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Over the last decades, stents have been largely used to treat vascular diseases such as coronary artery or peripheral vessel stenosis. Among the solutions which are commercially available to treat vascular stenosis, metallic stents represent the gold standard. However, issues such as restenosis, corrosion and fractures have been reported with these devices and are especially due to the material which is used. Braided polymeric stents could present an alternative to replace metallic stents especially in peripheral vessels where flexibility is required. Among polymeric materials, polyethylene terephthalate (PET), could be a good candidate as its biocompatibility has already been widely proven especially in the field of cardiovascular applications. Moreover, braided devices have been already used for the stenting of peripheral zones, providing locally outstanding flexibility due to the discontinuity of these structures. The goal of this work was to evaluate the radial strength and the recovery performances of polymeric braided stents made from PET monofilaments. In particular, the behavior of these stents under repeated cyclic radial compression loading was assessed and compared to results obtained with a metallic braided stent of same diameter. Results show that polymeric braided stents provide 100% elastic recovery after 20 % diameter compression over 2000 repetitive loading cycles. However, radial strength goes slightly down with cycling, which points out that friction occurs in the braid. It comes out from the study that a braided polymer stent shows suitable mechanical behavior compared to a metallic stent over cyclic loading up to 2000 cycles. Moreover, it is shown that the mechanical behavior of these stents depend highly on the braid angle.

INTRODUCTION

Over the last decades, stents have been largely used to treat coronary artery or peripheral vessel stenosis. Since 1986, when the first self-expanding stent (Wallstent) was implanted in order to limit arterial recoil after balloon inflation in coronary vessels [START_REF] Sigwart | Intravascular stents to prevent occlusion and restenosis after transluminal angioplasty[END_REF][START_REF] Liu | Structure Design of Vascular Stents[END_REF] , many new stent designs have been developed in order to optimize the performances of these devices.

Compared to balloon expandable stents, self-expandable laser cut Nitinol stents are in particular adapted for the treatment of tortuous peripheral longer diseased zones, due the higher flexibility of the material, which makes the introduction of these devices easier through tortuous vessels.

However, in order to increase even more the flexibility of stents in mobile environments like the superficial femoral artery (SFA), braided structures can be advantageously used [START_REF] Maleckis | Comparison of femoropopliteal artery stents under axial and radial compression, axial tension, bending, and torsion deformations[END_REF][START_REF] Kim | Mechanical modeling of self-expandable stent fabricated using braiding technology[END_REF] . Braided stents are characterized by their unique flexibility provided by the discontinuity between the filaments [START_REF] Zhao | The impact of wire stent fabrication technique on the performance of stent placement[END_REF] , which prevents the stent kinking phenomenon in a flexed implantation environment (Fig. 1).

At clinical level, braided metallic stents have been already implanted in various peripheral zones like the carotid (Wallstent, Boston Scientific) [START_REF] Mazzaccaro | The Carotid Wallstent for the endovascular treatment of carotid artery stenosis[END_REF] or the popliteal arteries (Supera, Abbott Vascular) [START_REF] Bishu | Supera self-expanding stents for endovascular treatment of femoropopliteal disease: a review of the clinical evidence[END_REF] .

