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Abstract

Aortic coarctation is a congenital heart defect that occurs 3 per 10,000 live births with a life
expectancy of 35 years if left untreated. Stenting is a common treatment method, but devices
are not specifically designed for paediatric patients, leading to off label stent use and
potentially hazardous device modifications. The combination of unique pathologies and low
patient numbers associated with aortic coarctation leads to little commercial incentive to
develop devices for this patient cohort. This study has the overarching aim of investigating

the feasibility of developing devices for this population with additive manufacturing (AM).

A stent design inspired by commercial devices was adapted and produced by AM. A post-
processing parameter study was conducted to enable the manufacture of an open cell varied
diameter stent not easily fabricated with typical stent manufacturing techniques.
Furthermore, these devices were tested mechanically to analyse their radial strength and
flexibility. Geometric properties such as strut thickness and surface roughness were also
measured to gain insight into the relationship between post-processing technique parameters

and stent properties.

These devices were compared to contemporary commercial and additively manufactured
stents previously presented in the literature. Analysis of surface roughness and strut
thickness showed the stents produced in this work have the lowest surface roughness and
strut thickness for AM stents to date and are comparable to commercial devices. The analysis
of mechanical properties showed these devices are less radially stiff and more flexible than
contemporary commercial stents and AM stents to date. Overall, these results prove the
feasibility of using AM to produce stents with a wide range of geometric and mechanical

properties with AM.

In summary, this work pushes the boundaries of AM fabrication showing the feasibility of
developing devices with an open-cell design and varied diameter. The use of AM and the
post-processing techniques presented in this work proves the viability of developing stents
with tuneable local mechanical and geometric properties. AM enables rapid prototyping and
feasible manufacture of these devices which may enable the commercial viability of disease

or patient specific devices in future work.
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Chapter 1. Introduction

Aortic coarctation is defined as a discrete narrowing of the aorta [1], such as that seen in
Figure 1. This typically occurs in the ascending aorta and affects 3 per 10,000 live births
worldwide with an average life expectancy of 35 years if untreated [2]. Available treatments
for this condition include surgical anastomosis, balloon angioplasty and stenting which has
been identified as the most effective method of treatment [2]. There exists limitations
associated with the use of stents, devices are not specifically designed for paediatric patients
and the majority are used on an off-label basis, such as the use of biliary stents. This can
require hazardous modification of devices such as cutting a device to shorten it, resulting in
inferior long-term outcomes for these patients. There is also the concern of aortic wall injury
leading to aneurysm formation or aortic dissection. [3] notes an injury rate of 12% for
patients treated using stents for aortic coarctation. The development of stents optimised for
paediatric patient anatomy could deliver more favourable long-term clinical outcomes and

improved long-term health for patients.

Figure 1. Cardiac MRI of patient with severe aortic coarctation [4]

An improved understanding of the physiological effects of stent design has led to decreased
prevalence of restenosis [5]. Within the context of congenital heart disease (CHD), the
choice of products on the market available to paediatricians remains limited [6]. This
consequently leads to a heavy reliance on off-label use of devices. A study in 2008 noted up
to 90% of cardiac catheterization devices used in a paediatric setting were off-label [7],

commonly used stents include the Palmaz P188. Palmaz 3010, Genesis 19 and, DoubleStrut
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and LD Mega variants of the IntraStent [3] This technological gap may be explained by the
limited financial incentive for the development and commercialisation of devices for a
relatively small patient population [8]. In the context of aortic coarctation, this problem is

exacerbated by the heterogeneous nature of the disease state pathology [1].

Stents currently used for coarctation treatment are typically open cell laser cut designs with
a constant diameter and strut thickness lending to constant mechanical properties over the
device length. The use of these stents may not be optimal for coarctation treatment. The
heterogeneous nature of this disease state and affected tissue, such as vessel curvature can
lead to issues related to vessel straightening or exerting excess pressure on healthy tissue to
obtain the required lumen gain. Stents with design characteristics, such as varied diameter
[9], changing strut thickness [10] and tapered strut profiles [11], may be better suited to this
application. These design features could enable the development of stents with local
tuneable mechanical properties suitable for the heterogenous nature of aortic coarctation.
These design features are difficult to fabricate with current stent manufacturing techniques
as balloon expandable stents are typically laser cut from constant diameter tubing. The
fabrication of these devices would require custom tubing and complex laser cutting control
techniques to manufacture. This would lead to increased costs and thus even less commercial

incentive to bring these potential devices to market given the low patient numbers.

Additive manufacturing (AM) techniques such as laser powder bed fusion (LPBF) may be
an alternative technique to feasibly manufacture devices with these design features and push
the boundaries of stent design by enabling greater design freedom. AM enables the
fabrication of multiple devices with complex shapes and geometries within a single
production cycle. This may also enable the development of patient-specific devices. Work
to date concerning AM stents has shown the feasibility of printing stents [9], [12]-[16] and
the use of post-processing to realize open cell stent designs [17]. Little work to date has
recreated commercial stent designs and conducted a comparative analysis of mechanical and
geometrical properties of AM and commercial stents. There has also been little work in
developing a controlled and predictable post-processing technique to achieve stent design
freedom and control device properties such as flexibility and radial strength. Consequently,
this project aims to recreate a commercial stent design using AM and compare the
mechanical and geometrical properties of these devices. Additionally, this project aims to
display the feasibility of using AM and post-processing to both control device properties

and achieve increased stent design freedom.
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Chapter 2. Literature Review

2.1 Additive Manufacturing (AM) of Metal Stents

The earliest incidence of AM metal stents in the literature is from the work of Wessarges et
al. in 2014 [12]. Here 4 helical design variations fabricated from 316L stainless steel were
examined by investigating their expansion behaviour through balloon expansion. Radial and
flexural properties were also examined through mechanical testing. This study exhibited the
feasibility of producing AM stents but also noted issues with crack formation from balloon

expansion.

The work of Demir et al. [18] provided insight into the application of design for additive

manufacturing (DfAM) to stent design by outlining several design rules as shown:

1. The print angle should be greater than or equal to 45relative to the layer plane.

2. All overhang features should be less than Imm in length.

3. Where bridging features exist, these should be limited to a length of less than 4mm.
4

. A minimum feature distance of 0.3mm should be enforced.

An illustration of these design rules is given in Figure 2.

y ..
- - } Lﬂ

a > 45° L < 1mm L < 4mm L > 0.3mm

Figure 2 Illustration of design rules for AM, inspired by [18]

There are several materials available as feedstock for additive manufacturing, a summary of
which is presented in Table 1. Previous work has indicated that AM Ti6Al4V has a lower
Young’s Modulus after heat treatment compared to CoCr or SS316L, enabling less
resistance to deformation, an important factor in device deliverability. Additionally,
Ti6Al4V has been shown to have similar failure strain quantities to AM CoCr a common
stent material and a greater ultimate tensile strength in comparison to SS316L. In summary,
the material properties of AM Ti6Al4V may enable the manufacture of devices with less
resistance to deformation and similar yield strains compared to currently used stent materials

and was chosen in this work.
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Table 1 Summary of materials commonly used for additive manufacturing of metals and

overview of observed mechanical properties in an as-built state and after post-processing.

Material Treatment E (GPa) UTS (MPa) g5 (%) Source
CoCr As Built 218+ 19 1312+ 15 11+1.02 [19]
CoCr Heat Treated 242 +40 1272+ 116 9.1+1.9 [19]

SS316L As Built 536.4+4 668.4+5 24.7+2 [20]

Ti-6Al-4V As Built 48.1+2.3 903 £22.2 10.6 £1.6 [21]
Ti-6Al-4V Heat Treated 118.8 £ 988 £2 9.5+2 [21]

The application of these design rules is intended to increase the printability of stent designs.

The work presents an example of such a design printed from CoCr and includes an analysis

of stent morphology, surface finish and results of electropolishing to improve surface finish.

Finazzi et al. in 2019 [18] provides an extension of the previous work by presenting designs

for bifurcations and investigating the expansion behaviour of the previously shown stents.

Finazzi ef al. in 2020 [14] contains details of this expansion behaviour investigation. A 170%

diameter increase was achieved with an 8-bar pressurized balloon. This paper also includes

further detail on the use of electropolishing as a method to improve surface finish and

decrease the stent strut size below the geometric limits of the manufacturing process through

material removal.

Figure 3 AM stent design for bifurcations presented by [18]
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The surface morphology of AM parts has a large influence on mechanical properties,
specifically defects caused by AM processes. Wiesent et al. [22] attempted to account for
this within computational models investigating the effect of heat treatment and
electropolishing on SS316L stents. The heat treatment employed in this work consisted of
holding devices at a temperature of 1050 °C for a period of 1 hour and subsequent cooling
to ambient temperature inside the furnace. CT data was used to create detailed models of the
stent surface before and after post-processing. These were then used in FE models which
were fitted to experimental data of mechanical testing to provide insight into stent properties
during expansion and compression. The work provides a discussion on methods of
accounting for geometrical irregularities. This work also noted the computational expense
of using CT data in models and the potential to account for these defects using stochastic

methods which may be more computationally efficient.

Omar et al. [15] investigated the use of hot isostatic pressing (HIP) and polishing as post-
processing techniques for CoCr AM stents where the mechanical and microstructural
properties were analysed. HIP is a method of reducing internal porosity and thus increasing
the density of AM parts, this is achieved by exposing and holding parts at high temperatures
under high pressures. HIP was shown to lead to a 10% increase in stiffness and
electropolishing led to an improvement in surface finishing, noting that further investigation
is needed concerning fatigue analysis to ascertain the potential service life of AM stents.
Langi et al. [16] approached stent design with additive manufacturing from a different
perspective whereby AM was used to produce the tubing used for stent micro-machining.
The microstructure, surface roughness and hardness of SS316L tubing produced with AM
were investigated and compared to a typical commercial stent. This study highlights
differences in surface roughness and microstructure that require optimization to produce

AM stents comparable to contemporary commercial devices.

To increase design freedom associated with AM stents, Grad et al. [23] investigated several
support design structures that were removed through a combination of mechanical blasting
and electropolishing. Through an evaluation of the surface finish and geometry, this work
proposed an optimized support geometry to be removed with a combination of sandblasting
and electropolishing. This study showed the feasibility of realizing open cell designs,
expanding the design freedom of AM stents. Maffia et al. [9] presented early results of open
cell and variable diameter NiTi AM stents, see Figure 4. This work provided an overview

of the effects of process parameters on porosity, surface roughness and transformation
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temperatures of singular struts printed vertically. The open cell designs were realized by
inserting a small cell gap in the design between the stacked stent crowns as seen in Figure
4. These cell gaps prevent or reduce material fusion between ends of the crowns and any

residual material is removed using ultrasonic cleaning.

Figure 4 Varied diameter open cell NiTi stent presented by [9]

Previous work on AM metal stents showed promise as a method of fabricating patient-
specific stents and realizing novel designs. These include those with a varied diameter or
stent thickness with the potential to develop optimized stents for paediatric patients. There
are several aspects of the manufacturing process that require optimization. Including, post-
processing to achieve a controlled surface finish, material removal and support removal and,
gaps in the literature where the mechanical properties of AM and commercial stents are

compared. One of the aims of this thesis is to address this knowledge gap.

