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• SLM was used to produce CoCr proto-
type stents with PW laser emission.

• A prototype stent mesh employing de-
sign rules for SLM was proposed.

• Concentric scanning improved geomet-
rical fidelity compared to hatching.

• Prototype stents were similar in surface
roughness and microhardness com-
pared to macro SLM components.

• The efficacy of electrochemical polishing
depended on the correct selection of
the SLM scan strategy.
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In this work, the selective laser melting (SLM) of CoCr alloy powder for producing cardiovascular stents is inves-
tigated. The paper aims to assess the feasibility of producing a CoCr stent precursor through SLM as an alternative
method to the conventional manufacturing cycle, which is based onmicrotube production and consecutive laser
microcutting. Design rules for manufacturability are investigated, and a simple prototype design for additive
manufacturing is proposed. The SLM process is investigated with an industrial system that utilises pulsed wave
emission. Different scan strategies, namely hatching and concentric scanning, were used. Strut thickness and
roughness, as well as chemical composition, were analysed. Representative conditions were further analysed
bymicrohardnessmeasurements andX-raymicro computed tomography. Electrochemical polishingwas applied
to assess the feasibility of surface finishing. The results show that SLM can be considered as a substitute operation
to microtube manufacturing and laser microcutting for shaping precursors in stent manufacturing. Prototype
stents with acceptable geometrical accuracy were achieved and surface quality could be improved through elec-
trochemical polishing. The chemical composition remained unvaried, with a marginal increase in the oxide
content.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Cardiovascular stents are mesh-like structures used to restore nor-
mal blood flow following coronary artery obstruction [1]. The device
has a diameter of between 1.2 and 2.5mm, and is transported to the po-
sition in the artery where the intervention is required using a catheter.
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Fig. 1. a) Solidmodel of a stent resembling a commercial design (Magic Stent, Biotronik, Berlin, Germany). b) Highlighted zones correspond to surfaceswith an angle of b45° with respect
to the layer plane (xy). Some of these surfaces require supports due to no previous connection with the built structure.

339A.G. Demir, B. PrevitaliMaterials and Design 119 (2017) 338–350
After expansion, the final diameter ranges between 2 and 5 mm. The
most widely deployed cardiovascular stents are made of stainless
steel, titanium and CoCr alloys [2]. These stents are conventionally pro-
duced by way of a manufacturing chain, consisting in the use of tubular
precursors, which are laser microcut into the stent mesh [3], followed
by chemical and electrochemical surface cleaning stages [4,5]. Despite
being an established production chain for most common stent mate-
rials, several improvements can be obtained, for example reduced pro-
duction times and improved geometrical flexibility. Additive
manufacturing processes based on powder bed fusion stand out as an
appealing option for this purpose, which can be used to produce stent
precursors directly from powder reducing minitube manufacturing
and laser microcutting steps in a single process.

Selective laser melting (SLM) is a powder bed fusion technique,
where a laser scans the powder layer by layer, generating the desired
geometry. Some key advantages of SLM are shape flexibility and the
use of lattice structures [6,7]. Adequately designed components
employing these features have been found to reduce component
weight, improve mechanical performance and even reduce production
costs for large components. While the industrial and scientific commu-
nities are looking into improved productivity and the production of
larger components, the use of SLM for obtaining micro components
has received less attention. This is due to the limited process resolution,
which can be expressed by layer thickness in build direction
(20–50 μm) and smallest feature size on the scanning plane
Fig. 2. Technical drawing of the designed ste
(400–500 μm) [8]. Even though these parameters can be regulated
through more accurate displacement control and smaller beam sizes,
the powder size stands as another limitation. The common powder
size employed in the SLM process is between 20 and 50 μm, which al-
lows for an effective melting, as well as good flowability [9]. Finer pow-
ders constitute further safety risks. Another issue regards the use of
design for additive manufacturing rules in micrometric dimensions.
While some of these rules are apparent for macro components, there
is still a need for further studies in the micro field. Regenfuss et al. [10]
used a novel SLM system for micro part manufacturing, which
employed compression on the powder and an ns-pulsed fiber laser. In
the produced components, the geometrical accuracy was very high,
while internal porosity remained an issue [11–13].

The use of additive manufacturing techniques for vascular devices
has been limited to a few applications using polymeric materials, to-
gether with processes such as fused deposition modelling [14],
stereolithography [15] and binder jetting [16]. There is an apparent
need for a comprehensive analysis of available and novel additive
manufacturing techniques for metallic materials with adequate geo-
metrical precision. Wessarges et al. used fine powder (5–20 μm) with
a micro SLM system to produce prototype stents of AISI 316L stainless
steel, which were subsequently finished by plasma and chemical
polishing [17]. The prototype stents showed promisingmechanical per-
formance despite surface cracks after expansion. However, amore com-
prehensive analysis is required regarding the processing strategies
nt prototype for selective laser melting.



