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Purpose 
      
The association of target vessel restenosis with stent fractures has led to an 
emergence of interest in the mechanical properties of nitinol stents and  
stent-grafts [1]. Reduction of these fractures requires an understanding of the 
biomechanical forces at the implantation site and the mechanical properties 
of the stent. Published comparisons between self-expanding stents have been 
sparse [2 – 5], limiting the physician’s ability to select the optimal stent for the  
intervention. The testing presented in this report is intended to provide a  
comparison of 6 mm diameter nitinol stents and stent-grafts from various  
manufacturers (see Table 1) under four physiologically relevant strain conditions: 
longitudinal compression, radial compression, bending / flexion, and torsion 
(Figure 1). The choice of stents was not intended to be comprehensive, but 
instead representative of commercially available devices. As standards for this 
testing do not exist, every attempt was made to design fair and relevant tests. 
However, different tests are applicable to different applications and results may 
vary under other test conditions. No claim or evaluation with regard to product 
appropriateness for any indication is intended or implied.

Materials and Methods 
      
Devices and Testing Equipment
The devices used in the study are presented in Table 1. Prior to testing, the 
devices were deployed and the stent removed. Each test was performed in  
triplicate using three separate stents. An INSTRON® Universal Tensile Tester 
(Instron Corporation, Norwood, MA) was used for all mechanical testing. Testing 
was done in a temperature controlled chamber at 37°C. 

Tradename Material Size

PROTÉGÉ® GPS Device (ev3) Nitinol 6 mm x 80 mm

LIFESTENT NT35 Stent
(Bard)

Nitinol 6 mm x 80 mm

ABSOLUTE Stent (Guidant) Nitinol 6 mm x 80 mm,  
6 mm x 100 mm

S.M.A.R.T.® Control Stent (Cordis) Nitinol 6 mm x 80 mm

GORE® VIABAHN® Endoprosthesis (Gore) Nitinol / ePTFE 6 mm x 100 mm

FLUENCY® Plus Stent (Bard) Nitinol / ePTFE 6 mm x 80 mm

Longitudinal
Compression / Extension

Flexion

Torsion

Radial Compression

Figure 1. Forces simulated in stent comparison.

Table 1. Nitinol stents and stent-grafts included in study.
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Data Analysis
For each device and mechanical force tested, data were collected for load 
(kgf, y-axis) vs. compression (mm, x-axis). To calculate the load at a specific  
compression, load values were averaged for ± 0.5 mm of the target  
compression value.

Longitudinal Compression
Stent samples were placed in a custom longitudinal grip and placed in the INSTRON® 
Tester (Figure 2). The grip has a central rod, a flat surface attached to the rod, and 
an upper flat surface with an opening to allow the rod (but not the stent) to move 
freely through the surface. The stent is placed on the rod and rests on the bottom 
flat surface. As the rod is advanced up through the upper flat plate, the stent 
contacts the upper flat plate and is compressed. 

For quantitative analysis, the central rod was advanced until the device  
had compressed 15% longitudinally (12 mm for 80 mm length stents, 15 mm for  
100 mm length stents) between the upper and lower surfaces. The force required 
to achieve this compression was measured for each stent.  

As a qualitative assessment of the performance of these stents under longitudinal 
compression conditions without axial constraint, a 25% compression level was 
used. Pins were set such that the stent would be compressed 25% when  
positioned between them (Figure 4). A central guidewire was used to keep the 
stents between the pins.

      
Results
To mimic potential in vivo longitudinal compression forces [6, 7], all stents were 
compressed longitudinally by 15% and the corresponding force measured  
(Figure 3). The GORE® VIABAHN® Endoprosthesis was the most compliant stent, 
with the least force required for a 15% compression.

Figure 2. Photo and schematic of longitudinal compression testing fixture.
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It was 3x more compliant than the next closest stent (LIFESTENT NT35 Stent) and 
28x more compliant that the other stent-graft included in the study (FLUENCY® 
Plus Stent). The statistical analysis is presented in Table 2.