2.2 Post Processing of AM Components

Chemical etching is a common subtractive manufacturing technique, commonly referred to
as chemical milling, utilized in the aerospace industry during the manufacture of titanium
components since the middle of the 20th century. This technique is favoured over traditional
fabrication methods as titanium is relatively difficult to machine due to its thermal properties
[24]. It is also commonly used to remove the outer a-case layer present in investment cast

titanium, this microstructure has a propensity for crack initiation and propagation [25].
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Chemical etching has seen increased use as a post-processing technique for AM titanium
lattices to improve the surface finish of the internal struts to realize mechanical efficiency
and fatigue property benefits. As outlined by Balyakin [26], titanium is generally etched in
a solution of hydrofluoric acid (HF) and nitric acid (HNO3). The reaction of HF and titanium

is given as shown in Equation 1.

2 Ti + 6HF - 2TiF, + 3 H, (1)

This reaction produces titanium trifluoride and hydrogen gas. The use of HF alone results in
a slow etching process and the production of hydrogen gas can cause hydrogen
embrittlement due to the propensity of titanium to pick up hydrogen atoms. To mitigate these

factors nitric acid is added to produce the following reaction in Equation 2.

Ti + 6HF + 4HNO; — H, TiF + 4 NO, + 4H,0 )

Producing hexafluorotitanic acid, nitrogen dioxide and water, and most importantly not

producing hydrogen gas.

As outlined by Lhuissier et al. [27], AM metal components typically have surface defects.
These are characterized by Type I and Type II defects. Type I defects are characterized by
powder particles that have not fully melted and become stuck to the surface of the part. Type
IT defects consist of a plate-pile-like tacking defect as a by-product of the layer-by-layer

manufacturing process, illustrations and images of these defects are seen in Figure 5.

Not fully melted powder
particle stuck to the strut

(Type 1)

Plate-pile likes tacking
defect

(Type 11)

Figure 5 Illustration and microscopy images of typical defects found on AM metal

components, from [27]
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These defects can be removed with chemical etching. Lhussier et al. [27] displayed the
temporal evolution of the defect dissolution process; Type I defects are quickly dissolved

and Type I become smoother over time as seen in Figure 6.

I
T mm

-+ttt

0 min 10 min 20 min 30 min 60 min

€ >
Quick dissolution of the powder
particles stuck to the melt pool
‘Type I’ surface defect

Figure 6 CT data illustrating temporal evolution of etching process and its effects on

surface defects, from [27]

Pyka et al. [28] conducted a study using a design of experiments (DOE) technique to assess
the interactive and individual effects of chemical etching duration and concentration on
surface roughness. The work determined that solution concentration had the greatest
influence on surface finish. The work of Persenot et al. [29] similarly assessed the influence
of etching time but investigated its effects on fatigue properties. Here a 60% increase in
fatigue endurance at 107 cycles compared to as-built samples with fresh powder and a
corresponding decrease in surface roughness was seen. This increased fatigue life with
increased etchant concentration may be due to the removal of surface defects which can act
as sites for crack initiation and subsequent failure. More recently Bezuidenhout et al. in 2020
[30] undertook a study where the HF concentration was varied between 1, 2 and 4M and
kept the HNO3 concentration constant, investigating its effects on fatigue life and surface
roughness. The study noted that higher concentrations led to a greater mass removal rate
and improved surface finish with results illustrated in Figure 7. But this work notes that the
process efficiency reduces much faster with higher concentrations due to depletion of the

etchant. Increased concentrations also led to increased fatigue strength relative to as-built
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conditions. No statistically significant difference was seen between the fatigue strength of
samples etched in 2 and 4M HF solutions. Formanoir ef al. [31] evaluated the effectiveness
of chemical etching as a post-processing technique by investigating its effect on the relative
stiffness of printed lattice structures. This is defined as the ratio of a linear elastic stiffness
calculated from compressive testing divided by the Young's modulus of fully dense titanium.
This study found etching decreased surface roughness and increased the relative stiffness of

the component, thus leading to increased mechanical efficiency.
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Figure 7 Reduction in mean surface roughness R, (a) and process efficiency concerning

R, reduction and mass lost percentages (b) for AM titanium specimens presented in [30]

Some studies have considered chemical etching in combination with other post-processing
techniques such as mechanical blasting, machining, and HIP and, investigated their effects
on surface roughness and fatigue performance. Ahmadi ef al. [32] considered the effects of
sand blasting, heat treatment, HIP and chemical etching on fatigue life. The use of heat
treatment alone was not seen to increase fatigue life. The authors noted that sandblasting
effectively removed Type I powder particle defects and can induce compressive stresses
which are attributed to increased fatigue life. This study indicates that there is a need to
conduct a more thorough study on the effects of sandblasting parameters to fully understand
its effects. The paper proposed a combination of HIP, sandblasting, and a light chemical
etching to achieve optimal fatigue performance improvements. Similarly, Karami ez al. [33]
investigated the same post-processing techniques and their effects on quasi-static

mechanical properties and fatigue endurance. This study again proposed the same
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combination of post-processing techniques as Ahmadi et al. [32] to improve fatigue life. Sun
et al. [34] utilized HIP, chemical etching, and standard and precision machining as methods
to improve surface finish and fatigue performance. Standard machining consisted of 0.5 mm
thickness removal and the precision machining consisted of 2.5 mm thickness removal. The
main result of this study concluded that the surface finish improvements had a greater impact
on fatigue life than HIP alone. The greatest endurance was seen where HIP and precision

machining were utilized, the results are summarized in Figure 8.
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Figure 8 Illustration of influence of various post-processing methods on fatigue cycles to
failure, from [34]

Previous work has shown the feasibility of using chemical etching as a post-processing
technique to improve mechanical, fatigue, and surface properties of AM components.
Specifically in the context of lattice structures, which are comprised of struts at similar
geometric scales to commercial stents and thus may apply to AM stents. Within this
research, the feasibility of using post-processing techniques will be investigated. A primary
focus will be placed on developing an etching solution and protocol for support removal,
material removal and controlled surface roughness improvement. In addition to chemical

etching, the use of sandblasting for the same purposes will be investigated.

24



2.3 Stent Design

2.3.1 Evolution of Stent Design

Innovations in angioplasty and other related catheter interventions in the 20th century such
as the Dotter technique and Gruentzig's balloon [35] revolutionized the treatment of
atherosclerosis through the provision of a viable alternative treatment to surgical methods to
treat obstructive vascular diseases. In 1963 Charles Dotter unintentionally recanalized the
right iliac artery while passing a catheter through an occlusion for an aortogram [35]. Upon
recognizing the potential he began to conduct cadaveric studies and in 1964 the first
intentional procedure was conducted on an 82-year-old patient suffering from gangrene due
to stenosis of the popliteal artery who refused amputation [36]. Figure 9 and Figure 10

illustrate the successful results of this procedure.

Figure 9 Medical imaging of before and after case reported in [36] where (a) is before

luminal expansion, (b) is immediately after dilation and (c) is three weeks after dilation
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Figure 10 Photographs of patient’s affected foot described in [36] with objective

improvement where (a) is 1 week and (b) is 5 months after the procedure

In 1969 Dotter began experimentation with the placement of tubular prostheses in canine
subjects with the concept displayed in Figure 11. The use of plastic tubing and stainless steel
coil springs for this purpose acted as one of the precursors for modern-day stents [37], [38].
This procedure involved percutaneous placement of a catheter with a guide wire, this was
guided across the intended narrowing site and withdrawal of the system left the graft in place

within the narrowing.

Figure 11 Technique for percutaneous, transluminal placement of tubular prosthesis within

blood vessels [37]
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By 1983, Dotter had begun experimenting with nitinol coil grafts where the shape memory
effect was utilized to induce an outward radial force in the graft. This was achieved by the
introduction of saline at 60 °C into the catheter system [39]. Radiography images of the

placement and post-procedure evaluation of this device are shown in Figure 12.

i

Figure 12 Nitinol coil stent placement, (a) compact stent, (b) expanded state, (c) five days

a. b.

and (d) one-month post-procedure [39]

By the 1980s several stent design methodologies were developed, this review will focus on

the operating principles of balloon-expandable and self-expanding stents.

2.3.2 Balloon Expandable Stents

Balloon expandable stents were pioneered by Palmaz in the mid-1980s [40] as a method to
overcome the prevalence of restenosis after vascular balloon dilation. The initial designs
consisted of continuous woven stainless steel wire to form intraluminal grafts where 150 um
and 200 um wire diameters were used [40]. An illustration of these initial designs is shown
in Figure 13. Later devices were fabricated by electrical discharge machining (EDM) and in
current times, laser cut processing of metallic tubes [41]. Thiebes et al. [5] conducted a
comparative study of the mechanical properties of braided and laser cut stents. This study
concluded that laser-cut stents experience less elongation during crimping and had greater
radial resistance than braided contemporary stents. Common modern stent design
characteristics include thinner struts, this has an influence on deliverability by enabling a

lower crimped profile and may reduce disturbance to blood flow, this translates to lower
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rates of restenosis post implantation. Open cell designs have also increased in popularity
since the first generation of balloon expandable stents, this influences device flexibility and

deliverability [42].
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Figure 13 Illustration of early woven stainless steel stents developed by [40]

These devices rely on controlled diametrical expansion via balloon dilation whereby a target
diameter is reached, the device is deformed beyond the elastic limit of the material and
plastic deformation occurs [43]. This concept is illustrated in the stress-strain curve of a
typical elastic-plastic material in Figure 14. The balloon catheter is expanded elastically until
the material goes beyond its yield strength where plastic deformation begins to occur. When
the target device diameter is reached the balloon is deflated and the device retains an increase
in lumen due to plastic strain. Some diameters decrease upon deflation occurs due to elastic

recoil where elastic energy within the material is recovered.
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Figure 14 Stress-strain curve showing loading and unloading behaviour of elastic-plastic
material. Where €5 and €p are plastic and elastic strain respectively. g, and o, denote the

initial and updated yield strength

To gain an increased understanding of the mechanical behaviour of these devices, the hoop
stress and diameter evolution of a typical stent and target vessel during a balloon expandable
stent deployment are represented in Figure 15. Beginning with the stent, the hoop stress
increases as the balloon inflates until it reaches the maximum inflation at point b. From here
the balloon is deflated, and the hoop stress in the stent goes to zero with a small decrease in
diameter due to elastic recoil. The vessel meets the stent at point a, inducing hoop stress due
to expansion and reaches its maximum value at point b of maximum inflation. Upon balloon
deflation, the reduction in stent diameter due to elastic recoil leads to a decrease in diameter

and equilibrium of hoop stress between the stent and the vessel as seen at point c.

29



Og —— Vessel

C — Stent
a. Contact

b. Max inflation

> c. Equilibrium

d

Figure 15 Hoop stress g and diameter d evolution over typical deployment of balloon

expandable stent. Adapted from [44]

2.3.3 Self-Expanding Stents

Early self-expanding stent designs also consisted of woven stainless steel [45]. These
devices were fabricated in an "expanded" state, for implantation the device is elastically
compressed radially under a sheath and placed on a catheter. Upon device placement, the
sheath is removed which allows the stent to dilate due to elastic radial recoil. Self-expanding
stents are designed to have a larger diameter than the target vessel, the dilation exerts a radial

force on the target vessel leading to expansion.

