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It is a well-known fact that the mechanical properties of
coronary stents are deﬁned mainly by two components, the
constituting material and the design pattern of the stent itself.
The latter especially has attracted the interest of entrepreneurs
and scientists alike with a plethora of patents being issued for
numerous stent designs. Despite this widespread interest, the
suitability of said designs are seldom studied. Accordingly, in
this work we have investigated the properties of stent designs
based on the hexagonal honeycomb geometry. Stent patterns

based upon re-entrant, non re-entrant, and hybrid honeycomb
geometries were studied with respect to their behaviour at
extremely high strains using Finite Element Analysis. The data
collected indicates that although the non re-entrant and hybrid
geometries may be more suited to stent designs than the reentrant geometry in terms of tolerance to high strains, none of
these systems convey all the ideal properties desired in a stent,
even if the former two have the potential of exhibiting some of
them.
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1 Introduction Stents are tubular expanding honeycomb-like structures that are used to provide support or act as
a scaffold in narrow conduits to keep them open and prevent
stenosis (abnormal narrowing of a blood vessel or any other
tubular organ). They play a very important role in the ﬁght
against ischaemic heart disease, which is the most common
cause of heart attacks and is a primary cause of mortality and
morbidity among adults worldwide [1]. However, their use is
not limited solely to opening up clogged arteries, with stents
also being deployed in the oesophageal canal as well as other
vessels [2, 3].
Given their widespread use and effectiveness, it is of
little surprise that they have generated a great deal of
interest in the scientiﬁc community. The mechanical
behaviour of stents, which has a large bearing on their
clinical performance, is deﬁned mainly by two components; the constituting material and the design pattern/
geometry of the stent itself [4–6]. Accordingly, this has led
to a continuous quest to create the ideal stent with optimal
mechanical performance, as evidenced by the numerous
patents issued for various stent designs. This pursuit
has been complicated by the fact that an ideal stent must
adhere to several criteria, which unless met can result in

difﬁculties such as clot formation, migration, and
collapse [7–9]. Such criteria include, amongst others, a
high degree of expandability, minimal foreshortening and
dogboning as well as conformability under high strain
conditions [4, 10]. Also, despite the widespread interest,
the suitability of the majority of patented designs remain
untested and unexplored with relatively few geometries
being the subject of publications regarding their efﬁcacy
as stent designs [11].
In view of this, in this work we have investigated
the properties of stent designs based on the hexagonal
honeycomb geometry, i.e. the re-entrant, non re-entrant and
hybrid honeycomb geometries. These geometries have been
thoroughly studied with respect to their mechanical properties due to their high-strength-to-weight ratio which has led
to widespread use of these structures in the aerospace
industry [12–15]. The re-entrant and hybrid geometries are of
particular interest in this study since these structures exhibit a
negative (auxetic) [16–20] and a zero Poisson’s ratio [21, 22]
respectively. This is extremely advantageous since these
structures do not contract laterally on application of a uniaxial
tensile strain. Thus stents created from these geometries are
not expected to suffer from foreshortening.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Methods Stent patterns based on these geometries
were studied with respect to their mechanical behaviour at
extremely high strain conditions using Finite Element
Analysis. Initially, these structures were modelled as 2D
systems using periodic boundary conditions. Besides cutting
on the computational costs, this approach of modelling the
3D stents as their 2D counterparts also has the additional
beneﬁt that any stresses which may be induced by changes in
the initial curvature of 3D cells are eliminated. In this way,
any stresses in the structure can be attributed to the
geometry/deformation mechanism alone. Of course, this
approach could not take the place of simulations of the
actual 3D stents, as it overlooks some effects that cannot
be captured by such 2D structures. Nonetheless, these
simulations on 2D structures provide invaluable information
on the extent of foreshortening which is related to the
Poisson’s ratio of the honeycombs as well as on the ability
to extend by amounts typically required by stents during
inﬂation.
Those 2D geometries which were found to perform well,
were also used to simulate corresponding 3D stents, in order
to study other properties such as retention of shape and
dogboning, which are not evident in 2D structures. The 3D
stents were subjected to pressure in order to simulate the
blowing-up of the stent (i.e. the moment when the stent
is inserted and inﬂated within the blood vessel), and to
bending forces to assess their ability to adopt to tortuous
conformations as are typical in vessels found in the body.
In particular, simulations were carried out using the ﬁnite
element modelling software ANSYS, on a number of non reentrant, re-entrant and hybrid honeycombs. The geometry of
the basic unit cell and the parameters required to describe
the honeycombs are illustrated in Fig. 1a. The geometrical
parameters were varied as follows:
(i) h 2 {1,2}, l 2 {h, 2h, 4h, 8h},
(ii) l 2 {1,2}, l 2 {l, 2l, 4l, 8l};
in both cases, u 2 {20, 40, 60, 80} and t ¼ 0.1.
Here, it should be noted that in the case of the re-entrant
honeycombs not all of these combinations are possible, due
to the geometric restriction that overlap of the inclined ribs
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Figure 1 (a) The unit cell and parameters describing a typical
(i) non re-entrant, (ii) re-entrant and (iii) hybrid honeycomb and
(b) the honeycomb illustrated in (a) as built within the ANSYS
environment with rounded corners.