Fig. 3. a) Solid model of the designed stent prototype for selective laser melting. b) Highlighted zones correspond to surfaces with an angle of b45° with respect to the layer plane (xy).
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available to industrial SLM systems in order to achieve the dimensional
requirementswithout internal defects, aswell as the design rules for ad-
ditive manufacturing.

The lattice structures obtained in macro components are similar to
stent form and dimensions. The use of long pulsed (μs-ms) fiber lasers
presents further benefits for high precision in lattice and fine structures,
due to the more controlled energy input into the material and better
control of pulse disposition over the scan geometry [18–21].

Accordingly, this work investigates the use of an industrial SLM sys-
tem for its feasibility in producing stent geometries. The assessment is
carried out with an industrial SLM machine made mainly for medium-
sized components, employing a pulsed wave, power modulated fiber
laser, and industrial grade CoCr powder with shape and size developed
for macro applications. At the initial stage, the design rules for theman-
ufacturability of stent geometries through SLM is discussed. Different
scan strategies for laser parameters are utilised in the experimental
stage. Surface quality and strut dimensions are analysed to indicate fur-
ther requirements for biomedical grade stent manufacturing. Prelimi-
nary analysis of surface finishing was carried out with electrochemical
polishing. Process productivity is compared to the laser microcutting
of a tubular precursor.

2. Design of the stent mesh for selective laser melting

Several rules should be considered when manufacturing compo-
nents using SLM. These rules in particular regard part orientation, part
thickness, overhang regions and support generation. Regions with an
angle smaller than 45° with respect to the layer plane require supports.
An overhang region is a zone suspended over non-molten powder and
is connected to the rest of the component on a single side. Overhang re-
gions can be built up to 1 mmwithout a support. Bridged gaps are also
suspended over non-molten powder but are attached to the built com-
ponent on both ends, which can be tolerated up to 4 mm. A minimum
gap of 0.3 mm is recommended between separate features. The men-
tioned values are indicative and can vary between the different mate-
rials and systems used. These rules can, in most cases, be effectively
implemented for existing large parts. However, the SLM process and
Table 1
Chemical composition of the CoCr powder declared by the producer.

Cr wt% Mo wt% Co wt% O wt% Si wt% Mn wt%

27–30 5–7 bal. b0.10 b1.00 b1.00
the realized product perform at their best if manufacturing rules are
considered at the design phase. These problems become more relevant
on a micro product scale, as the feature dimensions come closer to the
beam diameter, layer thickness and powder grain size.

A conventional stent mesh is designed in order to be suitable for
being expanded in the artery, but also suitable for the manufacturing
steps involving the laser microcutting of a microtube. Fig. 1 exhibits
the 3D model of a stent resembling a commercial design (Magic Stent
from Biotronik, Berlin) [22,23]. It can be seen that the best part orienta-
tion is vertical, as it limits the amount of support structures needed be-
tween the stent and the substrate plate. However, several zones exhibit
the need for support structures due to being at an angle of b45°, as
highlighted in green in Fig. 1.b. Most of these zones do not require the
use of any support structures, because they are either overhang or
bridge structures within the tolerable regions. These zones are
highlighted as self-supporting bridges in Fig. 1.b. There are several
other zones, which do not have any prior connection to the substrate
plate. As the layers progress in the build direction (z-axis), all the
zones except these have a direct connectionwith the previouslymolten
layer. The zones requiring supports correspond to surfaces, which ap-
pear at a given layer without any connection to the previously molten
layers and, during the process, the laser beam melts overhang powder.
Heat accumulates in these regions, since the heat conduction of powder
is less than that of the solid. Resultantly, the melting process becomes
instable. Moreover, due to the missing mechanical connection with
any previous layer, the molten zone is not anchored, therefore it is re-
moved with the movement of the powder recoater Consequently, the
stent build fails. Moreover, the removed parts move around the powder
bed as debris, generating further irregularities on other parts.

In order to study the feasibility of the SLM process for stent
manufacturing, a simple stent meshwas designed deriving from similar
designs available commercially and reported in literature [3,24]. A final
design was generated employing the specific design rules for additive
manufacturing and without comprising the main functional require-
ment, namely expandability. The stent mesh reported in Fig. 2 was de-
signed with a 200 μm strut thickness, 2 mm diameter and 18.95 mm
length. The design implemented a simple zig-zag pattern, which
Fe wt% Ni wt% N wt% W wt% Al wt% Ti wt%

b0.75 b0.50 b0.25 b0.20 b0.10 b0.1



Fig. 4.Morphology of the CoCr powder used in the study.