 

Stent
Stents Connected by Same Letter Are Not  
Significantly Different (p < 0.05)

Mean
(gm-force)

PROTÉGÉ® GPS Device A 539

FLUENCY® Plus Stent B 477

S.M.A.R.T.® Control Stent C 203

ABSOLUTE Stent D 55

LIFESTENT NT35 Stent D 54

GORE® VIABAHN® Endoprosthesis D 17

To visually represent the response of the stent samples to longitudinal compression,  
photographs were taken of the stent samples compressed by 25% (Figure 4). It is 
interesting to note that the GORE® VIABAHN® Endoprosthesis could be 
longitudinally compressed without introducing curves in the stent to compensate 
for decreased length. The S.M.A.R.T.® Stent, ABSOLUTE Stent, and LIFESTENT NT35 
Stent showed compensating curvature, but did not show evidence of kinking. The 
FLUENCY® Plus Stent and PROTÉGÉ® Stent had both compensating curves and 
evidence of stent kinking.

Table 2. Statistical analysis of longitudinal compression data.

Figure 3. Force (grams-force) required for 15% longitudinal compression.
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25% Longitudinal Compression

GORE® VIABAHN® Endoprosthesis FLUENCY® Plus Stent

PROTÉGÉ® GPS Device S.M.A.R.T.® Control Stent

ABSOLUTE Stent LIFESTENT NT35 Stent

Radial Compression
Each stent was situated between two flat plates (2” wide) attached to the  
INSTRON® Tester and the plates were advanced toward each other (Figure 5). 
The force required to compress the stent radially by 25% (1.5 mm) was measured.

Results
To test radial compressive strength, all stents were placed between two flat plates 
and the force to compress the devices radially by 25% was measured. As seen in  
Figure 6, the stents showed similar radial strength, with only a 2.6 x difference 
observed from highest (Bard FLUENCY® Plus Stent) to lowest (Guidant ABSOLUTE 

Stent). The statistical analysis is presented in Table 3.

Figure 4. Images of stents longitudinally compressed by 25%.

Figure 5. Photo and schematic of radial compression testing

25% RADIAL

COMPRESSION
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Figure 6. Force (grams-force) required to compress stent radially by 25%.

 

Stent
Stents Connected by Same Letter Are Not  
Significantly Different (p < 0.05)

Mean
(gm-force)

FLUENCY® Plus Stent A 296

PROTÉGÉ® GPS Device B 242

S.M.A.R.T.® Control Stent C 153

LIFESTENT NT35 Stent C 150

GORE® VIABAHN® Endopros-

thesis

D 125

ABSOLUTE™ Stent D 115

3-point Bending
To quantitatively measure 3-point bending, a custom INSTRON® Tester grip was 
built with three support rods. The stent was placed with the outer support rods 
in contact with the upper surface of the sample and the middle rod supporting the 
bottom of the sample (Figure 7). The middle rod was pulled up 5 mm, thereby 
placing the stent sample in a 3-point bend. The force resulting from a 5 mm 
displacement of the middle rod was measured. Stent samples were also bent 
around various pin configurations and photographed to qualitatively assess 
bending performance.

Table 3. Statistical analysis of radial compression data.

4.5 cm

2 cm
5 mm

Figure 7. Photo and schematic of 3-point bending fixture
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Results
Quantitative comparison of the bending compliance of stent samples was evaluated 
using a 3-point bending test and the force to achieve a 5 mm bend displacement 
over a 4.5 cm length was measured for each stent. This displacement is within the 
range of physiological environments [8]. As seen in Figure 8, the FLUENCY® Plus 
Stent showed the lowest bending compliance of all stents. The GORE® VIABAHN®

Endoprosthesis had the highest bending compliance, almost 4 x more than the 
next stent (ABSOLUTE Stent) and 108 x more compliant than the FLUENCY® Plus 
Stent. Statistical analysis is shown in Table 4.

Figure 8. Force required for 5 mm displacement in 3-point bend test.

