a feasible result. A similar approach applies to the aortic wall on

which these 14 struts have their effect:

176
Faorta,per strut — H = 12.6N

This results in a chronic outward force i.e. the equilibrium with the vessel wall (see Figure 12). Which can be
calculated by determining an equilibrium factor.

ay. . 1 .
Equilibrium factor = 26° 0.83
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Fstent,released = 10.5 X 0.83 = 8.75N
Feor = 10.5—-8.75 = 1.75N

Morris et al. have tested various marketed stent grafts with circumferential loading tests resulting in a maximum
loading force (at 20% diameter reduction) of 5N, rapidly dropping to a 0.5N when the force is removed, after
which it ‘slowly’ returns to its initial diameter and zero outward pressure is measured.”® Therefore, the calculated
1.75N might be too high, most likely due to the linear elastic assumption which overestimates the amount of
stress required to strain the stent.

The N/m? (i.e. Pa) can also be calculated in order to compare with other stent grafts. The total length of the stent
is 237.14mm its width is 0.2mm.

1.75

Pnet,outward = m X 106 = 3693(104 Pa =369 kPa = 276 mmHg

Which is outside the normal range of blood pressure in the aorta (10-16 kPa; 80-120 mmHg), likely due to the
linear elastic assumption. Though it might overstress the vascular wall, however, it might also indicate a proper
seal.
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SET-UP OF ANSYS

Ansys is a finite elements analysis program allowing for a variety of simulations. For this purpose, a static
structural analysis was chosen, this allow for stresses and strains to be measured in the simulated bodies. This
type requires bodies (stents and aortic necks), materials (formulations and properties), boundary conditions to
work within, and forces/displacements to simulate. In the set-up of the static structural analysis three vessel
walls are used to mimic the aortic neck, of which the latter two in Figure 22 are derived from patient scans.

0,000 10,000 20,000 (mm)

5,000 15,000

0000 10,000 20,000 (mm)
| I

5,000 15,000
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Figure 22: Aortic necks; on the top an artificial straight tube for direct comparison (diameter 26 mm), in the middle a straight
anatomical shape (around 30 mm diameter). On the bottom, a conical shape with a varying diameter of 26-32 mm. All with a
wall thickness of 1 mm. The latter two are derived from patient scans.

Based upon literature material descriptions were chosen for the aortic wall and nitinol stent, these descriptions
assume simplified behaviour. In those studies, the material models were verified with experiments. For the aortic
wall, a 3™ order polynomial description was chosen. Which results in non-linear hyper-elastic isotropic
behaviour.®® Whereas the aortic wall in fact is anisotropic it is assumed isotropic to simplify the simulation,
thereby only influenced by circumferential compliance. Which is in line with the statement of Boron and
Boulpaep concerning sole influence by circumferential compliance.®® This polynomial approach does
approximate the aortic wall in its circumferential compliant behaviour according to Zhao et al., however, they
added the intima and adventitia layers as well, which have been left out in this simulation.®

Nitinol has difficult behaviour to simulate, Ansys does have a shape memory algorithm, however, this is
computationally more demanding. Therefore, an elastoplastic behaviour description was chosen to approximate
the super elastic characteristic of nitinol. Demanget et al. validated this with experiments, they used material

properties from the experiments of Kleinstreuer et al.85°°

Table 4: Material properties of nitinol and aortic wall.8>8

Nitinol, material properties

Austenite elasticity (MPa) 40,000 Martensite elasticity (MPa) 18,554
Austenite Poisson’s ratio 0.46 Martensite Poisson’s ratio 0.46
Start of transformation loading (MPa) 390 End of transformation loading (MPa) | 425
Aortic wall, material properties

Artery, layer: media; | Cio(MPa) | 0.03828 | Co(MPa) | 0.01885 | Cs0 (Mpa) | 0.02067
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Ansys also offers a super elasticity material description, however, this description is not yet compatible with
beam elements. Beam elements are used, to mesh the stents, due their short computation times when compared
to ‘standard’ solid elements. Similar reasoning applies to shell elements versus ‘standard’ solid elements, which
are used to mesh the aortic neck.

In the set-up of the simulations a static structural analysis is chosen wherein the geometry is loaded into
SpaceClaim (a design modeler from Ansys) that allows for initial set-up of the required bodies (see for an example
Figure 25). Thereafter Ansys Mechanical is used to describe the steps the simulation must take which are
summarized in the following two Figures 23 and 24.

The above-mentioned material models are verified performing two verification simulations. For the verification
simulations, similar steps are taken as for the main simulations. However, without the expansion step since it is
only necessary to measure the crushing force required, furthermore, only two crushing plates are used
orthogonal to and on either side of the two diamond shaped cells (see Figure 28 in Chapter 6).

Initial

9 plates functioning as rigid bodies orientend in a circle around the stent facing a shared central point.

Crimping

All 9 plates are displaced through remote displacement by a specified amount towards that central point.

Expansion

|¢

All 9 plates are retracted through remote displacement by the specified amount from that central point.

Evaluation

|¢

Stress, strain, and contact is assessed for the stent and vessel wall.

Figure 23: Stent crimping without aortic neck.
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E]

9 plates functioning as rigid bodies orientend in a circle
around the stent facing a shared central point.

The aortic neck is positioned outside the crimping zone.

Crimping

All 9 plates are displaced through remote displacement by a specified amount towards that central point.

Positioning

The aortic neck is displaced over the stent, mimicking 'positioning of the stent'.

Expansion

All 9 plates are retracted through remote displacement

3 e e A e S e e Stent - vessel wall contact describes their interaction.

Evaluation

Stress, strain, and contact is assessed for the stent and vessel wall.

Figure 24: Stent crimping with aortic neck.

50.00 (mm)

Figure 25: The initial set up for a simulation, in this case a straight z-shape stent with a conical aortic neck.

In Figure 25 the initial set up for a simulation can be seen. This set up allows, as a first step, to crimp the stent to
the required diameter. Followed by displacement of the aortic wall to mimic the positioning of the stent;
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performing this with the aortic wall was computationally more advantageous due to the relative simple geometry
of the aortic neck, the results are similar.

Two contact regions are defined: the stent with the rigid body (plates) and the stent with the aortic wall. Both
contact are frictional contacts. This aids in stabilizing the simulation. Furthermore, the stent-rigid plate contact
description uses a Newton-Rhapson approach thereby updating the stiffness matrix at each equilibrium iteration.
Per iteration it converges to an equilibrium (i.e. solution) for the current problem, after a few iterations it finds
that solution and moves on to the next problem with an updated stiffness matrix based upon the previous
solution. The stent-aortic neck contact description uses a direct solver approach, which eliminates equations
instead of finding solution in an iterative fashion. Direct elimination requires the factorization of an initial very
sparse linear system of equations into a lower triangular matrix followed by forward and backward substitution
using this triangular system.

The stent/ rigid plate contact is divided into 9 contact regions for the plates each require their own contact
description. The contact settings are similar for all the stent / rigid plate contact descriptions, see table 5.

Table 5: Table from the Ansys Mechanical window showing the set-up values for the stent / rigid plate contact.

Definition
Type Frictional
Friction Coefficient 0.2
Scope Mode Manual
Trim Contact Off
Suppressed Mo
Advanced
Formulation Program Controlled
Elastic Slip Tolerance Program Controlled
Maormal 5tiffness Manual
Maormal Stiffness Factar 0.8
Update Stiffness Each lteration, Aggressive
Stabilization Damping Factor | 2.
Finball Region Radius
Finball Radius 0,35 mm
Time Step Controls Mone

Geometric Modification
Interface Treatment Add Offset, Mo Ramping
Offset 0.2 mm

Target Geometry Correction | Mone

The stent / aortic wall description consists of one contact description with all the inner faces of the aortic wall as
contact and the stent as target, see table 6. A normal Lagrange formulation is chosen to force the stent and aortic
wall to have contact compatibility without any contact penetration. Other formulations allow for contact
penetration which causes the simulation to not-converge due to a too large penetration depth.
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Table 6: Table from the Ansys Mechanical window showing the set-up values for the stent / aortic wall contact. Note the
friction coefficient changes per simulation depending on the required stability, the range is from 0.05 to 0.4.

Target Shell Face Bottom

Shell Thickness Effect Mo

Definition

Type Frictional
Friction Coefficient 0.2

Scope Mode Manual

Trim Contact Off

Suppressed Mo

Advanced

Formulation Marmal Lagrange

Elastic Slip Tolerance Program Controlled

Stabilization Damping Factor | 2.