with the ones above or below it is not allowed as discussed in
more detail [13–15].
Moreover, in order to minimize internal stresses within
the systems, sharp junctions within the geometry were
rounded as shown in Fig. 1b.
All systems were modelled as planar 1  1 cell
honeycomb. The resulting structures were meshed using
the 2D plane stress element PLANE183, a higher order 2D 6noded element with 2 degrees of freedom at each node and
quadratic displacement behaviour. Here, it is important to
note that the choice of the element size plays a determining
role in providing a faithful representation of real systems
whilst keeping the computational costs to a reasonable
level [23]. Following convergence tests for the von
Mises stresses and Poisson’s ratios using different mesh
sizes of t, t/2, t/3, t/4 and t/5 in the case of the non re-entrant
and re-entrant honeycombs at different strain levels, the
results of which are illustrated in Fig. 2, a mesh with an

Figure 2 Plots of (a) von Mises stress and (b) Poisson’s ratios in the XY-plane obtained for various percentage strains from a non re-entrant
honeycomb with the following parameters; h ¼ 1, l ¼ 8, u ¼ 808 and t ¼ 0.1, using mesh sizes of t, t/2, t/3, t/4 and t/5.
www.pss-b.com
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Figure 3 The boundary conditions used to simulate the honeycombs. The bottom nodes were ﬁxed in the y-direction while the
nodes on the left were ﬁxed in the x-direction. The dots at
the topmost part of the honeycomb unit cell indicate that the
corresponding nodes are coupled to move together in the vertical
direction and the arrows on the right hand side indicate the direction
of loading.

element size of t/4 was used. After similar convergence tests
for the hybrid geometry, a mesh of t/12 was used.
Here, it is important to note that the boundary conditions
applied to the unit cell must be such that they are
representative of a typical unit within a 3D stent. Taking
advantage of the fact that stents made from such geometries
are axially symmetrical, it would be enough to model only
one cell. Thus applying periodic boundary conditions to the
vertical edges, to constrain both edges to behave in an
identical manner is effectively equivalent to modelling a
cylinder, which can be considered as a rolled up planar sheet
of honeycomb in which the vertical edges meet together,
merging into the same line along the axial direction.
Similarly, neglecting any edge effects, periodic boundary