Stent
Stents Connected by Same Letter Are Not  
Significantly Different (p < 0.05)

Mean
(gm-force)

FLUENCY® Plus Stent A 54

PROTÉGÉ® GPS Device B 38

S.M.A.R.T.® Control Stent C 17

LIFESTENT NT35 Stent D 2.2

ABSOLUTE Stent D 1.9

GORE® VIABAHN® Endoprosthesis D 0.5

To obtain a visual representation of the stent samples in extreme bending  
configurations, the stents were bent around pins arranged in two different  
configurations and photographed (see Figures 9 and 10). The stents with high 
quantitative bending compliance seem to show better conformability in the  
extreme conditions shown in Figures 9 and 10.

Table 4. Statistical analysis of 3-point bending data.
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GORE® VIABAHN® Endoprosthesis FLUENCY® Plus Stent

PROTÉGÉ® GPS Device S.M.A.R.T.® Control Stent

ABSOLUTE Stent LIFESTENT NT35 Stent

Figure 9. Images of stents in various bending configurations.
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GORE® VIABAHN® Endoprosthesis FLUENCY® Plus Stent

PROTÉGÉ® GPS Device S.M.A.R.T.® Control Stent

ABSOLUTE Stent LIFESTENT NT35 Stent

Figure 10. Images of stents in various bending configurations.
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Torsion
A custom INSTRON® Tester grip was used to translate longitudinal movement of a pull 
string to angular deflection of the graft (Figure 11). Stents were secured in the grip 
with a known distance between attachment points. Tension was applied to the pull 
string causing one attachment point to rotate. The torsional force was measured at a 
3° / cm twist.

Statistical Analysis
Statistical comparisons for each test were done using an ANOVA with a Tukey’s 
post-hoc and significance set at p < 0.05.

Results
A comparison of measured torsional forces for a 3° / cm twist on the stent was 
evaluated (Figure 12). This 3° / cm twist is considered to be within the range 
of potential physiologic environments [6]. This twist was 24° and 30° for the 
8 and 10 cm devices, respectively. The ABSOLUTE Stent showed the highest 
torsional compliance, while the FLUENCY® Plus Stent was extremely stiff (~23-fold 
difference compared to ABSOLUTE Stent). Statistical analysis is shown in Table 5.

Figure 11. Photo and schematic of torsion testing fixture.

Figure 12. Force required for a 3° / cm twist.
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Stent
Stents Connected by Same Letter Are Not  
Significantly Different (p < 0.05)

Mean
(gm-force)

FLUENCY® Plus Stent A 27.1

PROTÉGÉ® GPS Device B 9.6

S.M.A.R.T.® Control Stent B C 6.2

GORE® VIABAHN® Endoprosthesis B C 4.3

LIFESTENT NT35 Stent C 2.5

ABSOLUTE Stent C 1.2

Table 5. Statistical analysis of torsion data.

Flexibility and Stent Fracture Relationship
When comparing the compliance of the stents to stent fractures reported in the 
literature, there is a correlation with the more compliant stents having fewer 
fractures. GORE® VIABAHN® Endoprosthesis was the most compliant stent in 
3-point bending and longitudinal compression. Of over 100,000 devices sold, the 
reported fracture rate of the GORE® VIABAHN® Endoprosthesis is less than 0.01%. 
Two other compliant stents, LIFESTENT NT35 Stent and ABSOLUTE Stent, have 
literature-reported fracture rates of 3.7% and 2%, respectively [9, 10]. The 
S.M.A.R.T.® Control Stent was less compliant in the studies above and has higher 
stent fracture rates (27  – 28%) reported in the literature [1, 9]. Although fracture 
data was not found on the PROTEGE GPS Device, fracture rates of the more 
flexible PROTEGE EverFlex stent were reported to be 8.1% at one year [11].

Conclusions

As shown in this document, there are stark differences between the performance 
of 6 mm self-expanding stents and stent-grafts under mechanical stresses.  
In some instances, the difference between stents was greater than 100 x 
(GORE® VIABAHN® Endoprosthesis vs. FLUENCY® Plus Stent in 3-point bending).
Mechanical properties as evaluated in this paper correlate with literature 
reported fracture rates. With more information on the mechanical characteristics 
of the stents, the physician will be better able to make an educated choice for the 
end use application.



11

References
1. Scheinert D, Scheinert S, Sax J, et al. Prevalence and clinical impact of stent fractures after

femoropopliteal stenting. Journal of the American College of Cardiology 2005;45(2):312-315.

