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A B S T R A C T   

Trachea injury caused by tracheomalacia, stenosis or atresia can result in severe dyspnea, even asphyxia. With 
the development of trachea reconstruction technology, trachea stents have become an alternative treatment 
method. Here, we fabricated a kind of shape memory PCL/Fe3O4 composites (SMPC-PCL) by mixing different 
weight fractions of benzoyl peroxide and Fe3O4 nanoparticles. The addition of magnetic nanoparticles endowed 
SMPC-PCL with the capability of remote non-contact actuation, which exhibited unique advantages in minimally 
invasive implantation and adaptive ability. Further, based on fully observing the unique reticular structure of 
glass sponges, two types of biomimetics stents were designed and fabricated, and the mechanical properties were 
thoroughly investigated by experiments and finite element analysis. The minimally invasive implant perfor-
mance and biological characterization were carried out to evaluate its availability. The excellent mechanical 
properties, minimally invasive implant performance and biological properties suggest the application potential in 
tracheal stents.   

1. Introduction 

Trachea function is vulnerable to tumors, trauma, and congenital 
diseases, resulting in trachea stenosis or tracheomalacia [1–3]. Tracheal 
injuries, stenosis, tumors and other diseases destroy the integrity and 
patency of the airway, leading to the loss of normal respiratory function, 
and directly endangering the lives of patients. For the treatment of 
tracheal diseases, there is still no safe and reliable method clinically, and 
the study of alternative tracheal stents has become an alternative 
method. Tracheal/bronchial prostheses, also known as tracheal stents, 
are commonly used to stabilize a collapsed trachea or assist in the 
healing or reconstruction of an injured trachea [4,5]. Depending on the 
fabrication materials, the tracheal stents can be classified as silicone 
stents, expandable metal stents [6] and degradable stents. Silicone stents 
are well tolerated and have sufficient stiffness to resist external 
compression. However, there is a risk of migration of silicone stents, 
which may make them more difficult to fix and require frequent 
replacement or repair [7]. Metal stents can be divided into 
self-expanding metal stents and fixed diameter stents. According to its 
processing technology, they are divided into covered and non-covered 
types. However, this kind of stent is unremovable and prone to 

hyperplasia, which may affect the second operation [8,9]. Biodegrad-
able tracheal stents are generally fabricated by polylactic acid, poly-
caprolactone (PCL) or their copolymers. However, these stents need to 
be implanted into the body by surgical operation, and the implantation 
process is cumbersome, which greatly limits their applications. 

For tracheal stents, the ideal design should have stable mechanical 
properties, equipping them with both strength and flexibility. They can 
not only provide support for softened or damaged tracheal tissues but 
also adapt to the deformation process of the trachea caused by breathing 
and swallowing. Moreover, for children, the stent needs to have the self- 
adaptive ability to gradually adjust its state with the growth of the tra-
chea [10]. Therefore, not only the suitable materials but also the 
excellent design are the key to the trachea stents. In summary, how to 
implant these stents into the site of the lesion safely and keep them in the 
best working state for a long time is a common problem faced by trachea 
stents. Smart tracheal stents, characterized by stable mechanical prop-
erties, easy implantation, customization and adaptive ability, have 
gradually become the standard for the next generation of tracheal stents 
[4]. 

Shape memory polymer (SMP) can be designed into a desired per-
manent shape and programmed to obtain a temporary shape [11–13]. It 
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will maintain the temporary shape until the appropriate stimuli are 
applied again [14–17]. Depending on different actuation methods, SMP 
can be divided into thermally actuated SMP [18], light actuated SMP 
[19,20], magnetically actuated SMP [21,22], electrically actuated SMP 
[23], etc. Moreover, SMP has characteristics of easy programming, low 
density, easy processing and large deformation, which greatly enrich its 
application in the biomedical field [24–29]. As a type of SMP, shape 
memory poly (ε-caprolactone) (SMP-PCL) has been widely used in 
biomedical applications because of its excellent properties of non-toxic, 
environmentally friendly and biocompatible [30–37]. For example, 
Zhou et al. developed a kind of shape memory PCL (SMP-PCL) based 
nanofibers, which exhibited great potential for applications in tissue 
engineering as a multifunctional scaffold [38]. Furthermore, utilizing 
SMP-PCL, Zhou et al. developed a dynamically tunable, bioinspired 
micropatterned surface with a great capacity for inducing the formation 
of new blood vessels [39]. SMP-PCL based stents can be implanted into 
the body in a compact state and deployed to their initial shape under 
remote non-contact actuation, which will greatly facilitate the implan-
tation process and enable it to adjust its state at any time. 

