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Cardiovascular diseases are the leading cause of mortality globally, under-
scoring the importance of reliable treatments such as cardiovascular stents,
which prevent arterial collapse and improve blood flow. Despite their wide-
spread use, stents face challenges in mechanical performance and biological
compatibility. This study focuses on the mechanical characterization of
biodegradable metallic stents, addressing limitations in current testing
methods and simulations. Novel specimen geometries, designed for tensile
strength testing, were developed using additive manufacturing (AM) to min-
imize damage from gripping clamps during testing. Finite element modeling
simulations and experimental tests were conducted to evaluate the mechan-
ical behavior of stents under ideal and real-world conditions. The results re-
vealed that the values provided by the most common mechanical tests and
simulations do not correspond to the actual values of the meshed structure.
The proposed geometries demonstrated consistent mechanical behavior,
effectively mitigating stress concentrations and enabling reliable data acqui-
sition. These findings highlight the potential of AM in stent testing and val-
idate the integration of experimental and simulation approaches for
optimizing stent design and performance. This study establishes a framework
for future research aimed at improving stent safety and reliability.

INTRODUCTION

Cardiovascular diseases remain the leading cause
of mortality worldwide, emphasizing the need for
effective and reliable treatments.1,2 Among the most
significant advances in this field are
implantable medical devices such as cardiovascular
stents—small mesh tubes designed to restore blood
flow in narrowed or blocked arteries.3,4 These
devices act as structural scaffolds, preventing arte-
rial collapse and reducing complications such as
vessel recoil or plaque dislodgement following
angioplasty.5,6 Despite their widespread use, car-
diovascular stents present challenges, not only for

clinicians, who must select the most appropriate
stent for each patient, but also for regulatory
authorities, tasked with ensuring the quality and
safety of marketed products.7,8 These challenges
call for innovative approaches to ensure consistent
performance and safety across different stent
designs and applications.

While catheter-based treatment for coronary
artery disease has evolved into a reliable and
effective option, long-term success is influenced by
two interdependent factors: (1) biological consider-
ations, such as restenosis and thrombosis, and (2)
mechanical performance, including structural sta-
bility, fatigue resistance, and geometric compatibil-
ity.9,10 Despite the high success rate of permanent
stents, certain subsets of complex lesions, such as
bifurcation lesions or cases requiring stents in
pediatric patients, continue to present unique
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challenges. These scenarios are associated with an
elevated risk of long-term complications, increased
technical complexity, and procedural difficul-
ties.11,12 Moreover, both factors are interrelated,
and a trade-off solution is required, as reducing the
size of the struts of the stent positively affects its
biological behavior, and it may also compromise its
mechanical properties.13,14 While significant
research has addressed the biological challenges,
mechanical performance remains relatively under-
explored despite its crucial role in ensuring stent
efficacy.15,16 Given that stents are mechanical solu-
tions to a biological problem, understanding the
mechanical performance of each stent is crucial.17,18

The structural design of stents plays a pivotal role
in their mechanical performance and therapeutic
effectiveness. Critical design considerations include
geometric compatibility with the target artery,
structural stability to withstand physiological
forces, recoil, and deployment optimization to min-
imize damage during insertion and expansion.19,20

As a direct consequence of these design imperatives,
mechanical testing of stents becomes essential for
assessing key properties such as radial force, tensile
strength, and fatigue resistance.21–23 However, con-
ventional testing methods often encounter chal-
lenges related to the thin-walled, meshed structure
of stents, such as premature failures due to clamp-
ing stresses and inaccuracies in recorded data.24–27

These issues not only complicate the interpretation
of results but also hinder the development of
reliable comparative analyses across different stent
designs. A key issue is the lack of standardized
testing protocols, which makes it difficult to com-
pare results across studies.29,32 Various authors
have proposed solutions adapted to the testing
equipment based on the resources available in their
laboratories.24,28,29 These solutions often involve
custom-designed fixtures or modified testing proto-
cols to better accommodate the unique geometries
and mechanical properties of stents.23 However,
these solutions are frequently difficult to replicate
in other settings due to differences in equipment,
and no detailed analysis exists regarding their
potential impact on the results.30,31

This study aims to bridge the gap between
experimental and computational stent analysis by
developing novel test specimens tailored for additive
manufacturing (AM). These specimens are designed
to replicate the geometry and mechanical behavior
of stents while incorporating integrated clamping
heads to eliminate interference from testing equip-
ment. By combining finite element simulations with
experimental testing, the study seeks to validate the
mechanical performance of stents more reliably.
Furthermore, the methodology enables the evalua-
tion of advanced stent geometries and optimiza-
tions, such as variations in strut size, with minimal
impact on result accuracy.