Table 2
Details of the experimental plan.

Strategy Hatching Concentric scanning

Fixed parameters
Focal position, f (mm) 0 0
Point distance, dp (μm) 90 40
Line distance, dl (μm) 90 40
Layer thickness, z (μm) 30 30

Varied parameters
Peak power, Ppeak (W) 150; 165; 180 30; 40; 50
Pulse duration, t (μs) 50; 75; 100 100; 120; 140
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avoided overhang zones and zones requiring support structures, suit-
able for a build orientation along its length. The design of this mesh
can be categorised as closed cell with non-flex connectors [3]. The 2D
design was projected over a 2 mm tube with 0.2 mm thickness to
achieve the solid model. As the main concern of the study is to investi-
gate the productionmethod, no analysis or optimizationwas carried out
on the mechanical performance of the design. Fig. 3.a reports the solid
model of the new stent design. As seen in Fig. 3.b, the stent design
does not exhibit any regions in need of support structures, and all re-
gions with an orientation below 45° are self-supporting.
3. Materials and methods

3.1. CoCr powder

Throughout the study, CoCr powder with a chemical composition
similar to the ASTM F75 alloy was used (LPW Technology, Cheshire,
UK). The powder was gas atomized under Ar and spherical in shape.
The average particle size was measured as 33 μm by laser diffraction.
The apparent density of the powder was 5.04 g/cm3, whereas the solid
density was 8.3 g/cm3. The nominal chemical composition is reported
in Table 1, while the powder morphology can be seen in Fig. 4. For
stent manufacturing, other CoCr alloys such as L606 are usually pre-
ferred [25–27]. CoCr alloys with a chemical composition similar to the
present one are also used in bioimplant manufacturing [28,29]. In this
study, this alloy was preferred as its processability by SLM has been
demonstrated for larger components [20].
Fig. 5. Scan strategies used in the experimental study shown at an intermediate layer. a) Design
shown. b) Hatching strategy and c) concentric scanning strategies shown with black and red l
3.2. Selective laser melting system

An industrial SLM system, Renishaw AM250, was used throughout
the experimental work (Stone, UK). A 200 W active fiber laser was im-
plemented in the system (R4 from SPI, Southampton, UK). The optical
chain was composed of a galvanometric scanner with integrated z-
axis positioner. The estimated beam diameter was 75 μm in the given
combination. Prior to processing, a vacuumwas applied to the process-
ing chamber, taking it down to−950 mbar, and then it was filled with
Ar, reaching an overpressure of 15mbar. A circulation pumpmaintained
the gas flow parallel to the powder bed. The oxygen content of the pro-
cess chamberwasmaintained below 1000 ppm throughout the process.

The SLM system employed pulsed wave (PW) laser emission by
power modulation, enabling control over different process parameters.
In all of the scanning strategies, the laser was positioned on a certain
point to emit a given peak power (Ppeak) for a fixed pulse duration (t)
in the μs range. These two parameters together determine the pulse en-
ergy (E = Ppeak ⋅t). The laser jumped to the consecutive position on the
scanned line, whichwas at a given point distance (dp), and repeated the
laser exposure. At the end of each scanned line, the laser jumped to the
adjacent one, whichwas at a given line distance (dl). Scan lines could be
executed through the parallel hatching or concentric scanning of the
layer geometry from the border to the core. The focal position (f) con-
trolled the position of the beam focal point with respect to the powder
bed surface. For the present system, negative focal position values refer
to a laser spot focused above the powder bed surface, and positive
values refer to a focal point below the powder bed surface. Layer thick-
ness (z) was kept constant around thewhole build. Magics 19was used
(Materialise, Leuven, Belgium) for slicing and post processing the layer
trajectories. QuantAM build preparation software was employed
(Renishaw, Stone, UK) for visualization of the scan trajectories.
ed stent prototype and A-A section line depicting the layer inwhich the scan strategies are
ines respectively, with the sectioned stent struts shown in grey.



