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Abstract

Selective Laser Melting (SLM) is a promising technology for the realization of patient-specific medical implants,
due to the intrinsic potential in the realization of complex geometries. The present work analyses the production
of balloon-expandable stents in cobalt-chromium alloy with a novel mesh which is realized using an industrial
SLM system. A stent mesh, optimized for SLM process, was designed, produced, finished and functionally tested
by balloon expansion. An electropolishing treatment was used to clean the stent surface from sintered particles
and to improve the surface finishing. Roughness measurements were carried out on stents both in the as-built and
the electropolished conditions, while mechanical properties were evaluated by tensile testing with dogbone
specimens, produced with the same parameters of the stents and having comparable dimensions. Finally, the
expansion behaviour of the CoCr stents, both in as-built and electropolished conditions, was assessed using a
balloon catheter and measuring the diameter variation as a function of inflation pressure. The results confirm that

SLM produced stents can be successfully balloon expanded without damaging their characteristic mesh.

Keywords: Stents; biomedical devices; design for additive manufacturing; electropolishing; micro additive manufacturing

1. Introduction
In industrialised countries cardiovascular diseases are the main cause of mortality [1] and a high number of patients

requires treatment for occlusions of blood vessels. Percutaneous coronary intervention (PCI) is nowadays the gold
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standard treatment, and it foresees, after that the vessel capacity is restored by inflating a balloon the implantation
of a stent in order to maintain the lumen open in the months after the intervention. Stents can be produced using
metals or polymers, and their use depends on the type and position of the occlusion. Stents usually have a
polymeric coating which contains drugs to locally treat inflammations, as in the case of drug eluting stents (DES)
[2]. Polymers can be more suitable to produce biodegradable devices [3], while metals have mechanical properties
which are more appropriated to sustain the high loads present in the vessels, which can be both static and cyclic
[4]. In particular, cobalt-chromium alloys are nowadays the most used material for balloon-expandable stents,
since they allow to decrease the strut thickness exploiting their high strength [5].

The most common manufacturing route for metal stents is micro laser cutting of tubular precursors [6]. Using
selective laser melting (SLM) the production chain can be reduced, substituting tube drawing and micro laser
cutting within a single manufacturing step. Moreover, the new manufacturing process removes the constraints of
a tubular precursor and the presence of oxides typical of laser cut stent surfaces [7], since SLM process works in
inert atmosphere. At the same time, the realization of new geometries could be investigated, such as stents for
lesions in correspondence of bifurcation sites or for vessels with high tortuosity, which are not well represented
by the rectilinear axis of tubes [8]. Other advantages to be considered when comparing laser cutting to additive
technologies are the material waste and the parallel production. In stent production with laser cutting, the material
cut to create the mesh is treated as scrap [9], while SLM systems have the possibility to recycle and reuse the
unmelted powder.

Additive manufacturing has been studied to produce stents in polymeric materials [10—15]. Only recently the use
of additive manufacturing with metallic powders is gaining attention. In particular, works by Demir et al. [16],
Wessarges et al [17], and Wen et al. [18] demonstrated the feasibility of SLM process to realize stent geometries,
using respectively cobalt-chromium, stainless steel and pure zinc powders. The production of stents via SLM is
still highly challenging mainly due to the dimensional limits of the process employing industrial machines. The

strut size of metallic stents (60-150 um) is comparable with laser spot (30-100 um) and powder grain size (10-50

um) [16]. On the other hand, the use of industrial SLM systems can be considered intrinsically safer as opposed



to micro-SLM systems that employ smaller particle sizes (<10 um), which require a higher degree of safety
regulations due to increased inhalation issues and flammability [19].

Many studies on the use of lattice structures in SLM process were carried out [20-25] and considerations on such
features can be applied for the realization of stents, given the geometrical similarities between such components.
The use of pulsed-wave emission was found to be more convenient to obtain small features allowed by smaller
melt pools [26-28]. Regarding the use of CoCr powders to produce biomedical implants with SLM process, in
literature studies can be found on biocompatibility [29-31] and mechanical properties analyses [32—34], also
taking into consideration interactions with body fluids [35,36] and chemical post-processing [37]. However,
balloon-expandable stents with strut sizes comparable to the conventional ones still require further investigations
from the production cycle perspective. Indeed, the SLM process parameters play a crucial role on the feasibility
of producing stents.