conditions were also applied to the upper and bottom edge of
the unit cell. These boundary conditions are pictorially
illustrated in Fig. 3, using a re-entrant honeycomb as an
example. Here, it should be emphasised that besides cutting
on the computational costs, this approach of modelling the
3D stents as their 2D counterpart also has the additional
beneﬁt that any stresses that may be induced, due to the fact
that the initial curvature of the cells in the 3D stents has to
inevitably change due to changes in the radial dimension, are
eliminated in planar structures. In this way, any stresses in
the structure can be attributed to the geometry/deformation
mechanism alone. Of course, this approach should not
take the place of simulations of the actual 3D stents, as it
overlooks some effects which cannot be captured by such 2D
structures. Nonetheless, these simulations on 2D structures
provide invaluable information on the extent of foreshortening which is related to the Poisson’s ratio of the honeycombs
as well as on the ability to extend by amounts typically
experienced by stents during inﬂation.
Once the boundary conditions were applied, non-linear
material properties were deﬁned. 316LVM steel [24], a type
of steel which is commonly used in a number of medical
applications, and tolerates high compliance, was used in this
study.
The structures were then subjected to a horizontal strain
of 200% so as to simulate a scenario where the stent extends
up by three times in its radial direction when inﬂated. The
system was solved non-linearly using large static displacements, noting the maximum strain at which the system fails.
Here, it should be highlighted that this point does not
necessarily correspond to dismembering of the stent but
rather when the material of the stent starts to crack. The
Poisson’s ratio in the XY-plane and the Young’s Modulus in
the X-direction were also measured.
The most promising geometries were then constructed as
3D stents using the CAD software Autodesk Inventor

Figure 4 Schematic illustration showing the process of reconstructing the stents studied here.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.pss-b.com

Original
Paper
Phys. Status Solidi B 251, No. 2 (2014)

331

Figure 5 The boundary conditions used to simulate (a) inﬂation and (b) bending of a 3D stent. In (a) the nodes on the left (in the XZ-plane)
were ﬁxed in the x-direction. In the YZ-plane, those nodes lying on the vertical line of symmetry of the stent were ﬁxed in the y-direction
while those lying on the horizontal line of symmetry were ﬁxed in the z-direction. In (b) the left nodes in the xz-plane were ﬁxed in the
x-direction. Of these nodes, the ones lying in the bottom most part of the stent were also ﬁxed in the y- and z-directions. The arrow indicates
the direction of the moment applied to the stent.

Professional1. The stents were then constructed using
Autodesk Inventor Professional as follows. A cylinder
having the same length and circumference as the stent was
constructed. Here, it should be noted that the usual
convention of deﬁning the parameters was used, i.e. all
the measurements were taken to correspond to those halfway
along the radial thickness of the stent. This was done by
sketching two concentric circles (shown in Fig. 4a),
separated by a distance equivalent to half the radial thickness
of the stent. Following this, the space between these two
circles was then extruded by a length slightly larger than that
of the unit cell. This resulted in a solid tube, illustrated in
Fig. 4b. A work plane was then deﬁned on top of the curved
surface of the cylinder, on which a sketch of the basic unit
cell was drawn using the various constraints and functions
available in the software (Fig. 4c and d). The resulting sketch
was used as a pattern to produce the curved unit cell, by
wrapping the sketch around the surface of the cylinder and
embossing the ‘negative’ of the stent design (i.e. the
unwanted material) in the radial direction of the cylinder by a
depth which was large enough to penetrate through the
whole thickness of the cylinder (see Fig. 4e). The extra
material was then removed and a surface offset of halfthickness was then applied to the outer surface (Fig. 4f). Six
copies of the unit cell thus obtained were generated along the
length of the stent (Fig. 4g) followed by six copies about the
longitudinal axis of the stent. This resulted in a stent with
struts having a rectangular cross-section, a shape which is
characteristic of stents produced through laser cutting. The
www.pss-b.com