Fig. 6. SEM images of the CoCr prototype stents obtained with a) hatching and b) concentric scanning strategy. Build orientation is from left to right with respect to the orientation of the
stents in the images.
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3.3. Characterization equipment

Scanning electron microscopy images were taken and chemical
composition was analysed using energy dispersive spectroscopy
(EVO-50 from Carl Zeiss, Oberkochen, Germany). Strut thickness was
measured using a universal horizontal measurement system (DMS
680 from Microrep Joint Instruments, Milan, Italy). Surface quality was
characterized directly on the stent strutwith focus variationmicroscopy
(InfiniteFocus from Alicona Imaging GmbH, Graz, Austria). Images of
the stent struts were taken with a 10× objective. The estimated vertical
and lateral resolution values were 1.3 μm and 3.4 μm respectively. Sur-
face roughnesswasmeasured over a 1.3mm length on the struts. Cross-
sections of the stent struts were taken perpendicular to the build direc-
tion at the layer plane (xy) and optical microscopy images were taken
(Leitz Ergolux 200 from Leica, Wetzlar, Germany). Vickers microhard-
ness was measured over the cross sections, with a 500 gf applied load
Fig. 7. Comparison of the CoCr prototype stent struts obtainedwith samefluence levels and diffe
180 W; t = 100 μs; F = 225 J/cm2. Concentric scanning conditions: Ppeak = 30 W; t = 100 μs;
and 15 s dwell time (VMHT 30A from Leica, Wetzlar, Germany). X-ray
micro computed tomography was used to view internal defects (X25
MicroCT scanner from North Star Imaging, Rogers, MN, USA). A flat
CMOS-type panel was employed. The source voltage and intensity
were 160 kV and 20 μA respectively. The voxel size of the acquisitions
was 3.9 × 3.9 × 3.9 μm3.

3.4. SLM experimental plan

Two different scan strategieswere tested to evaluate production fea-
sibility. The first one consisted of parallel scan lines (see Fig. 5.b). This
strategy is commonly used for scanning the main volume of larger
parts, and at each layer the scan directionwas varied by 67°. The second
strategy consisted of closed and concentric trajectories, which followed
the outer contour of the scanned geometry (see Fig. 5.c). This strategy is
commonly used for finishing the borders of larger parts. Process
rent scan strategies. Hatching conditions: Ppeak=150W; t=50 μs; F=185 J/cm2; Ppeak=
F = 185 J/cm2 Ppeak = 30 W; t = 120 μs; F = 225 J/cm2.



Table 3
ANOVA table for h (μm) obtained with hatching scan strategy.

Source DF Adj SS Adj MS F-value P-value

Ppeak (W) 2 11,390 5695.1 32.9 0
t (μs) 2 28,220 14,110.1 81.52 0
Ppeak (W)* t (μs) 4 1562 390.5 2.26 0.078
Error 45 7789 173.1
Total 53 48,961

Table 4
ANOVA table for h (μm) obtained with concentric scan strategy.

Source DF Adj SS Adj MS F-value P-value

Ppeak (W) 2 1202 651.1 4.9 0.012
t (μs) 2 2224 1112 8.37 0.01
Ppeak (W)* t (μs) 4 21.5 5.4 0.04 0.997
Error 45 5977 132.8
Total 53 9525
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parameters were adapted starting from the conditions provided by the
SLM system manufacturer for larger components. Point (dp) and line
(dl) distances were kept equal, but different values were used for differ-
ent scan strategies (90 μm and 40 μm for hatching and concentric scan-
ning respectively). Focal position was fixed on the powder bed surface
in all conditions (f = 0 mm), while a 30 μm layer thickness (z) was
employed. Peak power and pulse duration were varied at 3 levels, ac-
cording to a 32 factorial plan applied separately to each scan strategy.
With the hatching strategy, higher peak powers (Ppeak = 150–180 W)
and moderate pulse durations (t = 50–100 μs) were preferred, corre-
sponding to higher pulse energies (E = 7.5–18 mJ). With concentric
scanning strategy, low peak powers (Ppeak = 30–50 W) and higher
pulse durations (t = 100–140 μs) were preferred, corresponding to
lower pulse energies (E=3–9mJ). Fluence was used as a single param-
eter to compare the different scanning strategies calculated from the
following equation:

F ¼ Ppeak∙t
dp∙dl

ð1Þ

The corresponding fluence ranges were 93–222 J/cm2 for hatching
strategy and 187–438 J/cm2 for concentric scanning strategy. Six repli-
cations were produced for each parameter combination. As response
variables, strut thickness (h), average surface roughness (Ra), and
chemical composition were evaluated. The dimensional error (e) in
Fig. 8. Evolution of strut thickness as a function of process parameters and scanning s
strut size was also calculated as:

e ¼ h−hn ð2Þ

where hn is the nominal strut size. Analysis of variance (ANOVA) was
applied with statistical significance level α = 5%. Details of the experi-
mental plan are depicted in Table 2.