Improvements in manufacturing in the 1990s saw seamless nitinol tubing become available,
enabling stents to be laser cut from this material [46]. Initial studies showed the material
properties of super-elasticity and shape memory enabled efficient device placement with
minimal foreshortening and good lateral stability [47]. Figure 16 illustrates the typical stress-
strain behaviour of a super-elastic material during a loading and unloading cycle. The
material initially deforms linearly in the austenite phase until reaching a plateau stress where
transformation to a detwinned martensite micro-structure begins. The material can deform
in this transformation phase while inducing little or no stress. When the material is
completely transformed to detwinned martensite linear elastic-like behaviour begins again.
Upon unloading the material can recover from large deformations without residual strain

and an inverse transformation back to the initial austenite microstructure occurs.
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Figure 16 Stress-strain curve showing loading and unloading behaviour of super-elastic

material

The delivery of self-expandable stents in some contexts require balloon inflation, this may
be to increase the diameter of the stent itself post deployment or, prior to deployment balloon

expansion of the vessel may be required to prepare the affected vessel for stent implantation.

In a similar manner to balloon expandable stents, the mechanical behaviour of self-
expanding stents is considered in Figure 17. The hoop stress and diameter evolution of a
typical stent and target vessel for a self-expanding stent deployment are shown. Beginning
with the stent, as the delivery sheath is removed the stent begins to expand radially with a
corresponding decrease in hoop stress until reaching equilibrium at point b. From here the
stent is inflated with a balloon leading to a further decrease of hoop stress until reaching
maximum deflation at point c. From here the balloon is deflated and elastic recoil causes the
stent diameter to decrease, and the hoop stress reaches equilibrium with the target vessel.
The hoop stress and diameter evolution of the target vessel are similar to that seen for the
balloon expandable stents, coming into contact with the stent at point a. The vessel diameter
and hoop stress increase until reaching maximum inflation at point d. The elastic recoil of

the stent then leads to a slight decrease in diameter and hoop stress.
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Figure 17 Hoop stress og and diameter d evolution over typical deployment of a self-
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expanding stent. Adapted from [44]

2.4 Stent Characterisation

2.4.1 Radial Stiffness and Strength

This characterises the ability of a device to resist collapse under long or short-term external
loads, thus preventing vessel recoil and lumen loss post-implantation. ISO 25539-2:2019
[48] defines patency as the ability to maintain an open lumen and specifies that this can be
quantified with two variants of crush resistance tests. Firstly, the crush resistance test with
a radially applied load determines the force required to cause clinically relevant buckling or
a diameter reduction of 50%. ASTM F3067-14 [49] provides a guide to conducting these
tests and an overview of radial loading measures and interpretation of results. A schematic
of a typical test setup is shown in Figure 18. A crush resistance test with parallel plates
allows for the quantification of device resistance to permanent deformation, a setup of this

test is shown in Figure 19.
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Figure 18 Radial loading crush resistance test setup from [49]

Figure 19 Parallel plate crush resistance test setup from [17]

The FDA recommends reporting radial stiffness as the change in diameter as a function of
uniform externally applied pressure and radial strength as the pressure a stent experiences
irrecoverable deformation [50]. ISO 25539-2 also outlines a test method for local
compression whereby the ability to locally resist radial deformation is quantified. A point

load is applied until a 50% reduction in diameter is achieved, and the minimum diameter of

the device is measured after this test is reported.
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2.4.2 [Elastic Radial Recoil

The minimization of elastic recoil is desirable as it minimizes the required diameter a stent
must be inflated to achieve a desired relaxed diameter. A high recoil stent may lead to
excessive expansion of the target vessel resulting in tissue damage and poor patient
outcomes. Recoil is noted as influenced by the material and geometrical properties of a given
stent design [51]. ASTM-F2079 provides a standard test method to quantify intrinsic elastic
recoil of balloon expandable stents by comparing inflated and final device diameters. Radial
recoil, Recoilg, is quantified by Equation 3.
Dr (3)

Recoilg =1 — —
INF

Where Dy is the final diameter and Djyf is the inflation diameter Barragan et al. [52]
conducted a comparative analysis of 22 commercially available stents including platinum,
steel, tantalum and nitinol devices. Yamamoto et al. [53] similarly conducted a comparable
study. The results indicated that flexible coil stents offered lower radial strength and thus

higher elastic recoil than slotted tube or laser cut stents.

2.4.3 Flexibility

In both delivery and expansion, a high level of flexibility is desirable [54]. In the context of
delivery, flexibility is required to reach the target vessel without tissue damage and similarly
where a stent is expanded in a tortuous vessel high flexibility is required to prevent vessel
straightening which can cause vessel damage or device failure [50]. The FDA recommends
determining the smallest radius of curvature a device can withstand without kinking and
providing evidence that it will recover to the original size and shape after testing. This can
be conducted by placing devices within a silicon tube and bending them around a mandrel

at 180° as seen in the work of Brandt-Wunderlich et al. [55].

ISO 25539-2 provides guidance on quantifying device flexibility. This is achieved by
determining the minimum radius a deployed device can be flexed without kinking, reducing
in diameter by over 50% or without recovery to its original shape and provides guidance on
two test methods to determine this. ASTM F2606 [56] provides an in-depth standard guide
to quantifying flexibility with a three-point bend test such as that seen in Figure 20. This test

method is used to obtain force vs. deflection or mid-span bending moment vs. curvature
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curves to assess flexibility and provides guidance on the test protocol, recommended span

lengths and interpretation of results.
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Figure 20 Schematic of three-point bend test to determine flexibility from [56]

2.4.4 Longitudinal Recoil

Foreshortening or longitudinal recoil post-dilation can induce shear forces on the vessel wall
and lead to tissue injury through the tearing of endothelial cells during expansion [54].
Wiktor et al. [57] notes there has been an increased interest in longitudinal recoil and
deformation behaviour. Designs with thinner struts, open cell designs and the use of more
flexible materials such as Co-Cr. These developments have increased deliverability but may
be associated with a decrease in longitudinal strength. Longitudinal recoil, Recoil;, is

quantified by Equation 4.

Lioap 4

Recoil;, =1 —
LunLoap
Where L; 4.9 and LynLaop are the device lengths at maximum balloon expansion and upon

balloon deflation respectively.

Leibundgut et al. [58] conducted longitudinal compression testing with a parallel plate setup
similar to that shown in Figure 19 for the radial crush test. This method is quantitative but it
has been argued that it does not reflect longitudinal deformation modes seen in clinical
practice [57]. Ormiston et al. [59] proposed a method of assessing longitudinal strength with

local point compression to simulate asymmetrically applied longitudinal forces with the
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potential to distort stents as seen in clinical practice. An example of such a test setup is

shown in Figure 21.

Figure 21 Setup and procedure of longitudinal point compression testing from [59]

The FDA recommends reporting the length decrease between catheter conditions and
deployment diameters up to the maximum labelled diameter and points to ASTM F2081
[60] for additional guidance on this topic. This standard states device lengths should be
measured with non-contact methods such as with a laser micrometre. Clinically useful

devices have reported length changes during expansion in the range of 0 to 20%.

2.4.5 Contact Surface Area

Devices are required to provide optimal vessel coverage to prevent prolapse of tissue
between stent struts but this should be balanced to prevent a thrombotic response due to the
body's immune response to the stent [54]. The FDA recommends reporting the percent
surface area, Agfor the smallest and largest nominal deployment diameters and is calculated

with Equation 5.

Ac 5)

Ac =
> Agc

Where Ac is the area in contact with the vessel and Ag¢ is the equivalent full cylinder area

of the stent. The FDA and ISO 25539-2 point to ASTM F2081 [60] for additional guidance
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on this topic and recommends the determination of contact area through suitable image
analysis, dimension measurements or by CAD software. The standard states that clinically

useful devices have contact surface area percentages between 7% and 20%.

2.5 Operational Characteristics of Stents

2.5.1 Crossing Profile

This characteristic is defined as the maximum outer diameter of the stent on the delivery
system, this influences the operational ability of a given delivery system to move through
the vascular system [50]. The minimization of the crossing profile can prevent flow
disturbances within the vascular system and can be achieved through the reduction of strut
thickness [54]. ISO 25539-2 outlines a test method for determining the crossing profile,
provides guidance on accuracy requirements and points to ASTM F2081 [60] for additional
guidance on this topic. This standard notes that clinically useful devices have crossing

profiles of less than 1mm and up to 2mm.

2.5.2 Trackability

This is defined as a measure of the ability of a device to move through a tortuous vessel and
is dependent on shaft flexibility, friction with the surrounding environment and axial
stiffness [54]. The FDA recommends assessing this by performing delivery simulations
within in vitro fixtures that mimic physiological and anatomical conditions with a tortuous
path and aqueous environment. ASTM F2394 [61] provides a standard guide for measuring
the securement of stents on the delivery system and provides details of a test tracking fixture
to assess this and trackability. A schematic of a test tracking fixture from this standard is

provided in Figure 22.
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Figure 22 Schematic of test tracking fixture from [62]

2.5.3 Withdrawal

The ability to withdraw a stent delivery system safely and consistently must be considered
with a focus on hazards such as improper balloon deflation, balloon winging, stent
dislodgement or device damage [48]. Similar to trackability, the FDA recommends that this
be assessed with the fixture described in ASTM F2394 and seen in Figure 22.

2.5.4 Sterilization

ISO 25539-2 states stents and stent systems are required to have a sterilization assurance
level of 107°. Sterilization of stent products are of utmost importance to patient outcomes
as infections related to bare metal stent have high mortality rates, noted as up to 30% [63].
The ISO points to three methods of sterilization, by use of ethylene oxide to which ISO
11135-1 [64] applies, by moist heat to which ISO 17665-1 [65] applies and by radiation
where ISO 11137-1 [66] applies. The aforementioned standards were developed in

conjunction with the Association for the Advancement of Medical Instrumentation (AAMI).

2.6 Material Characteristics of Stents

2.6.1 Radiopacity

This refers to the visibility of a device when using angiographic or radiographic imaging.

High visibility enables accurate placement of the device and patient to follow-up assessment
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[50]. The FDA recommends providing a qualitative or quantitative measure of visibility on
real-time and plane film x-ray. These images may be from animal implants or in vitro
implants. ASTM F640 [67] provides a standard test method for determining radiopacity for

medical use.

2.6.2 Biocompatibility

Materials used in stents and their respective delivery systems must not induce an adverse
response from the body such as thrombosis or restenosis, an example of each of these is

shown in Figure 23.

Figure 23 Medical imaging of (a) typical thrombosis and (b) restenosis from [68]

The FDA recommends the determination of all patient contact materials biocompatibility
and points to ISO 10993 [69] to identify suitable tests that should be considered.
Furthermore, the FDA recommends several tests for the stent material including

cytotoxicity, sensitization, irritation, and carcinogenicity testing.
2.6.3 Corrosion Resistance

The presence of corrosion can contribute to or lead to premature device failure, by-products
of corrosion may also have associated toxicity or induce adverse tissue responses [50]. The
FDA recommends the assessment of devices for fretting, pitting and crevice and, galvanic

corrosion modes.

Fretting corrosion can occur due to overlap of stent struts in clinical use, this can be tested

within a tortuous phantom, where the use of a 15mm radius of curvature vessel and
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accelerated wear testing for 10 year period is recommended [50]. An example of fretting

corrosion wear is seen in Figure 24.

Figure 24 SEM image of typical fretting corrosion damage from [70]

Pitting and crevice corrosion can occur due to fatigue loading with the potential to reduce
the service life of a stent. The FDA recommends quantifying corrosion susceptibility with
cyclic potentiodynamic polarization measurements as described in ASTM F2129-19a [71].

A typical example of pitting and crevice corrosion is shown in Figure 25.