Another important issue regards the surface finishing of the SLM produced medical devices. The high roughness
which is a characteristic of the SLM process needs to be improved especially for small devices. The surface
roughness profile is a combination of effects concerning the melt pool shape and the presence of sintered particles
[38]. For biomedical applications, Ra values below 0.5 pum are strictly required, so a finishing surface process is
required. The surface post-processing of SLM produced stents is a challenging task, due to the complex forms.
Chemical, electrochemical and abrasive flow machining are some of the options used for surface finishing of SLM
produced components [39][40]. Laser cut stents are chemically and electrochemically etched for achieving the
final shape, size and surface roughness [41,42]. The feasibility of using the conventional electropolishing method
on SLM produced surfaces needs to be addressed.

Additive manufacturing (AM) of stents by SLM provides several challenges concerning manufacturing, finishing,
and material characterisation steps. Moreover, the correct functioning of the devices relies highly on the use of
design rules for AM. In this work, for the first time, to authors’ knowledge, the feasibility of producing metallic
stents via AM is addressed by discussing all the necessary steps: from the additive manufacturing process details,
to the finishing procedure and testing aspects. In particular, a novel mesh for a cardiovascular stent in CoCr alloy
is proposed and its design is parametrically controlled in relation to the layer thickness, while the strut thickness

4



is varied to test its influence on the geometrical accuracy. Material mechanical characterization is carried out using
tensile specimens manufactured with the same process and having the same dimensions of the stent strut.
Electrochemical polishing is applied, and the obtained strut thickness is characterized. Finally, stents are

functionally characterized by ballooned catheter expansion.

2. Materials and methods

2.1. Design of the stent mesh

SLM provides a high geometrical freedom, but at the same time it has limits related to inclinations, dimensions
and heat dissipation requirements. A parametric mesh, designed by Finazzi et al. [8], was used for the present
study. The build direction corresponds to the axis of the stent and the main parameter of such design is the powder
layer thickness. Every vertical distance between the struts and the strut thickness itself are multiple of the powder
layer thickness. The final dimension was determined equal to 30 um as layer thickness, which provided sufficient
detail and compatibility with the conventional powder sizes for micro applications (15-45 pm) allowing to
minimize the stair-case effect typical of the SLM process [43]. SLM design rules on inclinations and feature
dimensions were followed as well, in order to realize a support-free stent [8]. The closed-cell geometry was chosen
to avoid supports and corrugated links were used to give flexibility. The designed stents were drawn from a tube,
wrapping the 2D mesh (Figure 1.a) to obtain a 3D model. The parametric design consisted of dimensional choices
as multiples of the layer thickness (z) to ensure the geometrical fidelity.

Strut size combined with manufacturing process may affect the material mechanical properties [44,45]. In order
to test the mechanical properties of the SLM produced thin struts, tensile specimens were designed with a 6 mm
gauge length and the same nominal thickness of the stent struts (t). As seen in Figure 1.b, the tensile specimens
were produced with lateral supports to sustain the upper gripper section during the SLM process. The lateral

supports were removed prior to the tensile test.
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Figure 1. a) Stent mesh optimized for SLM production and b) drawing of the mini tensile specimens. The parametric designs are shown in relation to the
multiples of the layer thickness (z) and the nominal strut thickness (t).

2.2. CoCr powder
A CoCr powder from LPW Technology (Cheshire, UK) was used for the study. Such CoCr alloy has chemical
composition similar to ASTM F75 requirements and powders with similar composition were proved to be suitable
for biomedical applications [46]. The nominal composition is reported in Table 1. The powder, gas atomized under
Ar, has a size distribution between D10 at 20 um and D90 53 um with a spherical morphology (see Figure 2).

Powder apparent density was 5.04 g/cms, whereas the solid density is 8.3 g/cma.

