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RESUMEN. Un intracoronario stent es una pequeña malla metálica cilíndrica y
expandible que abre y sostiene árterias abiertas que han sido obstruidas. La
manufactura de los stents requiere el corte con láser de diseños específicos en
tubos de acero inoxidable. Para caracterizar el comportamiento mecánico de los
stents, se efectúan ensayos de tracción. Las probetas son vigas rectas cortadas
en los mismos tubos que se usan para la manufactura de los stents. Las curvas
esfuerzo-deformacíon obtenidas demuestran que el esfuezo de fluencia aumen-
ta cuando la anchura de las vigas disminuye, mientras que la deformación de
ruptura incrementa cuando la anchura aumenta. Para comprender el fénomeno,
el corte con láser es estudiado. Se utiliza el método de elemento finito para
demonstrar que las curvas esfuerzo-deformación obtenidas no están relaciona-
das con el inexactitud del corte con láser. La geometría de las vigas no explica
las curvas, entonces el comportamiento mecánico depende de las dimensiones.
Después se investiga la microstructura y la zona afectada por el calor generado
por el láser se examina. El tamaño de la zona afectada por el calor es insignifi-
cante para las probetas anchas, pero es significante para las pequeñas probetas.
Para caracterizar completamente el comportamiento mecánico se necessita un
ensayo de compresíon. Las mismas probetas son utilizadas y el ensayo elegido
es el método de los tres apoyos. Las fuerzas que se evaluan son muy pequeñas,
entonces se emplea una máquina de DMA (Dynamic Mechanical Analyzer). Se
utiliza el método del elemento finito para la identificación inversa del compor-
tamiento mecánico.

ABSTRACT. A coronary stent is a mechanical device designed to open arteries
that have been occluded. The manufacturing of stents involves the laser cutting
of specific designs in stainless steel tubes. In order to determine the mechanical
behaviour of stents, tensile tests are performed on straight beams. The tensile
test specimens are laser cut into the same tubes as used in the manufacturing
of stents. The hardening curves obtained show that the yield stress increases
when the width of the struts decreases, whereas the breaking point increases
when the width increases. In order to understand the phenomenon, the role of
laser cutting is researched. A Finite Element Analysis (F.E.A) is conducted,
showing that the hardening curves obtained are not linked to the inaccuracy of
laser cutting. The geometry of the specimen being discarded, the mechanical
behaviour of the material is therefore proved to be dependant on the dimensions.
The microstructure is then researched and the Heat Affected Zone (H.A.Z)
resulting from laser cutting is observed. The size of the H.A.Z is negligible when
considering wide struts but needs to be taken into account when dealing with
the smaller widths. In order to fully determine the mechanical behaviour of the
material bending tests are then conducted on similar struts. The test chosen is
the three point bending test. Due to the very small forces involved a DMA
(Dynamic Mechanical Analyser) is used to perform the tests. The specimen being
cut in a tube, the geometry makes it difficult to predict the behaviour. An F.E.A
model is therefore created and the mechanical behaviour identified by
comparing the experimental results and the F.E.A analysis (inverse
identification).

INTRODUCTION

Stents are round, spring like,
stainless steel mechanical devices
designed to open and support arter-
ies that have been occluded. The
manufacturing of stents involves
laser cutting of specific designs in
tubes. The small dimensions re-
quired, and the reliability necessary
when dealing with human beings,
make the study of the mechanical
behaviour of stents a priority. Recent
studies, such as Aifanti�s,1,2 Fleck�s
and Hutchinson�s,3-5 have introduced
the role of strain gradient in plastic
behaviour when dealing with very
small dimensions. Therefore, the
study of the material plastic behaviour
is of prime importance.

Firstly, tensile tests are con-
ducted on straight beams, or struts,
laser-cut into tubes used for the
manufacturing of stents. The re-
sults, presented in this work, show
dependence between the hardening
curves and the width of the struts.
The yield stress increases when the
width of the struts decreases, whereas
the breaking point increases when
the width increases.

The possible role of laser cutting,
being the only manufacturing tool
used so far, is then investigated. The
accuracy of the process is first ques-
tioned and a difference in width be-
tween the two extremities of the
strut is observed. The error increases
when the width of the beam decreases.
An F.E.A analysis of the tensile test,
taking into account the inaccuracy
measured, is then conducted and a
stress concentration at the smaller
extremity is identified. The link be-
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tween the stress concentration and
the experimental results is investi-
gated.

Pictures of the microstructure
are then observed in order to deter-
mine the role of the Heat Affected
Zone (H.A.Z).

Finally, a three-point bending
test is conducted in order to identify
the mechanical behaviour of the
material in flexure. The geometry of
the specimen makes it difficult to
identify the mechanical behaviour
using theoretical methods. F.E.A is
therefore used to determine the
properties by inverse identifica-
tion.

The aim of this work was to iden-
tify and explain the mechanical
behaviour of stents.

MATERIAL AND METHODS
Specimens

Stents are laser-cut in hollow
tubes of stainless steel 316L that
have an internal diameter of 1.37 mm
and an external diameter of 1.55 mm .
The tensile specimens (Fig. 1) are cut
into tubes used for the manufactur-
ing of stents. The width of the strut
varies from 0.05 to 1.00 mm .