In this work, shape memory poly (ε-caprolactone) composite (SMPC- 
PCL) was fabricated by mixing with different weight fractions of cross- 
linking agent-dibenzoyl peroxide and Fe3O4 nanoparticles. The me-
chanical properties and thermal-mechanical properties were investi-
gated by TGA, DSC, DMA, and uniaxial tensile test. Furthermore, by 
analyzing the microstructure of the porous glass sponge, we designed 
two types of stents and fabricated them by SMPC-PCL. A series of me-
chanical and biological performance tests were carried out to evaluate 
the efficacy of stents. All the tests indicated that SMPC-PCL based stents 
exhibited excellent adaptive ability and could be implanted through 
minimally invasive surgery. 

2. Materials and methods 

2.1. Materials 

The poly (ε-caprolactone) has a weight-average molecular weight of 
112,000 Da, which was provided by the Centre for Composite Materials, 
Harbin Institute of Technology. The Fe3O4 nanoparticles with a 30 nm 
average diameter were commercially available from the Chengdu 
Institute of Organic Chemistry, Chinese Academy of Sciences. Benzoyl 
peroxide (BPO) was purchased from Tianjin Guangfu Fine Chemical 
Research Institute. 

2.2. Thermal mechanical properties and mechanical properties of 
materials 

SMPC-PCL were prepared by mixing with SMP-PCL, 10 wt% BPO and 
10 wt%, 15 wt% and 20 wt% Fe3O4 nanoparticles, respectively. Subse-
quently, thermal gravimetric analysis (TGA), dynamic mechanical 
analysis (DMA), differential scanning calorimetry (DSC), thermal- 
mechanical cycle and durability tests were carried out to investigate 
the properties of SMPC-PCL. Finally, SMPC-PCL with 15 wt% Fe3O4 
nanoparticles exhibited excellent properties and was used for the 
fabrication of the stents. (Detailed comparison of material properties can 
be found in Supporting Information, S1). Furthermore, uniaxial tensile 
experiments ans relaxation test were conducted to obtain the necessary 
parameters of the material for finite element simulation. 

2.3. Design and fabrication of the stents 

By imitating the structure of the siliceous venus flower basket, two 
series of tracheal stents were designed using the software of Solidworks 
2018. The stents were fabricated by SMPC-PCL with 15 wt% Fe3O4 
nanoparticles. Utilizing the laser cutter, the porous pattern was carved 
on a flat plate. Subsequently, the stents were obtained by crimping the 
structure and welding the two ends together. 

2.4. Mechanical properties of the stent 

The two types of stents were designed with an outer diameter of 18 
mm, an inner diameter of 16 mm, and a length of 45 mm. By 
compression and three-point bending test, we investigated the radial 
compressive strength and flexural resistance of the stents. The tests were 
conducted at 37 ◦C, and the loading rates were 2 mm/min with a span 
length of 35 mm. Moreover, utilizing finite element software ABAQUS, 
we analyzed the change of the Poisson’s ratio by uniaxial tensile simu-
lation. Finally, the implantation and the deployment process of the 
stents were investigated by experiments and simulations. The deploy-
ment experiments of the stents were finished stimulated by the magnetic 
field with a frequency of 27.5 kHz and field strength of 4 kA m− 1. 

3. Results 

3.1. Thermal mechanical properties of SMPC-PCL with 15 wt% Fe3O4 
nanoparticles 

TGA curves of SMPC-PCL with 15 wt% Fe3O4 nanoparticle and 10 wt 
% BPO was shown in Fig. 1(a). The results showed that SMPC-PCL had 
good temperature resistance and no residue after decomposition. DMA 
results of SMPC-PCL were illustrated in Fig. 1(b). The x-coordinate value 
corresponding to the peak value of the loss angle was defined as the glass 
transition temperature (Tg). The glass transition process occurred in a 
range of temperatures, not limited to Tg. The Tg for SMPC-PCL was 
54.64 ◦C, and the glass transition process started at 30 ◦C. Therefore, the 
tracheal stent prepared by SMPC-PCL can complete its minimally inva-
sive implantation process and expand to its working state at a temper-
ature close to the human body. The DSC results of SMPC-PCL was shown 
in Fig. 1(c), and the endothermic peak appeared at 52.28 ◦C. 