However metallic stents present some limitations as they are subjected to early thrombosis, intrastent restenosis, corrosion, fractures [START_REF] Duerig | An overview of nitinol medical applications[END_REF][START_REF] Pelton | Fatigue and durability of Nitinol stents[END_REF][START_REF] Rebelo | Influence of design parameters on the mechanical behavior and porosity of braided fibrous stents[END_REF][START_REF] Dordoni | Computational modeling to predict fatigue behavior of NiTi stents: what do we need?[END_REF][START_REF] Marrey | Fatigue and life prediction for cobaltchromium stents: A fracture mechanics analysis[END_REF] . Restenosis in particular depends highly on the stress applied by the stent on the vessel wall [START_REF] Wang | In vivo and in vitro analyses of the effects of a novel high-nitrogen low-nickel coronary stent on reducing in-stent restenosis[END_REF] . Actually, in zones like the SFA, when the stent is flexed, a spring back force is applied on the vessel tissues which is added to the force induced already by the initial oversizing [START_REF] Xue | Deformation mechanisms of prototype composite braided stentgrafts in bending fatigue for peripheral artery application[END_REF] . This induces inflammation, which can lead to neo-intimal hyperplasia and restenosis [START_REF] Chen | Effects of stent sizing on endothelial and vessel wall stress: potential mechanisms for in-stent restenosis[END_REF] . Polymer material being less rigid than metallic material (elastic modulus of PET is 2500 MPa vs 80 GPa for Nitinol), polymer stents are expected to limit that spring back force in the frame of a permanent scaffolding approach. In that context, braided stents obtained from non-biodegradable polymer material could be an interesting medical option to treat stenosis in peripheral zones. Several groups have already investigated the potential of synthetic braided stents but only little has been published about [START_REF] Freitas | Development of weft-knitted and braided polypropylene stents for arterial implant[END_REF][START_REF] Van Der Giessen | Development of polymer endovascular prosthesis and its implantation in porcine arteries[END_REF][START_REF] Kannan | Current status of prosthetic bypass grafts: a review[END_REF][START_REF] Dreher | Effects of fatigue on the chemical and mechanical degradation of model stent sub-units[END_REF] : (a) the effective radial strength of polymeric braided stents, (b) the friction effects that occur between filaments, (c) the stent behavior under repeated cyclic loading. In order to address these issues PET-braided stents were manufactured in the frame of this work. Their mechanical performances were then studied using a stent compression machine able to generate cyclic loading conditions over the whole circumference of the device. This testing configuration is more realistic than the standard compression between plates, which has been used by other research groups [START_REF] Irsale | Design and characterization of polymeric stents[END_REF] . The mechanical behavior of the prototypes was then assessed under repeated cyclic loading conditions, analyzed and compared with the behavior of a metallic stent of same size.

MATERIALS AND METHODS

Stents manufacturing

The radial strength of a braided stent depends on 3 parameters: the braiding angle (α); the wire diameter (d); the number of wires over the circumference (n). All 3 parameters can be tuned to adjust the strength. Considering that Nitinol is more rigid than PET, designing a polymer braided stent characterized by similar radial strength than a metallic one requires to augment these parameters accordingly. In the frame of this work we braided a 11 mm metallic stent from 0.2 mm Nitinol wires (n=24, α=45°). For comparison purpose, a polymeric braided stent (S-57) of same diameter was produced from also 24 wires but with increased d (0.3 mm) and increased α (57°) to compensate for the less rigid material. Another PET design configuration (S-65) providing cover factor similar to S-57 (ratio between the cylindrical surface area covered by the wires and the total surface area covered by the stent [START_REF] Kyosev | Investigations about the braiding angle and the cover factor of the braided fabrics[END_REF] ) but with larger angle α=65° (n=16) was considered in order to account for angle related variabilities. Polymer braids were obtained on a vertical braiding machine (LESMO Maypole Braider, Italy) using cylindrical mandrels of 10 mm. After braiding the polymer stents were stabilized in a dry heat-setting machine (MATHIS stenter, Oberhasli, Switzerland) at 170°C during 60 min to fix the filament helical geometry in the stent (Fig. 2). All the braided stents were open loop stents. A commercially available laser cut stent of same diameter (11mm) was examined as well in this work as control stent (E-Luminexx, Bard, Tempe, USA). All the stent characteristics are presented in table 1.

Stents physical characteristics

Before the mechanical behavior of the braided polymeric stent prototypes were studied, several critical physical characteristics were evaluated in order to assess if these critical characteristics were in the range of what is expected for such a device: (a) bending stiffness (measured according to ASTM F2606-08) , (b) cover factor, (c) bending diameter (diameter at the midpoint of the stent when it is bent up to a 2 cm distance between its ends 10 ). The diameter change over bending should remain as small as possible in order to keep the lumen of the vessel as open as possible all along the stented zone in a flexed configuration.