Finball Region Radius
Pinball Radius 0.25 mm
Time Step Controls Mone

Geometric Modification
Interface Treatment Adjust to Touch
Target Geometry Correction | Mone

The stent, rigid plates and aortic wall are all meshed sizing them accordingly to obtain proper aspect ratios of the
elements. Quality is determined based upon the aspect ratios, quality of at least 0.5 is required. Therefore, quads
are employed as much as possible. Quads often offer a good aspect ratio when the element size is chosen
correctly for the body being meshed. However, a trade-off was made between the maximum allowed elements
and nodes (including both mesh and contact created nodes and elements) and the quality of the mesh.

Table 7: the number of elements and their quality per model.

Body Size of elements | Number of elements / Nodes

Plates / rigid bodies (9 in total) 2.5mm 1035 (115 per plate) | 3546 (394 per plate)
Aortic wall (shell elements)

Conical 0.7mm 8209 8331

Straight 0.7mm 9893 10004

Tube 0.55mm 11096 11248

Stent (beam elements)

Z-shape 0.3mm 782 1566

Fishmouth 0.3mm 304 608

In order to stabilize the simulation, ensuring the bodies do not move all over the place, boundary conditions and
constraints are added. For the rigid plates, a remote displacement was chosen to move the plates in- and
outwards. The stent and aortic wall were constrained with nodal displacements and orientations (often with one
node). This restrained the stent to be allowed only to change in the radial x-direction. For the aortic wall the
same restriction applied, however, a nodal displacement in the z-direction was added to simulate the movement
of the aortic wall over the stent (this displacement varied per simulation) and constraint further movement after
displacement.

Since this simulation is difficult a manual determination of sub steps was chosen. Initial sub steps were set at 20
with a minimal amount of 5 sub steps and a maximum amount of 5000 sub steps. Results are gathered for both
the stent and the aortic wall as well as their contact. These results consist of images and data per time step
wherein the maximum principal strain and equivalent von-Mises stress are shown and compared. Normal and
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personalized z-shape and fishmouth stents in straight, anatomical straight and anatomical conical aortic necks
are compared to acquire insight into the effect of personalized stents.
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6. EVALUATION AND RECOMMENDATIONS

In this chapter, the results from the simulations are shown. The figures showing maximum principle elastic strain
or equivalent (von-Mises) stress in stents or aortic necks have a colour coding legend wherein red is the maximum
encountered value in the measured object and blue is the lowest encountered value.

VERIFICATION TESTS

Two verification tests were performed, first a single ring of diamond shaped cells undergoing a 100mmHg (13.3
kPa) pressure from inside out (Figure 26 and 27). Secondly two diamond shaped cells were subjected to two
crushing plates on either side of the cells as can be seen in Figure 28. The maximum principal elastic strain and
equivalent stress (von-Mises) were measured (Figure 29 and 30).

Verification test 1

0,00019134
1,3583e-5 Min

4,000 {mm)

Figure 26: The maximum principal elastic strain of a diamond cell geometry with a 100mmHg pressure pushing from inside
out, reaching a maximum of 1.6x103 mm/mm. Note the red areas inside the cell at the points and at the connection points on
the outside of the stent, indicating the highest encountered strain. The middle areas of the struts are showing little to no strain
(blue).
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Figure 27: The maximum principal elastic strain of the same diamond cell geometry and simulation (Figure 26) in full view.

Verification test 2

ANSYS

R18.0
Academic

4,000 (rmrm)

) i

Figure 28: The initial set-up for the double diamond cell crushing test. Showing in grey the double diamond cell and on either
side the transparent plates for crushing the stent. (black and white scale bar below indicating: 0-4 mm)
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Figure 29: The maximum principal elastic strain for a completed crushing test of the double diamond cell., reaching a maximum
of 4.05x102 mm/mm. The highest strain is encountered on the inside of the stent at the connection points with the other cells.
The points of the double diamond cell have medium-high strain (yellow-orange). The middle areas of the struts are showing
little to no strain (blue)

0,000 2,000 | 4,000 (rmim)

1,000 / 3,000

Figure 30: The equivalent stress (von-Mises) for a completed crushing test of the double diamond cell, reaching a maximum
of 2.81 GPa. The highest stress is encountered at the points on the inside. The middle areas of the struts are showing little to
no strain (blue)
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ANATOMICAL CONICAL — STRAIGHT VERSUS PERSONALIZED STENT

The straight and personalized z-shape stent (Figure 14 and 15) were crushed with the 9 rigid plates (as seen in
Figure 25) and inserted into the conical vessel, subsequently it was released after which it reached an equilibrium
with the vessel wall. The results from that equilibrium are found in Figure 31 - 37. The maximum principal strain
and equivalent (von-Mises) stress were evaluated.

Figure 31: An image without measurements of the end equilibrium stage of the conical neck with a straight z-shape stent,
note the stent conforms to the anatomy of the aorta.

S ———————————

Figure 32: An image without measurements of the end equilibrium stage of the conical neck with a personalized z-shape stent,
note the stent conforms to the anatomy of the aorta.

Important to note in Figure 31 and 32 is the conformability of both stents to the aortic neck, as well as some
points of the z-shape sticking out into the lumen, though visually they do not seem to differ after deployment.
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In the following two figures, the conformability of the straight and personalized stent to the conical neck is
shown.

ANSYS

R18.0

Academic
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Figure 33: the straight stent deployed in a conical neck results in deformation of the stent after conforming to the aortic neck.
On the top and right it follows the conical shape, on the left it follows the straighter part of the neck.

ANSYS
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Figure 34: the personalized stent deployed in a conical neck results in little visible deformation after conforming to the aortic
neck.
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Maximum principal strain in a conical neck
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Figure 35: A graph comparing the maximum principal strains in the conical neck caused by the straight and anatomical z-

shape stent.

In Figure 33 the strain of the aortic neck is measured. The first second increase is the angio-tension force enacted
on one end of the aortic neck. The flat part of the graph is the crushing of the stent as well as the movement of
the aortic neck over the stent, which has no effect on the strain. Thereafter the stent is deployed, which increases
the strain in the neck, until it finds an equilibrium at the end. Note the peak in the amount of strain for both
straight and personalized stent, as well as the almost equal equilibrium end points.

Maximum principal strain in stent in a conical neck

1.40E-02
1.20E-02
1.00E-02
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—@— Straight stent  —@— Anatomical stent

Figure 36: A graph comparing the maximum principal strains of the straight z-shape stent with that of the anatomical z-shape
stent, in a conical neck.
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Maximum principal elastic strain in points of stents in a
conical neck
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Figure 37: The maximum principal elastic strain measured in one of the proximal points of the straight and personalized stent
deployed in a conical neck.

In both graphs (Figure 34 and 35) the crushing and deployment process of the stent can be seen; the initial
increase of strain in the first three to four seconds, the flattened part of the graph where the aortic neck is moved
over the stent in the fourth and fifth second, and finally the deployment of the stent in the vessel finding an
equilibrium. Important to note in Figure 35 is the difference between the proximal and distal point of the straight
stent, whereas the personalized stent has no difference between those two points at the moment of equilibrium.
Noteworthy as well is during movement of the aortic neck the difference in strain, of the proximal and distal
points of the personalized stent.

Of all these graphs, their stress equivalents can be found in Appendix 9.2, as well as the whole-body view of the
stents and aortic necks. All showing similar results as shown here.
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STRAIGHT TUBE — STRAIGHT Z-SHAPE STENT

The straight Z-shape ring (Figure 15) was crushed with the 9 rigid plates (as seen in Figure 25) and inserted into
the vessel, subsequently it was released after which it reached an equilibrium with the vessel wall. The results
from that equilibrium are found in Figure 38 and 39. The maximum principal strain and equivalent (von-Mises)
stress were evaluated.
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Figure 38: Maximum principal elastic strain of a z-shape stent in a straight tube, reaching a maximum of 2.89x102 mm/mm.
The highest strains are encountered along the z-shape of the stent, where the centre with direct contact has the most (red)
and the area around it has one level lower (orange) and so on, forming a “hill’.
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Figure 39: Equivalent (von-Mises) stress of a z-shape stent in a straight tube with aortic wall characteristics in units of MPa,
reaching a maximum of 6.76x103 MPa. The highest stresses are encountered along the z-shape of the stent, where the centre
with direct contact has the most (red) and the area around it has one level lower (orange) and so on, forming a ‘hill’. Note
that the points of the stent (yellow / green) have lower stress values than the centres (red areas) of the struts do.