Figure 2. SEM image of the CoCr powder used in the present work.

Table 1. Nominal chemical composition of the CoCr powder declared by the producer; percentage expressed in weight percentage (wt. %).

Cr Mo Co 0 Si Mn Fe Ni N w Al Ti
27-30 5-7 bal. <0.10 <1.00 <1.00 <0.75 <050 <0.25 <0.20 <0.10 <0.1




2.3. Selective laser melting system
An industrial SLM system (Renishaw AM250, Stone, UK) was used for this work. The system is equipped with a
200 W single mode fibre laser (R4 from SPI, Southampton, UK) and an optical chain which provides a 75 pum
beam diameter in the focus position (f=0 mm). The laser is run in pulsed mode (PW) by power modulation to
achieve us-long pulses. The system works under controlled atmosphere. Prior to the build process, the processing
chamber is filled with Ar, with 15 mbar overpressure, and the during the process the oxygen content is maintained
below 1000 ppm. A Reduced Built Volume (RBV) platform was used on the AM250 system, which limits the

build chamber to 78x78x50 mms while employing limited quantity of powder (<3 kg).

3. Experimental

3.1. Selective laser melting parameters

The process parameters were selected starting from a previous work on the same alloy [16]. According to
functioning principle of the modulated PW emission the scanner moves the laser beam on the desired trajectory
with a continuous motion. The laser is modulated to release pulses with a determined peak power (P) for a fixed
time interval (the pulse duration, ton) 0f 120 pus [47]. On a scanned vector line, laser exposure points were separated
by a point distance (dp), which is controlled by the pulsation frequency and the scan speed employed. Once a
certain scan vector has been executed, the beam jumps to the consecutive vector lines, which are separated by a
line distance (di). Point and line distances were kept equal, which was found to be advantageous for thin struts [48]
at 40 um. In particular, a concentric scan strategy was employed scanning from inside towards outside of each
contour. The positioning of the pulses in a concentric scan strategy along with the pulsed emission profile are
illustrated in Figure 3.a and b. Since point and line distances are comparable to the strut size, the nominal strut
thickness has an effect on the number of concentric trajectories and hence on the number of pulses per strut.
Accordingly, the nominal strut thickness was considered a process parameter and set as 90 and 120 um. Figure 4
shows the disposition of the laser pulses and scan trajectories as a function of the nominal strut thickness. It can
be seen that the trajectories are calculated differently for the two strut thicknesses, which can have an important
impact on the final dimensions and geometrical accuracy.
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Figure 3. Schematic representation of the effect of the process parameters. a) The definition of point (dp) and line distances (di) in concentric scan strategy,
where the grey dashed line shows the inner scan contour, purple dashed line shows the outer scan contour. b) Peak power (P) and pulse duration (ton)
control. c) The propagation of the laser beam and the influence of the focal position (f).

Layer thickness (z) determines the distance among each slice applied to the digital model of the part to be built.
Moreover, it is an important factor concerning the surface roughness along the build direction as well as the
formation of the so-called staircase effect. Smaller layer thicknesses are advantageous for the production of the
stents as it improved the geometrical fidelity to the digital model. However, the layer thickness should be chosen
also as a function of the powder size distribution in order to accommodate all the particle sizes in the layer.
According to Spierings et al, the process should settle to the effective layer thickness due to differences of the
powder and solid densities [49]. In the present work, layer thickness was chosen at 30 um, where an effective layer
thickness of approximately 50 um after 10 layers is expected. Hence, most of the powder size distribution is
expected to be accommodated within each layer. Focal position of the optical chain can be controlled to have the
minimum beam size on the powder bed surface (f=0 mm), above (f+) or below (f-) as shown in Figure 3.c.