The feasibility of this approach is inherently
linked to the capabilities of AM technologies, which
allow for the fabrication of intricate, customized
stent geometries that are unattainable using tradi-
tional methods like laser cutting or braiding.26,32

Techniques such as laser powder bed fusion offer
precise control over manufacturing parameters,
enabling the production of stents with enhanced
mechanical properties.33–35 Recent advancements in
stent design and materials aim to address these
challenges. Biodegradable stents, for example, are
gaining attention as alternatives to permanent
implants. Biodegradable materials are designed to
provide temporary arterial support, degrading nat-
urally over 6–12 months after implantation,28,36,37

which reduces the risk of long-term complications
associated with permanent implants. Materials
such as magnesium and iron alloys have emerged
as promising candidates due to their favorable
tensile strength and biocompatibility.38,39 Despite
their potential, their clinical application is limited
by factors such as material toxicity, mechanical
strength, and challenges in manufacturing.40,41

Meanwhile, computational approaches, such as
finite element analysis (FEM), are widely employed
to both complement and mitigate the need for
extensive experimental testing.42 FEM allows
researchers to simulate the mechanical behavior of
stents under various conditions, predicting stress
distribution, fatigue life, and performance under
physiological loads, enabling detailed analysis of
lattice-type designs and other complex structures.43

However, the reliability of FEM simulations is
limited without experimental validation, which
depends on accurate and reproducible testing
methodologies.24,44 Currently, a significant gap
exists between simulation and real-world applica-
tion, as designs are rarely fabricated and tested
under reliable laboratory conditions.45

The development of novel test specimens repre-
sents a critical advancement in the field of stent
research. By addressing the limitations of conven-
tional testing methods, this study provides a reli-
able framework for characterizing the mechanical
performance of stents. The proposed approach
improves the reproducibility of experimental
results, enhances the accuracy of computational
validation, and facilitates the exploration of inno-
vative stent geometries and materials. As part of
this study, we employed an iron–manganese alloy, a
biodegradable material with promising mechanical
and degradation properties, which is also the focus
of additional ongoing research. This alloy’s unique
properties make it an ideal candidate for next-
generation stents, combining temporary structural
support with a controlled degradation profile. Ulti-
mately, this research lays the foundation for the
next generation of stents, offering improved
mechanical and biological performance and con-
tributing to better patient outcomes.
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MATERIAL AND METHODS

Geometrical Model

The designs were developed using SolidWorks
(Waltham, MA, United States). SolidWorks has
been widely employed in the modeling of biomedical
devices due to its versatility and accuracy in
creating parametric designs for stents and similar
structures.46,47 The stent design employed in this
study is illustrated in Fig. 1a and consists of a basic
helical model, also referred to as a diamond-shaped
structure, similar to those initially manufactured
using braiding technology.28 It is composed of 20
strands, each with a diameter of 300 lm, and the
final structure has a total length of 36 mm and an
inner diameter of 4 mm. Such dimensions align
with common geometries used in preclinical studies
of vascular stents.27 The total length considered for
this model allows for secure grip while maintaining
a gauge length of at least 20 mm. Based on the
exposed geometry, two new test specimen models
are proposed, as illustrated in Fig. 1b with the same
20 mm gauge length, and either a flat blade or a
cylindrical head at both ends. These specimens
adapt to the grips used in common testing equip-
ment, and their design follows the dimensional
relationships established by ASTM E8/E8M stan-
dards for dog-bone and dumbbell test specimens.48

Figure 1c shows that the inner section of the heads
is designed with a relief to minimize stress concen-
tration points and high shear zones like in the
transition zone between the meshed region and the
solid ends. Table I summarizes the designs

developed, including the reference name used
throughout this study.

The gripping during tensile testing was simulated
to discern the effects of the pressure exerted by the
grips with those resulting from a strictly axial load.
The conventional gripping system with flat and
cylindrical heads used in the laboratory are shown
in Fig. 2a. The contact interface between the grip-
ping system and the different specimens is illus-
trated in Fig. 2b for the conventional stent, and in
Fig. 2c for the stent with the gripping heads. The
FEM model used included data from contact surface
and pressure exerted by the laboratory grips to
replicate the actual experimental conditions to
accurately predict their effects on the different
specimens.

Material and Manufacturing Process

Within the context of a research project investi-
gating biodegradable Fe-based alloys for non-per-
manent implants, specimens were fabricated using
an Fe–Mn–C alloy with a composition of 79.5 wt.%
Fe, 20 wt.% Mn, and 0.5 wt.% C. The Fe20Mn0.5C
starting material, supplied by RINA (Genova, Italy),
was provided in gas atomized powder form with an
average particle size of 20.3 lm and a maximum
size of 55 lm.