40



X288 1868nm BBBG

Figure 25 SEM image of typical pitting and crevice corrosion damage from [72]

Galvanic corrosion may occur where stents contain multiple materials, for example, a stent
may have added marker bands for radiopacity [50]. Where it is envisioned that stent struts
will overlap or where two materials are in contact the FDA recommends testing for
susceptibility to galvanic corrosion according to ASTM G71 [73]. A test method from this
standard is adapted for medical devices in the previously mentioned ASTM F2129-19a.

2.6.4 Fatigue Properties

Blood flow induces cyclic stresses on stents which can lead to fatigue failure. It is
recommended devices are designed to withstand 10 years of service life equivalent to 380
million cycles [54]. Stent failure may cause loss of radial support of the stented vessel, focal
restenosis or perforation of the vessel by a broken stent strut [50]. The FDA recommends
fatigue analysis combined with finite element (FE) modelling and accelerated durability
testing to quantify device durability. The output of FE modelling is recommended to be
presented as a Goodman diagram where mean and alternating stresses simulating
physiological conditions are used to determine a fatigue safety factor of a device. A typical

Goodman diagram is seen in Figure 26.
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The use of accelerated durability testing is recommended to validate fatigue analysis results
and can identify device conditions that may contribute to failure that are not present in the
computational analysis [50]. ASTM F3211 [74] provides guidance on conducting fatigue to
fracture tests to characterize device durability whereby hyper-physiological high-cycle
fatigue testing is used. Relevant test methodologies to assess in vitro axial, bending and
torsional durability is provided by ASTM F2942-19 [75]. Axial durability is assessed
through tension and compression cycling, bending durability can be assessed through a
columnar buckling fixture or bending on a mandrel. Figure 27 displays a typical columnar
buckling fixture setup. Torsional durability can be assessed through cyclic loading where a
stent is fixed at one and the other end rotated similar to that described in [76]. Figure 28

displays a typical schematic of this test.
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Figure 27 Columnar buckling setup to assess axial durability of stents from [77]
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Figure 28 Schematic of torsion durability test of a stent from [76]
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ASTM F2477 [78] provides a standard test method for in vitro pulsatile durability testing of
stents intending to assess device failure due to typical cyclic blood vessel diametric
distension. The standard provides guidance on two physiological pressure test methods. One
where a fixed fluid volume is cyclically injected within a mock vessel and a strain-controlled
method where clinically relevant changes in diameter are reproduced in the mock vessel. It
should be noted that for all test methods described, it is recommended that they are
conducted in a mock vessel that emulates in vitro conditions, i.e. a phantom with an aqueous

environment at 37 °C.

2.6.5 MRI Compatibility

MRI safety and compatibility is an important consideration as MRI patients with stents can
cause movement or heating of implants, this has the potential to cause displacement or tissue
damage. The device may also lead to artefacts rendering in MR images which can result in
misleading or uninterpretable results. The ASTM provide several test methods for

determining the MRI compatibility of a medical device.

ASTM F2052-15 [79] provides a standard test method for determining magnetically induced
displacement force on medical devices in the MR environment. This is measured by
calculating the deflection angle of a device in a magnetic field. The device of interest is
suspended on a test fixture with a schematic of the forces and parameters of interest shown

in Figure 29.

P P

Figure 29 Schematic of the test device in magnetic field for measurement of magnetic

induced displacement force, from [79]
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ASTM F2213-06 [80] provides a standard test method to determine magnetically induced
torque on medical devices in the MR environment. This can be quantified by placing the
device of interest on a torsion spring or pulley torque apparatus as described in the test

method. An example of the torsion spring test device is shown in Figure 30.
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Figure 30 Schematic of the test device in magnetic field for measurement of magnetic

|: Angular reference
|

Torsional spring

induced torque, from [80]

ASTM F2182-11a [81] provides a test method for determining radio frequency-induced
heating of passive implants due to MRI. This is quantified by placing a device of interest in
a gelled-saline phantom and placing temperature probes along the length of the device. The

temperature evolution over time is then measured in an MR environment.

ASTM F2119-07 [82] provides a test method for the evaluation of MR image artefacts due
to passive implants. The test method provides information on recommended MR parameters,

image set requirements and quantifying an artefact size.

2.7 Stent Mechanical Characterization Studies

A review of commercial stent mechanical characterization studies was conducted to gather
data for direct comparison with AM stents and to gain an understanding of the experimental
methods typically used to conduct testing. Some papers mentioned in the previous section

are discussed in more detail.

Yamamoto ef al. in 1999 [53] studied the effect of stent design on elastic recoil by
investigating differences between the flexible coil, slotted tube and locking stent designs.
The elastic recoil was evaluated using intravascular ultrasound imaging within an in vitro

model of circumferential compression, stents were placed within a latex balloon which was
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deflated to negative pressure. From here change in cross-sectional area and mean lumen
diameter was recorded. This study, as previously stated, showed that coil stents showed the

least amount of radial strength.

Dyet et al. in 2000 [83] investigated radial strength, flexibility, radio-opacity and trackability
of a variety of commercial stents. Radial strength was determined using the method outlined
by [84] where a cylindrical contact compresses the stent imposing an eccentric deformation
on the stent wall. Flexibility was quantified by measuring the force required per degree of
flexion. Trackability was measured by assessing the delivery system over angles of 90° and
60°. Radio-opacity was measured by comparing the stent against an aluminium test piece.
The work concluded that balloon expandable stents exhibited greater radial strength and
radio-opacity than self-expanding stents which were generally more flexible and had better

trackability.

Barragan et al. [52] as previously mentioned, conducted a comparative analysis on 22
commercial stents whereby elastic recoil was measured post expansion with and without
exterior stress at several time intervals up to 2 hours. The external pressure was applied
using a flexible tube on the outside of the stents and recoil was measured with a contact-free
3D optical gauging system. This study showed that external pressure had little effect on
recoil and in both conditions, recoil remained relatively stable over time. It also notes
differences between tubular and coil stents in their recoil behaviour. Garica et al. [85] carried
out a study on in vivo stent recoil by implanting several stents into porcine arteries, using
continuous ultrasound cross-sectional area, and, minimum and maximum diameters were
measured at peak inflation and immediately after inflation. The results of this study showed
a greater acute area recoil for modular stents versus slotted tube stents. It is also of note that
this study was conducted on healthy porcine arteries and thus is the best-case scenario for

elastic recoil.

Schmidt et al. [86] presented a comparison of mechanical properties of nitinol self-
expanding and stainless steel balloon-expandable stents by comparing their flexural
stiffness, radial strength and change in length due to expansion. Flexural stiffness was
measured using a cantilever beam setup whereby stents were held at one end and a load is
to the other. Radial strength was quantified using a test chamber where pressure is applied
to a polymeric tube covering the stent. Change in length due to expansion was measured

with microscopy. The results of this study showed low flexural stiffness and collapse
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pressure for the self-expanding stents and noted a change in length behaviour is determined
by the stent design geometry and not by material properties. The work of Wang et al. [87]
aimed to characterize the mechanical response of a typical aortic stent to internal and
external pressure by measuring axial and radial deformation. Internal and external pressures
were applied using a polymer bag with a pressure system with digital cameras to track
deformation. This work proposed an analytical model based on slender rod theory to model

the relationship between pressure and stent radius.

Isayama et al. [88] conducted radial and flexural stiffness on several biliary self-expanding
stents. radial stiffness was measured with a cylindrical radial force testing machine as seen
in Figure 31. Flexural stiffness was measured by quantifying the force required to bend the
stent to 60° at several distances from the end of the stent. This study provides a good range
of comparative data. Hirdes et al. [89] conducted a similar study on self-expanding
oesophagal stents. Johnston et al. [90] investigated the radial behaviour of some self-
expanding stents. Radial stiffness and outward radial force were measured using a
hydrostatic pressure chamber and a mylar film device as seen in Figure 32. The results of
this study showed longer stents had greater radial force and stiffness and, overlapping two

stents increased these measures to values greater than the sum of the individual stents.

Figure 31 Cylindrical radial force test machine for stents, from [88]
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Figure 32 Mylar film radial testing device (a) schematic and (b) image of device, from [90]

2.8 Summary

Overall, this literature review has identified a number of knowledge gaps which this work
intends to address. There is little comparison of commercial and AM stents in terms of
mechanical and geometric properties in the literature. Similarly, there is little work in the
literature quantifying the effects of post-processing techniques on the mechanical and
operational properties of AM stents, this work aims to investigate this relationship with a

parameter study.

Little work to date has shown the feasibility of producing AM stents with varied mechanical
properties achieved through non-uniform strut thickness or diameter. Stents with these
properties may be more optimal for the treatment of aortic coarctation by enabling lumen
gain, where required, while ensuring minimal loading of non-diseased tissue and vessel

straightening.
In summary, a more ideal AM stent design may require the following:

e Radial stiffness tunability

e Flexibility for delivery

e Open cell design for flexibility

e Ability to crimp and recover for deliverability

e Low surface roughness

The selection of these parameters of interest is based on the availability of data within the
literature in the context of AM and commercial stents for comparison with the devices

fabricated in this work.
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Chapter 3. Materials and Methods

3.1 Stent Design for AM
3.1.1 IntraStent Design

The Medtronic IntraStent is a peripheral and biliary stent commonly used in coarctation
procedures. The stent is an open cell design laser cut from 316L stainless steel, with a 12
mm diameter and 200x250 um rectangular strut profile. In the context of the AM rules
outlined by Demir et al.[18], it is not possible to manufacture this stent design. The stent
contains overhangs and as a consequence of the open cell design, it is not a self-supporting

structure.

To investigate the feasibility of recreating this device with AM, the geometry was adapted
to enforce the self-supporting structure AM design rules. The strut dimensions were
increased to 300x350 um to ensure the design was within the resolution of the printer and
enable the use of post-processing to be used for material removal to achieve strut thicknesses
similar to commercial stents. Additionally, 100x350 um support structures were added to
the open cells with a view of removing them with post-processing and resulting in a self-
support structure. Stents were designed at 15 mm in length for radial strength testing and

post-processing optimization. 46 mm stents were also designed for flexibility testing.

w 200 w 300
t 250 t 350

Figure 33 Intrastent (a) commercial design and (b) adapted design for AM with strut
dimensions and profile.
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Figure 34 As built and post-processed AM IntraStent

3.1.2 Tapered Stent Design

To show the feasibility of using AM to achieve greater design freedom for stents, a modified
tapered IntraStent was developed. A 25% taper in diameter was added, changing from 12
mm to 9 mm over the 19 mm length of the stent. This was achieved using the Flex tool in
SolidWorks. Realizing this design with standard balloon expandable stent manufacturing
techniques would require custom-sized tubing and complex laser cutting techniques. Using
AM to fabricate this design offers increases in time efficiency and enables rapid prototyping

of such designs.
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Figure 35 Modified tapered intrastent design with a 25% taper giving a change in diameter

Figure 36 As built and post-processed tapered stent design
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3.2 Commercial Stents & Balloon Expansion

For comparative analysis of radial strength and flexibility two commercial stents were
balloon expanded and subjected to mechanical testing. A 10 mm diameter and 17 mm length
stainless steel VALEQO vascular stent (Becton, Dickinson and Company, United States), with
a 200 um strut thickness, was used for radial strength comparison. Additionally, a 12 mm
diameter and 36 mm length stainless steel IntraStent LD Max stent (Medtronic, United
States) was used for flexibility comparison. Both stents were expanded to 10 mm diameter
using a VALEO vascular stent balloon catheter inflated to 6 bar using a BasixCOMPAK
inflation device (Merit Medical, United States). The devices were then allowed to recoil

radially, and dimensions measured with a calliper.