Throughout the experiments, the focal point was kept on the power bed surface (f=0 mm) employing the smallest
8



beam size. No beam compensation was applied to the nominal struts size. For larger components, different sets of
parameters are commonly employed for down-skin and up-skin regions. Down-skin regions correspond to
downfacing surfaces with respect to the build direction suspended on the powder bed, which can be characterized
by higher surface roughness [50]. Up-skin regions correspond to surfaces that face upwards with respect to the
build direction, where different sets of parameters can be used to achieve a better surface finish. The down-skin
regions are commonly those that are below the minimum inclination angle (i.e. commonly 45° for CoCr), which
may also require support structures. Up-skin regions are also found at a similar inclination angle, this time for
upward facing surfaces. The size of the stent struts required an overall parameter choice in order to ensure the
geometrical fidelity required. Hence, no up-skin or down-skin strategies were employed. Stents were analysed in
as-built and electropolished conditions. Laser trajectories and parameters, as well as slicing and layer thickness,
were assigned with Magics 19 from Materialise (Leuven, Belgium). Laser exposure positions were viewed using

QuantAM (Renishaw, Stone, UK) as seen Figure 4. Table 2 summarizes the details of the experimental plan.
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Figure 4. Influence of the strut nominal thickness on the number of pulses in a scanned layer. a) Designed stent prototype and A-A section line depicting
the layer in which the assigned position of the laser pulses are viewed belonging to a strut with b) 90 pum thickness and c) 120 pm thickness. Grey squares
depict the pulses of the inner scan contour, pink square depict the pulses of the outer scan contour.

Table 2. Details of the experimental plan.

Fixed parameters Value

Strategy Concentric scanning
Focal position, f (mm) 0

Point distance, dp (um) 40

Line distance, di (um) 40

Layer thickness, z (um) 30

Pulse duration, ton (uS) 120

Varied parameters Levels

Peak power, P (W) 40; 50

Nominal strut thickness, t (um) 90; 120




3.2. Electrochemical polishing
Electrochemical polishing was applied after the SLM process for improving the surface quality. The electrolytic
solution was composed of 50 vol% phosphoric acid, 45 vol% of sulfuric acid, and 5 vol% of distilled water. The
stents were connected to the positive terminal of the current generator, while a stainless-steel cathode was
connected to the negative one. Temperature was kept constant at 15 °C and the voltage applied was 12 V for 2.5
minutes. The total immersion time was divided in 3 steps, having durations of 1.5 min, 30 s and 30 s, respectively.

Between the immersion steps, the stents were cleaned by ultrasonication in ethyl alcohol.

3.3. Characterization

3.3.1.Surface quality
Images of stents before and after electropolishing were acquired using a scanning electron microscopy (SEM,
EVO-50 and LEO-1430 from Carl Zeiss, Oberkochen, Germany), to observe geometry accuracy and surface
morphology. Surface roughness of the produced stents was measured by means of focus variation microscopy,
using InfiniteFocus from Alicona Imaging GmbH (Graz, Austria). A 10X objective was used, with 0.3 um vertical

resolution and 2 pm lateral resolution. For each condition 5 replications were measured 3 times.

3.3.2.Density and geometry

Micro X-ray Computed Tomography (CT), NSI X-25 from North Star Imaging (Rogers, MN, USA) was used to
inspect porosity and internal defects before and after electropolishing. As-built stents were acquired with a voxel
size of 3.9 x 3.9 x 3.9 ums, while a voxel size of 3.6 x 3.6 x 3.6 ums was obtained for electropolished stents. From
the CT images of the stents, transversal cross-sections were extracted at regular intervals given by the voxel size
and analysed. The strut thickness was evaluated as an average value for each stent using images taken with an
optical microscope with 200X magnification (UM 3001, Echo Lab, Paderno Dugnano, Ml, Italy) and taking 10

measurements in different regions of the stent, using an image processing software (ImageJ, U.S. National
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Institutes of Health, Bethesda, Maryland, USA). Dimensional error of the strut thickness (et) was calculated using
the following equation

e =ty —t (1)

where t is the nominal thickness given by the digital model and tm is the measured thickness. It was noted in the
experimental work that the strut section deviated to a circular shape in as-built and electropolished states, which
required a measure of the section change. The strut section difference (AA) was also calculated from the

measurements as

A =4, —A 1)

where A is the nominal strut section and Am is the strut measured section calculated.