¥

Note in both figures the area over which the stent divides its outward force, also indicated by the amount of
green, yellow, and orange.
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STRAIGHT TUBE — FISHMOUTH STENT

The straight fishmouth ring (Figure 16) was crushed with the 9 rigid plates (as seen in Figure 25) and inserted into
the vessel, subsequently it was released after which it tried to reach an equilibrium with the vessel wall. The
results from that attempt at equilibrium are found in Figure 40 and 41. The maximum principal strain and
equivalent (von-Mises) stress were evaluated at last converged time step of 6.44 s. This equates to about 50%

deployment of the stent.
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Figure 40: Maximum principal elastic strain of a fishmouth stent in a straight tube, reaching a maximum of 7.09x102 mm/mm.
The highest strains are encountered on the corners of the fishmouth stent (red areas). Note the slope / hill around the stent
pressing into the vessel wall.
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Figure 41: Equivalent (von-Mises) stress of a fishmouth stent in a straight tube wit, reaching a maximum of 2.76x10-2 MPa.
The highest stresses are encountered on the corners of the fishmouth stent (red areas). Note the slope / hill around the stent
pressing into the vessel wall.

Note in both figures the area over which the stent divides its outward force also, indicated by the higher peak
strain. Also indicated by the amount of green, yellow, and orange.
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Figure 42: The maximum principal elastic strain in the fishmouth stent, not fully, deployed in a straight tube, reaching a
maximum at 3.47x10-3 mm/mm. Note the highest strain is encountered on the side of the fishmouth stent (red/orange areas),
whereas the top has apparently no strain (blue area) this strain is on the other side and of the same magnitude as visible on
the side here.
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Figure 43: The equivalent (von-Mises) stress in the fishmouth stent, not fully, deployed in a straight tube, reaching a maximum
at 142 MPa. Note the highest stress is encountered at the top and side of the stent (red / orange areas).

47



ANATOMICAL STRAIGHT NECK — STRAIGHT Z-SHAPE STENT
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Figure 44: The maximum principal elastic strain in the anatomical straight neck due to a deployed straight z-shape stent,
reaching a maximum at 8.08x102 mm/mm. Note the highest strain is found at the peaks of the z-shape stent, furthermore
note the distribution of strain at mid-strut level of the z-shape stent.
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Figure 45: The equivalent (von-Mises) stress in the anatomical straight neck due to a deployed straight z-shape stent, reaching

a maximum at 2.82x102 MPa. Note the highest stresses are encountered at the peaks of the z-shape stent. Furthermore, note
the stress distribution at mid-strut level.
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DiscussION

This research has investigated the effect of personalized stents versus straight stents. Additionally, it considered
two different stent geometries most usable in 3D printing (the desired production process), the fishmouth and
z-shape stent, in answering of the research question how to re-invent the personalized stent graft and its
production process. It was found that personalized stents have a more equal distribution of strain (and stress) in
the stent. And might thereby induce less stress and strain in the vascular wall, however current results show little
change in the strain of the vascular wall. Despite the encountered differences between both stent geometries,
superiority of one geometry over the other remains to be seen.

Verification

Both verification tests (Figures 26-30) showed comparable results to the study of Kleinstreuer et al., however,
differences are present, most likely due to a variety in the geometry since the dimensions given did not match
the nominal diameter they indicated to be using.8> The two diamond cells were used to reproduce the crushing
of the stent, a full ring was not possible due to a restriction in elements and nodes that can be used in the
educational licence, however, the data is of the same magnitude and therefore most likely to match reality.

The z-shape stents in a conical neck (Figures 31 and 36) when compared to the final perioperative images of the
EVAR procedure (Figure 9) show similar adaptable behaviour of the z-shape stent in following the morphology
of the aortic neck, which is an indication that these simulations do approximate reality.

Straight versus personalized

The conformability of the straight and personalized z-shape stent in a conical neck is considered reasonable due
to the stents having points of the z-shape sticking out into the lumen, where it should have full conformability to
the aortic wall to create a larger seal (Figures 31-34). In the next design iteration, the stent should follow the
aortic wall even more to prevent points of the stent sticking out into the lumen. If we look closer at Figures 33
and 34 the difference between deformation of the stents in conforming to the aortic wall is clear. The
personalized stent is suited better to the conical neck than the straight stent, however, a similar conformation
to the straighter part of the aortic neck on the left of the stent was expected, in a future iteration of the design
this conformation needs to be included to create a better seal with the vessel wall. Thereafter a re-evaluation of
the personalized stent is required.

The effect of the personalized stent can be seen in the graphs, a lower principal strain and equivalent stress in
both the stent and the aortic neck (Figures 35 and 36). Though the difference is small for the aortic neck at the
equilibrium stage, the maximum encountered stress is significantly lower for the aortic neck under influence of
the personalized stent. This is a direct result of the personalized shape of the stent, ensuring the right amount of
oversizing for each diameter in the aortic neck might therefore aid in reducing vascular wall stress. The peaks
encountered in the graphs of Figure 35 are due to the elastic behaviour of the aortic wall. The stent expands
quicker than the equilibrium with the vessel wall can set in, therefore an ‘overshoot’ happens thereafter the
stent and vessel wall find their equilibrium due potential energy that is stored during the overshoot in the vessel
wall pushing the stent back.

This personalized approach in oversizing affects the amount of strain (and stress) in the points of the stents (see
Figure 37). At the distal points of the straight stent ring higher strains were found than at the proximal points,
which might seem counterintuitive at first. Due to the straight geometry of the stent and the conical shape of
the neck the distal part of the stent has more room to expand, thereby reducing the strain in the proximal points
(see Figures 49-59 (in appendix 10.2) for stresses and body views). Furthermore, the difference in strain of the
proximal and distal point of the personalized z-shape stent during aortic neck movement is due to the nominal
diameter difference. The larger diameter (proximal point) has the higher strain (and stress) levels for the same
reason as the straight stent at the equilibrium.
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As stated in the beginning of this discussion the z-shape stent does approximate realistic behaviour, however,
the simulation stops after the deployment, it does not simulate AND which happens thereafter. Straight stents
might extend further (see Figure 46) under influence of the pulsatile environment and sick aortic wall, thereby
causing additional unwanted AND. Simulations and in-vitro experiments should investigate the influence of the
pulsatile environment on personalized stents and whether this might reduce AND or alter the way the neck
dilates.

SELF-EXPANDING STENT GRAFTS
AT TIME OF IMPLANT CHANGE OVER TIME
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Figure 46: The loss of sealing due to AND over time, adapted from Manish Mehta.%!

Z-shape versus Fishmouth

The fishmouth stents induce a larger peak stress than the z-shape stents do (Figure 38 versus 40 and 39 versus
41), however, the area over which this peak stress occurs is smaller than with the z-shape stent. The residual
compliance of the aorta is smaller at the peak areas due to the elasticity modulus of the vascular wall, therefore
energy looking for a way to be stored in the vessel wall will first transfer into the valley areas before transferring
into the peak areas. Based upon these results, Z-shape stent graft systems might benefit less from higher
compliant grafts than the fishmouth stent grafts would. Therefore, when considering the graft type for the future
design of the fishmouth stent graft a highly compliant material should be chosen such as PU. A note for future
consideration is the effect of ageing on the aortic wall, it has been reported that the strength of the wall
decreases with the age, i.e. the compliance decreases.?> This might result in less benefit of this compliance
difference due to the stiffening of the aorta.

Fishmouth stent

During simulation of the fishmouth stents achieving convergence was difficult. Often the simulation failed due
to distorted elements and subsequent failure to repair and converge. The z-shape stent has a larger area over
which the force is distributed than the fishmouth stent does. This higher force might result in the simulation of
the vascular wall not coping. Increasing the amount of sub steps and taking more time for the remote
displacement of the stent back to its original position did not help in convergence. Subsequently the diameter of
the fishmouth stent has been reduced to approximately 10% oversizing, however, the desired convergence was
not achieved. Elemental distortion and errors in element formulations kept arising. Reduction of the element
size did not result in full convergence either. Therefore, only partial convergence is shown in Figures 40-43. The
stress and strain distribution is as would be expected from the fishmouth stent. The exact reason as to why full
convergence is not achieved is still unknown, further investigation is required. With more elements and nodes
allowed in an advanced license might aid in convergence reducing the probability of elements distortion. The
way the stent is constrained might be of effect as well, by using symmetry one can remove in stent constraints
and use symmetry constraints this might aid convergence.
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Z-shape stent

When comparing Figure 38 and 39 with Figure 44 and 45 it is clear that the maximum strain and stress has shifted
from mid-strut to the peaks of the z-shape stent. Considering the design of the stent, the mid-strut areas are
higher than the peaks (peak to peak it has barrel-like shape). Therefore, in the straight tube mid-strut areas will
induce a larger effect on the vascular wall. For the anatomical straight neck, the stent encounters a rough surface
causing a varied effect on the vascular wall.