resulting stent was then exported in  .igs format, imported
into ANSYS Workbench and subjected to pressure and
bending forces using either of two sets of boundary
conditions corresponding to:
a. a surface pressure on the inside surface of the stent in
order to simulate how these stents behave when
inﬂated, shown in Fig. 5a.
b. a moment, to assess their ability to conform to tortuous
vessels, shown in Fig. 5b.
3 Results and discussion
3.1 2D Stents Results showing the strain magnitude
for the various geometries considered before failing are
illustrated in Fig. 6. Furthermore, plots showing the
Poisson’s ratios of a representative sample of the systems
considered here are shown in Fig. 7.
From Fig. 6, it is evident that systems having a ratio of
h/l > 0.25 in the cases of the non re-entrant honeycombs and
the hybrid honeycombs were able to sustain the 200%
elongation. Having said this, however, the internal stresses
experienced by the material are very near the breaking
stress (as indicated in Fig. 6 for the hybrid honeycombs).
This means that although the stents should in theory sustain
the applied pressure, they are unlikely to translate into an
efﬁcient stent design with such borderline tolerance to high
strains in ideal conditions. Further to this, it is important to
note that in order for the stent geometry not to recoil, the
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Plots of breaking strain versus h/l ratios for various u values for the (a) non re-entrant honeycomb, (b) re-entrant and (c) hybrid
analysed using 316LVM as material.

internal stresses must be larger than the yield strength of the
material to take the stent past its linearly elastic region into
the plastic deformation region so that upon inﬂation the stent
does not go back to its closed conformation. It is important to
note that the re-entrant structure suffers from geometric
constraints which are not present for the other honeycombs
examined in this study, and thus the h/l ratios which yielded
successful results in the case of the non re-entrant and the
hybrid geometries could not be reproduced for the re-entrant
geometry.

From the plots of the Poisson’s ratio against strain
(Fig. 7), it is immediately evident that, in the case of re-entrant
honeycombs having u values of 208, 408 and 608, the
Poisson’s ratio is negative up to the point of failure as
expected. In the case of re-entrant honeycomb where
u ¼ 808, negative Poisson’s ratios do not occur due to the
fact that there is a high degree of overlap between the inclined
and vertical ribs, so that the effective length over which the
deformations occur becomes almost non-existent resulting
in behaviour similar to that of a square honeycomb, with a

Figure 7 Plots of Poisson’s ratio versus strain of various honeycombs with different magnitudes of u and h/l values. It should be noted that
in the case of non re-entrant and hybrid honeycomb systems, the u-value is positive, while that for re-entrant honeycombs is negative. Also
in the cases of structures with an h/l ratio of 0.125 and a u-value of 808, results upto 100% strain are plotted despite these structures’ ability
to tolerate strains of 200%. This was done in order to allow for a clear comparison with structures with other u values and due to the fact
that no drastic changes in the trend were observed beyond this point.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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positive yet extremely small Poisson’s ratio. This behaviour
has been studied in more detail by Cauchi et al. [25].
In the case of the non re-entrant honeycombs, all the
systems once again deformed mainly through ﬂexure and
exhibited a positive Poisson’s ratio as expected. Interestingly, the results suggest that in cases where l ¼ 1, honeycombs
with small or large u values fail at low strains. Honeycombs
with angles of intermediate values permit larger strains.
However, they are still not sufﬁciently large to be used in
stents. This is expected due to the relatively short length of
l when compared to its thickness t, leading to a considerable
degree of overlap with the vertical rib, causing the joints to
behave as rigid entities, thereby decreasing the possible
extent of deformation before failing. On increasing the
l-value, the strains at which the structures fail become larger.
Also interesting is the fact that in such cases, honeycombs
with large u values are the ones which are less likely to fail at
the higher strains. The magnitude of h does not affect the
magnitude of strain at which the honeycomb fails due to th
fact that it does not take part in the deformation of the
honeycomb, since the system is symmetric and free of any
imperfections.
The graphs also suggest that the Poisson’s ratio of the
non re-entrant honeycombs increases with increasing strain,
possibly due to the fact that on deformation, the u values
become smaller, something which may be expected when
considering the fact that a number of analytical models
describing the mechanical properties of similar honeycombs
predict that the larger the magnitudes of u, the lower the
Poisson’s ratio [13–15].
The hybrid honeycombs also share the same trends as the
non re-entrant and re-entrant counterparts, where an increase
in the l/t ratio leads to an increase in the strain magnitudes
that the structure can withstand. This is once again due to
the increased ﬂexibility of the struts, making them more
amenable to the required deformation. Very interesting
in these honeycombs is the fact that at very small strains,
their Poisson’s ratio is zero and as the strain increases, it
becomes negative. This is because of the different types of
connections (Y-shaped and arrow shaped junctions) in such
systems (illustrated in Fig. 8), which have different amounts
of material and hence different rigidity, something which
results in different extents of deformation in the inclined
ribs leading to deviations from the ideal zero Poisson’s ratio
values.
Considering all of the above, the systems which one
would expect to withstand the deformation when used in
stents are:
(i) The non re-entrant honeycomb with an h/l ratio of 0.125
and 0.25.
(ii) The hybrid honeycomb with an h/l ratio of 0.125 and
0.25.
In view of this, the non re-entrant and hybrid honeycombs with h/l ratios of 0.125, which yielded the best results
from each category, were modelled as 3D stents.
www.pss-b.com
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Figure 8 Deformation of a hybrid honeycomb at different strains
showing the unsymmetric deformation of the ribs. It is evident that
at the larger strain the deformed structure (black) exhibits auxetic
behaviour.