The stents were manufactured using a Renishaw
AM400 (Stone, UK), with the reduced build volume
system (64 9 80 9 80 in mm) The main manufac-
turing parameters used are shown in Table II. The
oxygen content within the processing chamber was
kept below 1000 ppm throughout the entire

Fig. 1. (a) Diamond stent and unit cell geometrical parameters, (b) specimens designed for mesh geometries tensile strength test, and (c)
dimensions and inner relief of proposed specimens.
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procedure. The selected manufacturing parameters
enabled the fabrication of dense and mechanically
robust samples with consistent and replicable
results. This selection was informed by prior
research, currently under review for publication.
The parameters chosen yielded a high and homoge-
neous density of 98.05 ± 0.42%, as measured using
the Archimedes method, ensuring reliability across
multiple specimens. The fabricated specimens were
used in their as-built condition, without applying
any surface treatment.

Finite Element Modeling

All simulations were conducted using ANSYS
(Canonsburg, PE, United States). The elastic behav-
ior was characterized using an isotropic elasticity
model that includes the elastic modulus, yield
strength, and ultimate tensile strength (UTS), as
presented in III. These values were obtained from
prior tensile testing performed in accordance with
ASTM E8/E8M for bulk material samples.48 The
specimens used for these tests, hereafter ‘‘bulk

additive manufactured’’, were designed to meet the
dimensional requirements specified in ASTM E8/
E8M and manufactured via AM under the previ-
ously mentioned parameters in II. Additionally, a
Poisson’s ratio of 0.3 has been assumed.49 The
validity of employing an isotropic elastic description
of the material is justified by the fact that the elastic
deformations of the stent are significantly smaller
than the plastic deformations occurring during
stent deployment.50 The data derived from the
tensile test are crucial for accurately modeling the
material’s behavior in the simulations. These
parameters provide the foundation for defining the
material’s elastic and plastic response, enabling
more reliable predictions of performance and failure
modes50,51 (Table III).

The plastic behavior of the material, based on the
stress-strain data from the tensile test, was repre-
sented by the bilinear isotropic hardening. The
bilinear model is characterized by its simplicity and
is defined by the material’s initial elastic behavior
followed by a constant tangent modulus in the
plastic region. Bilinear hardening models are

Table I. Specimen designs developed reference name and brief identifying description

Specimen designation Description

Stent Helical stent specimen
Dog-bone Helical stent specimen with flat heads at both ends
Dumbbell Helical stent specimen with cylindrical heads at both ends

Fig. 2. (a) Grips systems adapted for flat and cylindrical models based on the ones used in the laboratory, (b) stent specimen gripping and
detailed surfaces contact, and (c) dog-bone and dumbbell specimens gripping model.

Table II. Fe20Mn0.5C manufacturing parameters

Laser power (W) Scan speed (mm/s) Layer thickness (lm) Point distance (lm) Hatch distance (lm)

200 540 60 67.5 120
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commonly employed in FEM simulations for their
computational efficiency and reasonable approxi-
mation of simple material behaviors.50 Selecting an
appropriate tangent modulus is essential for accu-
rately capturing elastic-to-plastic transitions. While
computationally efficient, assuming a constant tan-
gent modulus can introduce errors for materials
with complex strain hardening. The tensile test
results, along with the curve corresponding to the
model, are represented in Fig. 3a.

The FEM analysis of small and thin structures,
like cardiovascular stents, requires a high-quality
mesh for obtaining accurate and reliable simula-
tions, and key mesh parameters, such as skewness
and orthogonality, directly affect the precision of the
results.51 Skewness and orthogonality metrics are
critical for ensuring that the mesh elements are
well-shaped and minimize numerical errors in the

solution.51 Figure 3b illustrates how the element
size of the mesh influences both orthogonal quality
and skewness. For a 300-lm strut size, mesh quality
improves as the element size decreases, peaking at
100 lm with orthogonality at 0.67 and skewness at
0.33, indicating minimal distortion. Smaller sizes
add computational cost without quality gains.52

Figure 3c and d confirms 100 lm as optimal for
quality and distribution, with a high proportion of
elements falling within the desired value ranges.53

Mechanical Test Simulations

Tensile test simulation was conducted in accor-
dance with the ASTM 8/M8 standard until the
specimen reached failure by fixating the lower part
of the specimen and displacing the upper section of
the specimens at constant speed.48 The reaction
stress is evaluated up to the material failure.

Fig. 3. (a) Comparison between bulk additive manufactured Fe20Mn0.5C tensile strength curve and bilinear isotropic hardening model, (b) FEM
quality analysis based on orthogonality and skewness depending on the mesh element size, (c) orthogonal quality distribution results for a mesh
element size of 100 lm, and (d) skewness distribution results for a mesh element size of 100 lm.

Table III. Fe20Mn0.5C bulk additive manufactured mechanical properties

Elastic modulus (GPa) Yield strength (MPa) Ultimate tensile strength (MPa) Elongation at break (%)

170 340 480 4.54
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Table IV summarizes the set of simulations con-
ducted, including both cases with ideal load condi-
tions and those simulating the actual conditions
during the tensile stress test.