Design

Furthermore, as noted before in Figure 31 and 32, the points of the stent can be seen extending inwards to the
lumen instead of parallel to the vascular wall. Since the graft is fixated to the stent this results in the graft being
lifted into the lumen. This might cause several problems such as flow disturbances and graft abrasion due to peak
stresses in the graft around those points as well as a reduced area of seal which might result in stent graft
migration and/or endoleaks. For personalized stent grafts these effects might be reduced due to better matching
diameters, however too big diameter changes might induce the above-mentioned effects instead of preventing
them.

The influences of varied geometry on flow and compliance of the native aorta should be investigated. Through
simulation and/or in-vitro experiments an optimal balance should be created to reduce the influence of the stent
graft on the native aortic wall. Morris et al. concluded significant influences due to geometry, graft type and
design choices in 5 different stent grafts.”® Currently no single EVAR device on the market is superior to the rest,
each has its own anatomical specialization. This raises the question if it is feasible to produce a universal stent
design to accommodate all anatomical variations. In any case, knowledge on the effects of varying geometry and
devices dimensions is limited. This thesis succeeded to broaden that knowledge, by showing the reduction of
stress and strain through personalized stents on the vascular wall, however, questions remain which should be
investigated in future research.

Method

The Finite Element Method (FEM) main principle is that a large difficult model is described as multiple smaller
simpler models. These models consist of algebraic equations describing small elements which, when solved, are
substituted into the larger model to solve for the entire model. It can be depicted as multiple smaller combined
tangent lines describing a non-linear curve. These simulations approximate reality and offer an estimation of how
real models would behave. This should be considered when performing future research with real models and
comparing those results with the current ones. Literature offers some insight on what formulations of material
and tissue describe reality well. However, the chosen formulations might not be the most optimal. The nitinol
formulation is based upon an elastoplastic description. Whereas a specific super elasticity formulation would be
preferred, however this formulation is not yet available for beam elements in Ansys. The artery wall is described
by a 3" order polynomial and experimental data, most studies used their own formulation and data of the artery
wall often based upon in-vitro testing. Therefore, comparison with other studies is difficult. The authors’ limited
knowledge about Ansys prevented implementation of such advanced formulations, however, it is strongly
suggested for future research to consider implementing those advanced formulations for a more accurate
approximation of reality. In addition to the formulations, limitations in computer power and an educational
license restricted the number of nodes and elements that could be used. In future research, it is suggested to
implement symmetry in the geometrical models to reduce the number of elements and nodes required and/or
acquire an extended license to allow for a larger number nodes and elements to be present in the simulation.

The elastoplastic formulation created for these simulations produces results that are in the same order of
magnitude however do not fully comply to the literature results from Kleinstreuer et al. Such linear formulations
might overestimate the amount of stress in the vascular wall and stent, due to the lack of proper formulation of
the difficult strain hardening behaviour of nitinol.8> That behaviour allows for more strain without a proportional
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increase in stress (see Figure 12). Therefore, this elastoplastic formulation should be compared to experimental
data to verify whether it is a suitable formulation.

The interaction between beam and shell elements proves to be a challenge. The stent and vascular wall interact
with prescribed contact, this contact can utilize various formulations (pure penalty, augmented Lagrange, and
normal Lagrange, amongst others). Pure penalty and augmented Lagrange allow for contact penetration, which
means elements can have a bit of overlap when coming into contact. Though this can aid in convergence in some
simulations, for these simulations it prevented convergence by stopping at the first point of contact. This might
be due to the overlap the results from the equilibrium equation for the stent did not match those from the
vascular wall causing a non-convergence. The normal Lagrange formulation forces both bodies to come into
contact without allowing for any penetration, this resulted in convergence for the z-shape stents. For the
fishmouth stents contact did have an expected expanding effect on the vessel wall, however, it did not converge
fully.

Vascular wall simulation

The vascular wall simulated in this thesis is a simplified model as noted in the set-up of Ansys part. A real blood
vessel behaves anisotropic and has multiple layers with varying characteristics. The 3™ order polynomial and
experimental data on which the used model is based was created by Zhao et al. They made a model that
employed the three layers of the artery as well as soft and calcified plaques.® It is suggested to extend the current
vascular wall model to incorporate these additions, this will aid in approximating real-life behaviour of the vessel
wall and thereby give more insight into the effect of anatomical shaped stents on various aortic necks.

Production process

3D printing is not yet a proven suitable production process for nitinol stents. Therefore, it might be that printing
nitinol stents is not possible yet this should, therefore, be the first step in future research. During this research,
multiple technical medicine students have worked on this project. Some with a goal towards 3D printing of
nitinol. Tests, based upon ASTM standards, have been developed to evaluate the printed nitinol parts: a tensile
strength test, differential scanning calorimeter analysis and crushing test. These tests allow for standardized
measurements of nitinol parts allowing us to gain insight into the characteristics of the printed nitinol and the
effects of varying powder compositions. Defining the right powder composition and printer settings should be
the next research step.

CONCLUSION

In this thesis, the personalized and straight stent designs were evaluated through finite element analysis. The
results showed that stress and strain in the aortic neck can be reduced through personalizing stent grafts. The
evidence strengthens the confidence in the necessity for personalized stent grafts. In addition, fishmouth stents
have been compared to z-shape stents, however, currently the evidence presented is not strong enough to
support a claim of superiority for either one design. Furthermore, 3D printing is the desired production method
for its capability of producing complex shapes allowing for exact personalized stent design. Therefore, it can be
concluded that the first important steps have been set for improving the personalized stent graft design,
however, additional research into effects and behaviour of the personalized stent graft and its production
process is required.
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7. OUTLOOK

The current stent graft design hypothesis only focusses itself on the infra-renal part of the procedure by creating
an artificial landing zone infra-renal. During the decision making whether to implant a stent graft results are
weighed against potential complications, for instance renal ischemia occurring with some juxta- and supra-renal
stent grafts. Personalization of the stent grafts to accommodate branched devices as well might prove beneficial
in reducing complications with juxta- and supra-renal aneurysms. On a side note: often the inferior mesenteric
artery is being sacrificed due to expected good collateral flow, however, this may cause problems in some
patients causing ischemia to the transverse colon, descending colon, sigmoid colon, and rectum. It may prove
beneficial for patients to receive a stent graft that matches their entire anatomy including those branches that
are now often sacrificed. Furthermore, considering branched and fenestrated stent grafts, supra-renal stent
placement is beneficial compared to infra-renal stent placement due to AND that is less present for supra-renal
stents (2% versus 25%).3° Therefore, performing research into producing patient specific supra-renal stent grafts
using 3D printers might prove beneficial for clinical outcome.

Not present in the simulations is the graft that envelops the stent. The impact of the graft on the compliance of
the stent has been found significant by multiple studies and should therefore be part of future simulations of the
various stent graft designs. This graft study should investigate the required graft characteristics which would suit
the personalized stent grafts best. Furthermore, the effect of bridging should also be investigated, the effect of
the presence of a bridge on the flexibility of the stent graft might be significant, thereby influencing the
compliance of and flow through the stent graft.

The stents in this thesis are designed to oversize approximately 20% in diameter this should ensure good sealing
at the neck and prevent any migration during normal pulsatile behaviour of the aorta. According to Sternbergh
et al. thisis comparable to a stent graft that is 3-5mm in diameter larger than the targeted aortic neck.* However,
during CT-A scanning of the abdominal aorta the pulsations of the vascular system are not taken into account.
Instead, in the Meander Medical Centre, a 2mm inaccuracy threshold is used. Only measurements outside the
threshold are considered significant. This results in reduced accuracy of the measurements since it is not clear
whether the measurements are performed in systole or diastole and how this relates to the effects of angio-
tension (i.e. the Windkessel effect). Van Herwaarden et al. found that the outward change in diameter can be as
big as 13.3% from the initial diameter.”® Therefore, choosing a stent graft which achieves 20% oversizing, might
be too large which can result in overstressing of the vascular wall and induce AND. By combining the CT-A scan
with for instance an ECG, one can know the status of the vascular cycle at the time of acquisition. It might be
beneficial to combine scans and ECG post-acquisition to determine the dimensions of the aorta. This might result
in a more accurate estimation of the size of the aorta. Which in turn might result in more accurate oversizing
thereby reducing vascular wall stress.