3.5. Electrochemical polishing

Cardiovascular stents produced by laser microcutting of microtubes
are finished conventionally by electrochemical polishing. Feasibility of
applying the same method for improving surface quality of the proto-
type stents was assessed. Electrochemical polishing was applied to rep-
resentative prototype stents producedwith the two scan strategies. The
electrolyte was composed of 45 vol% sulfuric acid (H2SO4), 50 vol%
phosphoric acid (H3PO4), and 5 vol% water [30]. A stainless steel (AISI
316L) cathode was used. Electrochemical polishing was applied at
25 °C with 10 V tension and 2.1 A/cm2 current density for 3 min. Proto-
type stents were cleaned in water before and after electrochemical
polishing and dried in air.

4. Results

4.1. Morphology of SLM produced stents

Fig. 6 reports the SEM images of the stents as a function of process
parameters using hatching and concentric scan strategies. It can be
observed that stent geometry is achievable with both of the scan
strategies, although with a high surface roughness, being a charac-
teristic of SLM produced parts also inmacro scale [31,32]. The surface
topography is composed of molten layer (around the strut width,
N200 μm), sintered particles (20–50 μm) and smaller droplets of
molten material (b20 μm). Concerning the conditions realized with
the hatching strategy, the strut geometry is not well defined, and es-
pecially with low the pulse duration and peak power, the struts are
irregular in thickness. Such irregularity is attributed to insufficient
melting within the layers, which also generates irregular bonding
between them. As a matter of fact, the separation lines between con-
secutive layers are visible. With increased pulse duration and peak
power, strut thickness increases and becomes more regular. Howev-
er, themorphology deviation persists, pointing out the inadequacy of
the employed scan strategy for micro geometries. With concentric
scanning, however, the stent geometry is much more defined. The
struts aremuchmore regular in thickness and themain surface irreg-
ularity is due to the molten material droplets. With increased pulse
duration and peak power, strut regularity improves as the thickness
increases.
trategy: a) hatching, b) concentric scanning. Error bars represent standard error.



Fig. 9. Surfacemorphologyof stent struts obtainedwith hatching (a, b) and concentric scanning (c, d). a) Ppeak=150W, t=50 μs; b) Ppeak=180W, t=100 μs; c) Ppeak=30W, t=100 μs;
d) Ppeak = 50W, t = 140 μs.
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In Fig. 7, different scan strategies are compared as a function of
fluence. It can be seen that for both the scan strategies, the increase of
fluence corresponds to strut enlargement. However, concentric scan-
ning provides further improvement of bonding between different
layers.Moreover, the designed rectangular section is achievedwith con-
centric scanning, whereas the hatching strategy consistently produces
an irregular section.
4.2. Strut thickness

Strut thickness measurements were coherent with the SEM image
observations, depicting thicker struts (h = 340–380 μm) with concen-
tric scanning than with the hatching strategy (h = 250–350 μm). The
statistical significance of the process parameters was analysed for each
scan strategy separately. The results of theANOVA tests are summarized
in Tables 3 and 4 respectively. In both cases, peak power and pulse du-
ration were found to be significant and increased the strut thickness,
whereas their interaction did not induce any significant change. Over
the experimented region, pulse duration was found to have a higher in-
fluence for both of the scanning strategies as depicted by the F-values, as
well as the plots exhibited in Fig. 8. The resultant error in strut size
Table 5
ANOVA table for Ra (μm) obtained with hatching scan strategy.

Source DF Adj SS Adj MS F-value P-value

Ppeak (W) 2 24.72 12.362 6.98 0.002
t (μs) 2 44.53 22.263 12.57 0
Ppeak (W)* t (μs) 4 11.93 2.982 1.68 0.170
Error 45 79.72 1.772
Total 53 160.90
varies between 50 and 150 μm for hatching and 140–180 μm for con-
centric scanning.

4.3. Surface roughness

Fig. 9 reports the surface topography of the stent struts observed
with focus variation microscopy. It can be seen that an increase in
peak power and pulse duration appears to improve surface roughness.
As observed in the SEM images, the surface quality is better with con-
centric scanning when compared to those obtained with the hatching
strategy. Overall, the average surface roughness (Ra) measured over
the stent strut varied between 10.5 and 13 μm for the ones obtained
with hatching, and between 8.5 and 10 μm for those obtained with con-
centric scanning, which is comparable to the surface quality of macro
parts [31,32]. Tables 5 and 6 report the ANOVA results for the response
variable Rawith the use of hatching and concentric scanning respective-
ly.With thehatching strategy, both peakpower andpulse duration have
significant effects on the surface roughness. As depicted in Fig. 10.a, the
increase in both process parameters reduces the surface roughness.
With the concentric scanning strategy, only peakpower has a significant
effect over the surface roughness in the experimented region (see
Fig. 10.b). With concentric scanning, the significant parameter peak
Table 6
ANOVA table for Ra (μm) obtained with concentric scan strategy.