3.3 Titanium Powder

The powder used was Ti-6A1-4V ELI (Grade 23) (Carpenter Additive, Cheshire, UK). The
powder was spherical and produced by gas atomisation. Its size distribution was 22.5 —47.2

um with an average size of 32.7 um. The chemical composition of this powder is given in

Table 2.

Table 2 Chemical composition of Ti-6Al-4V powder

Element N C H Fe (0) Al A\ Ti
Mass Fraction (%) 0.01 0.01 0.0027 0.21 0.11 6.3 39 Bal

3.4 Laser Powder Bed Fusion

A ReaLizer Selective Laser Melting (SLM) 50 with a 100 W fibre laser was used to print
the stent geometries from Ti-6Al-4V. The estimated beam diameter was in the range of 15-
20 um. The processing chamber was filled with argon gas reaching an overpressure of 15
mbar. A circulation pump was used to maintain parallel flow to the powder bed and oxygen
was maintained below 1.2%. A modulated continuous wave laser emission was used with
an exposure time of 40 us and a point distance of 10 um. The laser current was maintained
at 1463 mA for the outer boundary and 2800 mA for the inner hatching. A boundary-scan
was executed first with parallel hatching scan lines with a hatch distance of 0.1 mm used
internally. A layer thickness of 25 um was kept constant throughout the build. Magics 23.02
(Materialise, Leuven, Belgium) was used to prepare the models. RDesigner (DMG MORI,
Bielefeld, Germany) was used for setting laser trajectories and ROperator (DMG MORI,
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Bielefeld, Germany) was used for the machine preparation. A summary of machine
parameters is presented in Table 3. Additionally, all devices were placed in an ultrasonic
cleaner for 15 minutes after printing. This process removes any loose powder particles

adhered to the stents.

Table 3 Summary of ReaLizer SLM 50 printing parameters

Parameter Quantity Unit
Outer Boundary
Exposure Time 40 us
Point Distance 10 um
Laser Current 1463 mA
Inner Boundary
Exposure Time 40 us
Point Distance 10 um
Laser Current 1463 mA
Hatch
Exposure Time 132 us
Point Distance 10 um
Laser Current 2825 mA
Melting Trace Width 0.14 mm
Hatch Distance 0.1 mm
Hatch Offset 0.08 mm
Overlap 0.04 mm
Fill Lines Distance 0.04 mm

3.5 Design of Experiments

To optimize the sand blasting and chemical etching times for stent post-processing a design
of experiments (DoE) approach was used, namely the Latin Square Design method. Upper
and lower bounds were identified for sandblasting and chemical etching times. For chemical
etching, times between 5 minutes and 27.5 minutes at 2.5 minute intervals were chosen.
Similarly, sandblasting times between 10 seconds and 120 seconds at 10 second intervals
were chosen. This resulted in a grid from which experiment parameters were chosen using
the Latin Square Design method. This method results in an experimental plan where each
parameter is chosen only once in each row and column, in this case for each sandblasting
and chemical etching time. Each experimental parameter set was repeated 3 times. This is

illustrated in Figure 37.
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Figure 37 Latin Square Method DoE technique applied to sandblasting and chemical
etching times, Tsp and T¢p respectively

3.6 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 statistical software (GraphPad
Software Inc) with the aim of investigating and quantifying statistically significant
differences between as built and post-processed stents. To investigate statistically significant
differences between the means of each group a Welch's t-test with a 95% confidence interval
was applied. This test method assumes the means of the compared populations are normally
distributed and is insensitive to equality of variance. The t-tests estimate with 95%
confidence that there is a statistically significant difference between each of the stent groups.

A sample size of 3 was selected for each experiment.

3.7 Microscopy Imaging

To quantify the strut thickness of the stents a Leica LM DM (Leica, Germany) stereoscopic
microscope was used. Stents were imaged at 5 x magnification using a ZEISS Axiocam 208
colour microscope camera (Zeiss, Germany) in the ZEISS Efficient Navigation (ZEN)
software (Zeiss, Germany). In this software, the measure tool was used to quantify the strut

thickness 3 times for each strut analysed.
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3.8 Scanning Electron Microscopy (SEM)

To qualitatively investigate surface roughness, Scanning Electron Microscopy (SEM) was
conducted using a Zeiss ULTRA plus (Zeiss, Germany) system. All samples were imaged
at an electron high tension (EHT) voltage of 10 kV with the Type II secondary electrons
(SE2) detector. Due to the variance in device sizes, a variety of working distances and

magnifications were used to produce sufficiently detailed images.

3.9 White Light Interferometry

White Light Interferometry (WLI) was used to assess the relative surface roughness of each
of the stents to investigate differences between printed, sandblasted, and sandblasted and
etched stents. Additionally, AM stents were compared to commercial devices with this
method. A ProFilm 3D (Filmetrics, Inc., San Diego, CA.) optical profilometer was used and
arithmetical average roughness for a given path, Ra, was used to compare surface quality.
ISO 4288:1996 [91] recommends a roughness sampling length of 0.8 mm and a roughness
evaluation length of 4 mm for Ra values greater than 0.1 um and less than or equal to 2 um,
corresponding to the Ra range for the etched stents. Similarly, the ISO standard specifies a
roughness sampling length of 2.5 mm and roughness evaluation length of 12.5 mm for Ra
values greater than 2 um and less than or equal to 10 um, corresponding to the Ra range for
the unetched stents. Due to limitations related to the length of the diagonal struts, it was not
possible to attain this recommended sampling length. To mitigate this a consistent sample
length of 600 um was used across all measured struts and in a similar fashion to [92] and the
effect of the low-test length was neglected as the measurements were used comparatively.

Ra is defined by Equation 6.

L1 ©)
Ro=r7 f 1Z(0)ldx

Where L is the evaluation length and Z(x) is the profile height function.

Images were obtained at 50 x magnification, giving a field of view of 0.4 x 0.34 mm. Two
scans were taken with a back-scan length of 110 um and then stitched together with the
provided profilometer software to achieve the prescribed sample length. The stitched images
provided a 3D map of the surface topography, this was then processed within the software
package to remove outliers whereby pixels with a slope above 60° were removed and invalid

pixels were filled in. The line roughness tool was then used to calculate a Ra value along the
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strut within the scan length. Additional microscopy images at 10 x and 50 x magnification

were taken for further qualitative comparison of surface roughness and defect.

3.10 Sandblasting

A Guyson Formula F1200 blast cabinet was used for sandblasting stents. Brown aluminium
oxide, FEPA F120 (120 um) grain blasting media was used at a pressure of 6 bar with a
trigger-operated blasting gun in the process. A bespoke stent holding fixture was fabricated
from aluminium to ensure the stent is allowed to rotate in a fixed position during blasting.
This ensures the even and consistent processing of devices. An image of the fixture in situ

is presented in Figure 38.

Figure 38 Sandblasting stent holding fixture

3.11 Chemical Etching

The titanium stents were etched using Kroll’s etchant (Reagecon Diagnostics Ltd, Ireland),
which is a combination of hydrofluoric, nitric acid and water as described in ASTM-E407-
99 [93]. A 100 mL volume of Kroll’s etchant contains 92 mL distilled water, 6 mL of nitric
acid and 2 mL of hydrofluoric acid. Each stent was placed in a 100 mL beaker horizontally

fully immersed in 40 mL of the etchant solution. After etching for the desired time, the stents
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are cleaned with water and dried for 5 minutes on a Metaserv specimen dryer (Buehler Ltd,

United States).

3.12 Mechanical Testing

Mechanical testing was conducted using a Zwick/Roell Z2.5 (Zwick Roell Group, Germany)
materials testing machine using an xForceP 200 N load cell (Zwick Roell Group, Germany).
All data was processed using the TestXpert II V3.71 software (Zwick Roell Group,

Germany) and exported for analysis.

3.12.1 Radial Strength Testing

Radial strength testing was conducted by compressing stents between two parallel plates. In
compliance with ISO 25539-2[48] all stents were compressed to 50% of their nominal
diameter. A 0.5 N or 0.1 N preload was applied to the stents dependent on stiffness prior to
compression at a rate of 3 mm/min. A stiffness quantity was then defined as the slope of the
initial linear region for comparative analysis between samples. Radial strength testing was
conducted for the AM Intrastent, the tapered design. Performing the parallel plate crush test
on tapered stents may not yield directly comparable results for stents with a uniform
diameter due to the temporal evolution of the plate contact area. In this case, the crush test
results for the tapered stents should only be directly compared for as built and post-processed
tapered samples. Additionally, a commercial BARD Valeo Vascular Stent was also tested.
A summary of test parameters is provided in Table 4 and an image of the test setup is

provided in Figure 40.
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Figure 40 Parallel plate radial strength test setup with tapered stent design
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Table 4 Stent type, geometric and testing parameters for radial strength testing

Diameter Compression Length Preload

Stent Type (mm) (mm) (mm) (N)

AM Intrastent AB (n=3) 12 6 15 0.5
AM Intrastent SB (n=3) 12 6 15 0.5
AM Intrastent CE (n=3) 12 6 15 0.5
AM Intrastent SB + CE (n=3) 12 6 15 0.1
AM Intrastent Tapered AB (n=1) 9 45 19 0.1
AM Intrastent Tapered SB + CE

(n=1) 9 4.5 19 0.1
Valeo Vascular Stent (n=1) 8.34 4.17 17 0.1

3.12.2 Flexibility Testing

Flexibility was quantified using three-point flexural testing. The test parameters were
determined by the method outlined in ASTM F2606-8 [56]. The required span length and
maximum for each stent type was calculated as a function of the stent length. For a given

specimen with a length greater than 35 mm the span length is determined as follows.

_ Lsr _9 (7)
$1.093

Where Lg is the required span length and Lgr is the stent length. Similarly, the maximum

deflection, 6,,, is then determined by the following Equation.

8m = 0.2L (8)

Specimens were preloaded to 0.1 N and then deflected at a rate of 10 mm/min. Similar to
the radial strength testing a stiffness quantity was defined as the slope of the initial linear
region for comparative analysis between samples Flexibility testing was conducted for the
AM Intrastent and commercial IntraStent LD Max. A summary of test parameters is

provided in Table 5 and an image of the test setup is provided in Figure 42.
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Figure 41 Microscopy image of Medtronic IntraStent

Table 5 Stent type, geometric and testing parameters for flexibility testing

Length Diameter Span Length Deflection
Stent Type (mm) (mm) (mm) (mm)
AM Intrastent AB (n=3) 45.00 12 39.17 7.83
AM Intrastent SB + CE
(n=3 45.00 12 39.17 7.83
Intrastent LD Max (n=1) 35.30 8.47 30.30 6.06
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Figure 42 Three-point flexural test setup with sandblasted and chemically etched stent in

place

Figure 43 Three-point flexural test on sandblasted and chemically etched stent
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3.13 AM Stent Crimping

To assess the crimping behaviour of the post-processed AM stents, a specimen from the
highest combined sandblasting and etching time was crimped. A 2 mm diameter Boston
Scientific Express LD stent delivery system (Boston Scientific, United States) was used to
hold the stent in place. The stent was then crimped to this diameter using a Machine

Solutions Inc. HV 500 crimping tool (Machine Solutions Inc., United States) and allowed

to expand. This same protocol was followed for crimping a post-processed AM tapered stent.