Depending on the outcome of the future research into printing of nitinol, a plan b might be required. Using
patient specific fabricated nitinol rings might be the solution for the problem. This would envelop using the data
from the CT-A scans to extract the required data for the dimensions of the to be fabricated rings. Thereafter the
rings are produced with common production methods and welded together with nitinol bridges. The grafting
technique designed for the initial plan can be used on this plan b as well. This results in a fully functional stent
graft made patient specific. However, it might take extra manual labour to create such a stent and therefore be
less desirable than the initial plan. Another option might be using CoCr or Stainless Steel 316-L to produce the
stents, already, both are used in producing stent grafts for EVAR, moreover, they are already usable in 3D
printers.
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10.1 APPENDIX 1 — RESEARCH LINE

CLINICAL BACKGROUND

Table 8: classification of endoleak types.29-33

Typela, b, c Leak at landing zone:
a) Proximal;
b) Distal site;
c) Illiac occluder.
Type Il 3, b (most common) Continuing growth of aneurysm sac through branch
vessel.

a) One vessel involved;

b) Two or more vessels involved.
Typellla, b Leak through defect of the stent graft.
a) Modular break-up;

b) Graft defect.

Type IV Leak through the graft its porous structure.
Type V Endotension; growth of sac without evidence of a
leak.

Often, in patients with vascular diseases, thrombi are encountered on the vessel walls. For AAA patients wall
thrombi might be a contra-indication depending on the location. Research has been performed on the influence
of thrombi on the outcome of EVAR procedures. Bastos Goncalves et al. reported no effects on short- and mid-
term follow up when performing EVAR on AAA with thrombi.®® Whereas Jordan et al., Chinsakchai et al. and Wyss
et al. reported a protective effect against endoleaks type la for mural thrombi and calcifications in an AAA.%4%¢
Wyss et al. did note the limitations of the data set and the lack of information on the characteristics of thrombus
present.’® However, Stather et al. found a negative effect by thrombus on short-term results (late type la
endoleak and total reinterventions required).’” In a later study, Bastos Goncalves et al found an increased odds
ratio (4.8) in long-term follow-up for adverse events when neck thrombus or calcification of more than 50% is
present. Short term follow-up (1-year) showed no increased odds ratio.?® A potential explanation might be that
soft thrombi are more compliant than the vascular wall, therefore accommodating the stent graft better which
results in a better seal. Due to the properties of nitinol thrombi can be ‘over-stented’, if the thrombus changes
or disappears altogether the nitinol will expand to its pre-set diameter preventing endoleaks. Though only if the
stent has not already reached that nominal diameter. Thrombi are still potential complications factors, for
instance it can cause embolization’s distally or endoleaks when its consistency changes over time. An interesting
suggestion is the role mural thrombus might play in preventing a ‘barrel-like’ configuration of the stent graft
which, as reported by Oliveira et al., might result in more stent graft thrombus.*®

TECHNICAL BACKGROUND

Nitinol

Nitinol can shift, when in full austenitic phase, to a simple martensitic phase due to outside forces inducing stress
in the material. This shift from austenitic to a simple martensitic phase is reversible. This is described as super
elasticity of nitinol (i.e. stress induced reversible martensite) it requires the geometry to be as much in austenitic
phase as possible. In comparison, the other characteristic of nitinol is shape memory, which is based upon
temperature induced memory. Stress induced twined martensite at a temperature under that of a full austenite
phase will change to its original austenite roster, thereby resetting the geometry to its initial shape.

For a sufficient super elasticity, the nitinol product needs to be in full austenitic phase, depending on the nitinol
composition and annealing (heat) treatment. The body temperature is around 37 degrees Celsius, choosing an
austenite finish temperature of less than 37 degrees Celsius will ensure that the nitinol will be in austenitic phase
when used in a body. Thereby ensured of super elasticity and shape memory.
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During production, small martensitic phase plates are formed that need to be eliminated. This is due to the
internal stresses the product experiences while it is produced, in addition to the rapid cooling after the laser has
heated the powder. Removing the martensitic plates ensures homogenous material characteristics. Methods to
break down these plates are annealing treatments and through slow furnace cooling (let the product cool down
in the oven it was created), this aims to create a homogenous crystalline structure in austenitic phase which after
cooling reverts to martensitic phase depending on the nitinol composition. These treatments can be applied to
Additive Manufacturing (AM) produced nitinol as well. Though complete isotropic mechanical properties are not
achieved, due to the product not reaching 100% density during production. The density is decreased during quick
furnace cooling which can cause austenite and martensitic phase plates within solidified tracks to segregate, due
to rapid cooling on the outside while the inside is still hot. This, in turn, may cause a mixed shape memory
response. Annealing is necessary, as can be seen when comparing annealed nitinol with un-annealed nitinol. The
difference between both can be found in its ductility the un-annealed nitinol alloys are less ductile (more prone
to fracture) than conventional produced nitinol alloys while the annealed versions achieve comparable material
characteristics.*”°1100-103 For gnnealing different approaches are available, all use the same principle: through
heating the nitinol crystalline structure is ‘reset’ and given a shape which it will remember after it has cooled.
Post-processing is elaborated in the upcoming production method chapter.

Graft
The production of a graft requires precision. Failures such as material fatigue due to production errors causes

ruptures to appear in the graft which results in returned risk of aneurysmal rupture. Three techniques are
proposed based upon current literature. Dissolving polymer, melting polymer or Thin Film Nitinol (TFN). Groot
Jebbink et al. produced a set up to produce a graft using a heated bath with a bowl inside in which the graft
material is dissolved and the stent is submersed. The stent with dissolved graft material is kept turning when
removed from the bowl for even distribution and put in an oven to dry the graft material. The final product is a
covered stent with a flexible graft. A clear biocompatible polyurethane (PU) was used for flow measurements in
the experiments of Groot Jebbink et al. The non-clear version is used in stent grafts therefore this set up might
also be of interest to produce a graft for the custom-made stent graft.!®* This approach has been performed
already by the author an showed a feasible result.

Secondly, the UltraHighMolecularWeightPolyEthylene (UHWMPE) might be suitable as a graft as well. This
polymer is biocompatible, highly impact resistant and is wear resistant. Therefore, it is used often in hip
arthroplasty.'® The fibre form of UHWMPE shows excellent fatigue resistance and strength in addition it elicits
lower inflammatory responses allowing it to be used in the body. Furthermore, it has a low friction coefficient, a
non-stick surface and is self-lubricant which might make it a suitable candidate for use as the graft material.
UHWMPE is a thermoplastic and therefore is not dissolved but molten to allow processing, or can be expanded
or woven. 2! The advantage over PU might be that the solidifying process is quicker than the drying process.

The third technique is the TFN technique. This technique uses a sputtering method in a vacuum production space
this ensures a micron per micron layer which, after production is finished, is 500 times thinner with the same
strength as the current graft material used, and is more flexible. In some cases, a 20% higher flexibility is achieved
when compared to conventional grafts. When microscopic holes are created, the flexibility will increase with
another 15-30%. Both the low-profile and the increase in flexibility allow future delivery devices to be half the

diameter and therefore allow patients with small diameter and/or tortuous vascular systems to be operable. %6~

108

TFN sounds promising and recent studies demonstrated the feasibility and safety of the stent grafts containing
TFN. Though there are problems after implementation, it is described that TFN does not have sufficient and rapid
endothelialisation and might cause neo-intimal hyperplasia. Risks such as thrombosis and restenosis are present
and endanger long term patency. Microscopic perforations, or treating the TFN with a silk coating results in
sufficient and rapid endothelialisation. Other studies found that TFN, due to its circumferential boundary, had
similar neo-intimal hyperplasia when compared to conventional grafts. 19110 At this point vacuum sputtering is
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the only technique to be able to produce TFN, the thickness of the film is in some cases 2 um. The resolution of
the current printers is at best 20um, therefore extreme low-profile production with 3D printing is not available
at this time. Our goal is to develop a production system for stent grafts to repair AAAs, extreme low-profile
devices are not necessary, however, it might make the procedure easier by having a more flexible delivery device.
TFN shows promise to be used in the future as a graft in stent grafts for endovascular treatments.%® The TFN
production technique at this point in time, however, is too difficult.