2. Duda SH, Wiskirchen J, Tepe G, et al. Physical properties of endovascular stents: an experimental
comparison. Journal of Vascular & Interventional Radiology 2000;11(5):645-654.

3. Barth KH, Virmani R, Froelich J, et al. Paired comparison of vascular wall reactions to Palmaz 
stents, Strecker tantalum stents, and Wallstents in canine iliac and femoral arteries. Circulation 
1996;93(12):2161-2169.

4. Dyet JF, Watts WG, Ettles DF, Nicholson AA. Mechanical properties of metallic stents: how do these 
properties influence the choice of stent for specific lesions? Cardiovascular & Interventional Radiology 
2000; 23(1):47-54.

5. Nikanarov A, Smouse B, Osman K, Bialas M, Shrivastava S, Schwartz LB. Fracture of self-expanding 
nitinol stents stressed in vitro under simulated intravascular conditions. Journal of Vascular Surgery 
2008; 48(2): 435-440.

6. Cheng CP, Wilson NM, Hallett RL, Herfkens RJ, Taylor CA. In vivo MR angiographic quantification of axial 
and twisting deformations of the superficial femoral artery resulting from maximum hip and knee 
flexion. Journal of Vascular & Interventional Radiology 2006;17(6):979-987.

7. Smouse HB, Nikanorov A, LaFlash D. Biomechanical forces in the femoropopliteal arterial segment. 
What happens during extremity movement and what is the effect on stenting? Endovascular Today 
2005;4(6): 60-66.

8. Choi G, Cheng CP, Suh Y, Donnovan FD, Herfkens RJ, Taylor CA. Quantification of radial compression 
and deflection of superficial femoral artery due to musculoskeletal motion. Abstract presented at the 
18TH Annual Transcatheter Cardiovascular Therapeutics Symposium (TCT). October 22-27, 2006.
Washington, DC. Abstract TCT 258. American Journal of Cardiology 2006;98(8)Supplement 1:108M.

9. Schlager O, Dick P, Sabeti S, et al. Long-segment SFA stenting-the dark sides: in-stent restenosis, 
clinical deterioration, and stent fractures. Journal of Endovascular Therapy 2005;12(6):676-684.

10. Katzen BT. Update on the RESILIENT Trail. Oral Presentation at the International Symposium on 
Endovascular Therapy (ISET). January 28 – February 1, 2007. Hollywood, FL.

11. Bosiers M, Torsello G, Gibler HM, Ruef J, Muller-Hulsbeck S, Jahnke T, Peeters P, Daenens K, Lammer 
J, Schroe H, Mathias K, Koppensteiner R, Vermassen F, Scheinert D. Nitinol Stent Implantation in 
Long Superficial Femoral Artery Lesions: 12-Month Results of the DURABILITY I Study. Journal of 
Endovascular Therapy 2009;16:261-269.

Disclaimers
Please consult the Instructions for Use supplied with each device for a list of indications,
contraindications, warnings, precautions, and adverse events.







Products listed may not be available in all markets.
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INDICATIONS FOR USE IN THE US: The GORE VIABAHN® Endoprosthesis is indicated for improving blood flow in patients with 
symptomatic peripheral arterial disease in superficial femoral artery lesions with reference vessel diameters ranging from 4.0 
– 7.5 mm. The GORE VIABAHN® Endoprosthesis is indicated for improving blood flow in patients with symptomatic peripheral 
arterial disease in iliac artery lesions with reference vessel diameters ranging from 4.0 – 12 mm. CONTRAINDICATIONS 
IN THE US: The GORE VIABAHN® Endoprosthesis is contraindicated for non-compliant lesions where full expansion of an 
angioplasty balloon catheter was not achieved during pre-dilatation, or where lesions cannot be dilated sufficiently to allow 
passage of the delivery system. Do not use the GORE VIABAHN® Endoprosthesis with Heparin Bioactive Surface in patients 
with known hypersensitivity to heparin, including those patients who have had a previous incidence of Heparin-Induced 
Thrombocytopenia (HIT) type II. Refer to Instructions for Use at goremedical.com for a complete description of all warnings, 
precautions and adverse events. 