Methods

Tensile test
For the tensile test, the parts of

tube, left over from each side of the
strut, are clamped and a constant
displacement is applied at one side
of the specimen. The machine used
is an INSTRON micro tensile tester
5544 (capacity 2 kN).

The strut widths tested are 0.05,
0.07, 0.10, 0.20, 0.30, 0.50, 0.80 mm .
Ten specimens of each width are
submitted to the test and an average
hardening curve is then determined
for each width.

Bending test
For the bending test, the parts of

tube, left over from each side of the
strut are removed. A three point
bending test is then conducted on
the struts using a TA instruments
DMA (Dynamic Mechanical Analyser)
2980. The strut widths tested are 0.05,
0.07, 0.10, 0.20, 0.30, 0.50, 0.80 mm .
Ten specimens of each width are
submitted to the test and an average
force versus deflection curve is then
determined for each width.

RESULTS AND DISCUSSIONS
Tensile test

Results
Figure 2 presents the hardening

curves obtained. It can be noted that
the yield stress increases when the
width decreases whereas the true

strain at breaking point decreases
when the width decreases. In order
to illustrate the results table 1 pre-
sents the approximate yield stresses
and strains at breaking point for the
different widths.

Discussion
Inaccuracy of laser-cutting
Laser cutting being the only

manufacturing path used here. Its in-
fluence on the mechanical behaviour
of the struts has to be investigated.
Laser cutting is recognized as very
accurate; however, by measuring a
succession of straight beams laser
cut in the tubes used for the manu-

facturing of stents, the authors ob-
served the following:

The dimensions obtained are dif-
ferent from the ones requested.
Table 2 shows the values measured
along the strut and as an example,
for a requested width of 0.070 0 mm,
the width obtained varies between
0.051 3 and 0.059 7 mm .
A difference in width between the
two extremities of the beam is
observed (Fig. 3 and Table 2). This
conical shape results in a stress
gradient along the beam. The
stress gradients are calculated
(Table 2).

STRUT

END TABS

Fig. 2. Hardening curves obtained by tensile testing different strut widths.

Fig. 1. Specimen design.

Table 1. Yield stress and strain at breaking point, obtained by tensile test, for
different strut widths.
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The conical shape, hence the
stress gradient, increases when
the width of the beam decreases,
(17 % increase in size between the
two extremities for the smaller
specimens according to table 2),
and is negligible for the larger
struts.
 Influence of the conical shape

on the yield stress
An F.E.A. analysis has been con-

ducted, simulating a tensile test car-
ried out on the 0.05 mm specimen
(Table 2). The stress at the larger ex-
tremity is plotted versus the global
strain. The width of the larger ex-
tremity is then increased, (increas-
ing the angle of the cone), and the
same analysis is reproduced. Figure
4 shows the different hardening
curves obtained. According to figure 4,
when the dimension of the larger
extremity increases, the yield
strength of the specimen decreases
and the strain for a given stress in-
creases.

In order to emphasise the differ-
ence between F.E.A and experimen-
tation figure 5 compares curves ob-
tained by experimentation and
curves obtained by F.E.A for 0.05 and
0.8 mm width requested. The dimen-
sions used to create the F.E.A. model
are the ones presented in table 2.
Observing figure 5, the following
points are noted:

The slightly conical shape of the
0.8 mm does not have any influ-
ence on the behaviour since the
0.8 mm F.E.A curve and the mate-
rial model curve are superim-
posed.
The experimental curves from the
0.05 mm are far from the F.E.A
results. Where the F.E.A results
predicted a decrease of the yield
stress, the experimental results

Fig. 3. Comparison between the profiles of struts of different widths obtained by laser
cutting.

Table 2. Measurement of the width along the length of struts, compared to the width requested.

Fig. 5. Comparison between tensile test and F.E.A results.

Fig. 4. F.E.A analysis of the Influence of the conical shape on the mechanical behaviour
of the struts.
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show an increase and where the
stress for a given stress was to in-
crease, the experimental results
show a decrease.
In conclusion the stress gradient

created by the inaccuracy of the la-
ser-cutting, according to the F.E.A
analysis, modifies the mechanical
behaviour of the specimens by re-
ducing their yield stress. However,
the experimentation shows the yield
stress increasing. Hence the inaccu-
racy of laser-cutting is not the rea-
son for the increase of the yield
stress when the width of the struts
decreases.

Influence of the conical shape
on the breaking point

In order to explain the breaking
point decreasing with the width, fig-
ure 6 shows strain versus time
curves at three different points
along the strut for the 0.05 mm strut
presented in table 2. It is clear, from
the curves, that when the strain
measured by the machine (or glo-
bal strain) is around 25 %, the strain
at necking is already around 40 %.
40 % is the strain at breaking point
given by the supplier, which explains
why the strut breaks at this stage.

