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Flexibility and trackability of laser cut coronary stent systems
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Coronary stents are the most important supports in present day cardiology. Flexibility and trackability are two basic features of
stents. In this paper, four different balloon-expandable coronary stent systems were investigated mechanically in order to compare their
suitability. The coronary stent systems were assessed by measurements of stent flexibility as well as by comparison of forces during
simulated stenting in a self-investigated coronary vessel model. The stents were cut by laser from a single tube of 316L stainless steel or
L-605 (CoCr) cobalt chromium alloy. The one- and four-point bending tests were carried out to evaluate the stent flexibility E·I (Nmm2),
under displacement control in crimped and expanded configurations. The flexibility of stents would be rather dependent on the design
than on raw material. In general a more flexible stent needs lower tracking force during the implantation. The L-605 raw material stents
need lower track force to pass through in the vessel model than the 316L raw material stents. The sort and long stents passed through the
curved vessel model in different ways. The long stents nestled to the vessel wall at the outer arc and bent, while the short stents did not
bend in the curve, only the delivery systems bent.
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1. Introduction

It was in 1994 that the U. S. Food and Drug Ad-
ministration (FDA) approved the balloon-expandable
coronary stent for the prevention of restenosis [1]. It
brings about many changes as the development of the
stents has paralleled the evolution of endovascular
intervention as a new speciality [2]. New desirable
features and abilities that the stents had to reach [3]
appeared year by year. The first generations of stents
were made of wire and the appearance was helical
spiral or woven wire. The second generations of stents
are produced by laser cutting from stainless steel tubes
[4]. The vast majority of stents are laser cut from
316L stainless steel. Once the tube-like mesh stent is
positioned correctly within the coronary artery, a bal-
loon catheter is used to expand the stent, which subse-
quently maintains vessel patency via its ability to

sustain stress in the radial direction. In addition to the
obvious benefits of high radial stiffness for continued
vessel patency, a high degree of longitudinal stent
flexibility is also required for easy delivery of the
stent through the vasculature to the stenotic lesion [5].

Diseases of the heart and circulatory system, often
related to atherosclerosis, are the main cause of death
and serious illness in the western world, accounting
for 50 per cent of all deaths in Hungary [6].

The percentages of deadly heart attacks have be-
come lower by using stents. The stents have the main
advantages of preventing and decreasing the injury of
heart attacks [7].

Thanks to this treatment the patients’ quality and
quantity of life have become better. The qualities of
stents are determined by the clinical results [8].

The 2002 Handbook of Coronary Stents lists 43
coronary stents or stent families [9]. Over 100 differ-
ent stent designs are currently being marketed or are

______________________________

* Corresponding author: Péter Szabadíts, Department of Materials Science and Engineering, Budapest University of Technology and
Economics, H-1111 Budapest, Goldmann tér 3., Hungary. Tel. +36 1 463 2175, e-mail: szabadits@freemail.hu

Received: March 18th, 2009
Accepted for publication: September 21st, 2009



P. SZABADÍTS et al.12

in evaluation for vascular indications [10]. Stents have
numerous abilities, some of them are listed in figure 1.

Fig. 1. Some important abilities of stents

The established European standard EN12006-3 was
completed by the new level 3 standard EN 14299:2004
which was finally published in 2004 [2], [3]. The stan-
dard is intended to describe the requirements imposed
on stents and stent systems for use in the human arterial
system which specify more precisely and cover the
number of additional parameters [11], [12].

Flexibility is generally defined as the ability of the
stent and delivery systems to have sufficient flexibil-
ity to negotiate the vascular anatomy without com-
promising the function of the implant [13].

The flexibility of stents is determined by two other
properties. The first one is that the balloon–stent sys-
tem can get through the tortuous vessel (figure 2) and
the second one is that the inflated stent can adapt to
the vessel wall.

Several methods exist for the determination of
stents flexibility but there is not any standard method
[13], [14]. The methods can be enrolled in three
groups. The first when a mechanical test is used to
measure the bending stiffness of the test object [15].
In the case of the second group, the testing system
simulates the anatomic vascular conditions [16], [17].
The third is the finite elements method (FEM) which
has been widely used for the investigation of stents
mechanics [18], [19].