Figure 44 AM IntraStent placed on 2 mm diameter Boston Scientific Express LD stent
delivery system.
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Chapter 4. Results

4.1 Strut Thickness

Table 6 provides a summary of strut thickness measurement results for the initial feasibility
and post processing study. Figure 45 shows a typical microscopy image of an as-built stent
strut. Figure 46 and Figure 47 are microscopy images of sand-blasted and combined
sandblasting and chemically etched stents respectively. Figure 48 provides a summary of
strut thickness quantification for as built (AB), sandblasted (SB), chemical etching (CE) and,
combined sandblasting and chemical etching (CE) stents. It should be noted that + indicates

standard deviation in all instances.

Table 6 Strut thickness measurement results for initial feasibility study and post-processing
study. N=3 for all groups. SBXX indicates sand blasting and the number of seconds of
post-processing and CEXX indicates chemical etching and the number of minutes the

specimens were held in the solution.

Stent Type Strut Thickness (um)
Feasibility Study
As Built 432.52 +0.04
Sand Blasted (120 seconds) 361.26 + 4.96
Chemical Etched (20 minutes) 238.56 +9.19

Sand Blasted (120s) and Chemical Etched (20 mins) 91.34 +15.47
Post Processing Study

SB30CE5 294.96 + 25.90
SB70CE7.5 284.77 +27.27
SB90OCE10 277.04 £ 50.88

SB110CE12.5 189.00 £ 20.69
SB60CE15 199.61 £ 15.25
SB40CE17.5 173.4 £ 12.00
SB50CE20 153.61 £ 8.40
SB80CE22.5 141.72 £ 17.56
SB100CE25 120.82 £ 15.84
SB120CE27.5 91.25+14.40
Tapered Stents
As Built - Upper 303.33+21.39
As Built - Lower 373.66 £ 25.50
TP25SB120CE15 - Upper 220.33+9.87
TP25SB120CE15 - Lower 289.00 + 16.52
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Figure 45 Microscopy image of as built stent with Type I defects visible

Figure 46 Microscopy image of sand-blasted stent
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Figure 47 Microscopy image of sand-blasted and chemically etched stent
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Figure 48 Representative strut thickness quantification for as built (AB), sandblasted (SB),
chemical etching (CE) and, combined sandblasting and chemical etching (CE) stents. ** p
<0.01, **** p <(0.0001, ns = no statistically significant difference and N =3
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Figure 49 displays the relationship between sandblasting time and strut thickness including
a simple linear regression. Figure 50 similarly, displays the relationship between chemical

etching time and stut thickness with simple linear regression.
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Figure 49 Plot of strut thickness against sandblasting time including simple linear

regression. N =5
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Figure 50 Plot of strut thickness against chemical etching time including simple linear
regression. N =5
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4.2 Surface Roughness
4.2.1 Scanning Electron Microscopy

Figure 51 displays an SEM image of an as built stent. Figure 52 displays an SEM image of
a sandblasted stent. Figure 53 displays an SEM image of a sandblasted and chemically
etched stent.
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Figure 51 Scanning electron microscopy (SEM) image of as built (AB) stent
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Figure 52 Scanning electron microscopy (SEM) image of sandblasted (SB) stent
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Figure 53 Scanning electron microscopy (SEM) image of sanblasted and chemically

etched (SB+CE) stent
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4.2.2 White Light Interferometry

Table 7 provides a summary of surface roughness results for each post-processing group and
several commercial stents. Figure 54 displays surface roughness quantification for as built
(AB), sandblasted (SB) and combined sandblasted and chemically etched (SB + CE) AM
IntraStent. An unknown coronary stent, Abbot Multi-Link and Medtroinc Driver are also

presented in this figure.

Table 7 Arithmetical surface roughness (R,) results. N=5 for all groups

Stent Type Ra (um)
As Built 0.86 + 0.07
Sandblasted (120 seconds) 0.40+0.04
Sandblasted (120 seconds) and Etched (20 minutes) 0.23+0.02
Multi-Link 0.05+0.01
Driver 0.12+0.02
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Figure 54 Arithmetical surface roughness (R,) results for as built (AB), sandblasted (SB)
and combined sandblasted and chemically etched (SB + CE) AM IntraStent. An unknown
coronary stent, Abbot Multi-Link and Medtroinc Driver are also presented. **** p <

0.0001 and N =5
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4.3 Radial Strength

Table 8 displays all radial strength testing data for the post-processing study, commercial
comparison, and tapered stents. Figure 55 displays representative radial strength testing data
for as built, post-processed and commercial stents. Figure 56 displays radial strength testing
data for an AM IntraStent sandblasted for 120 seconds and chemically etched for 27.5
minutes. Figure 57 displays radial strength testing results for the AM tapered stents.

Table 8 Summary for radial strength testing for post-processing stud, commercial
comparison study and tapered stents. N=3 for post-processing study groups, N=1 for

commercial comparison and tapered stents.

Stent Type Radial Stiffness (N/mm) 50% Compression Force (N)
Post Processing Study
SB30CE5 3.14+0.61 17.90+3.18
SB70CE7.5 2.43+0.82 14.35+4.18
SB90CE10 2.14+£0.43 12.67 £ 1.96
SB110CE12.5 0.59+0.29 4.21+1.47
SB60CE15 0.60 £ 0.06 4.33+0.22
SB40CE17.5 0.57 £0.02 3.98+0.41
SB50CE20 0.34 £0.06 3.00£0.36
SB80CE22.5 0.24 £ 0.09 2.64 £0.32
SB100CE25 0.17 £0.03 2.19+0.04
SB120CE27.5 0.13+0.07 1.00£0.32
Commercial Comparison
Valeo 3.86 2.07
Tapered Stent
TP25 2.35 13.23
TP25SB120CE15 0.32 1.82
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Figure 55 Representative radial strength testing results for AM IntraStent as built (AB),
sandblasted (SB), chemically etched (CE), combined sandblasting and chemical etching
(SB + CE) and Valeo vascular stent
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Figure 56 Radial strength testing results for AM IntraStent sandblasted for 120 seconds

and chemically etched for 27.5 minutes
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Figure 57 Radial strength testing results for tapered AM stent design as built and post-

processed

Figure 58 displays a plot of radial stiffness against sand blasting time with simple linear
regression. Similarly, Figure 59 plots radial stiffness against chemical etching time with
simple linear regression. Figure 60 displays the commercial Valeo stent after radial strength

testing.
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Figure 58 Plot of radial stiffness against sandblasting time including simple linear
regression. N =5
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Figure 59 Plot of radial stiffness against chemical etching time including simple linear
regression. N =5
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Figure 60 BARD Valeo vascular stent after compression testing

4.4 Flexibility

Table 9 provides a summary of all flexibility testing showing bending stiffness and
maximum force results. Figure 61 provides all flexibility testing data. Figure 62 displays
representative flexibility testing results for AM IntraStent as built (AB), combined
sandblasting and chemical etching (SB + CE) and commercial IntraStent.

Table 9 Summary of flexibility testing with bending stiffness and maximum force results.

Stent Type Bending Stiffness (N/mm) Maximum Force (N)
As Built (N=3) 6.24 £ 0.04 39.90+2.61
SB120CE27.5 (N=3) 0.29 +£0.02 1.68 £0.24
SB120CE27.5CE5 (N=2) 0.15+0.04 0.96 £0.18
IntraStent (N=1) 1.70 3.96
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Figure 61 Flexibility testing results for all stent groups
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Figure 62 Flexibility testing results for combined sand blasting and chemical etching and

commercial stent design

75



Figure 63 Post-processed AM stent (a) and commercial IntraStent (b) after three-point

flexural testing

4.5 AM Stent Crimping

Figure 64displays a comparison between an as built tapered IntraStent and a specimen that
underwent crimping onto a 2 mm wire after post processing. Table 10 provides a summary

of elastic recoil results.
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Figure 64 Crimped tapered stent with diameter of 8.5 mm after 120 seconds of
sandblasting and 15 minutes of chemical etching
Table 10 Summary of elastic recoil results for AM stents
Crimp Diameter Elastic Recoil
Stent Type (mm) Expanded Diameter (mm) (%)
SB120CE27.5 2.2 7.5 71%
TP25SB120CE15 2.2 8.5 74%

4.6 Permanent Deformation

Table 11 provides a summary of permanent deformation measurements comparing

commercial and AM stents.

Table 11 Summary of permanent deformation measurements comparing commercial stents

for radial strength testing and flexural strength testing.

Stent Type  Original Diameter (mm) Recovered Diameter (mm) Permanent Deformation (%)

Radial Strength Testing

SB120CE27.5 12 12 0%
Valeo 8.34 8.17 2.00%
Flexural Strength Testing
SB120CE27.5 12 12 0%
IntraStent 8.47 7.38 12.87%
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Chapter S. Discussion

5.1 Strut Thickness

The strut thickness results presented in Figure 46 indicate that sandblasting can effectively
remove Type I defects. From Figure 48, sandblasting alone does not lead to a statistically
significant difference in strut thickness. The use of chemical etching alone was shown to
decrease strut thickness to a statistically significant level near 200 um from an average of
380 um. The combination of sandblasting and chemical etching has been shown to have the
capability of developing stents with a strut thickness below 100 um. These strut sizes are
below any previous work on AM metal stents [17], [18]. The ability to create stents with this
wide range of strut thicknesses with post processing opens the possibility of using these
devices for peripheral or coronary applications where strut thicknesses can range from 60-

140 um.

Figure 58 indicates that there is little correlation between the sandblasting time and strut
thickness. Figure 59 shows a much stronger correlation between chemical etching time and
strut thickness, whereby increased chemical etching time correlates with a decrease in strut
thickness. This relationship shows that chemical etching is the dominant factor in the post-
processing workflow. These results overall show the feasibility of controlling strut thickness
with post-processing and, the ability to achieve predictable and reproducible results.

Variability may be reduced through mixing during the chemical etching process.

In the context of the tapered stent designs, the variation in strut thickness must be considered
when selecting post-processing parameters. Using the 120 seconds of sandblasting and 27.5
minute of chemical etching on the tapered stents resulted in a portion of the stent being
completely dissolved losing all structural integrity. To mitigate this, the chemical etching
time was reduced to 15 minutes and all support structures were removed leading to achieve
an open celled tapered design. To develop a controlled strut thickness control methodology
with post-processing for stents with varied diameter, investigating the relationship between

chemical etching parameters and initial strut thickness may be helpful in this respect.

Comparing with previous AM work seen in Table 12, strut thicknesses have ranged between
580 — 120 um. McGee et al. [17] achieved a strut thickness of 152 + 43 um for chemically
etched titanium stents ad the work of Wiesent et al. [19] ranging from 90-120 um for

electropolished CoCr. In the context of AM titanium stents, this work, with the post-
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processing technique presented has produced titanium AM stents with the lowest strut

thickness to date being under 100 um.

5.2 Surface Roughness
5.2.1 Scanning Electron Microscopy

Figure 51 clearly shows Type I and Type II defects present on the as-built AM stents. The
results of sandblasting shown in Figure 52 show effective Type I defect removal but with a
clearly rough surface finish, little overall material removal and support structures still
present. The combination of sandblasting and chemical etching, seen in Figure 53, decreases
strut thickness further and enables the removal of support structures, realizing an open cell
design like the commercial IntraStent. It is noted that support and material removal was not
observed as fully homogenous within specimens. This may be caused by the formation of
gas bubbles that becomes stuck to the specimen inhibiting material removal locally and
causing uneven etching. This behaviour has been noted in the literature [94] and agitation

during the chemical etching process may mitigate this issue.