Source DF Adj SS Adj MS F-value P-value

Ppeak (W) 2 19.248 9.6242 3.67 0.033
t (μs) 2 1.888 0.9438 0.36 0.699
Ppeak (W)* t (μs) 4 9.509 2.3771 0.91 0.468
Error 45 117.880 2.6196
Total 53 148.525



Fig. 10. Evolution of average surface roughness as a function of process parameters and scanning strategy: a) hatching, b) concentric scanning. Error bars represent standard error.
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power induces, overall, around a 15% reduction in the average surface
roughness, moving 30 W to 50 W.

4.4. Chemical composition

EDS analysis revealed that the chemical composition of the proto-
type stents consisted of the main alloying elements Co, Cr and Mo,
with a limited amount of the secondary elements Mn, O and Si. Within
a given strategy, no significant effect of processing parameters was
found. The scan strategy did, however, induce very slight variations in
the amount of the elements. Fig. 11 reports the chemical composition
measurements along with the nominal composition limits for the re-
vealed elements. It can be seen that the main alloying elements are
within the nominal composition. In terms of secondary elements, the
Mn and Si content appear to be within the expected region, whereas
the O content is remarkably higher than the nominal value of the pow-
der. The average value of oxygen found on the prototype stents was
around 1% as opposed to the nominal 0.1 wt%.

4.5. Cross-section, microhardness, and CT scan

Cross-section, microhardness and CT scan analyses were carried out
with representative conditions for each scanning strategy: for hatching
Ppeak = 180 W, t = 100 μs, for concentric scanning Ppeak = 40 W, t =
120 μs. Fig. 12 exhibits the cross-section images of the whole prototype
stents and one strut taken around the A-A section shown in Fig. 5.a. The
cross-sections depict that full density is achieved with both scan strate-
gies, and that the prototype stents are free of large pores. Nevertheless,
loosely adhered particles and detachedmolten zones are visible around
the struts, which generate deviations from the desired geometry (see
Fig. 11. Chemical composition of the prototype stents. a) Main alloying elements, b)
Fig. 12.b). Microhardness measurements taken on the strut cross-
section of the prototype stent were 321 ± 29 HV and 345 ± 32 HV for
hatching and concentric scanning respectively. The microhardness
values were found to be statistically same (result of ANOVA not report-
ed for the sake of brevity).

Fig. 13 showsmicro X-ray computed tomography images of the rep-
resentative prototype stents obtained with the two scan strategies. The
overall images (Fig. 13.a and c) are coherent with the SEM images,
confirming that the stents are intact without breakage or discontinu-
ities. The cross section images depict full density in white and voids in
shades of black. The longitudinal cross-sections taken from the overall
acquisitions (Fig. 13.b and d) show that the stents are free from large
pores in the build direction. It can also be observed that geometrical in-
tegrity is bettermaintainedwith the concentric scanning strategy rather
than with hatching. Transversal cross sections confirm the previous ob-
servations through physically cut specimens. The specimens are free of
large defects also in the layer plane.

4.6. Preliminary assessment of surface finishing

Fig. 14 reports SEM images of the prototype stents after electro-
chemical polishing. The images underline the interaction between the
initial surface conditions and the outcome of electrochemical polishing.
It can be seen that the prototype stent obtained with hatching (Fig. 14.a
and b) exhibits higher surface roughness compared to the one realized
with concentric scanning (Fig. 14.c and d) also after electrochemical
polishing. The average surface roughness of stent realizedwith hatching
was 9.19 ± 0.30 μm, similar to the initial surface roughness. In the case
of the prototype stent realizedwith concentric scanning, the large drop-
lets and sintered particles are removed. The strut width is slightly
secondary elements. Error bars represent 95% confidence interval for the mean.