3.3.3.Material properties
The mechanical behaviour of the SLM samples was characterised with tensile tests performed with a dynamic
mechanical analyser Q800 from TA Instruments (New Castle, DE, USA), which can apply a maximum static force
of 18 N. Tensile specimens were clamped at the extremities and the testing was done under strain control, ranging
from 0.4%, a pre-load to remove slack, to 15%. Tests were carried out at ambient conditions. For each condition
four replications were tested. The real resistant section of the specimens was measured from the SEM images prior
to the tensile tests. Ten measurements for each specimen were taken, five from the front view and five from the

lateral view of the gauge length.

3.3.4.Expansion behaviour
The stents were expanded using a balloon catheter (NC Sprinter RX Noncompliant Rapid Exchange Balloon
Dilatation Catheter, Medtronic, Dublin, Ireland) and a manual inflation device (BasixCOMPAK, Merit Medical
Systems, South Jordan, UT, USA). Figure 5.a shows a schematic drawing of the setup for the tests. To guarantee
equal conditions along all the stent external surfaces, a home-made expansion platform was used to keep the stent
mounted on the balloon catheter free from external constraints and it is shown in Figure 5.b. Images during stent
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expansion were taken using a stereo microscope SM 353 H from echoLAB (Cormano, Italy) with a 0.65X
magnification and 8.56 micron/pixel resolution. In order to enhance the contrast of the images, blue food colorant
was added to water and injected inside the catheter. All the stents were expanded with an increase of the balloon
pressure from 0 to 8 bar and videos were acquired. At each pressure step of 1 bar, the stent external diameter was
measured in the central portion of the device. Three measurements were taken at each position for each pressure

value. Expansion ratio was also calculated from the measurements with the following equation:

ry = d(p)/do (1)

where d is the diameter measured at a given pressure (p), and do is the initial diameter.

a)
h;ﬂa.tion Microscope
evice N A |
~ oy
Guiding 8 Balloo
wire
- Stent ; A
Pressire Catheter (ubKA Expansion
gauge — o . platform
Balloon I Expansion platform ]
Figure 5. a) Schematic outline of expansion tests. b) Home-made expansion platform.
4. Results

4.1. Surface quality
Figure 6 shows the stents and tensile specimens on the build plate. No macro defects were observed, confirming
stable build conditions with a rather conservative nesting on the build plate. The SEM images of the stents in the
as-built condition and after electropolishing are shown in Figure 7. In the as-built condition, the mesh geometry
appeared intact, while the surface showed the typical aspects of SLM parts, such as solidified melt pools and
sintered particles (see Figure 7.a). In Figure 7.b it is visible how the electropolishing process allowed the removal
of all the sintered particles and decreased the strut size, yet without excessively altering the cell shape. Figure 8
shows the stent link zones as a function of process parameters in as-built and electropolished conditions. All the

as-built stents exhibited a higher strut thickness than the nominal one, since no beam compensation was applied,
12



decision based on the small dimensions which were involved. Stents realised with higher peak power showed
larger strut size, due to the higher energy input, which causes a larger melt pool. Such difference in size appears

to be reduced after the electrochemical polishing step.

Figure 7. SEM image of a produced stent a) in the as-built condition and b) after electropolishing (P=50W, t=90 um).

As-built Electropolished
P=40 W P=50 W

250 um
—

Figure 8. SEM image of produced stent in the as-built condition and after electropolishing as a function of process parameters.
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Figure 9. Surface morphology of stent struts in the as-built condition and after electropolishing.

Figure 9.a shows focus variation microscopy image of a strut in as-built condition, while Figure 9.b shows a strut
after electropolishing. It appears that with electropolishing, all the sintered particles were removed; the thickness
and roughness were reduced, as well. In terms of surface roughness parameters, no significant difference was
observed between different power and nominal thickness groups. Figure 10 reports the roughness parameters in
as-built and electropolished conditions. In particular, average roughness Ra decreased from 8.4 um to 2.2 um, root
mean square roughness Rq from 9.3 um to 3 pm, while mean roughness depth Rz from 37.8 pum to 12.9 pm. The
achieved values indicate an important reduction of the surface roughness. However, the further reduction of Ra is
required to achieve the surface finish conventionally required for stents (Ra<0.5 um). Prolonged exposure to
electrochemical etching was found to excessively reduce the strut thickness. Further improvement of the surface
quality can be addressed through the use of different etching solutions, as well as combining different finishing

steps such as abrasive and electrochemical [40].
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Figure 10. Average roughness (Ra), root mean square roughness (Rq) and mean roughness depth (Rz) of SLM stents in the as-built condition and
electropolished (error bars indicate standard error).