Stent mechanical behavior

Radial compression

The radial strength of the polymeric stents was measured in 2 different configurations using a dedicated radial compression machine at 37° C (Blockwise TTR2, Arizona, USA). Polymeric stent specimens were first radially compressed over 1 cycle (load-unload), in order to assess their elastic behavior over a 20% radial deformation. This test was performed at 2 different deformation rates (2 mm/s and 4.7 mm/s, the latter value reproducing a 70 beats/min heart rate under worst case deformation conditions) to account for potential viscoelastic effects on the compression behavior.

The long term recovery potential of the stents was then evaluated by applying successive cyclic radial 20% deformations (up to 2000 cycles) at a 4.7 mm/s deformation rate. The radial strength (force per stent length unit expressed in N/mm) was plotted as a function of the diameter change in all tests.

Two specimens of each stent design (S-57.1, S-57.2, S-65.1 and S-65.2) were considered for all tests.

Each test was performed 4 times for statistical purpose.

Recovery diameter

Ideally, every stent should recover 100% of its initial diameter after radial loading. This characteristic can be assessed indirectly by measuring the outward radial force of the stent after loading and unloading [START_REF] Yüksekkaya | Analysis of elastic deformation of braided tubular structures for medical applications[END_REF] . If the stent does not recover completely over cycling, the recorded outward radial force becomes zero before the end of the cycle, which means that the stent is no longer in contact with the compression geometry.

RESULTS

Stents physical characteristics

From table 1, bending stiffness results confirm that PET braids can be between 10 and 20 times less stiff than a Nitinol metallic one (4.2 mN/mm for S-65 and 6.9 mN/mm for S-57 vs 87 mN/mm for MetBraid). Regarding the cover factor (CF), the polymer CF value (35 % on average) is larger than what is obtained for a metallic braid (20 %) characterized with similar radial strength. With respect to the bending diameters, both S-65 and S-57 were characterized by values around 95% of the nominal diameter (above the 75% minimum expected for commercial peripheral stents) and no significant difference (SMD 3%) could be observed between the 2 stent designs, showing that the angle had no significant influence on the results.

Stents mechanical characteristics 1 cycle radial compression test

Figure 3 shows the compression diagrams obtained for all tested samples at 2 mm/s deformation rate. Several observations can be made. First, whatever the tested sample which is considered, the load deformation diagram follows a hysteresis loop shape, indicating that energy is dissipated over the compression process. Some slight variability (generated at manufacturing level) among polymer specimens of a same sample could be identified with differences around 13% (0.34N/mm vs 0.39N/mm for S-57) regarding the peak radial force.

Another observation is that the braided metallic and polymer stents are characterized by peak outward force values in the same order of magnitude ranging between 0.37 and 0.41 N/mm. Moreover, the value matches the value obtained for the laser cut control stent (0.4 N/mm). At last, results point out that the lower is the braid angle value, the lower is the radial strength (average peak force 0.37 N/mm for S-57 vs 0.47 N/mm for S-65).

Figure 4 shows the influence of the deformation rate (2 mm/s vs 4.7 mm/s) on the mechanical behavior of the S-57.1 specimen. Results bring out that when the deformation rate is increased, the hysteresis surface area is reduced which suggests that less energy is dissipated over the device deformation. Another feature observable in the curves is the "eight" shape obtained for all hysteresis curves.

Multiple cycle radial compression test

The effect of the dynamic cyclic compression on the behavior of S-57 and S-65 samples over 2000 loading cycles is represented in figure 5. From the figure it can be observed that the peak radial force obtained after compression goes slightly down over cycling for all stents. According to figure 6 the average drop rate is 6% for S-65 (from 0.52 N/mm to 0.49 N/mm) and 10% for S-57 (from 0.33 N/mm to 0.3 N/mm). These values are in the range of what is obtained for the metallic braid (13% from 0.38 to 0.33 N/mm) considering the SMD values.