All three graft production techniques are subject of research, as well as the grafts materials used. Nikolaos et al
studied different graft fibre types. They showed that using polyester (for instance ePTFE) grafts resulted in high
flow and low compliance when compared to the native artery.!'! Guan et al. studied the PU degradation due to
calcification and absorption of lipids resulting in stress cracks. They found that using PU for nitinol stents with
their current modularity, causes compliance differences between stented parts and non-stented parts. In
contrast, the ePTFE stent graft did not encounter compliance differences between stented parts and non-stented
parts. Guan et al. showed PU has 9 times higher compliance in stented areas when compared to the stented
areas of polyester stent grafts mimicking the native artery more naturally. Desai et al studied suture-less grafts.
This showed potential to be used in stent grafts with the most important outcome being higher compliance.*?
This research adds to the feasibility of creating personalized stent grafts using a production method with limited
manual labour.

The TFN technique might be promising for graft production if the printer can produce it as well. The stent graft
would then be made consisting only of nitinol which might allow the stent and graft to be produced at the same
time. This can be useful for the acute cases in immediate need of custom-made stent grafts. However, currently
this technique is very difficult to handle. The polyurethane graft has already been applied in commercially
available products and it is shown to have superior characteristics with regards to its compliance when compared
to ePTFE. In addition, it is dissolvable and might even be made porous. Therefore, PU is a promising material for
use in our stent graft. The fact PU needs to be dissolved and thereafter dried means a longer production time
than with UHWMPE, which is a molten polymer and only needs to cool to achieve original strength. Both graft
materials require further investigation.

PRODUCTION METHOD

There are various options and requirements to produce nitinol stents, these are discussed here.

3D printing

3D printing is a promising technique that might be the production method of choice for personalized stent grafts
due to its capability to print more complex shapes than any other manufacturing technique currently available.
This production method uses various techniques, of which four produce metal products: binder jetting, laser
melting, electron beam melting (see Figure 47) and LENS (laser engineered net shaping). Binder jetting glues
metal particles together using a binder, this produces material with limited material characteristics, and
therefore is less reliable than the melting processes. LENS uses a laser to create a melting pool and a nozzle
through which the powder is sprayed into the melting pool, the absence of a support structure makes it harder
to produce objects with this technique than with LM or EBM.>%13 Therefore we only consider LM and EBM.
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Materials Technologies
Parts built through polymerization Parts built through Parts built through melting
bonding agent

Ceramic @ LM

Metal @ EBM

Sand

Pla Sti[: @ SL : PJ @ FDM @ LS

Wax MJ *
Lower Durability Higher
Smoother Surface finish Rougher
Higher Detail Lower
Prototypes | Indirect processes Aplication Functional parts

* MJ achieves smooth surface finish and high detail © additively com

Figure 47: Available 3D printing techniques. (www.additively.com) SL = Stereo lithography, PJ = Photopolymer Jetting, BJ =
Binder Jetting, LM = Laser Melting, EBM = Electron Beam Melting, FDM = Fused Deposition Modelling, LS = Laser sintering, MJ
= Material Jetting.

LM melts powder particles together creating the product layer by layer. 3D printing allows for multiple
parameters to be controlled and varied to alter the final product characteristics. These parameters are: laser
power, beam diameter at product level, material feed per layer and scan speed.>>°® All directly influence the
amount of energy that can be delivered to each powder particle at once. This ‘energy density’ provided by the
laser is in direct correlation with the consolidation of the powder mixture. High energy density results in full
melting conditions, which is required for our stent, while lower energy density results in a sintering condition
(partial melting) *%'4 Another important parameter is the placement of the laser tracks and the amount of
overlap they have with one another. During production of nitinol this may cause variation in grain size relative
to tracks that have no overlap. An overlap is necessary to produce ‘full’ density products, otherwise pockets of
non-molten powder will be created. This impacts the material characteristics and should be prevented. Low heat
transfer, results in smaller grain size which ensues an increase of hardness and a decrease in flexibility. More
heat delivered to the powder ensures larger grain sizes which achieves the opposite. In addition, it creates a
nobler product this has a corrosion decreasing effect. An increase in grain size decreases the hardness too much
and should be prevented to ensure balanced material characteristics. For each powder composition there are
numerous sets of possible parameters to achieve the same material characteristics, this allows for flexibility in
the production process.'?® In addition to the aforementioned parameters; nitinol is a reactive metal, this is due
to the titanium in the alloy. Processing this alloy requires security measures to be installed for the removal of
toxic fumes created during production. Furthermore a shield gas, often Argon, is used to prevent any oxygen
causing a reaction in the melting process, which might cause impurities and impair mechanical properties in the
final product.>>116:117

The other technique available is EBM, it uses the same approach as laser melting, however, an electron beam is
used instead of a laser. The electron beam achieves greater penetration depth and the energy produced by the
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beam achieves a higher absorption rate than that of the laser (i.e. it is more efficient). Though achieving faster
production times and a lower need for support structures during production, this technique is not widespread
available and has less metals available for use in production. Therefore, at this point, it is a less viable
option.56,118,119

Laser cutting
Another fabrication method is laser cutting this creates products in 2 dimensions (a flat sheet of metal alloy) or

by rotating a tube of material to cut out the stent shape. And is used mainly for straight tubular shapes such as
EVAR and coronary stents. This limitation to straight tubular shapes constrains the possibilities to fully comply to
the anatomical variations of the individual patient.!?® However, advances in the laser industry have made it
possible to use multiple axis lasers that can rotate around an object to cut out the desired shape. Though this
requires a prefabricated shape of thin walled metal alloy that complies with patient anatomy. This extra step
makes the production process more complicated than with 3D printing and is therefore less desirable.

Post processing

After printing or laser cutting post-processing is required, often annealing (i.e. heat treatment or baking) is the
method of choice. The powder composition, printer settings and the post-production all influence the mechanical
properties of the product. 12%12?

Nitinol needs an annealing treatment to ensure a high density of the final product, though 100% density is often
not reached due to stresses in the product or segregation of material tracks with different phases.

‘Memry’, a company producing nitinol sheets, wires and tubing describes the annealing process as follows:
‘Shape setting is used to form a nitinol wire, tube, strip or sheet into components with specific geometries.
Whether the nitinol is designed to provide super elasticity or shape memory, and whether it starts the process
cold worked or straightened, the team may need to form the material into a new “memory” shape in subsequent
steps. Engineers accomplish this by constraining the material into its new shape in a fixture and then performing
a heat treatment. For each shape setting application, the team chooses from the following heat treatment
methods, each offering a different mix of control and speed balanced against component requirements and cost:

e  Molten Salt Bath;
e  Fluidized Bed;

e Air Furnace;

e Heated Die;

e  RF Induction;

e  Resistance;

e Air Convection Furnace.” 133

Which post processing treatment suits our goal best should be investigated.

Braiding wires using a negative mould

Some stents are fabricated using a braiding or weaving technique. This is often used for straight tubular shapes
similar to laser cutting, however, the behavioural characteristics of braided or woven stents is different opposed
to laser cut stents. These braided or woven stents are more flexible in their longitudinal direction offering better
manoeuvrability and more anatomical compliance, though thereby losing some fixational strength.

To produce such stents a negative mould may be used. Some industrial fabrication techniques make use of a
negative mould, for instance for pressing out a box of from a sheet of metal or use a mandrel with a cut-out of
the specified geometry as the negative template. The principle of a negative mould could also be applied to
braiding or weaving of a stent. Using a negative mould requires it to be printed by a 3D printer to be able to
capture all the details of the patient’s anatomy. With this mould, the wires can be laid across the surface to take
the shape of the patient’s vascular system. Though it might prove difficult to force wires to fall into the right
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paths on the negative mould. Additionally, it requires an extra step in the production process; producing the
negative mould. Therefore, this approach is less desirable than 3D printing.

Semi-automatic method
Each patient is unique and therefore each vascular system. To be able to produce a matching stent, data is

required. This data is retrieved from the angiographic CT data created by the radiology department. By using a
contrast agent injected into the blood stream, the vascular system can be visualized on CT-images. This is the
golden standard for measuring the dimensions of the vessels which are used to determine what stents to order
and use in the patient. Current vascular measuring systems do not allow detailed dimensional data to be created
as an output, therefore an in-house method is being produced to extract the necessary data from the
angiographic CT-images.