Fig. 12. Cross-section images of prototype stents obtainedwith a, b) hatching Ppeak=180W, t=100 μs and c, d) concentric scanning, Ppeak=40W, t=120 μs. a, c)Whole stents showing
the four struts around the circumference; b, d) micrograph of a single strut.
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reduced, the overall geometry is smoothed, and the underlying surface
is free of cracks. The average surface roughness could be lowered to
1.45±0.09 μm, corresponding to approximately 85% reduction. Despite
the non-optimal surface finish, the results confirm the feasibility of
employing the conventional finishing method on additively
manufactured stents.
5. Discussion

The overall results depict that cardiovascular stents in CoCr can
be produced in a near net-shape form through SLM, if certain design
rules are respected. The main advantage of the SLM system used was
the possibility of regulating the energy input by pulsed wave emis-
sion and the use of different scan strategies. The use of pulsed wave
emission allows for accurate placement of laser pulses in short tra-
jectories, as opposed to continuous linear scans employed with con-
tinuous wave emission. The produced prototype stents require
further processing in order to improve the surface quality, as for bio-
medical applications the expected values of Ra are b0.5 μm. This fact
implies that the chemical and electrochemical polishing stages
should be further improved. Accordingly, geometrical integrity be-
comes of great importance at the SLM stage. As demonstrated by
the results, concentric scanning improves the geometrical fidelity
of the stents with micrometric dimensions. The use of higher peak
power and pulse duration improves melting efficiency in both strat-
egies. However, the same amount of fluence applied with different
strategies shows that concentric scanning provides better geometri-
cal definition. In all the investigated cases, the strut size, and resul-
tantly the stent diameter, deviate from the nominal value due to
the fact that no beam compensation was applied to the scan trajecto-
ries. It should be noted that the consecutive chemical and electro-
chemical etching steps necessary for obtaining the surface finish
required by the stents will also remove a certain quantity of material.
Beam compensation can be adjusted at the end of the processing
cycle and iterations can be required to achieve the desired strut size.

The SLM process may induce loss of alloying elements depending
on the processing conditions [33]. In the present work, the chemical
composition of the produced stents was comparable to that of the
used powder, whereas a slight increase in the oxide content was ob-
served. The remaining oxygen content in the processing atmosphere
is expected to be the reason for this increase. The surface oxide is
critical for biocompatibility, but is expected to be removed during
the consecutive cleaning stages [34]. In this study, an industrial
grade CoCr alloy powder was employed for the main purpose of in-
vestigating the feasibility of the fabrication stages. The same alloy,
but of higher purity, would be required for feasibility in biomedical
applications.

The mechanical properties of the stents produced by SLM should
match those produced conventionally. The gold standard of annealed
AISI 316L stainless steel stents presents around 40% elongation,
170 MPa yield and 450 MPa ultimate tensile strength [35]. CoCr al-
loys produced through conventional manufacturing processes pres-
ent higher yield (380–450 MPa) and ultimate tensile strengths
(820–1200 MPa) with comparable elongation, which render them
suitable for stent applications. In order to withstand the cyclic pulsa-
tions of the artery, the fatigue properties should also be adequate. It
is preferable for a stent to have equiaxed grains of adequate size,
allowing for the preservation of at least 5–10 grains along the strut
thickness. Nonetheless, it is known that fast cooling cycles and the
layer-by-layer build strategy generate columnar and small grains,
deviating the material properties notably from their wrought and
cast counterparts [36]. Moreover, the surface quality of stents pro-
duced using SLM can be problematic for fatigue properties, and in-
ternal defects such as pores should be minimal. As an indicator of
their mechanical properties, the microhardness of the prototype
stents is very similar to that of larger components reported in litera-
ture between 320 and 400 HV [20]. For comparison purposes, the



Fig. 13. Micro X-ray computed tomography images of the prototype stents obtained with a, b, e) hatching Ppeak = 180 W, t = 100 μs and c, d, f) concentric scanning, Ppeak = 40W, t =
120 μs. a, c) Whole stents showing; b, d) longitudinal cross-sections; e, f) transversal cross-sections. Acquisition space is defined by the green outlines and corresponds to
a) 2.47 × 14.207 × 2.47 mm3 and c) 2.271 × 14.891 × 2.536 mm3.
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microhardness of wrought L605 CoCr alloy, which is more commonly
employed for stent manufacturing, is between 220 and 300 HV [37].
The greater hardness of the SLM-produced CoCr alloy is attributed to
the fast cooling cycles induced by laser irradiation. This implies that
further heat treatment, in particular solution annealing, may be re-
quired to lower the hardness [38,39]. Heat treatment could also
improve the mechanical behaviour of the stents by stress relieving,
providing equiaxed grains and improving elongation [40]. The anal-
yses showed that the stents are free of internal pores, but surface
quality should be improved, also for fatigue resistance. The prelimi-
nary analysis on the surface finishing showed the possibility of
using the conventional electropolishing method on additively



Fig. 14. SEM images of prototype stents after electrochemical polishing. Stent realizedwith a, b) hatching Ppeak=180W, t=100 μs and c, d) concentric scanning, Ppeak=40W, t=120 μs.
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manufactured stents, although the conditions should be further opti-
mized. Heat treatments and chemical/electrochemical finishing
operations are part of the conventional manufacturing of cardiovas-
cular stents based on laser microcutting of microtubes [41–43].
Hence, the necessity for heat treatment and finishing steps does
not necessarily induce longer manufacturing cycles.