In the ideal tensile load (ITL) simulations, the
lower face of the specimen is fixed (in yellow), and
the displacement is applied to the opposite upper
face (in blue) as illustrated in Fig. 4a, b, and c for
the stent ITL, dog-bone ITL and dumbbell ITL
specimens, respectively. This approach allows them
to deform uniformly as displacement is applied. This
is the most common simulation used in the field, but
it cannot be replicated in the laboratory.

In the laboratory testing conditions (LTC) simu-
lations, the gripping systems follow the analysis
represented in Fig. 2 where the gripping system is
applied transversally to the displacement of the
upper clamping system. The friction at the clamps
transfers the load to the specimens through contact
surfaces illustrated in Fig. 4d, e, f, and g for the
fixed clamp (in purple) and for the moving one (in
green). In the case of the stent naked LTC, the
pressure exerted by the fixed and displaced clamps
on the stent specimen is applied to the outer surface

of the struts highlighted in Fig 4(d) and symmetri-
cally on both sides of the specimen. In the case of
stent CG LTC, additional pressure contact occurs on
the inner surface of the struts, caused by a copper
wire placed inside the specimen to prevent its
deformation. For the dog-bone LTC simulation, the
pressure is uniformly distributed along the flat
section in contact with the clamps. In the dumbbell
LTC simulation, the pressure is transmitted not
through the whole surface but solely through cer-
tain contact points between the clamps and the
section highlighted in Fig. 4g.

Tensile Strength Test

Experimental tensile tests (TST) were performed
using a universal testing machine Instron 7784,
Instron� (MA, United States), at a controlled
displacement rate of 0.02 mm/s until complete
fracture of the specimens in accordance with ASTM
E8/E8M.48 The tests were conducted under envi-
ronmental conditions of 22�C and 30% relative
humidity. Four testing conditions were used, one
for each LTC simulation conditions as shown in

Fig. 4. Tensile test simulation conditions indicating the fixed zones and the moving ones for: (a) stent ITL, (b) Dog-bone ITL, (c) dumbbell ITL, (d)
stent naked LTC, (e) stent CG LTC, (f) dog-bone LTC, and (g) dumbbell LTC (Color figure online).

Table IV. Simulations and mechanical tests performed reference name based on the specimen used and
simulation conditions

Type of sample

Simulations performed

Experimental mechanical
test

Ideal tensile
load

Laboratory testing
conditions

Stent Stent Stent naked Stent naked
Stent (with a copper wire in-
side)

Stent CG Stent CG

Dog-bone Dog-bone Dog-bone Dog-bone
Dumbbell Dumbbell Dumbbell Dumbbell
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Table IV, i.e., stent naked TST, stent CG TST (stent
with a copper wire in the stent), dog-bone TST, and
dumbbell TST. At least five samples were tested for
each condition and the load displacement values
were continuously recorded.

RESULTS

Model Validation

Figure 5a presents the resulting curve from the
tensile test simulation conducted on a standardized
specimen, compared to the characteristic curve of
Fe20Mn0.5C and the developed model, previously
shown in Fig. 3a. This comparison serves as part of
the validation process for the developed model. As
observed, the obtained curve aligns with expecta-
tions and exhibits a behavior closely resembling
that of the bilinear model. It is noteworthy that the
stress values, influenced by the employed model, are
slightly lower—approximately 10%—than those
recorded during the test in the plastic region.
However, it can be seen that the final conditions of
the test, i.e., the point of specimen failure show
agreement in terms of stress and strain values with
the initial experimental data. Additionally, Fig. 5b
and c illustrates the distribution of strains and
stresses, respectively, within the specimen at the
moment of specimen failure and the termination of
the test. This distribution aligns with the specifica-
tions outlined in the standard, as the majority of the
stress and deformation is concentrated in the gauge
section of the specimen.

Developed Specimens’ Simulations

The simulation results for the different speci-
mens, each subjected to varying experimental con-
ditions, are presented in this section to analyze the
mechanical performance under tensile loading and

various gripping conditions by comparing stress-
strain behavior.

The stress–strain curves for all simulated condi-
tions are presented in Fig. 6, enabling a direct
comparison of their tensile behavior. When the
specimens are simulated under ideal tensile condi-
tions (ITL curves in continuous lines), the results
show comparable stress values and deformation
behaviors across the different geometries tested. In
descending order of performance, the dumbbell
specimen (in green) exhibits significantly higher
tensile strength compared to the dog-bone specimen
(in blue), which in turn shows slightly higher
strength than the stent specimen (in red). All the
specimens demonstrate an elongation at break of
approximately 15%. The differences in tensile
strength are primarily attributed to the geometric
variations at the ends of the specimens, which
influence their deformation behavior under load. As
observed in Fig. 6, regardless of the stress values
reached, the stress-strain curves exhibit a very
similar shape in all cases. Regarding stress distri-
bution, as illustrated in Fig. 7a, b, and c, stress is
uniformly distributed along the gauge length of the
stent geometry in all cases. The region where the
highest stresses occur, ultimately leading to speci-
men failure, consistently corresponds to the central
section of the axial axis. Notably, the failure points
are located at the regions of minimum cross-sec-
tional area, aligning with the junctions of the unit
cells comprising the stent geometry. A particularly
noteworthy observation is detailed in Fig. 7b and c,
where the simulations of the dog-bone ITL and
dumbbell ITL specimens respectively reveal no
stress concentrations in the transition zone between
the stent-like geometry and the specimen heads,
which may act as a critical stress concentration area
likely to induce premature failure. It is also evident
that, in both cases, the specimen heads are sub-
jected to minimal stress during the tests, which is