RESEARCH LINE

In the previous chapters an overview was presented of all the possibilities to produce personalized stent grafts
for EVAR procedures. 3D printing is believed to be the method of choice to solve the problems of production
time and personalization. A short summary: 3D printing allows for three-dimensional freedom during production
without using moulds or weaving methods, amongst others. This freedom gives the opportunity to use patient
data allowing to produce patient specific products. The potential reduction in production time and perhaps the
reduction in post-operative complications makes 3D printing the most promising production technique. Though
3D printing has potential issues as well, for instance, the material produced might be more brittle than its
conventional produced counterpart. The printer has settings that might counter this and to match the needs to
produce the right material characteristics for the nitinol stents.!??

The goal of this research project is to develop a prototype customized stent graft through 3D printing which can
be tested in animals. The team working on this project consist of Meander MC, Mundo 3D (our industrial partner),
Peter Besselink (nitinol specialist) and graduate student Tim Boers. In the meantime, multiple M2 students have
worked and will work on the project as well. The research has been divided into 3 sub-foci in order of importance:

1. Designing, fabricating, and grafting of a stent graft (eventually including fenestrations).
2. Semi-automated method to extract dimensional data to match stent graft and patient anatomy.
3. Sterilization, packaging, and endovascular delivery of stent graft.

This research line has been arranged in a preferred order, the elaboration on these steps are shown below:
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1. Research into nitinol and 3D printing of nitinol in combination with the production of a straight stent without graft.

2. Testing of a straight Nitinol stent without graft.

Charting its strengths and weaknesses, comparing 3D printed Nitinol with traditionally produced, laser cut, nitinol.

3. Computer based design and method development.

Development of the computer method for (semi-)automatic stent graft design matching patient anatomy (including
fenestrations). Including FEA for optimized stent desing.

h 4

4. Production of an anatomically matching stent.

on of a straight stent wit t and fenestrations.

Optimizing which material to use as graft, and how to attach this to the bare-metal stent.

A 4

6. Production of an anatomically matching stent with graft and fenestrations.

7. Lab tests of the stent graft with fenestrations and a varying diameter.

8. Delivery and manipulation of stent graft.

9. First tests on animal tissue to assess its patency and safety.

10. Sterilization and packaging of stents.

11. Animal trials.

12. Optimize production process.

13. Clinical trials

Figure 48: research line.
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Elaboration:

Without the right powder composition and the possibility of creating a stent-like product, the whole
research would be stranded. It isimperative to create a powder composition that shows similar material
characteristics when compared to conventional produced, laser-cut, nitinol. To be able to verify those
characteristics, standardized tests should be performed during this research project.

The above-mentioned tests chart material characteristics of rods and tensile specimens. However, these
tests are not performed on stent shape products. To be able to assess the stents in their tubular shape
is to know how it will behave in the human body. Testing it for its endurance and potential fatigue in
comparison with laser-cut nitinol stents. The insights gained should lead to alterations in the production
cycle and after a few iterations should ensure a proper working stent. These tests should also serve as
a quality control over a longer period.

If these first two steps show good results, we can assume that nitinol can be printed using an AM machine. Laser

cutting has proven itself already and serves as the back-up plan if AM nitinol is not feasible. The next step in the

research line comprises of two projects executed at the same time.

3.

The computer method should use CTA images of patients to extract data on the morphology of the
aneurysm. This should then be used to form a 3D model of the stent. This model should comprise a
stent and a graft with fenestrations (for infra-renal aneurysms). In addition, a FEA is performed to
develop the most optimal design whilst considering various factors like blood flow, wall stress and
fatigue.

It is easier to produce a straight stent than it is to produce one with a varying diameter. This is due to
the potential stress that the material endures during production, this varying stress could alter the
characteristics of the final stent. To be able to assess this potential change in characteristics
standardized tests from step 2 must be repeated. If necessary, a change in design or production should
be implemented. To be able to offer treatment options to people with large neck angles, full
anatomically matching stents should be made. To comply to that requirement the stent should be able
to be built with a curve. This might result in more internal stresses during production and therefore alter
the final product characteristics. The proposed tests should indicate whether such stent graft designs
are possible to produce with SLM.

After step 4 a bare stent with a varying diameter can be produced. These could already be used in for instance

the coronary arteries where bare metal stents are used. Though this would probably need somewhat different

material characteristics than aortic stents, the basic principle of production is the same.

5.

This step is intended for designing the production of a film for the stent as graft. If it is not possible to
produce a film without manually sewing it to the stent the potential reduction in production time will
be far less. In addition, a process must be designed that allows for fenestrations to be put in, for the
time being anatomical correctness is not necessary. This step should produce a straight stent with graft
and fenestrations.

The addition of a variety in diameter could potentially cause problems in the graft production. This is
due to the viscosity of the fluids and gravity; this could lead to an uneven distribution of graft material
on the stent. A change in graft material composition or the graft production itself could solve this
potential problem.

When the previous steps have succeeded, the stent graft should be tested in a lab setting to assess its
performance and to identify any problems with the design. If there are any problems the product must
be re-designed and if necessary, the production process as well. If this succeeds the next step can be
taken.

At this point a stent, with a variety of diameters, with graft and fenestrations can be produced. This can be used

for the straight, tapered, and conical neck variations. The next step in the research line again comprises of two

projects executed at the same time.
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For proper use of the stent graft a delivery device must be designed. The delivery device might be based
upon the already known EVAR products since this already proven to work. Furthermore, the design
should allow for manipulation of the stent graft during placement. This step should not be very difficult
since this is being done by al manufacturers producing EVAR products.

When the previous steps are all successful a fully functional stent graft for infra-renal aneurysms should be the
result. The next step is to test its performance again in a lab setting and on later animals.

9.

10.

11.

12.
13.

It is imperative to know how the stent graft performs considering its patency and safety. First testing in
lab setting again, analyse those results, and perhaps change the design and production process. The lab
setting should simulate living tissue (ex vivo) as accurate as possible to be able to predict behaviour in
vivo.

For this product to be used in a clinical setting requires it to be sterile. Therefore, a sterilization
procedure and packaging process should be designed that delivers a sterile and packed product ready
for use in an EVAR procedure. Manufacturers already produce sterile stent grafts therefore this should
not be a problem.

At this point animal trials can be started since the product is fully ready to be used as it was intended
to. The results of those trials determine its potential for the market and thus for use in humans.

Dependent on the outcome of the trials a market ready product should be developed. The next steps,
executed in parallel, expand on the existing production process and making them market ready. In

addition, clinical trials are started to assess the performance of the stent graft in humans.

Optimize production process.
Clinical trials
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10.2 APPENDIX 2 — ADDITIONAL RESULTS

The following results are additional information to the Evaluation, Chapter 6. All figures are taken at the end
stage, i.e. equilibrium of stent deployment in the aortic neck.

PERSONALIZED VERSUS STRAIGHT STENT
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. 0.037209
. 0.024509
0.012609
0.00030897 Min

20,000 {rarn)

Figure 49: Maximum principal elastic strain in a conical neck under influence of a straight z-shape stent, reaching a maximum
of 1.11x10* mm/mm. The maximum of the encountered strain is found at the locations where the points of the z-shape stent
are (yellow / red areas). Corresponding to graph 33.
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Figure 50: Maximum principal elastic strain in straight z-shape stent under influence of a conical neck, reaching a maximum
of 5.42x103 mm/mm. Note the highest strain is encountered at the peaks on the outside (red/ orange areas). Corresponding
to graph 34.
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Figure 51: Equivalent (von-Mises) stress in conical neck under influence of a deployed straight z-shape stent, reaching a
maximum of 4.21x102 MPa. Note the highest stresses are encountered at the peaks of the stent (red ares). Corresponding to
straight stent graph in Figure 49.
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Figure 52: Equivalent (von-Mises) stress in a straight z-shape stent deployed in a conical neck, reaching a maximum of 218
MPa. Note the highest stresses are encountered in the distal peaks of the stent (lower row of peaks in the image) on the in-
and outside (red/orange areas, inside not visible here). Corresponding to personalized stent graphs in Figure 50 and 51.
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Figure 53: Maximum principal elastic strain in a conical neck under influence of a personalized z-shape stent, reaching a
maximum of 1.06x10X mm/mm. The maximum of the encountered strain is found at the location of the points of the z-shape
stent (yellow/red areas). Corresponding to the personalized stent graph in Figure 33.
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Figure 54: Maximum principal elastic strain in personalized z-shape stent under influence of a conical neck, reaching a
maximum of 4.02x103 mm/mm. Note the maximum encountered strain is found at the upper row (proximal) peaks on the
outside (not visible here). Middle to high stress is encountered at the distal peaks (orange / yellow). Corresponding to
personalized stent graph in Figure 34.
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Figure 55: Equivalent (von-Mises) stress in conical neck under influence of a deployed personalized z-shape stent, reaching a
maximum of 3.69x102 MPa. Note the highest stresses are encountered at the peaks of the stent (red ares). Corresponding to
personalized stent graph in Figure 49.
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Figure 56: Equivalent (von-Mises) stress in personalized z-shape stent deployed in a conical neck, reaching a maximum of 163
MPa. Note the highest stresses are encountered in the peaks of the stent on the in- and outside (red/orange areas).
Corresponding to personalized stent graphs in Figure 50 and 51.
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Equivalent (von-Mises) stress in a conical neck
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Figure 57: A graph comparing the equivalent stresses (von-Mises) in the conical neck caused by the straight and anatomical
z-shape stent. Note the increase in the first second, this is the force mimicking angio-tension. Furthermore, note the overall
lower stress levels as well as the peak before equilibrium sets in.
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Figure 58: A graph comparing the equivalent stresses (von-Mises) of the straight z-shape stent with that of the anatomical z-
shape stent, in a conical neck. Note here the overall reduced stress levels in the stent, as well as the final equilibrium state
which is lower in stress for the personalized stent.
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Equivalent (von-Mises) stress in points of stents in a