Elastic recovery evolution

Results bring out that whatever the specimen considered, the radial outward force became 0 only when the diameter had reached its initial value (11mm) at the end of the unloading. For all stents the diameter was fully recovered.

DISCUSSION

Stents physical characteristics

Several relevant points come out from the analysis of the physical characteristics of the stents (Table 1). First, as expected, the bending stiffness measured for the polymer stents is far below the stiffness of a metallic Nitinol stent providing the same radial strength. This confirms the advantage of polymer braid in terms of flexibility.

With respect to the cover factor (CF), the polymer stents CF is 1.7 times larger (35% vs 20%) than the CF value calculated for the metallic stent. Actually, polymer material being less stiff than Nitinol, it is necessary to increase the quantity of material involved in the braid to obtain a similar radial strength.

For that purpose it is necessary to increase either the diameter of the filaments involved in the braid or the number or filaments over the circumference, or the braid angle which all contribute to increasing the cover factor as can be observed. When comparing S-65 and S-57, where the braiding angle is larger, filaments run more perpendicularly to the stent axis and the length of each filament involved in the braid is longer. In order to compensate that phenomenon and obtain a similar cover factor, the amount of filaments over the circumference can be reduced (from 24 to 16 here). The larger is the cover factor value, the better spread is the load on the vessel wall. However, with less porosity, one can expect that the tissue ingrowth through the stent thickness after implantation may be limited. The effects of that process on the stent encapsulation are still to be studied.

The foreshortening values presented in table 1 confirm that braids undergo length variation over radial compression. From a clinical point of view, when a stent is released from its catheter sheath, variation in length tend to complicate the positioning of the device. In order to limit the phenomenon, future design strategy would be to reduce the braiding angle. While the outward force would then go down, the number of filaments spread over the circumference should be increased to compensate.

Stent mechanical behavior 1 cycle compression test

Regarding the one cycle compression, the hysteresis loop shapes observed results in figure 3 suggest that energy is dissipated over the elastic non-linear deformation cycle as friction effects occur at the interaction zones between stent filaments over loading. Actually, 2 phenomena occur more or less simultaneously when the stent is compressed: first the initially helically shaped filaments involved in the braid deform elastically and tend to become straight. Second at the crossing points between filaments, friction occurs during stent compression as 2 neighbor filaments rotate one above the other while tending to align towards the stent axis. Consequently, once the peak radial force value has been reached, the unloading process is characterized by a sudden drop of the force value. One can assume that filaments tend to stick together until the radial force goes down and reaches a threshold value, below which friction forces become less important than elastic recovery forces.

Filaments start to slip above each other only in the second part of the unloading curve.

When comparing stents S-57 and S-65, it comes out that this friction effect is more pronounced for S-65 as the hysteresis surface area is larger on average. Actually when the braiding angle is larger, the filaments are oriented more perpendicular to the stent axis. Over compression, the amplitude of the local rotational movement at crossing points becomes larger for these filaments. Friction is thus increased. With respect to the peak radial force, the value is greater for S-65 than for S-57 as the filaments which are more oriented in the direction of the radial force offer increased flexure strength at filament level.

In comparison to the metallic braid, results presented in figure 3 point that the polymer stents can provide radial outward force per length unit in the same order of magnitude than metallic stents (around 0.4 N/mm). This validates the potential of polymeric material.

At last, when considering the influence of the velocity, observations are related to the interaction between filaments. Actually, during the first part of the loading, at higher compression rate, the filaments rotate relatively to each other rather than undergoing elastic deformation. Slippage between filaments is predominant over sticking [START_REF] Lafaye | Analysis of the apparent friction of polymeric surfaces[END_REF] . The deformation stiffness of the device is therefore low at begin. Conversely, in the second part of the loading curve, filaments undergo elastic deformation, and the stiffness of the device increases. Consequently, the loading curve crosses the unloading curve and generates the observed eight shape pattern. When the deformation velocity is low, sticking is predominant at begin and filament start to deform elastically (deformation with large stiffness). In the second loading part, filaments rotate (deformation with lower stiffness), and stiffness decreases. No crossing between curves can occur.