Fig. 5. (a) Comparison between Fe20Mn0.5C stress–strain test curve, bilinear isotropic hardening model, and validating tensile strength test
simulation results for bulk additive manufactured specimens, (b) equivalent strain values and distribution in the tensile strength test simulation,
and (c) equivalent stress values and distribution in the tensile strength test simulation.
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an optimal and desirable outcome. Residual stresses
appear in the dog-bone specimen heads in the
transition from a rectangular to a circular cross-

section. These stresses, although present, do not
appear to significantly affect the overall perfor-
mance or failure behavior of the specimen under the
simulated conditions.

Under real-world simulated conditions (LTC), the
stress–strain behavior exhibits greater variability,
primarily due to the influence of the gripping
pressure exerted by the clamps on the different
geometries. This effect is clearly illustrated in Fig. 6
by dashed lines. The stent specimen (in red) dis-
plays markedly different stress–strain curves
depending on the gripping system employed. In
the case of the stent naked LTC configuration, as
shown in Fig. 7d, the closure of the clamps induces
significant deformation in the stent prior to the
application of axial displacement. While this initial
deformation is insufficient to cause failure, it sig-
nificantly impacts the subsequently simulated ten-
sile test, leading to the development of new stresses
and strains, which, in turn, result in a loss of
contact between the specimen and the clamps. This
loss of contact prevents the specimen from being
reliably tested. This phenomenon is evident in
Fig. 6 (dashed red line) and Fig. 7d, where the

Fig. 7. Equivalent tensile stress distribution at failure for (a) stent ITL, (b) dog-bone ITL, (c) dumbbell ITL, (d) stent naked LTC, (e) stent CG LTC,
(f) dog-bone LTC, and (g) dumbbell LTC.

Fig. 6. Comparison between stress–strain curves obtained for each of
the simulated geometries and contour conditions (Color figure online).
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recorded stress values and the stress distribution in
the specimen are considerably lower than those
observed under failure conditions in the stent ITL
simulation. In the simulation with the stent CG
LTC gripping system, an adverse phenomenon
occurs that is slightly opposite to what was observed
in the stent naked LTC simulation. In this case, the
copper guide inside the stent prevents deformation
caused by the clamping pressure during specimen
fixation. However, this introduces a drawback: a
heterogeneous stress distribution arises in the
gripping region (Fig. 7e). The stress disparity
results in localized stress concentrations in the
gripping area when the axial displacement is
applied during the tensile simulation. These stress
concentrations ultimately lead to premature failure
of the specimen, caused by the shear stress gener-
ated at the interface between the clamps and the
copper wire in those regions. Additionally, Fig. 7e
illustrates that upon reaching the failure condition,
the gauge length of the stent exhibits considerably
lower stress distribution compared to the ideal
scenario. This phenomenon is further reflected in
Fig. 6, where the resulting stress-strain curve
(dashed-dot red line) resembles the trend observed
under ideal conditions for the stent ITL simulation
but the axial stress at failure is significantly lower,
leading to reduced deformation before rupture.

The dog-bone LTC and dumbbell LTC simulations
conducted under real-world conditions using the
geometries proposed in this study show stress-
strain curves that are very similar in both shape
and values to their counterparts under ideal testing
conditions (Fig. 6). This similarity is particularly
pronounced in the dumbbell specimen. For the dog-
bone LTC simulation, the slightly lower stress
values compared to ideal conditions can be attrib-
uted to the increased presence of stresses localized
in the specimen heads in the transition from a
rectangular to a circular cross-section illustrated in
Fig. 7f when clamping pressure is applied. As
illustrated in Fig. 7g, the stress distribution within
the dumbbell specimen under real-world conditions
is nearly identical to that observed under ideal
conditions, indicating that the gripping pressure
exerted by the clamps during the simulation has no
noticeable impact on its mechanical behavior.