Flexible stents are easily inflated and show great
adaptability to vasculature compared with a rigid
stent, but the flexible ones have smaller crush resis-
tance. On the other hand, the flexibility is the one of
the most important parameters allowing the restenosis
to be prevented. The stent collapse incidence at the
very flexible stents can achieve 5% of the implanta-
tion [5].

Fig. 2. Coronarogram with tortuous vessels

Trackability is generally defined as the ability of
the stent and delivery system to advance over the
guide-wire along the path of vessel in a simulated
anatomy. Quantitative assessment is not required by
the standard.

The profile effect and the dislodgment force are
the parts of trackability [20], [21].

2. Experimental

2.1. Coronary stents

The stents tested were examined with stereomicro-
scopes. Photographs were taken to study their geome-
try and design (figures 3–8). Table 1 lists the main
data of expanded stents, all the stents designed were
opened cell for the comparability. Figures 3–5 show
the stents in crimped state, and figures 6–8 in ex-
panded state.

Table 1. Main parameters of the stents tested

Stent Material Length Diameter
A1 L-605 13 mm 2.75 mm
A2 L-605 22 mm 2.84 mm
C 316L 23 mm 2.5 mm
D 316L 15 mm 2.78 mm

Fig. 3. A2 Biotronik Pro-Kinetik stent
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Fig. 4. C Guidant Multi-Link Pixel RX stent

Fig. 5. D Guidant Multi-Link Zeta stent

Fig. 6. A2 Biotronik Pro-Kinetic stent

Fig. 7. C Guidant Multi-Link Pixel RX stent

Fig. 8. D Guidant Multi-Link Zeta stent

2.2. Trackability

The testing of trackability according to EN
14299:2004 7.3.4.4 consist in the evolution of the
properties of the system sliding over a guide-wire in
a vessel. The measurement of the system’s trackability
was performed using an in vitro coronary vessel
model (figure 12). The bench test was performed in an
isotonic sol basin at 37±2 °C.

The model was prepared by using soft vinyl chloride
tube of 3.0-mm inner diameter [16]. A 6F (1.8 mm)
guiding catheter (Launcher, Medtronic AVE) was con-
nected to the vascular model. A 0.36 mm guide-wire
(Balance, Guidant) was inserted into the guiding
catheter and the vascular model. A stent delivery sys-
tem with a crimped stent was fixed to the ZWICK 005
equipment (figure 9). The delivery system was moved

toward the vascular model at a rate of 10 mm/s. The
position of the stent delivery system’s tip and the force
generated were recorded.

Fig. 9. ZWICK 005 testing machine

2.3. Flexibility

The measurement of flexibility was performed in
the crimped state of the stents. To measure the flexi-
bility of stents and their delivery systems, ZWICK
005 testing machine was used (figure 9). The load cell
automatically detected the force F and the bending
deflection f. One end of stent and delivery’s system was
gripped and the other end was pressed with a plate
which moved at a constant speed of 10 mm/minute
(figure 10). The fmax was 5 mm to avoid the stent dam-
age. All stents were tested three times in three differ-
ent positions. The three rotational positions were at 0°,
90° and 120° (figure 13).

The highest measured data was chosen to describe
the flexibility.

Fig. 10. Crimped stent during one-point bending test

It is very difficult to describe the stent geometry,
therefore a flexible tube whose one end is gripped and
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the other free end is loaded with the point force simu-
lates the stent [18], [19].

The flexibility E·I of the stent is determined by
equation (1) which shows the relationship between the
moment of inertia I, the Young modulus E, free
bending length L, the bending deflection f and the
point force F. It is based on the beam theory [3], [12].

f
LFIE
⋅
⋅

=⋅
3

3

    (Nmm2). (1)

The flexibility of expanded stents was tested with
two different methods. The first one was the one-point
bending test described. The four-point bending test
was applied in the second method [5].