3.2. Mechanical properties of SMPC-PCL with 15 wt% Fe3O4 
nanoparticles 

The thermal-mechanical cycle test curves of SMPC-PCL with 15 wt% 
Fe3O4 nanoparticles were illustrated in Fig. 2(a). 50% elongation was 
applied to the sample, and when the temperature was heated to 44 ◦C, 
the strain started to recover. The maximum load was 34.57 N when the 
temperature was cooled to − 10 ◦C. SMPC-PCL exhibited excellent shape 
memory and shape recovery properties, which was the key to successful 
minimally invasive surgery. 

The uniaxial tensile tests were conducted at temperatures of 20 ◦C, 
30 ◦C, 40 ◦C and 50 ◦C by applying a strain of 0.016. Fig. 2(b) illustrated 
the elastic moduli of SMPC-PCL at different temperatures, which 
increased with the addition of Fe3O4 nanoparticles. The elastic moduli at 
40 ◦C were 66 MPa, 77 MPa and 87 MPa of SMPC-PCL with 10 wt% 
Fe3O4, 15 wt% Fe3O4 and 20 wt% Fe3O4. SMPC-PCL had a higher elastic 
modulus at body temperature, while had a lower elastic modulus at 
50 ◦C. 

The durability tests of SMPC-PCL with 15 wt% Fe3O4 nanoparticles 
were shown in Fig. 2(c). By applying 5 mm deformation on the spec-
imen, the maximum load was 45.6 N at temperatures of 40 ◦C and kept a 
constant. Due to the viscoelastic effect, the load-deformation curves 
were relatively discrete in the initial cycles. With the increase in cycle 
times, the dispersion phenomenon weakened gradually, and the load 
gradually tended to be stable. The residual deformation increased 
gradually with the increase of cyclic times, but it recovered to the initial 
shape by placing the sample in a high-temperature environment. After 
multiple loading-unloading cycles, the material had no damage and 
showed excellent fatigue resistance properties. 

3.3. Bionics design and fabrication of the biomimetic stents 

It should perfectly match the shape of the narrowed trachea and 
provide adequate support to keep the airway open after the stent is 
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implanted into the lesion site. Moreover, the stents should be flexible 
enough to accommodate the complex deformation of the trachea caused 
by movements such as swallowing and breathing. Consequently, the 
structural design of the stent is also important for the function of the 
stent. Siliceous venus flower basket, also known as euplectella asper-
gillium, is an ancient creature that lives on the bottom of the sea. The 

geometric configuration of euplectella aspergillium is fairly unique, 
which is like a goblet or vase, and its skeleton is composed of radiating 
bone needles. The bone needles are crystal clear and interlaced, which 
are regularly arranged along the longitudinal, radial and spiral fibers. 
This porous structure, with its high toughness, strength and stability, can 
be firmly attached to the bottom of the ocean from being washed away 

Fig. 1. Thermal mechanical properties of SMPC-PCL with 15 wt% Fe3O4 nanoparticles and 10% BPO (a) Thermal gravimetric analysis (b) Dynamic mechanical 
analysis (c) Differential scanning calorimetry. 

Fig. 2. Mechanical properties (a) Thermal-mechanical cycle tests of SMPC-PCL with 15 wt% Fe3O4 nanoparticles (b) Uniaxial tensile experiments (c) Durability tests 
of SMPC-PCL with 15 wt% Fe3O4 nanoparticles. 
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by ocean currents, and provide a strong barrier to protect the hidden fish 
and shrimp from being eaten. The essential features of lightweight, high 
strength and excellent flexibilities exhibited by the siliceous venus 
flower basket are exactly what stents need to have. 