The simulation results demonstrate that ideal
testing conditions generally overestimate the ten-
sile strength and uniform stress distribution, while
real-world conditions introduce variability and
localized stress concentrations that influence per-
formance. Critical stress points, as illustrated in
Fig. 7, provide valuable insights into failure mech-
anisms. The proposed specimen geometries, i.e., the
dumbbell and dog-bone, demonstrated robustness
under real-world conditions, with the dumbbell
geometry showing minimal deviation from ideal
behavior due to its uniform stress distribution,
while the dog-bone geometry experienced slightly
reduced tensile strength due to stresses localized at

the heads caused by clamping pressure, but also
improving the stent geometry behavior. These find-
ings emphasize the critical role of geometry and
gripping conditions in influencing the tensile per-
formance of specimens, highlighting the need for
careful consideration of these factors in specimen
design, material testing and simulation. Moreover,
the increase in maximum resistance for the dumb-
bell geometry indicates that the testing simulation
that is commonly used, i.e., the stent ITL geometry,
underestimates the maximum resistance of the
stent by more than 17%.

Experimental Tensile Strength Test Results

The experimental tensile strength test results of
the specimens allow comparing the actual mechan-
ical behavior of the geometries across the gripping
conditions, evaluating the variation and precision
within each condition, and examine the failure
characteristics to determine the influence of testing
conditions on material performance.

The stress-strain curves for all conditions, as
presented in Fig. 8a, provide a comparative analysis
of the mechanical responses observed under differ-
ent specimen designs and gripping systems. It is
evident that the choice of specimen geometry and
gripping method significantly impacts the mechan-
ical behavior. Notably, the stent naked TST (in red),
which involves testing the stent structure without
any additional gripping system, proves unfeasible.
In this case, the clamps of the testing machine
deform the stent during fixation, causing it to slip
once the test begins and preventing data acquisi-
tion. For the remaining configurations, while the
overall shape of the stress-strain curves is similar,
significant differences are observed in the UTS and
elongation at break, as summarized in Table V.
Dumbbell TST (in green) exhibits a UTS of approx-
imately 750 MPa and an elongation at failure of
around 15%. In contrast, the dog-bone TST (in blue)
shows maximum stress values approximately 20%
lower than those of the dumbbell TST specimens,
but with slightly higher elongation at failure. For
the stent CG TST (in red) tests, the recorded tensile
strength values are comparable to those of the dog-
bone TST for the initial part of the tensile test.
However, these specimens start to fail prematurely
at a stress of approximately 300 MPa and a
deformation of around 6%. From here, the load
reduces and the samples break with a 10% of
elongation. Beyond the point of maximum tensile
stress, the load progressively decreases due to the
sequential failure of the struts. This process culmi-
nates in complete structural failure, which is char-
acterized by an overall elongation of 10%. The
differences in the behavior of the samples highlight
the influence of the gripping system on the mechan-
ical performance of the stent-like geometry, partic-
ularly under real-world testing conditions.
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Additionally, Fig. 8b, c and d, illustrates the
variability observed among the specimens tested
under each of the analyzed conditions. Notably, all
specimens were manufactured in the same batch,
ensuring consistent manufacturing conditions and
density as previously mentioned. This variability,
along with the analysis of measurement precision
and homogeneity, allows for the assessment of the
reliability of the results as a function of the number
of specimens tested. Such an evaluation is critical

for determining the consistency and reproducibility
of the tensile strength data for each configuration.

Figure 8b shows that the stent CG TST tests
exhibit high variability among samples, with sig-
nificantly differing values of maximum tensile
strength and elongation at failure recorded for the
same specimen design and gripping system. This
variability is primarily attributed to issues such as
specimen slippage or the shearing effect caused by
the combined interaction of the clamp grip and the

Fig. 8. (a) Representative stress-strain curves for each of the tested conditions, (b) stress–strain curves of the specimens tested for the stent CG
TST condition, (c) stress–strain curves of the specimens tested for the dog-bone TST condition, and (d) stress–strain strength curves of the
specimens tested for the dumbbell TST condition (Color figure online).

Table V. Ultimate tensile strength and elongation at break recorded for each of the conditions tested

UTS (MPa) Elongation at break (%)

Stent naked TST – –
Stent CG TST 430 ± 105 10.4 ± 1.7
Dog-bone TST 658 ± 19 15.4 ± 1.2
Dumbbell TST 749 ± 12 14.4 ± 0.5
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guidewire on the stent struts of each specific
sample. As a result, the measurements are not
reliable, necessitating a sufficiently large sample
size to ensure statistical validity of the results while
always underestimating the resistance of the stents.
In contrast, the dog-bone TST and dumbbell TST
specimens exhibit significantly more consistency
with very low variability, as illustrated in Fig. 8c
and d. Both designs demonstrate high precision in
the recorded values of UTS and elongation at failure
being the dumbbell design slightly more consistent
than the dog-bone one.

A particularly noteworthy phenomenon observed
in all cases is the manner in which specimen failure
occurs. Unlike traditionally bulk specimens, stent-
like structures rarely fail uniformly. Instead, failure
occurs sequentially, with individual struts in the
critical section fracturing progressively. This
sequential failure results in a characteristic step-
wise pattern in the stress-strain curve, which
continues until the complete rupture of the section
is achieved.