Rods were attached to both ends of the stents prior
to bending measurements (figure 11), thereby allow-
ing the application of a constant moment to the
specimen. The outer diameters of the rods were equal
to the inner diameters of the stents. The rods were
pushed into both stent ends and the stent was crimped
and attached by a clip to the end of the rods. The at-
tachment arrested the shift of the stent and rods
Through contact with the punch on the rods, stent
bending with constant moment and without radial
deformation can be achieved. Bending stiffness of the
rods is much higher than that of the stents, thus the
deforming force only affects the stents.

Fig. 11. Schematic of the bent specimen, force
and moment distribution

The distance between the support points A and D
is L where L/3 is the length of the stent tested. The dis-
placements of the contact points of the punch B and C

are defined as h, then the rods make an angle ϕ repre-
sented by the following equation:

3/
tan

L
h

=ϕ . (2)

The constant moment M0 = F·L/3 is applied between
the points B and C.

In this case, the deflection of the stent is equal to that
of the supported beam, which makes an angle of ϕ at
both ends of the beam under constant moment. There-
fore the flexibility E·I is represented by:

f
LMIE
⋅

⋅
=⋅

8
)3/( 2

0      (Nmm2). (3)

It is difficult to measure the bending deflection f,
therefore we apply equations (2) and (3) to arrive at
the flexibility of the stent

ϕ⋅
⋅

=⋅
2

3/0 LMIE     (Nmm2). (4)

The value of hmax was 5 mm to avoid the stent
damage [20].

2.4. Trackability

System’s trackability tests were performed using
an in vitro coronary vessel model (figure 12) with the
following parameters:

AB = 20 mm, BC = 25 mm,
CD = 20 mm, DE = 55 mm,
EF = 35 mm, FG = 35 mm,
αBD = π/2, RBD = 30 mm,
αEG = π and REG = 15 mm.

Fig. 12. Testing route for the measurement of trackability force

The maximum attainable distance BG covered
165 mm. The stent delivery systems were able to pass
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over the position G. At the start position the end of the
guiding catheter and the tip of the delivery system
were at the point B. Each stent and delivery systems
were measured three times.

3. Results

3.1. Flexibility

Figure 13 shows the force measured versus de-
flection for three different rotational positions of
gripped stent.

0,00

0,04

0,08

0,12

0,16

0,0 1,0 2,0 3,0 4,0 5,0
Deflection (mm)

Fo
rc

e 
(N

)

0
90
120

Fig. 13. The force versus deflection for three different
rotational positions at 0°, 90° and 120°

According to the European standard EN14299:2004,
the flexibility of crimped stents on the bending force
of the delivery system was measured in a one-point de-
livery test presented graphically in figure 14. The length
of stent and the deflection determined the angle α , and
the force necessary to this deflection was detected.
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Fig. 14. Deflection–force curves in the determination of stent
bending stiffness with one-point bending test

Figure 15 shows E⋅I calculated using equation (1)
versus displacement in one-point bending test. The

curves focus a discrete value, i.e. the flexibility of
stent and delivery systems.
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Fig. 15. The calculated E·I versus displacement
in one-point bending test on crimped stents

The one-point bending test examines a measurable
flexibility at the expanded stents as well. The bending
force curves represent the deflection versus force in
one-point bending test (figure 16).
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Fig. 16. Deflection–force curves in the determination of stent
bending stiffness with one-point bending test

Figure 17 shows E·I calculated using equation (1)
versus displacement in one-point bending test.
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Fig. 17. E·I versus displacement in one-point bending test
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In the case of bending moment, the curves repre-
senting the deflection versus force are shown in figure
18. The rises of curves are different in one- and four-
point bending tests.

The curves focus a discrete value, i.e. the flexibil-
ity of stent.
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Fig. 18. Deflection–force curves in the determination
of stent bending stiffness with four-point bending test

Figure 19 shows E·I calculated using equation (4)
versus displacement in four-point bending test. The
curves focus a discrete value, i.e. the flexibility of
stent.
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Fig. 19. E·I versus displacement in four-point bending test

The results of the two tests do not have the same
numerical value, but the methods applied are effective
for comparative examination of stents.