Multiple cycle compression test

Under cyclic loading conditions, when the velocity is 4.7 mm/s, one can see that there's no significant change in the hysteresis curve shape, whatever the cycle number which is considered up to 2000 loading cycles. All stents seem to provide stable mechanical behavior. However, friction forces between filaments tend to prevent them from returning completely to their original arrangement after compression. This makes the peak radial outward force go slightly down according to the results presented in figure 6. However, it comes out that after a few cycles, the force value is stabilized. The stent seems to reach a balance configuration. The phenomenon is similar for all stents.

Potential and limits

Regarding design issues, the ideal braiding angle should limit the friction dissipated over cyclic loading, provide enough radial outward force and limit the foreshortening of the stent at deployment level. The first point is particularly important as repeated friction between filaments is supposed to induce local surface wear, which may jeopardize the lifetime of the stent. However, the wear phenomenon should be limited with polymer compared to the more abrasive Nitinol metal as the friction coefficient is lower for this material (0.3 vs 0.9 dry static). A smaller angle would induce less rotational movements between filaments and would present an advantage. Future longer fatigue tests need to be performed in order to assess the effects of friction phenomena on the wear of the stent filaments.

With respect to the outward force, it has been shown for the first time in this study that over effective radial deformation cycling (over the whole circumference instead of just compressing the device between plates) the polymer stent diameter is recovered, while residual friction forces remain in the braided structure. Even if the final peak outward force goes down with cycling, final values oscillate between 0.3 N/mm and 0.5 N/mm, which remain close to what is obtained for the commercial laser cut stent (0.4 N/mm).

The influence of local stenosis has not been considered in the frame of this work. Actually, stenosis induces a permanent local compression on the stent, which may also modify the local interactions between crossing filaments. Permanent compression tests should be performed in future work to assess these effects.

Another limitation of the study is that the radial force testing was performed on dry (not submerged or lubricated) samples which will influence the obtained results. Moreover, in this preliminary approach, the tests were not performed according to ASTM Guide for Radial Loading of Balloon Expandable and Self Expanding Vascular Stents.

Finally, by playing on the design of the braid, varying the braid angle, the filament diameter or the number of filaments over the circumference, it is possible to adjust the mechanical behavior of the polymer stent to the effective need. Nevertheless, the stents tested in the frame of this study are still thick (0.3 mm filament vs 0.1 mm for a laser cut stent). But increasing the number of filaments over the circumference would allow to work with smaller filaments and limit that thickness difference.

CONCLUSION

The stenting of peripheral arteries remains a challenging surgical procedure as the implantation environment requires the use of flexible devices. Stents obtained from braided polymer constructions would provide radial strength and limited bending stiffness. In this work we investigated the recovery potential under cyclic loading of 2 PET-braided stents, characterized by different braiding angles. Results bring out that while diameter recovery is obtained in all cases, the peak radial force goes down with cycling, suggesting that friction phenomena occur permanently between filaments in the braid. However, these phenomena remain limited as a balance strength value seems to be reached after 2000 cycles. Moreover, it comes out that reducing the braid angle helps limiting the friction and stent potential length variations, while peak forces are reduced as well.

Braiding angle is a critical parameter which must to be controlled at design level. These early results

show that PET vascular braided stents show potential to replace metallic stents in peripheral zones where flexibility is required. The radial force provided can be similar to what is obtained with a metallic stent. Further work is now necessary to determine the most suitable stent design. Future tests will focus in particular on the fatigue wear, the behavior under combined stress loading, and length variations issues. 
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 1 Stent features