Another important aspect to consider is the
morphology and appearance of the specimens before
and after testing. Figure 9a illustrates the three
specimen designs used in this study as they appear
after manufacturing. Prior to testing, all specimens
were inspected to ensure the absence of defects
caused by the manufacturing process or subsequent

handling. As previously mentioned, the stent naked
TST specimens could not be tested due to deforma-
tion induced by the clamps during specimen adjust-
ment. This phenomenon is clearly illustrated in
Fig. 9b, where the flattened ends of the specimen
are visible, while the gauge length remains unaf-
fected and shows no signs of deformation. For the
stent CG TST specimens, the post-test appearance
varies significantly, mirroring the variability
observed in the recorded values previously dis-
cussed. One of the most notable aspects, as shown
in Fig. 9c, is that for the majority of tested speci-
mens, the fracture location is situated near one of
the ends, specifically in the region where the clamp
is tightened. This observation suggests that the
specimen failure is primarily due to shear stress
generated in this area, rather than the axial stress
being studied. It is important to note that, according
to standard guidelines for tensile testing, specimens
that fail in this region should be considered invalid
for the purposes of the test. Additionally, although
more difficult to identify, some specimens exhibit
drag marks in the wire-containing regions at their
ends, which are likely caused by minor slippage
during testing. Fig. 9d and e illustrate that the dog-
bone TST and dumbbell TST tested specimens
exhibit very similar morphologies. In all cases, the
specimens display significant and progressive neck-
ing from the ends toward the central region, where

Fig. 9. (a) Manufactured stent, dog-bone and dumbbell as manufactured test specimens, (b) stent naked TST tested specimen, (c) stent CG TST
tested specimens, (d) dog-bone TST tested specimens, and (e) dumbbell TST tested specimens.
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failure ultimately occurs during testing. This behav-
ior is desirable in tensile testing as it ensures that
the failure occurs within the gauge length, allowing
the measured values to be considered reliable. This
observation is further supported by the data pre-
sented in Table V, which corroborates the consis-
tency and validity of the recorded measurements.

In summary, the tensile strength tests demon-
strate that the dog-bone and dumbbell specimens
provide the most balanced mechanical performance,
combining high tensile strength and ductility. In
contrast, the stent naked TST configuration could
not be tested due to deformation caused by the
gripping system, and the stent CG TST condition
exhibited high variability in measurements, along
with low mechanical strength and elongation. Fail-
ure characteristics were strongly influenced by the
specimen morphology and the manner in which the
specimens were secured within the gripping system.
These findings indicate that the proposed specimen
designs represent a significant improvement for the
tensile testing of stent-like geometries.

DISCUSSION

The primary objective of this study was to design
and manufacture a new specimen geometry opti-
mized for testing metallic stent structures without
being damaged by the gripping clamps during
tensile strength testing. Both, the comparison of
simulation results and the experimental tests
revealed that cautions must be considered to ensure
that the mechanical properties obtained from the
tests or the simulations trustworthy represent the
mechanical properties of the same stent under
actual mechanical stress. The main problems
observed come from the difficulties in transferring
load from the testing machine, either experimental
or virtual, to the meshed structure. The new testing
sample designs take advance of AM and allow
clamping the tensile testing machine and transfer-
ring the stress to the stent struts without causing
undesired stress concentrations. However, differ-
ences between the designs suggested and between
the simulations and the experimental tests require
discussion in order to explain the accordance and
divergences between them. One key point is
whether the material properties used to feed the
simulation model effectively represent the behavior
of meshed structures.

Figure 10a illustrates the stress–strain curves for
the bulk material, the behavior model used for
FEM, and the resulting curves from each of the
simulations. Notably, the stent specimens exhibited
significantly higher breaking stress and deforma-
tion compared to both the bulk material and the
simulation model. This emphasizes the critical
importance of utilizing representative material
models and incorporating geometric effects to
achieve accurate simulations tailored to stent-speci-
fic applications.

The stress–strain curves from simulations and
laboratory tests are compared in Fig. 10b, high-
lighting similarities and differences in the mechan-
ical response. Although the stress–strain curve
exhibits a similar overall morphology, simulations
predicted almost the same UTS and elongation at
failure values compared to experimental results.
The small existing discrepancies are likely
attributable to the manufactured stent structure
because its intricate geometry and thin-walled
design exhibits localized mismatches with the
design used for the simulations. The use of clamps
directly on the stents does not provide reliable data
even if the stents are large, as sliding of the stent at
the clamps may occur (Fig. 7d) and as the nearly
invalid tensile test evidence (Fig. 8a). Also, the use
of a filler material in the stent to avoid the
flattening of the stent provides good values for low
load and elongation values during tensile tests but
fails as both approach 50 % of the maximum values.
The Stent CG LTC simulation indicate that stress
concentrates at the zones where the filler used is
placed and where the clamps are located (Fig. 7e).
These results are corroborated by the cracking of
the stents during the tensile test at these zones. As
a result of the variability of this testing method, the
experimental results evidence a 32% uncertainty in
the tensile resistance and 16 % uncertainty in the
elongation at break. However, more importantly,
even if the tests had lower dispersion, the values
would not represent the actual mechanical proper-
ties of the stents because the stress concentration
reduced the maximum tensile test by 40% and the
elongation at break by 30 % (V).