4.2. Density and geometry
Reconstruction of the stents in as-built and electropolished condition is reported in Figure 11.a-b, respectively.
From the cross-sections (Figure 10.c-d), it can be seen that the stents are fully dense, and no appreciable porosity
is present, before and after electropolishing. Moreover, the obtained geometry appears to be different from the
nominal one. In fact, the strut section is circular instead of exhibiting the typical shape of the tube wall. Such
difference is attributed to the as laser spot and melt pool geometries, The strut shape remained circular after the
electropolishing stage. This indicates that the electropolishing acts conformal to the initial shape of the strut and

reduces the strut size homogenously.

Figure 11. Micro CT reconstructions (a and b) and cross-sections (c and d) of SLM stents in as-built condition (a and c) and after electropolishing (b and d)
(P=50W, t=90 um).

4.3. Strut thickness and dimensional error
Dimensional error (et) on strut thickness in as-built and electropolished conditions was evaluated and the

corresponding trends are reported in Figure 12.a. The thickness of the struts are larger than the nominal as
15



expected, due to the absence of beam compensation. It can be noticed that the power level did not induce a notable
change of the strut thickness in the as-built stents. The nominal strut thickness was the dominant factor on
generating a larger dimensional error in the as-built condition. After electropolishing instead, the obtained
thicknesses were similar to the nominal one. In all conditions the electropolishing produced a thickness reduction
of approximately 75 um, when surface cleaning was achieved at the desired level.. Figure 12.b shows the strut
section difference in as-built condition and after electropolishing. It can be observed that after electropolishing the
strut size was reduced below its nominal value due to the change of the section geometry. It can be concluded that
the section area plays a more critical role in the mechanical behaviour of the stent. Hence, in order to maintain the
desired section size, the combination of electrochemical polishing with a larger nominal strut thickness was found

to be more adequate.
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Figure 12. a) Strut thickness error (er) and b) strut section change for stents in as-built and electropolished conditions (error bars indicate standard error).

4.4, Material properties
Figure 13.a shows typical engineering stress-strain curves for different process parameters, while the resulting

mechanical properties are reported in Figure 13.b. For all conditions, elastic modulus (E) and yield strength (YS)
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could be evaluated. For specimens with 90 pm thickness, also ultimate tensile strength (UTS) and the
corresponding elongation at fracture (ef) could be evaluated, while for the specimens with nominal thickness of
120 pm it was not possible to evaluate UTS and &f, since the maximum static force of the machine was reached.
The elastic modulus showed a minimum average value for the combination t=120pum and P=50W, while the
maximum was for t=90um and P=40W. In general, it seems that higher peak power and higher thickness lead to
lower elastic modulus. In the case of specimens with 90 um nominal thickness the increase of the laser peak power
enhances both the &f and UTS.

The mechanical properties of the SLM produced samples are summarized in Table 3 and compared to the wrought
alloy with an equivalent chemical composition (L605). The results in terms of elastic modulus are particularly
interesting, since common values for CoCr alloys are one order of magnitude higher, both for classical technologies
and SLM produced macro specimens [51]. Considering that the micro CT measurements showed no internal
porosity, the lower elastic modulus can be attributed to the combination of the SLM produced microstructure and
the size effect. Such results require further studies for a better understanding of the underlying phenomenon, as
well as exploitation for also load bearing orthopaedic applications that may require lower elastic modulus. Overall,
the results confirm that the mechanical properties are comparable to the material conventionally produced and

expected to allow balloon expansion without causing failures for stenting applications [52].
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Figure 13. a) Typical stress-strain curves of micro SLM produced specimens subjected to tensile testing (note that t=120 um conditions did not reach UTS,
since the maximum static force of the machine was reached) and b) effect of laser power and strut thickness on yield strength (YS) and c) elastic modulus
(E) (error bars indicate standard error).