conical neck
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Figure 59: The equivalent (von-Mises) stress measured in one of the proximal points of the straight and personalized stent
deployed in a conical neck. Note here the overall lower stresses for the personalized stent, as well as the difference in stress
during moving of the aortic neck. Furthermore, the equilibrium stage shows higher stresses for the distal point of the straight
stent than for its proximal point.
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STRAIGHT Z-SHAPE IN A STRAIGHT TUBE
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Figure 60: The maximum principal elastic strain in a straight z-shape stent deployed in a straight tube, reaching maximum at
2.92x103 mm/mm. Note the highest strain is encountered at the outside of the peaks of the stent.
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Figure 61: Equivalent (von-Mises) stress in a straight z-shape stent deployed in a straight tube, reaching maximum at 118
MPa. Note the highest stresses are encountered at the peaks of the stent on the in- and outside (red areas).
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STRAIGHT Z-RING IN AN ANATOMICAL STRAIGHT NECK
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Figure 62: The maximum principal elastic strain in a straight z-shape stent deployed in an anatomical straight aortic neck,
reaching maximum at 4.38x103 mm/mm. Note the highest strain is encountered at the outside of the peaks of the stent.
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Figure 63: equivalent (von-Mises) stress in straight z-shape stent deployed in an anatomical straight aortic neck, reaching
maximum at 173 MPa. Note the highest stresses are found in the peaks of the stent on the in- and outside (red areas). Note
mid-strut there is little to no stress (blue area).
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10.3 APPENDIX 3 — CLINICAL STUDIES HYBRID OPERATING
ROOM

ERGONOMICS STUDY

Ergonomics is often overlooked, however, in the medical sector it is a subject which is increasingly investigated.
A new hybrid operating room (HOR) has been opened in the Meander medical centre. This HOR has a lot of
screens for use during operations and a fixated C-arm for rotational x-rays during surgery. The addition of this
equipment results in reduced space and less room for manoeuvring of equipment and personnel. During pre-
planning of the HOR this has been considered, now the effect of this planning should be evaluated. The HOR is
used mainly for vascular surgery such as EVAR procedures. These utilize the screens placed in the HOR. To gain
a quick insight in the ergonomics of the HOR the vascular surgeon and the interventional radiologist have been
followed during vascular procedures.

The Rapid Upper Limb Assessment (RULA) score has been chosen to identify potential problems in the upper
body since that part of the body is used the most during vascular surgery and which is most likely to encounter
problems that can be flagged as worrisome areas. The arms, wrists, neck, and torso have the focus the legs are
considered as well to account for potential support there. In a period of 8 months a total of 14 EVAR procedures
have been scored and documented. This has been performed by the author. From this data, the RULA scores
have been determined as well as any potential flagged areas which are highlighted from the data set. The RULA
scores for EVAR procedures are shown below.

Table 9: Scores per handling.

Introduction 2.20 2.20 4.47 6.47 4.67
Proglide — closing device

preparation 2.00 2.00 4.22 6.22 4,78
Catheter wires insertion 2.29 2.29 4.14 6.14 4,57
Deployment 2.71 2.71 493 6.93 5.07
Expand with balloon 2.31 2.31 4.15 6.15 4.69
Closing artery 2.07 2.07 4.00 5.87 4.53

PS-A (wrist/arm) vs. PS-B (Neck/trunk/leg) vs. NTLS (PS-B +
lead shirt and skirt)

NTLS 13 23 1 9

£
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< PSB 28 13
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PS-A 53 21
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Figure 64: Scores of the ‘wrist and arm’ versus ‘neck, trunk and leg’ versus ‘neck, trunk and leg including a lead shirt and skirt’.
A dark colour indicates a bad ergonomics score (10), a light colour indicates that ergonomics was within allowed limits (2).
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These results show that there is necessary improvement in the ergonomics of the neck and torso. These scores
structurally higher than the arms and wrists which have little necessity to improve. The high PS-B score resulting
directly from the ergonomics of the neck, torso and legs are often caused by misplaced screens, obstruction of
screens by personnel or equipment or simply by a bad posture. In addition, during vascular surgery a lead shirt
and skirt is worn to protect against radiation from the fixated C-arm. However, the addition of this lead adds
static weight to the human body and results in a point increase on the NTLS sub-score and a point increase on
the final RULA score.

The addition of the lead shirt and skirt results in a higher RULA score which means an ergonomically worse
situation, even in the most positive outcome and with changes to the posture it cannot be prevented that the
RULA score will be at least 4 and this is with arms and wrists being estimated rather positively. It can be concluded
that, though necessary for prevention of radiation related diseases, the ergonomics of the lead skirt and shirt are
abominable. A redesign of the lead shirt and skirt might overcome this problem or at least reduce its impact on
ergonomics.

Other recommendations are changing the screens to eye height, and this is for each surgeon different, paying
attention to this during surgery set-up can prevent a bad posture. In addition, the size of the screen has some
adverse effects, the surgeon must look all over the screen to see the whole image. It is therefore advised that
the top of the screen should be at eye height, since looking down is less taxing for the neck than looking up.
Furthermore, due to equipment on and around the table screens cannot be positioned ideally, a rearrangement
should be made to be able to position the screen for the radiologist at eye height as well. A surgeon or radiologist
can therefore not stand ventrally to the table this will cause them to twist their necks to see the screen this
reduces the quality of their posture. A diagonally position should be maintained to keep their work lines as
straight as possible.

These results have been scored by one researcher, it is strongly suggested to acquire scoring results from
independent observers to increase the objectivity of the acquired results.

DISCOVER TRIAL

In this multicentre trial treatment of atherosclerotic disease in the iliac arteries is researched. Treatment consists
of angioplasty and often placement of a stent. It is the stent that is subject to investigation due to the availability
of covered and non-covered stents for this treatment. The question is posed which stent performs superior to
the other. This trial includes patients with occlusive disease of the iliac communal artery with stenosis of at least
3 cm and/or full occlusion of the communal iliac artery. After patient consignment inclusion into the trial occurs
after a final angiographic check of the iliac occlusive disease perioperatively. The patient is randomized to receive
either a covered or non-covered stent. The patient is blinded to which stent they received. Pressure gradients
are measured intra-vascular for detailed results of the procedure. Follow-up consists of 3 months, 6 months, 1
year and 2, year follow-up with an ankle-arm-index, duplex ultrasound, as well as RAND-36 questionnaires.

IFLOW STUDY

iFlow is a rather new program made by Siemens (Germany) to visualize and quantify contrast flow through
vessels. Quantification consists of a reference 100% contrast and variable regions where the contrast amount is
measured over time. This results in graphs wherein one can use the area under the curve as well as the peak
time and time to zero to acquire insight in the flow of the blood in that part of the vessel. This data can be used
in combination with clinical outcome to eventually give perioperative an indication on the state of the vessel and
whether it needs any further treatment. However, this software has not finished development and some issues
remain, such as crossing vessels results in a higher or longer peak of contrast intensity due to the amount of
contrast in both vessels is measured instead of one, therefore no realistic representation of the flow in the vessel
can be acquired at the point, though the software does give a result. For EVAR procedures this might help gain
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insight in the endoleak type Il. If flow patterns can be combined with clinical outcome concerning the type Il
arteries, perioperative a decision can be made whether to coil the artery or not.
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