Table 2. Calculated E·I of the stents examined

Flexibility E·I (N·mm2)
Stent

Crimped One-point Four-point
A1 8.12 0.96 2.66
A2 17.95 7.51 17.09
C 27.57 7.14 31.69
D 12.26 4.18 11.51

After the flexibility tests all stents were examined
with stereomicroscopes and camera. In case of injuries

or damage, the photographs are also taken, but in our
examinations they did not occur.

Table 2 lists the calculated E·I of the stents in fig-
ures 15, 17, 19.

3.2. Trackability

All the stent and delivery systems examined passed
the vessel model without damage and reproducible
results in the force measurements were achieved. The
force–distance curves based on the trackability tests
are shown in figures 20 and 21.
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Fig. 20. The trackability forces of A1 and A2 stent systems
in the vessel model
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Fig. 21. The trackability forces of C and D stent systems
in the vessel model

The short and long stents passed through the
curved vessel model in different ways. The long stents
nestled to the vessel wall at the outer arc and bent,
while the short stents did not bend in the curve, only
the delivery system bent.

After the trackability tests all stents were exam-
ined with stereomicroscopes and camera. Photographs
were taken also if there were injuries or damage but
there were not any.



Flexibility and trackability of laser cut coronary stent systems 17

4. Discussion

One of the most important features of stents is
their flexibility. According to the European standard
EN14299:2004, the flexibility has to be measured in
crimped stent.

The rotational direction theoretically influences
the measured bending stiffness of the stent [23], no
effect of the rotational direction has been found when
using the one-point bending test (figure 13). The
stents used in the present study have different links in
the circumferential direction, which may make the
inhomogeneity of mechanical properties in the cir-
cumferential direction negligible, subsequently pre-
venting the effect of the rotational direction on the
measured bending stiffness.

The present study used one and four-point bending
tests to investigate the stent flexibility. The four-point
test apparatus produced uniform moment without
radial deformation. The use of a stent in the treatment
of vascular occlusion requires that the stent possesses
specific mechanical properties.

The flexibility depends on numerous features, e.g.
the type of raw material or the size of the stent. The
main effect of the stent design is to drive a stent flexi-
ble or rigid. Figures 17 and 19 show that the stents
made of two different raw materials have the same
flexibility and some stents made of the same raw ma-
terial have different flexibility [21].

The length of the stent influences its flexibility.
Figure 14 shows the bending stiffness in the case of
A1 and A2 stents. The conclusion is that the flexibility
of a longer one is not sufficient [24].

In the present study, two different measurements
were used to define numerically the stent flexibility.
The flexibility could be described by E·I according to
equations (1) and (3). The calculated E·I in the func-
tion of the displacement is charted in figures 15, 17,
19 and the data focus on the a value which describes
the flexibility. These values are suitable for the com-
parison of the stent flexibility. The lower numerical
result means higher flexibility. The one-point and the
four-point bending tests did not give the same numeri-
cal values. The difference arises from the two meth-
ods applied. The four-point bending test allowed an
uniform bending moment to the specimen while in the
one-point bending test, the maximum moment acts on
the fixed end, and the apparent bending stiffness is
higher when the rigid cell region is placed at the fixed
end.

All the stents and delivery systems under exami-
nation passed the vessel model without any damage

and reproducible results in the force measurements
were achieved. The short and long stents passed
through the curved vessel model in different ways.
The long stents nestled to the vessel wall at the outer
arc and bent, while the short stents did not bend in the
curve, only the delivery system bent. In this case, it
was not the flexibility of short stents and delivery
systems, but the rigidity of a short stent and the flexi-
bility of its delivery system because only the delivery
system was bent. The stents made of L-605 raw ma-
terial need a lower tracking force to pass through
the vessel model (figure 20) compared to those made
of the 316L raw material (figure 21). Gathering the
trackability parameters it can be stated that low
tracking forces are necessary to reach the lesion to be
treated. Some stents need on average 6 N force to be
pushed through the EG curve. It is important for two
reasons. The first one is that this force is close to an
average dislodgement force [25] and other feature of
stents. The second one is that a high force could cause
mechanical injuries to the vessel wall and thromoem-
bolism.
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