3.2 3D Stents Deformation upon inﬂation and bending of the 3D stents considered are illustrated in Figs. 9–12.
Referring to these ﬁgures, it is clearly evident that, when
inﬂated (Figs. 9 and 11), these stents can in fact expand
up to 300% of their original size as well as bend without
developing internal stresses which would in practice result in
mechanical failure (breaking) of the stent. As expected the
non re-entrant stent shows a high degree of foreshortening as
opposed to the hybrid stent for which foreshortening effects
are negligible. However, compared to the non re-entrant
stent, the hybrid stent has an extremely high contact area to
length ratio, which is generally considered as a signiﬁcant
disadvantage since it is only able to provide support for
relatively short lengths when compared to the other stent
designs, meaning that to support a given length, a larger
quantity of foreign material need to be introduced into the
body, posing a higher risk of inﬂammation. Obviously,
such problem could be in part rectiﬁed by using designs
with larger pores, which designs would unfortunately be
mechanically weaker and thus possibly pose additional
problems, as discussed elsewhere [23].
When considering their shape retention, one may also
note that both stents suffer from varying degrees of distortion
to their cylindrical shape upon inﬂation. In particular, the
stent based on the hybrid honeycomb geometry deforms in a
particularly unsavoury manner with the ‘free’ edges of each
honeycomb ﬂexing outwards. This deformation is far from
ideal in stent geometry since these junctures could lacerate
the vessel walls. On the other hand, the non re-entrant
honeycomb stent showed a signiﬁcantly better degree of
shape retention. However, the ribs still ﬂexed slightly
outward upon inﬂation and this could cause difﬁculties in
its adherence to the vessel wall, and may possibly lead to
migration of the stent which is a highly undesirable effect.
Similarly both stents also exhibited varying degrees of
dogboning with the effect being slightly more pronounced in
the hybrid geometry.
In terms of bending, as illustrated in Figs. 10 and 12, the
hybrid honeycomb stent performed the most poorly, with
signiﬁcant kinking, preventing the stent from bending in
the desired manner. The non re-entrant honeycomb stent,
however is much better suited to adapt to curvatures.
Nonetheless, it is still not ideal. The ribs in the non re-entrant
honeycomb stents experience some bending in the radial
direction, which would ultimately lead to a higher loss of
shape.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9 Deformation occurring in the non re-entrant stent upon subjecting it to a pressure on the inside surface to simulate its inﬂation,
illustrating the different degrees of displacement at each point of the stent. It is evident that upon inﬂation, the circumferential surface loses
shape. Moreover, there is also a high degree of non-uniformity along the stent indicating dogboning effects, which are clearly evident at the
edge of the stent (left hand side). It should also be noted that inﬂation is also accompanied by a foreshortening effect.