Table 3. Mechanical properties of the SLM produced struts compared to the wrought CoCr alloy.

Condition t=90 um, P=40 W  t=90 pm, P=50W  t=120 ym, P=40 W  t=120 um, P=50 W  Wrought L605

[53,54]
E [GPa] 60.4+12.7 54.9+39 521+105 303+23 243
YS[MPa]  376.5+82.0 485.1+21.1 388.7+43.3 - 448-648
UTS [Mpa]  694.0 + 31.3 983.9+4.3 - - 951-1220
£ [%] 9.9+12 16.2+0.3 - - 50-60

4.5. Expansion behaviour

In Figure 14 an example of a stent during its expansion at different pressure values is reported. The diameter of

as-built and electropolished stents as a function of pressure is shown in Figure 15.a-b. The behaviour is similar for

all the stents and there were no evident cracks. The expansion behaviour in terms of expansion ratio is reported in
18



Figure 15.c-d for the stents in both the investigated conditions. Looking at the expansion ratio trend, it appears
that the internal diameter of the stents both in as-built condition and after electropolishing increased more than
twice the initial value. In as-built conditions, the expansion ratio appears to depend on the process parameters,
while after electrochemical polishing such differences is not visible. This can be attributed to the fact that after
electrochemical polishing the strut sizes are similar in each condition. A SEM image of a connection between
struts after expansion is reported in Figure 16. It can be seen that the expanded stents are free of defects and cracks,

both in the as-built condition (Figure 16.a) and after electropolishing (Figure 16.b).

p=0 bar p=1 bar

Figure 14. Images of an SLM stent (t=90um; P=50 W) expanded from 0 to 8 bar.
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Figure 15. Expansion behaviour of as-built and electropolished stents in terms of external diameter dependence on pressure (a and b) and expansion ratio (c
and d). Standard error not shown due to the small values not visible under the indicators.

Figure 16. SEM image of a stent connection after expansion a) in the as-built and b) electropolished condition (P=50W, t=90 pum).

5. Discussion

Several factors determine the functionality of a stent concerning the mesh design, manufacturing cycle, and the
mechanical properties. The mesh employed in this work is constrained by the design rules of the SLM process.
The results show that with adequate design choices a functional stent is achievable. However, concerning the stent
design several points remain open. The conventional CoCr stents employed are characterized by open cells and
thin struts. The feasibility of producing open celled stents is an open point for future investigations. The produced
stents deviated significantly from the nominal strut section geometry. In a previous work, authors demonstrated

reasonable geometrical fidelity with thicker struts (>300 um) [16]. Evidently, smaller struts, which require fewer
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laser pulses, deviate more easily from the strut section. This can be attributed to the formation of a continuous and
large melt pool, which forms a circular shape due to the surface tensions involved. Indeed, melt pool area can be
comparable to the strut sizes even at PW emission [28]. Accordingly, the strut section should be designed following
the design rules of the SLM process. The mesh projection to a tubular surface is indeed adequate for laser cutting,

which is the conventional stent manufacturing process.

In this work, the materials were tested in as-built conditions, while the CoCr alloys can be heat treated for solution
treatment for improving elongation at break. The material properties obtained are comparable to solution treated
CoCr alloy produced by SLM as reported by Sing et al [55]. The authors applied solution treatment at 1220°C for
variable duration of 1, 2, and 4 h. The as-built specimens showed approximately UTS=1100 MPa, YS=900 MPa
and er=5%. After an hour of solution treatment, the YS was reduced to approximately 500 MPa and UTS to 600
MPa while improving the elongation to 10%. Aging treatment can also be applied to increase UTS with the expense
of a more fragile rupture [56]. The pulsed emission profile along with the very thin struts are likely to induce
cooling conditions much different from large parts produced by CW emission reported in literature. Hence, it can
be deduced that the SLM processing conditions can be potentially adapted to achieve the required strength without
the necessity to apply further heat treatment for producing stents. However, the influence of the layered production

and anisotropy of the material properties on the fatigue properties should still be assessed.