Consequently, by imitating the structure of the siliceous venus flower 
basket, we designed two series of tracheal stents as shown in Fig. 3(a) 
and (b). Design type I was obtained by imitating the porous structure of 
the glass sponge, which was simplified and improved based on the 
original octagonal hole in the siliceous venus flower. As shown in Fig. 3 
(c), taking the outline of the octagonal hole as a reference, the sur-
rounding triangular hole, hexagon hole, octagonal hole and their com-
bination replaced the original octagonal hole. For stents I-1 and I-2, the 
octagonal hole was divided into five units, and the subunits of two 
adjacent units had different configurations. The two units were 
distributed alternately, and it not only ensured the strength of the stent 
but also achieved the purpose of being lightweight. Design type II was 
obtained by imitating the radiating bone needle structures and con-
structed by ligaments. The planar graph of the stents of series II was 
shown in Fig. 3(d). The four stents were constructed by different con-
figurations of ligaments as shown in Fig. 3(e) and (f). 

The fabrication process of biomedical stents was shown in Fig. 4 (a)- 
(d). Utilizing SMPC-PCL (15 wt% Fe3O4 nanoparticles) plate, the stent is 
obtained by rolling the flat plate into a tube and gluing the two ends of 
the plate together. The patterns with holes and ligaments were obtained 
by cutting an SMPC-PCL plate. Subsequently, the stents were obtained 
by crimping the structure and welding the two ends together. The 
fabricated stents are shown in Fig. 4(e). 

3.4. Mechanical properties of the bionic stents 

The uniaxial tensile properties of stents with different unit cells were 
simulated by ABAQUS. The viscoelastic module was adopted to describe 
the mechanical properties of PCL. The model parameter including Prony 
parameters and the elastic moduli was shown in Table S5, which was 
obtained by the uniaxial tensile test and relaxation test (See Supporting 
Information S1.4, Fig. S20). During the analysis process, one end of the 
stent was fixed and 50% deformation was applied to the other end. The 
transverse displacement cloud diagram of the tensile process was shown 
in Fig. 5. The change of the diameter at the middle cross-section during 
the tensile process was recorded. The longitudinal and radial strain can 

Fig. 3. Design of the bionic tracheal stents. Skeleton of the siliceous Venus flower basket, biomimetics design of (a) design type I and (b) design type II; (c) Planar 
configuration of design type I (d) Planar configuration of design type II (e) Three-dimensional configuration of the design type I (f) Three-dimensional configuration 
of the design type I. 
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be expressed as:εL = (Lfinal − Linitial)/Linitial × 100%, εr = (Dfinal −

Dinitial)/Dinitial × 100%. Further, the Poisson’s ratio can be obtained: ν =

− εr/εL. 
From Fig. 5 (a), (c) and (d), it can be seen that the Poisson’s ratio of 

stents I-1, I-2 is negative, and the diameter of the stent increases with 
tensile deformation. The Poisson’s ratio of I-3 and I-4 is positive, and 
with the increase of the deformation, the diameter decrease gradually. 
From Fig. 5(b), (e) and (f), it can be seen that Poisson’s ratio of design 
type II under small deformation is negative. The Poisson’s ratio of stents 
II-1 and II-2 is negative within 50% deformation. The Poisson’s ratio of 
stents II-3 and II-4 gradually changes from negative to positive with the 
increase of deformation. 

The compressive and three-point bending tests were conducted to 
characterize the compression resistance and flexibility of the structures. 
Firstly, we investigated the bending property of the planar configuration 
as shown in Fig. 6 (a) and (b). The results indicated that the bending 
strength of design type I was higher than design type II. The bending 
strengths of plates I-1 and I-2 were the highest, followed by I-3, I-4, II-1 
and II-3, and II-2 and II-4 were the lowest. 

The compressive properties of the stents of design type I and type II 
with a wall thickness of 1.5 mm were shown in Fig. 6(c) and (d), 
respectively. The results indicated that there was little difference in the 
radial support strength of the stents I-1, I-2 and I-4. However, due to the 
larger porosity of stent I-3, it exhibited weaker radial strength. At 20 N 
compression load, the deformations of the four stents were 2.1 mm of I- 
1, 2.2 mm of I-2, 6 mm of I-3, and 2.3 mm of I-4, respectively. For stents 
of design type II, the differentiation of radial strength is obvious. The 
radial strength of stents II-1 and II-3 was higher than stents II-2 and II-4. 
At 20 N compression load, the deformations of the four stents were 1.7 
mm of II-1, 5.6 mm of II-2, 1.6 mm of II-3, and 5.6 mm of II-4, respec-
tively. The radial support strengths of II-1 and II-3 were similar, while II- 
2 and II-4 were similar except for a slight difference at the later loading 
stage. Overall, stents II-2 and II-4 are suitable for softened trachea 
requiring low support strength, while other stents are suitable for soft-
ened trachea requiring high support strength. 