Figure 10 Deformation occurring in the non re-entrant stent upon subjecting it to a moment at the edges to simulate its bending,
illustrating the different degrees of stress at each point of the stent. It is evident from the deformations the stent is very conformable to
bending albeit with some loss of uniformity in its cross-section.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.pss-b.com

Original
Paper
Phys. Status Solidi B 251, No. 2 (2014)

335

Figure 11 Deformation occurring in the hybrid stent upon subjecting it to a pressure on the inside surface to simulate its inﬂation,
illustrating the different degrees of displacement at each point of the stent. It is evident that upon inﬂation, the circumferential surface loses
shape. Moreover, there is also a high degree of non-uniformity along the stent indicating dogboning effects, which are clearly evident at the
edge of the stent (right hand side). It should also be noted that there is no foreshortening.

Figure 12 Deformation occurring in the hybrid stent upon subjecting it to a moment at the edges to simulate its bending, illustrating the
different degrees of stress at each point of the stent. It is evident from the deformations the stent is does not support high degrees of bending.
www.pss-b.com
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Before concluding, it is important to note that the
simulations performed here correspond to a scenario where
the stent is being inﬂated in vacuum. In real case scenarios,
the inﬂation occurs through the pressure exerted by an
inﬂation balloon against the pressure exerted by the blood
and the vessel in which the stent is deployed. These effects
were not considered at this stage, due to the fact that the
scope of this work was to assess the potential of various
honeycomb geometries vis-à-vis foreshortening, shape
retention, stress build up and dogboning rather than studying
the stresses experienced by the walls of the vessel. However,
this is related to the deformation in the stent itself, and one
would expect that regions in which there is signiﬁcant stress
build up and/or signiﬁcant loss of shape would exert a stress
on the vessel wall. Furthermore, additional studies should
also be performed to analyse the hydrodynamics pressure
loading acting on the stent, caused by the ﬂow of blood
through the stent. It is worth mentioning that a number of
interesting studies relating to ﬂuid interaction with auxetic
structures has already been studied elsewhere [26–28], the
conclusions of which can be useful to the studies of blood
ﬂow through an artery in which a stent is deployed, and
therefore in stent design.
Furthermore, one may argue that this study is limited
as the rib-like elements in the stents are perfectly uniform
defect free construction with a rectangular cross-section,
even if this design is probably not too different from
those in real stents, given the high degree of quality
assurance and product control that one normally ﬁnd in
this industry to ensure that the ﬁnal product is as much
as possible perfect. Nevertheless, it would have been
interesting to assess how imperfections could have
affected the performance of these devices, since, one
may expect that with time, stent shape may be altered
during the stent insertion process, as in overexpansion
during bifurcation stenting or even degrade and fatigue
with time. In this respect it would also be interesting to
study the effect that ‘wells’, that are typical of drug-eluting
stents, which contain speciﬁc drugs to minimise inﬂammation and other possible side effects, would have on the
mechanical properties of such hexagonal stent designs.
Such studies may include for example, ﬁnding the optimal
placement of such wells without compromising the
integrity of the stent or perhaps improve the mechanical
performance of the stent by for example increasing the
ﬂexibility.
4 Conclusions In this study we investigated the
potential of honeycomb geometries for stent designs using
Finite Element Analysis. While the results obtained from
2D simulations indicated that certain hybrid and non reentrant geometries have the capability to tolerate strains of
upto 200% without fracturing, simulations on 3D stents
suggest that neither of these geometries is ideal for stent
design. This work serves to highlight the difﬁculties
encountered by scientists in their attempts to design an ideal
stent since, as shown in the case of the non re-entrant and
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hybrid geometries, the elimination of one disadvantage can
often lead to the augmentation of others. It also emphasises
the fact that even if at prima facie a geometry appears to
possess properties which are suited for stent design,
rigorous and thorough testing is required in order to
ascertain that other factors do not overshadow the
advantages which the design imparts, as in the case of
the hybrid geometry.
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