The simulations and the experimental tests have
a strong coincidence in the resistance that the
different types of new designs of testing samples
provide. On the one hand, the measured maximum
resistance of simulation and test are very similar for
each type of sample, i.e., the dog-bone results for the
simulation and the experimental tests are within
the uncertainty of the tensile tests, and the same
happens for the dumbbell ones. Also, the dog-bone
testing samples provide strength values that are 17
% lower than those of the dumbbell ones for both
types of studies (Fig. 8a and Table V) and the shape
of the curves reproduce well the results obtained by
the simulations. Also, in both types of specimens,
the cracks are located close to the center of the
samples (Fig. 9d and e), as the simulations indicate
(Fig. 7f and g). It is important to note that the dog-
bone tested samples do not show apparent stress
concentration zones, but the values obtained under-
estimate the real tensile resistance of the stents
because of the way in which load is transferred from
the grips. The results obtained demonstrate that the
best way to test or simulate a cylindrical stent is by
conservating the cylindrical symmetry in the heads
of the samples and in all the testing procedure used.
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On the other hand, the simulations predict a more
rigid behavior and a higher yield stress than the
experimental tests for most of the test specimens
studied. The discrepancies between simulated and
real-test results highlight the challenges of accu-
rately modeling stent behavior under tensile load-
ing. Addressing these limitations in future
simulations and refining testing methodologies
could improve the predictive accuracy of stent
behavior. Experimental data should also be inte-
grated to calibrate and validate simulation models,
ensuring alignment with the observed stress-strain
behavior. Despite the challenges, the newly
designed specimens proved highly effective for
tensile strength testing of metallic stents. These
designs enabled accurate characterization of the
stent mechanical performance, providing critical
data without causing structural damage during
gripping, thereby fulfilling the primary objective of
the study. Laboratory tests revealed unique
mechanical behaviors specific to stents, offering
insights that are not evident in bulk material tests
or standard simulation models. These findings
validate the practicality and utility of the new
specimen designs. By combining these advanced
simulation techniques with the optimized specimen
design, future research can achieve a more compre-
hensive understanding of stent mechanical perfor-
mance, ultimately facilitating the development of
more reliable stent structures.

CONCLUSION

This study centered on the design, simulation,
and experimental testing of novel specimen geome-
tries aimed at evaluating the tensile strength of
metallic stent structures while minimizing damage
from the gripping system. The results provide

significant insights into the mechanical behavior
of stents, their interaction with testing conditions,
and the challenges associated with accurately sim-
ulating their performance. The following key con-
clusions are drawn:

It is noteworthy that AM technology has the
potential to significantly validate the reliability of
simulations and testing procedures for meshed
structures. This is due to its capacity to fabricate
specimens with high precision, which are specifi-
cally designed to meet the requirements of experi-
mental setups.

The newly designed specimens successfully min-
imized damage caused by gripping clamps, allowing
for the accurate characterization of stent mechan-
ical properties. These designs yielded detailed
stress–strain data, demonstrating their suitability
for tensile strength testing of delicate stent
structures.

Discrepancies between simulations and labora-
tory tests were analyzed. These differences are
largely due to the reliance on bulk material prop-
erties and geometrical accuracy while manufactur-
ing in the simulations. The mechanical behavior of
stents was markedly distinct from that of bulk
material and simulated models, with stents exhibit-
ing significantly higher breaking stress and elonga-
tion. This behavior highlights the influence of their
intricate geometry which enhances fracture resis-
tance and deformation capacity. The findings rein-
force the importance of combining experimental and
simulation data to achieve a comprehensive under-
standing of stent mechanics. This integrative
approach is critical for the development of safer
and more reliable stents, optimized for their
intended applications.

Fig. 10. (a) Comparison of stress–strain curves between material, bilinear model, and the stent specimens’ simulations performed, b)
comparison of stress–strain curves between the stent specimens’ simulations and tensile strength test performed.
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In conclusion, the optimized specimen designs
represent a substantial advancement in tensile
strength testing for stents, addressing key chal-
lenges related to structural integrity during testing.
While discrepancies between simulations and
experiments persist, this work establishes a foun-
dation for future research to refine testing and
modeling methodologies, ultimately enhancing the
performance and reliability of metallic stents.
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