The three-point bending test results were shown in Fig. 6 (e)–(h). 
From Fig. 6(e), it can be seen that stent I-1 had the highest bending 
strength, followed by stent I-2 and stent I-4. When the deformation was 

Fig. 4. Fabrication process of biomedical stents (a) Stents of design type I (b) Stents of design type II (c) Stent I - 1 (d) Stent I - 4 (e) Display of the stents.  

Fig. 5. Finite element analysis of the uniaxial tensile properties (a) Transverse aberration programs of design type I stents (b) Transverse aberration programs of 
design type II stents (c) Poisson’s ratio of the design Type I stents changes with deformation (d) Diameter of the design Type I stents changes with deformation (e) 
Poisson’s ratio of the design Type II stents changes with deformation (f) Diameter of the design Type II stents changes with deformation. 
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10 mm, the loads were about 26.1 N, 20.5 N, 10 N and 17.2 N for I-1, I-2, 
I-3 and I-4, respectively. The configurations of the stents under different 
deformations can be seen in Fig. 6(g). For type II stents, except for the 
bending strength of stent II-3 was relatively large, the rest were rela-
tively small. When the deformation was 10 mm, the loads were about 
16.3 N, 7.8 N, 35.2 N and 10.7 N for I-1, I-2, I-3 and I-4, respectively. 
Therefore, the results indicated that stent I-3, stent II-2 and stent II-4 had 
the best flexibility under the same load. The thickness of the stents is 1.5 
mm, and the mechanical properties can be controlled by adjusting the 
thickness of the wall. However, how to select the appropriate strength 
needs to be analyzed according to the lesion location and the mechanical 
properties of surrounding tissues. 

3.5. Simulation and experiments of the deployment process 

The magnetic actuation is considered the most elegant actuated 
method to trigger the deployment of SMP-based biomedical devices, 
which has been verified by many applications in vivo and in vitro [40, 
41]. The deployment process of the stents was simulated by the finite 

element method. Firstly, two endpoints of orthogonal diameters were 
selected on the cross-section of the stent. Based on this connection line, 
the stent was deformed by about 7.5 mm to obtain the tracheal stent 
configuration in the folded state as shown in Fig. 7(a) and (b). After 
folding, the stents shrank into an X shape, which greatly reduced the 
contact area with the implanted device in the process of implantation. 
When implanted into the lesion location, the stents gradually returned to 
their original shape stimulated by the magnetic field. Through simula-
tion, it can be found that the shape recovery ratio of the stents is about 
95%. 

Furthermore, another folding type was used to verify the implanta-
tion and expansion process of the stents as shown in Fig. 8. To facilitate 
the implantation, the stents were folded and rolled up, and then grad-
ually returned to their original shape actuated by the magnetic field. The 
actuation efficiency of the alternative magnetic field with different field 
intensity and frequency was investigated to determine the optimal 
working conditions (See Supporting Information S1.5). It can be 
concluded that the recovery time decreased gradually with the increase 
in the weight fraction of Fe3O4 nanoparticles while the actuation 

Fig. 6. Mechanical properties test of the stents (a) Three-point bending test of the planar configuration of the stents, design type I and (b) design type II; (c) 
Compressive test of design type I (d) Compressive test of design type II (e) Three-point bending test of design type I (f) Three-point bending test of design type II (g) 
Configuration evolution process of design type I during loading (h) Configuration evolution process of design type II during loading. 
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efficiency gradually decreased with the increase of magnetic field fre-
quency. Finally, the stents fabricated with SMPC-PCL (15 wt% Fe3O4 
nanoparticles) were placed under an alternating magnetic field with a 
frequency of 27.5 kHz and an intensity of 4 kA m− 1. The results indi-
cated that stents I-1 and II-4 completely recovered to their initial shape 
and fitted to the outer wall of the trachea model in 15 s and 20 s, which 
fully demonstrated the minimally invasive implantation property of the 
stents. 