Qualitatively, these results are an improvement on previous work described by McGee ef al.
[17], as seen in Figure 65. This improvement may be due to the use of sandblasting prior to
chemical etching. The removal of Type I defects creates a more uniform surface area for
chemical etching and may increase process efficiency, enabling the manufacture of smaller

strut thicknesses and the use of lower concentration of acids in etching solutions.
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Figure 65 SEM image of stent strut from McGee et al. [17] and this work after post

processing
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5.2.2 White Light Interferometry

The use of sandblasting leads to a lower average surface roughness from the as built
geometry as seen in Figure 54. There is a statistically significant reduction of 52% between
the mean values. The combination of sandblasting and chemical etching further reduces the
mean surface roughness a statistically significant amount with 70% reduction between mean
values. Comparing to commercial stents, there is a statistically significant difference
between the combined sandblasting and chemical etching stents, the unknown coronary stent
and Multi-Link stent where commercial roughness values are lower. In the case of the Driver
stent there is a low level of statistical significance in the difference with the combined
sandblasted and chemically etched stent. This result may indicate that with some fine tuning
of post processing parameters such as the acid concentration or size of blasting media, there
is potential to achieve surface roughness levels similar to commercial stents. The addition
of an electro-polishing step, commonly used in commercial stent fabrication may decrease

surface roughness further.

Comparing with Ra value reported in the literature for AM stents presented in Table 12, this
work presents the lowest average surface roughness for AM stents. The as built stents have
77% lower average surface roughness than the lowest as built value reported in the literature
by McGee ef al. [17]. This indicates that the printing parameters used in this study are better
optimized for a smooth surface finish. Similarly, a 70% decrease in surface roughness is
seen between the etched stents in McGee et al. and the combined sand blasted and
chemically etched stents in this work. This work shows the lowest average surface roughness
for both as built and post-processed stents to date.It is of note that a similar surface roughness
is achieved using glass bead blasting compared to sandblasting in the work presented by
Grad et al.[23], noting that the blasting media used has a particle size distribution of 70-110
um. This is similar to the 120 um particle size blasting media used in this thesis. Conversely,
the same work notes a much higher surface roughness for sandblasted specimens, with the
mean being 81% higher. Grad et al. notes the sandblasting media used had a particle size of
500-700 um, showing that particle size has a large influence on the surface roughness
achieved by media blasting stents. This reinforces the previously stated point that decreasing
the particle size may reduce the surface roughness further. Similarly, the lowest surface
roughness reported in the literature by Grad et al. is after the use of electropolishing. There
may be some influence of SS316L and its suitability for electropolishing, but this warrants

further investigation of the use of electropolishing in the context of this work.
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A limitation of using Ra as a comparison quantity for surface roughness is its dependence

on sampling parameters used and filtering techniques applied in post-processing software.

Most work within the literature does not provide much detail on this, specifically parameters

such as the back scan length, sampling length and invalid pixel filtering. ISO specifies

recommended sampling lengths for given Ra ranges but there are generally not achievable

at the length scales of AM stents. The inclusion of additional surface roughness quantites

such as the maximum peak to valley height (Rz) in combination with Ra may put surface

roughness into better context for analysis in future work.

Table 12 Comparison of Ra values for AM stents in the literature. Values from this work
are indicated in bold

Stent Type Material Stut Thickness (um) Ra (um) Source
As Built Tied 432.52 + 0.04 0.86 + 0.07
Sandblasted Tied 361.26 + 4.96 0.40 +0.04
Sandblasted and Etched Tied 91.34 +15.47 0.23 +0.02
Multi-Link CoCr 100 0.05+0.01
Driver CoCr 920 0.12 +0.02
AM Closed Cell Design CoCr 250-300 12.00-9.50 [13]
AM Parametric Design As Built CoCr 160-195 9.3 [14]
s o
AM Open Cell Aortic Design As Built SS316L N/A 5.5 [20]
AM Open Cell Aortic Design Sand $S316L N/A 29 [20]
Blasted
AM Open Cell Aortic Glass Blast SS316L N/A 0.5 [20]
AM Open Cell Aortic Electropolish SS316L N/A 0.25 [20]
AM Tubing SS316L 500 6.68 [20]
AM Simple Honeycomb Ti64 580+ 26 3.76 £1.34 [17]
AM Novel Design Etched Ti64 246 £ 36 1.13+0.71 [17]
AM Simple Honeycomb Etched Tied 152+ 43 0.39+0.28 [17]

5.3 Radial Strength

The results in Figure 55 indicate a clear decrease in radial stiffness with post processing.

Radial stiffness is seen to decease with sandblasting, a greater amount with chemical etching

and even more so with the combined sandblasting and chemically etched stents. This trend

is like that seen for strut thickness. Similar results are seen for the tapered stent in Figure 57.
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Like strut thickness, there is little correlation between sandblasting time and radial stiffness
as seen in Figure 58. A stronger correlation is seen between chemical etching time and radial
stiffness whereby increased chemical etching time correlates with decreased radial stiffness.
At 12.5 minutes of chemical etching a large drop in radial stiffness is seen, this may be
caused by the removal of support structures. It is noted that no fractures were seen for any

radial strength testing.

Comparing the commercial VALEO stent, the force displacement behaviour is similar to the
sandblasted AM stents, but all AM stents exhibit a more linear response than the commercial
stent. For the combined sandblasted and chemically etched very little permanent
deformation occurs in comparison to the VALEO stent. These results show the feasibility of
compressing AM stents into a delivery sheath for deployment. The large amount of radial
recoil also opens questions around balloon expansion deployment - these stents may require
large amounts of overinflation to induce permanent deformation to achieve a desired lumen

gain.

For the tapered results, similar behaviour is seen to the post-processing study where a
decrease in radial stiffness and maximum compression force is seen with post-processing. It
is difficult to directly compare the tapered devices to those with a uniform diameter using
parallel plate crush testing due to non-uniform contact with the plates during testing. In this
context, the use of a radial crimping device may be more appropriate or the use of
computational modelling including stress analysis to develop a better understanding of the
mechanical behaviour of these devices. Increased sample numbers and investigating testing

techniques in future work would also improve understanding of mechanical performance.

Comparing results to the literature presented in Table 13 and Table 14, the post-processed
AM stents in this work were within the range and below typical radial strength properties
reported in the literature. In the context of previously produced AM stents, this work has
produced stents with a 50% lower maximum compression force and 71% lower radial
stiffness compared to the work for McGee et al. [17] that also used titanium. Additionally,
the stents in this study had a 32% lower radial stiffness than the lowest reported in the
literature by Wiesent ef al. [22] and therefore the lowest radial stiffness achieved for AM
stents to date. In comparison to the commercial stents presented in these tables, the work of
Bae et al. [95] notes a 50% compression force range of 2.73 — 3.89 N for CoCr and SS316L

stents, this work has produced stents within this range of values and thus have comparable
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radial strength characteristics to commercial stents. Comparing the radial stiffness values
presented in literature, commercial NiTi stents have been shown to range between 0.2 — 0.9
N/mm in Malcekis et al. [76], this work has also produced stents within this range. It is of
note the stents in this work have the radial characteristics of commercial CoCr and SS316L
stents in terms of compression force required to reach 50% deformation and of commercial

NiTi stents in terms of radial stiffness.

The variability in results may be explained by variations in the chemical etching process
previously discussed and the positioning of samples on the parallel plates may play a role in

determining radial stiffness.

It is of note that with the use of appropriate heat treatment methods for Ti6Al4V such as
HIP, greater radial stiffnesses may be achieved. This is supported by the work of
Kasperovich et al.[21] where an increase in Young’s Modulus was observed for heat treated
specimens, in turn this would increase the scaffolding ability of devices while maintaining

lower strut thicknesses.

Overall, these results show the feasibility of developing stents with varied radial strength
properties along the stent length with AM and post-processing. Stents with these properties
may be useful for treatment of diseases such as aortic coarctation, where devices could be
made radially stiffer at the coarctation region and less so proximal and distal to the
coarctation where tissue is less affected or unaffected by the disease. These properties could
ensure sufficient lumen gain and scaffolding at the coarctation region and, prevent
overstretching and thus tissue damage outside of the coarctation by conforming to the vessel
instead of stretching it during balloon expansion. These factors may reduce tissue injury
rates in stent treatment of aortic coarctation in comparison to commercial devices that have

uniform radial stiffness to ensure sufficient lumen gain.
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Table 13 Comparison of force required to reach compression of 50% for a given stent

diameter in the literature. Results from this work are indicated in bold

o
Stent Type Material Stut '{:ri:;(ness Di(ar:‘nr:’;er L((::ﬁ:;‘ Com;s)(r)ision Source
Force (N)
SB30CES Ti6a 294.96 + 25.90 12 15 17.90+3.18
SB70CE7.5 Tiea 284.77 + 27.27 12 15 14.35+4.18
SBI0OCE10 Ti6a 277.04 £ 50.88 12 15 12.67+1.96
SB110CE12.5 Tiea 189.00 + 20.69 12 15 4.21+1.47
SB60CE15 Ti6a 199.61 + 15.25 12 15 4.33+0.22
SB40CE17.5 Tiea 173.4+12.00 12 15 3.98+0.41
SB50CE20 Ti6a 153.61 + 8.40 12 15 3.00+0.36
SB8OCE22.5 Tiea 141.72 £17.56 12 15 2.64 £0.32
SB100CE25 Ti6a 120.82 + 15.84 12 15 2.190.04
SB120CE27.5 Tiea 91.25 + 14.40 12 15 1.00 £ 0.32
AM Closed Cell AB SS316L 200+ 25 3.7 16.94 7.11+0.63 [19]
AM Closed Cell HT SS316L 210+35 3.7 16.94 5.87 +0.49 [19]
AM Closed Cell EP-HT SS316L 130+ 30 3.7 16.94 2.39+0.23 [19]
CNUH Stent CoCr N/A 3 N/A 2.40+0.27 [89]
Promus Element PtCrL N/A N/A N/A 2.89+0.28 [89]
Cypher SS316L N/A N/A N/A 3.89+0.34 [89]
Resolute Integrity CoCrL N/A N/A N/A 3.71+0.31 [89]
Xience PRIME CoCrlL N/A N/A N/A 2.73+0.24 [89]
AM Simple Honeycomb Ti64 580+ 26 10 19.89 107.87 [17]
AM Novel Design Etched Tie4 246 + 36 10 18.59 8.41+2.60 [17]
AM Honeycomb Etched Tie4 152 +43 10 19.89 1.43 +£0.37 [17]
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Table 14 Comparison of radial stiffness results in the literature for commercial and AM

stents. Results from this work are indicated in bold.