Another important factor regards productivity compared to the con-
ventional manufacturing chain based on laser microcutting. The study
shows that SLM can be allocated in the same production chain to reduce
microtube manufacturing and laser micorcutting to a single-stage pro-
cess.With a conservative spacing distance of 10mmbetween the stents,
it is possible to build 625 stents in a single batch in a 25 × 25 array on a
build plate of 250 × 250 mm2. With 8 s of powder recoating, the esti-
mated material build rate for the highest peak power and longest
pulse duration using the concentric scan strategy is 7.7 g/h. The estimat-
ed total build time is 3.3 h, which corresponds to 19 s for a single stent.
In comparison, the duration of laser microcutting for producing the
same stent mesh can be considered with a moderate cutting speed of
4mm/s [44–46]. With a total cutting trajectory of 233mm, the effective
laser microcutting duration is 58 s, where the jump duration between
consecutive cuts is neglected. The preliminary calculations depict that
SLM can be highly productive as opposed to the conventional
manufacturing route. However, it should be noted that the effective pro-
duction time requires the addition of preparatory phases, which have
not been considered here. Moreover, the surface quality produced by
the SLM process conditions the duration and also the outcome of the
consecutive cleaning steps. It has been previously demonstrated that
rougher machining conditions require a longer chemical etching dura-
tion for laser microcut Mg alloy stents [47].

6. Conclusions

In this work, the use of SLM for producing cardiovascular stents
using a CoCr alloywas assessed. Themain aim of the paperwas to dem-
onstrate the feasibility of producing stent precursors through SLM as an
alternative method to the conventional manufacturing cycle based on
microtubemanufacturing and lasermicrocutting. An industrial SLMsys-
tem with a PW single mode fiber laser was used for the study. The
design rules for producing a stent mesh without the use of support
structures is discussed. Prototype stents were produced employing dif-
ferent scan strategies. The main outcomes of the work can be summa-
rized as follows.

• Geometrical fidelity depends highly on the scan strategy, where con-
centric scanning is found to be suitable for generating the fine mesh.

• Increased laser peak power and pulse duration enlarge the strut and
reduce the surface roughness.

• Control over the stent dimensions should be achieved through beam
compensation rather than by changing the process parameters. The
scan trajectory should be compensated after the allowance required
for the post-processing steps has been assessed correctly.

• Conventional electrochemical polishing is suited for finishing addi-
tively manufactured stents. There is a strong interaction between
the SLM parameters and electropolishing outcome. Surface quality
can be improved removing loosely adhered particles and molten ma-
terial to reveal the underlying geometry.

• The position of SLM in cardiovascular stent manufacturing can be
allocated as a single step process, which substitutes microtube pro-
duction based on extrusion and tube drawing, and the consecutive
laser microcutting. At the current technological level, net-shape
manufacturing is not possible because of the surface quality and
mechanical properties that are required.

• SLM productivity can outperform the conventional stent
manufacturing scheme. The additive manufacturing process
merges microtube manufacturing and laser microcutting phases
into a single step method. Moreover, several stents can be pro-
duced at a single build, further reducing the production cycle
time. For a comprehensive analysis over productivity, the consecu-
tive heat treatment and surface finishing operations should be fur-
ther investigated.

Despite several advantages, the use of additive manufacturing for
producing cardiovascular stents requires further attention on several
points. The chemical and electrochemical finishing operations of the
SLM-produced stents should be optimized. Mechanical performance in
terms of tensile strength, recoil and fatigue resistance should be studied.
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Despite the common use of a CoCr alloy for cardiovascular stents, the
biocompatibility of SLM should be assessed due to the specific produc-
tion conditions involved.
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Appendix A. The productivity estimation for the SLM process was
carried out with a Matlab code developed in-house. The following
parameters were considered in the calculations

Table A.1
Powder dosing and scanning relatedparameters used in the SLMproductivity calculations.
Parameter
P
V
V
Ju
Ju
To
Value
owder dosing and recoating time
 8 s

ector start delay
 0 μs

ector end delay
 400 μs

mp speed
 5 m/s

mp delay
 500 μs

tal height
 19 mm

ent volume
 4.89 mm3
St
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