4. Discussion 

To date, conventional tissue engineering stents have been limited to 
static structures and do not have the self-adaptive ability. For children, 
the stents will eventually develop into a restrictive structure due to their 
lack of self-adaptive ability. To avoid the second operation and reduce 
the patient’s pain, the next generation of stents should be endowed with 
the self-adaptive ability to adapt to tissue growth or change, or the stent 
gradually degrades after endothelialization. 

The purpose of this study is to design and fabricate a new kind of 
porous tracheal stents, which can be implanted into the body through 
minimally invasive surgery. Moreover, shape memory performance al-
lows the stents to adjust their fixed state in time and to provide suitable 
support for the trachea. They exhibit certain flexibility to adapt to the 
deformation of the trachea. The adaptive performance of stents is 
manifested in two aspects. First, the stents can adjust their state and 
keep the optimal support state by applying suitable stimulus utilizing 

SME. Furthermore, based on the negative Poisson’s ratio performance, 
the stents expand under the tensile load, which will avoid blocking when 
subjected to a deformation caused by the trachea. 

To select and design a suitable porous structure, we observed and 
analyzed the structure of the glass sponge, and found that it had the 
characteristics of high strength and strong stability. Therefore, two types 
of stents were obtained by bionics design of the porous structures and 
the bone needles. Through mechanical analysis, it is found that stents of 
design type I had positive Poisson’s ratios, while design Type II had 
negative Poisson’s ratios. 

During normal breathing or neck movement, the length of the tra-
chea can increase by 20% in healthy adults and 46% in newborns. 
Furthermore, children’s trachea will exert tensile load on the stent 
during the growth process, and the supporting area of the stent will 
increase accordingly under the action of tensile load. For the stents of 
design type I, Poisson’s ratios of stent I-1 and stent I-2 were close to zero 
and almost unchanged during deformation. The diameter of the stent 
with a negative Poisson’s ratio will increase when it is stretched. The 
Poisson’s ratio of the stents ranges from − 0.20 to 0.16. However, the 
selection of such stents should be based on the full study of the me-
chanical properties of the trachea at different parts. 

Traditional stents are implanted into the body by surgical operation, 
which is complicated and causes great pain to patients. To facilitate the 
implantation process and adjustment of the support state, the stents 
fabricated in this paper have magnetic response performance, which can 
be compacted before implantation and implanted into the body in 

Fig. 7. Simulation of the deployment process (a) Stents of design type I (b) Stents of design type II.  

Fig. 8. Shape recovery process of (a) stents S–I and (b) S-II stimulated by the magnetic field (The red rectangles were the outline of the stent). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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minimally invasive surgery. After that, the stent expands to its initial 
shape to provide support for the trachea stimulated by the magnetic 
field. Besides, the supporting state of the stent can be readjusted by 
applying a magnetic field again. Fig. 8 verified the unfolding process of 
the stent actuated by the magnetic field. 

Although we verified the mechanical properties, flexibility and 
biocompatibility of the shape memory tracheal stents in vitro, these tests 
could not truly reflect the function and support effect in vivo. Due to the 
complex mechanical and biochemical environment in the organism, 
stents will face greater challenges. In the next work, several questions 
need to be validated in animal models. For example, whether the stent 
can be deployed smoothly in the body actuated by magnetic fields. If it 
can maintain the optimal support state in the body through timely 
regulation in vivo, and whether it can regulate its state as the child’s 
trachea grows. The stent show great potential in adaptive ability and 
minimally invasive implantation, which needs to be further studied. 

5. Conclusions 

To prepare and fabricate shape memory tracheal stents with self- 
adaptive ability, we designed them from two perspectives: material 
and structure. Firstly, we fabricate a kind of PCL-based SMPC by mixing 
different weight fractions of BPO and Fe3O4 nanoparticles. Through a 
series of mechanical properties tests, we confirmed the shape memory 
effect and durability performance of the material. Subsequently, based 
on fully observing the unique reticular structure of glass sponges, two 
design types of stents were designed and fabricated by compression 
molding and laser cutting. The mechanical properties and minimally 
invasive implant properties of the stents were characterized by experi-
ments and simulations. The compressive tests and three-point bending 
tests indicated the excellent radial strength and flexural strength of the 
stents. Moreover, the stents were successfully deployed actuated by the 
magnetic field. The suitable strength, flexibility, SME and excellent 
biological properties represent additional possibilities to explore in the 
biomedical stent. 
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