Table 2 showed how the width
expansion along the strut, (due to
inaccuracy), becomes progressively
insignificant with the increase of the
width. When the difference between
the two extremities of the strut be-
comes progressively negligible, the
global strain draws towards the
strain at necking. This explains a
decrease in the global strain at
breaking point with the width of the
strut.

Heat-affected-zone (H.A.Z)
During laser cutting of steels a

huge amount of energy is conducted
into the workpiece and this results
in changes in the material properties
and the microstructure of the steel.
According to Sheng and Joshi,6 tests
conducted on a 304 stainless steel

show that H.A.Z can be as wide as 7
or 8 mm depending on the cutting
power and velocity.

It is important to compare the
width of the H.A.Z with the width of
the strut. If the size of the H.A.Z is
not negligible compared to the width
of the strut, the material could be
assimilated to a sandwich material
and therefore its properties would be
affected and the experimental re-
sults explained. In order to identify
the H.A.Z, struts are etched and ob-
served.

Figure 7 compares the grain
structure of two different strut
widths (0.07 and 0.1 mm). The H.A.Z
is relatively wide for the smaller
struts. The H.A.Z. being much
harder than the remainder of the
material, the yield stress of the strut
increases when the H. A. Z. becomes
relatively important. The material
being harder it is as well more frag-
ile, giving another explanation to the
decrease of the strain at breaking
point. For larger struts the H.A.Z.
becomes negligible.

Bending test

Results
Figure 8 presents the force ver-

sus deflection curves, obtained from
the three point bending test.  Using
F.E.A, a model is created, a harden-

ing curve is input in the model and
force and deflection are output. The
F.E.A output is then compared to the
experimental force versus deflection
curves. The hardening curve input
is modified until the output matches
the experimental results. Figure  9
presents different experimental and
F.E.A outputs.

Discussion
Figure 10 compares the harden-

ing curve obtained with the tensile
test and the one obtained from the
bending test. The Young Modulus
obtained from the bending test
(around 210 GPa) seems more real-
istic than the one obtained from the
tensile test (less then 100 Gpa). The
tensile test method is not accurate
enough to measure the small de-
formations necessary to identify
the elastic behaviour. Concerning
the plastic behaviour, the two
methods are accurate enough to
identify the hardening. The yield
stress is showed to be higher in flex-
ion than it is in tension.

CONCLUSION

The aim of this work was to iden-
tify and explain the mechanical
behaviour of stents. To do so tensile
tests were conducted on strut laser
cut in tubes used for the manufac-
turing of stents. The hardening

Fig. 6. F.E.A comparison between levels of strain along the strut.

Fig.7. S.E.M. pictures of two struts of different widths. Grain structure and Heat Affected Zone are revealed.
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Fig. 8. Force versus deflection curves resulting from the three point bending test.

curves obtained showed an increase
in yield stress and a decrease in
strain at breaking point when the
width of the strut decreases.

The inaccuracy of laser cutting
was first studied. By measuring a
succession of struts of different
widths, a conical shape, or increase
in width between the two extremi-
ties of the struts, was noted. The
conical shape becomes relatively
more important when the width of
struts decreases and it is negligible
for the larger struts. Following this
observation, an F.E.A analysis was
conducted and proved the inaccu-
racy not to be the reason for the in-
crease of the yield stress. However,
concerning the breaking point, a lo-
cal study of strain and stress along
the strut showed how the global
strain at breaking point is not rep-
resentative of the strain at necking.
The global strain is effectively low
but the strain at necking is not, lead-
ing to a rupture. When the conical
shape becomes insignificant com-
pared to the size of the strut, global
and local strains draw towards each
other and the influence of the inac-
curacy of laser cutting becomes
negligible. This gave a first expla-
nation to the strain at breaking
point being much lower for the
smaller struts.

The size of the Heat Affected
Zone (H.A.Z) was then studied and
was showed to become relatively sig-
nificant for the smaller struts. The
sandwich like structure of the ma-
terial explains the increase of the
yield stress and the decrease of the
strain at breaking point.

Finally, the results of a three
point bending test were presented.
An inverse identification as been
conducted using F.E.A and a hard-
ening curve obtained. Bending and
tensile results were then compared
showing that the behaviour in flex-
ion is different from the behaviour
in tension, the yield stress being
higher in flexion.

 BIBLIOGRAPHY

1. Aifantis E.C. The physics of plastic de-
formation, Int. J. Plasticity, 3, 211, 1987.

2. Aifantis E.C. Key Engineering Mate-
rials, 177-180, 805, 2000.

3. Fleck N.A., Hutchinson J.W. Adv. Appl.
Mech., 33,1997.

4. Fleck N.A., Hutchinson J.W. Journal
of the Mechanics and Physics of Sol-
ids, 49, 2245, 2001.

5. Fleck N.A., Muller G.M., Ashby M.B.,
Hutchinson J.W. Acta Metall. Mater.,
42, 475, 1994.

6. Sheng P.S., Joshi V.S. Journal of Materi-
als Processing Technology, 53, 879, 1995.

Fig. 9. Inverse identification of the mechanical behaviour by comparison of experi-
mental tests and F.E.A output.

Fig. 10. Comparison between the hardening curves obtained from the tensile and bending test.
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