Stent Type Material  Stut Thickness (um) Diameter (mm) L((::gmt)h S::f:fls Source
(N/mm)

SB30CE5 Tiea 294.96 + 25.90 12 15 3.14 £ 0.61
SB70CE7.5 Tiea 284.77 + 27.27 12 15 2.43+£0.82
SB9OCE10 Tiea 277.04 +50.88 12 15 2.14 £ 0.43

SB110CE12.5 Tiea 189.00 + 20.69 12 15 0.59 £0.29
SB60CE15 Tiea 199.61 * 15.25 12 15 0.60 + 0.06
SB40CE17.5 Tiea 173.4+12.00 12 15 0.57 £0.02
SB50CE20 Tiea 153.61 £ 8.40 12 15 0.34 £ 0.06
SB80CE22.5 Tiea 141.72 £17.56 12 15 0.24 +£0.09
SB100CE25 Tiea 120.82 + 15.84 12 15 0.17 £ 0.03
SB120CE27.5 Tiea 91.25 + 14.40 12 15 0.13 £0.07

AM Type 1 CoCroMo 200 5 80 0.75 [15]

AM Type 2 CoCroMo 180 5 804 0.23 [15]

AM Type 3 CoCroMo 200 5 804 0.75 [15]

AM Type 4 CoCroMo 180 5 80 0.73 [15]

AM Type 5 CoCroMo 200 5 80 0.38 [15]

AM Type 6 CoCroMo 200 5 80 0.19 [15]

AM Type 7 CoCroMo 180 5 80 0.31 [15]

Absolute Pro NiTi N/A 6.99 + 0.45 80 0.56 [70]

Supera NiTi N/A 6.99 +0.45 N/A 0.3 [70]

LifeStent NiTi N/A 6.99 + 0.45 N/A 0.84 [70]

Innova NiTi N/A 6.99 +0.45 N/A 0.66 [70]

Zilver NiTi N/A 6.99 +0.45 N/A 0.28 [70]

Smart Control NiTi N/A 6.99 +0.45 N/A 0.2 [70]

Smart Flex NiTi N/A 6.99 £ 0.45 N/A 0.6 [70]

EverFlex NiTi N/A 6.99 +0.45 N/A 0.64 [70]

Viabahn NiTi N/A 6.99 +0.45 N/A 0.78 [70]

Tigris NiTi N/A 6.99 £ 0.45 N/A 0.66 [70]

Misago NiTi N/A 6.99 +0.45 N/A 0.68 [70]

Complete SE NiTi N/A 6.99 + 0.45 N/A 0.9 [70]

AM Simple Honeycomb Ti64 580+ 26 10 19.89 61.17 [17]

AM Novel Design Etched Tie4 246 + 36 10 18.59 3.67+1.17 [17]

AM Honeycomb Etched Tie4 152 +43 10 19.89 0.45+0.12 [17]
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5.4 Flexibility

Like strut thickness and radial stiffness results, increased flexibility is seen with post
processing. In the case of the as built and combined chemically etched and sandblasted,
struts fractured during mechanical testing. The addition of a 5 minute chemical etching cycle
in fresh solution removed this issue and increased flexibility further. These results indicate
that chemical etching parameters, such as solution volume, may need to be adjusted based
on a given stent volume or mass. In this case, the longer stents with greater surface area led
to a decrease in the efficiency of etching and thus required a larger volume of etching
solution. Overall, a 98% reduction in bending stiffness and 92% reduction in maximum force

was achieved between the as built and most flexible post processed AM stents.

Comparing with the commercial IntraStent, the AM devices experienced much less
permanent deformation as seen in offering increased flexibility and recovery over
contemporary commercial devices. Overall, these results, with an emphasis on the AM stent
with no fractures, show the capability of AM stents traversing tortuous vessels easily and
imposing a lower force on vessels during travel to the delivery site than commercial devices.
This could potentially decrease the likelihood of vessel straightening post-delivery and thus
decrease the potential for complications for patients post-procedure. It is of interest to note
that the work of Kim et al. [96] concluded that the stent design architecture has the greatest

influence on stent flexibility, and is thus design and material dependent.

Comparing with reported AM and commercial stents shown in Table 15, the stents in this
work have a lower bending stiffness than those reported in Omar et al. [15] and has roughly
50% lower bending stiffness than the Multi-Link Vision reported in the same paper.
Comparing with the NiTi stents measured in Maleckis et al. [76], the AM stents in this work
are much stiffer, but this is expected due to the woven construction of these NiTi stents
allowing for greater flexibility and elasticity overall. In summary, this work has produced
AM stents with the lowest bending stiffness to date, reported values lower than some CoCr

commercial devices and are stiffer than commercial NiTi stents.
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Table 15 Comparison of flexural stiffness results for AM stents and commercial stents in

the literature. Results from this work are given in bold.

Stent Type Material  Stut Thickness (um) Diameter (mm) Lﬁ:ﬁ:;‘ FIeXl;rNa/I;tni:;ness Source
As Built Ti64 432.52 +0.04 12 45 6.24 + 0.04
SB120CE27.5 Ti6a ~300 12 a5 0.29 £ 0.02
SB120CE27.5CES Ti6a ~200 12 a5 0.15 +0.04
AM Type 1 CoCroMo 200 5 80 0.44 [15]
AM Type 2 CoCroMo 180 5 804 0.17 [15]
AM Type 3 CoCroMo 200 5 804 0.36 [15]
AM Type 4 CoCroMo 180 5 80 0.36 [15]
AM Type 5 CoCroMo 200 5 80 0.17 [15]
AM Type 6 CoCroMo 200 5 80 0.18 [15]
AM Type 7 CoCroMo 180 5 80 0.19 [15]
Multi Link Vision CoCr N/A 3 N/A 0.31 [15]
Liberte N/A 97 N/A N/A 0.17 [15]
Driver Sprint N/A N/A N/A N/A 0.08 [15]
Gazelle N/A N/A N/A N/A 0.3 [15]
Absolute Pro NiTi N/A 6.99 £ 0.45 N/A 0.02 [70]
Supera NiTi N/A 6.99 £ 0.45 N/A 0.03 [70]
LifeStent NiTi N/A 6.99 £ 0.45 N/A 0.02 [70]
Innova NiTi N/A 6.99 + 0.45 N/A 0.03 [70]
Zilver NiTi N/A 6.99 £ 0.45 N/A 0.04 [70]
Smart Control NiTi N/A 6.99 + 0.45 N/A 0.01 [70]
Smart Flex NiTi N/A 6.99 + 0.45 N/A 0.05 [70]
EverFlex NiTi N/A 6.99 + 0.45 N/A 0.05 [70]
Viabahn NiTi N/A 6.99 £ 0.45 N/A 0.01 [70]
Tigris NiTi N/A 6.99 + 0.45 N/A 0.01 [70]
Misago NiTi N/A 6.99 £ 0.45 N/A 0.01 [70]
Complete SE NiTi N/A 6.99 £ 0.45 N/A 0.04 [70]

5.5 Stent Crimping & Permanent Deformation

In the assessment of crimping behaviour, no fractures were seen compressing from a 12 mm
diameter onto a 2 mm diameter catheter. A large amount of radial recoil was seen, re-
expanding to 7.5 mm upon release. As previously discussed, this may be advantageous for
placing AM devices within delivery systems but leads to questions about over-expansion

requirements for a given lumen gain target.
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In the context of the tapered stent results presented in Figure 64, it is difficult to compare
these results as the stents fractured during the crimping process. This indicates that the post-

processing parameters used for these devices require further optimization and investigation.

It is not possible to compare the results presented in this work to the elastic recoil results
reported for commercial stents in the literature presented in Table 16 due to the method of
measurement. Typically, stents are expanded then elastic recoil is measured as the final
expansion diameter after balloon deflation whereas this work investigated elastic recoil after
crimping. Future work may include printing devices in the crimped state and using balloon

expansion to compare elastic recoil to commercially available stents.

Overall, the AM stents tested in this work were very elastic with little to no permanent
deformation after mechanical testing. These results indicate that these AM stents are more

elastic than typical balloon expandable stents available.

Table 16 Comparison of elastic recoil results for stents for commercial stents in the

literature

Stent Type Material Diameter (mm) Length (mm) Elastic Recoil (%) Source
BeStent Steel 3 18 1.54+0.81 (52]
Crossflex Steel 3 15 2.14+0.83 (52]
Helistent $S316L 3 16 241+£0.76 [52]
NIR 7 Steel 3 16 2.45 +0.59 [52]
Crossflex LC SS316L 3 18 2.71£0.40 [52]
PC Coated Stent Steel 3-4 15 2.80+0.82 (52]
GFX $S316L 3 18 2.97+1.72 [52]
CIA Steel 3 14 3.30+1.00 [52]
RX Duet $S316L 3 18 3.43+0.64 (52]
Phytis Steel 3 16 3.69£129 [52]
MiniCrown SS316L 3 17 3.87 £0.46 [52]
Crown CR153 SS316L 3-4 15 3.92£0.32 (52]
Sequence Stent Steel 3 18 4.28£0.33 [52]
Tenax Complete  SS316L 3 15 4.79+0.90 (52]
PS 154 SS316L 3-5 15 4.92£0.99 (52]
PS 153 SS316L 3-6 15 5.40£1.29 (52]
Multilink HP SS316L 3 15 5.43+£1.40 [52]
MicroStent || $S316L 3 18 6.72+1.89 (52]
Wiktor Tantalum 3 16 7.72+1.06 (52]
XT Stent SS316L 3 15 8.69+4.42 (52]
AngioStent Platinum 3 15 8.76 £3.16 [52]
GRII Steel 3 20 11.00 +3.1 [52]
ParagonE NiTi 3 16 16.51 + 2.89 [52]
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5.6 Pushing Boundaries of Stent Manufacturing

Overall, this work led to the successful production of open cell AM stent designs with a
lower radial stiffness and increased flexibility compared to commercial stents and previous
AM stent work. The use of post-processing in this context enables the fabrication of a wide
range of strut thicknesses in a controllable and reproducible manner. The combination of
sandblasting and then chemical etching is key to this, sandblasting leads to a more even
surface finish through defect removal enabling more homogenous and efficient material
removal with chemical etching. The correlations between chemical etching times, strut
thickness and radial stiffness show the potential in creating stents with tuneable local
mechanical properties such as varied thickness to achieve a desired radial stiffness or

flexibility profile along a stent length.

The successful production and post processing of a tapered stent design with AM shows the
potential in using AM to realize stents designs that are difficult to fabricate with
conventional manufacturing techniques such as those seen in Figure 67. Within the context
of tapered and non-uniform strut designs, an investigation of print parameters and strut
thickness capabilities is required. In order to print stents with variable thickness, the ability
to change the print parameters, namely the hatch scan definition, should be changed to
ensure uniform print properties along the length of the stent. This is currently not possible
with the commercial 3D metal printers available. Additionally, AM has the potential to
decrease prototyping and process development time for devices that may be more suited for
treatment of congenital heart disease or paediatric use cases by not required bespoke stent

tubing or complicated laser fabrication techniques.
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Figure 66 Examples varied diameter, varied thickness, and tapered strut profile stents [9],

[10],[11]

5.7 Towards Patient Specific Designs with AM

As shown, pushing the boundaries of stent manufacturing with AM may enable the
commercial viability of patient specific stents for cases with a clear clinical need such as
aortic coarctation. AM offers rapid manufacturing capabilities for bespoke stents and
potential for tuneable geometric and mechanical properties as required. The potential to
combine this technology with medical imaging used in pre-clinical assessment and
computational modelling for device design may enable patient specific devices in this

context. A potential workflow is illustrated in Figure 68.

Powder
spreader\ bed eam

Mors1 ' ) =
owder
o spread ,';3,‘!‘: [

Computational Additive Patient Specific
Modelling Manufacturing Devices

Medical Imaging

Figure 67 Potential workflow for development of patient specific devices
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Chapter 6. Conclusions

This work has demonstrated the feasibility of recreating and adapting open cell commercial
stent designs and fabricating them using additive manufacturing and post-processing
techniques. These devices offer radial stiffness tunability,, greater bending flexibility and
overall elasticity compared to contemporary commercial stents and AM stents presented in

the literature.

The development of the tapered stent design in this work pushes the boundaries of stent
manufacturing in the context of AM. These devices are no longer constrained by typical
laser cut tubing considerations nor do they require self-supporting designs to be compatible

with AM due to the post-processing technique presented in this work.

Overall, by enabling rapid prototyping and feasible manufacturing of these bespoke devices,
patient or disease specific devices may become commercially viable with further

development.
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