The comparison of the mechanical properties against the conventional L605 shown in Table 3 depicts that the
SLM produced CoCr struts are comparable overall to the conventional alloy. The main difference is observed at
the low elastic modulus of the SLM produced struts. This can be associated to a size effect, which has been
previously reported in literature [57,58]. However, the observed reduction of the elastic modulus in this work is
much higher than the values observed by the previous works. The mechanisms behind concerning the size effect
are still under investigation. A lower elastic modulus with the same strut thickness implies a lower radial stiffness
of the stent. This might result in a not sufficient radial force applied by the stent to the vessel, which requires
further investigations. The stent material requires a sufficient UTS level to avoid rupture. An adequate YS level is

required on the other hand to avoid plasticization prior to deployment. The elongation at rupture is also an
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important indicator to how much the stent can be deformed to the final form before the failure. In the tested
conditions, the elongation was found to be smaller than the conventional material properties, indicating lower
ductility. The balance between these parameters ensure the correct deployment as well as functioning throughout
the lifetime of the device. The results show that the SLM produced stents are promising in terms of their
mechanical properties as their balloon expandability has been confirmed. Indeed, the balloon expansion stage is

one of the most critical points in the lifetime of the cardiovascular stents.

6. Conclusions

This work reports additive manufacturing, finishing, and functional characterization of CoCr cardiovascular stents
with a novel mesh designed for SLM. The stents were successfully produced and their expansion was assessed
using a balloon catheter. No support structures were used and stents were realized with different process
parameters. In all the configurations the stents were produced with a high geometrical fidelity. The main outcomes

of the work can be summarized as follow.

Adequate mesh design allows for producing balloon expandable stents without internal or external defects

after production and after expansion.

e Concerning the small size of the devices to be produced, the strut thickness becomes a process parameter
to be evaluated along with the laser related parameters.

e Electrochemical polishing is effective in reducing the surface roughness by approximately 80%. However,
the surface roughness should be further reduced to fit the requirements of biomedical devices.
Combination of different finishing processes can be envisaged for a more effective post-processing stage.

¢ In order to maintain the desired strut thickness and shape the SLM and electropolishing stages should be

considered together. Although, the SLM process produces stents with larger struts, by the end of the
electropolishing stage the strut size can be smaller than the nominal one. The overall strut allowance

should be calculated considering the complete production chain.
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e The mechanical properties of the material depend also on the processing strategy. This can be further
exploited to tailor the device properties as well as avoid heat treatment stages common to SLM produced
larger components.

e Expansion behaviour of the stents were found to depend on the processing conditions in as-built
conditions, presumably due to the differences in the strut size. After electrochemical polishing, the strut

thicknesses became comparable and the expansion ratios were similar.

The present results shed light on the potential of producing cardiovascular stents via SLM. Several research themes
open up related to the progression of this new manufacturing approach. Topological optimization tools can be
employed to optimize the expansion behaviour of stent as well as its fatigue resistance. The biological performance

of the materials produced with the new technology should also be addressed.
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[[alolTor: 1 A= =T a e FT 4o I =15 (o] o KRN SRRNt 18

Figure 14. Images of an SLM stent (t=90um; P=50 W) expanded from 0to 8 bar. .......cccccvevvveriiesceeecee e, 19
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Figure 15. Expansion behaviour of as-built and electropolished stents in terms of external diameter
dependence on pressure (a and b) and expansion ratio (c and d). Standard error not shown due to the
small values not visible under the INAICAtOrs. ... ..o 20

Figure 16. SEM image of a stent connection after expansion a) in the as-built and b) electropolished condition
(P=50W, 290 LM ). 1ttt eieeteet et et et sttt et te et t e e s beshe e st e tesae et e saesbeeaeebesbeeaeeneenbeeaeenseseeeseensenteseeeseensenbesaeeneenes 20
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