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Abstract: The present study aimed to design and optimize thoracic aorta stent grafts (SGs) based on 
the influence of geometric parameters on flexibility and durability. Five geometric parameters were 
selected, including strut height, strut number, strut radius, wire diameter, and graft thickness. 
Subsequently, 16 finite element (FE) models were established with an orthogonal design consisting 
of five factors and four levels. The influences of a single factor and all the geometric parameters’ 
influence magnitude on the device flexibility were then determined. The results showed that all the 
other parameters had an opposite effect on global and local flexibility except for the wire diameter. 
The graft thickness exhibited the most remarkable impact on the global flexibility of SGs, while the 
strut radius influenced flexibility slightly. However, for the local flexibility analysis, the graft 
thickness became the least significant factor, and the wire diameter exerted the most significant 
influence. The SG with better global flexibility can be guided easily in the tortuous vessels, and 
better local flexibility improves the sealing effect between the graft and aortic arch. In conclusion, 
this study’s results indicated that these geometric parameters exerted different influences on 
flexibility and durability, providing a strategy for designing thoracic aorta SGs, especially for the 
thoracic aortic arch diseases. 
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1. Introduction 

Thoracic endovascular aortic repair (TEVAR) is a minimally invasive procedure for the aortic 
arch diseases; it reduces the operative morbidity and mortality compared with the traditional open 
surgical repair procedure [1–3]. However, the procedure mainly benefits descending aorta diseases. It 
still remains significant challenges for the aortic arch diseases due to the complex morphological 
structures and severely tortuous aortic arch [4]. Maintaining the blood perfusion in branches and 
good sealing effect are the priorities for the application of TEVAR at the aortic arch [5]. More 
recently, a hybrid operative procedure and chimney graft technique have been proposed to preserve 
aortic lateral branches’ perfusion [6,7]. However, an inadequate seal between the SGs and the vessel 
is still a challenging problem. 

Flexibility is one of the critical features of an SG for clinical applications [8] and determines the 
SG’s ability to fit the vessels [9]. If the flexibility is insufficient, the SG will be easily twisted when 
guided through tortuous arteries, causing complications [10–13]. On the contrary, good flexibility 
enables the expanded stent to follow the vessel’s contour and reduce distortion at the stent‒vessel 
interface [12]. Accordingly, improved flexibility will extend the application of stents in a wide range 
of anatomical vascular morphology [13,14]. Endoleaks might exist if the expanded device does not 
adapt to the artery properly due to the lack of flexibility [15–17]. Therefore, the improved flexibility 
of SGs can also enhance the sealing effect, minimizing endoleak, and other complication risks [2].  

Numerical methods have been applied in investigating the biomechanical behaviors of SGs for 
the low-cost compared with experimental tests [18–20]. Complex biomechanical environments can 
be ideally simulated in vivo and in vitro to assess the device performance [21–23]. Flexibility is a 
crucial performance of SGs in EVAR, with a close relationship with complications [2,24]. The stent 
flexibility is influenced significantly by the design of SGs. Spiral and circular stents are more 
flexible than the Z-shaped ones [12,15]. Stent structures also affect the device flexibility at both 
expanded and unexpanded states [9,14]. The wire rings connected by the point symmetrical links can 
improve stent flexibility [25]. The multi-linked stent possessed the best longitudinal flexibility, and 
the crown stent was the stiffest in a series of slotted tube designs [12]. Apart from the shape and 
structure of SGs, other geometric parameters also influence flexibility. A larger strut radius and 
smaller strut width can make the stent more flexible [26–28]. A decrease in flexibility of braided 
monofilament stent with increased wire diameter and strut number has also been confirmed [29]. In 
addition, the graft properties also influence the device directly; a highly flexible stent has been 
developed, assembled with ultra-thin silicone covering [30]. These mainly concentrate at the 
abdominal aorta or the carotid artery SGs; very few studies have focused on the thoracic aorta SGs. 
The geometric parameters’ influential degrees on the SG flexibility have not been studied yet. On the 
other hand, factors or even one single factor have partially been investigated; however, the major 
influences of geometric parameters on the device flexibility are not clear yet. The durability of SGs 
induced by both the stent and fabric fracture should be focused on during the analyses. Fabric tear 
might be more frequent with Z-shaped SGs. Although it is very rare in the clinical reports about the 
fabric tear [11,31], complications induced by the fabric tear have been reported [32]. However, the 
durability of SGs influenced by the geometrical parameters has not been studied. 
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Therefore, this work aimed to investigate the thoracic aorta SGs in terms of the influence of 
geometric parameters on flexibility and durability via FE analyses. First, 16 FE models were 
established with an orthogonal design with five factors and four levels. Then, the influences of a 
single factor and the geometric parameters’ influences on the device flexibility were determined. 
Lastly, SGs’ structural durability during bending was estimated. The influence of the parameters was 
also examined in the design process. 

2. Materials and methods 

FEA can be used to carry out repeated tests with a lower cost, find the most vulnerable point in 
the model, and optimize it. As one of its merits, the FEA can simulate the effect before surgery, 
which cannot be tried in clinical practice. The finite element models of stent-grafts with different 
geometrical parameters can be modeled easily and quickly and can be used to reveal the stress and 
strain distributions of each position. 

2.1. Geometry of commercial SG and modeling 

A commercially available thoracic aorta SG (Lifetech, Shenzhen, Guangdong Province, China) 
was selected as the basic design in the current study (Figures 1 and 2). The SG consists of six Type I 
rings near the distal end, four Type II rings located in the middle of the SG, and one Type III ring that 
closes to the right of Type II rings. The detailed dimensions of the ring Types are summarized and 
presented in Table 1 and Figure 3. In addition, one ring that contains twelve struts measuring 7 mm 
in height and one bell-shaped ring is set at the proximal end to improve the anchoring ability of SG 
within the vessels. In the commercial SG, all the struts have a radius of 1.2 mm, and all the metal 
wires have a wire diameter of 0.55 mm. All the rings are soldered to the lateral bars (Figure 1b). In 
the FE model, there are three Type I rings, four Type II rings, and one Type III ring. All the rings 
were connected by the straight lateral bar. The bare metal stent was fully covered with an 
0.1-mm-thick and 150-mm-long graft (Figure 2c). The 3D geometric model was established in 
Solidworks (Dassault Systems Corp, Massachusetts, USA). 

Table 1. The details of the ring types. 

Ring type Ring number Strut number 
(each ring) 

Strut height 
(mm) 

Strut radius 
(mm) 

Type I 3 7 15 1.2 
Type II 4 4, 5 14, 9 1.2 
Type III 1 9 12 1.2 
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Figure 1. The geometry of the available commercial SG; (a) the side without a lateral bar; 
(b) the side with a lateral bar; and (c) isometric view. 

 

Figure 2. Finite element (FE) model; (a) the side without a lateral bar; (b) the side with a 
lateral bar; and (c) isometric view. 



804 

Mathematical Biosciences and Engineering  Volume 18, Issue 1, 800–816. 

2.2. Orthogonal design 

 

Figure 3. The variable parameters. 

Most of the previous stent flexibility studies have focused on the influence of single or double 
factors [9,28,29]. The influence of multiple factors has rarely been studied, and the important ranking 
of the parameters has not been investigated. In this study, five geometric parameters, including four 
from the bare stent (strut height, strut number, strut radius, and wire diameter) and one from the graft 
(thickness), were investigated in terms of SG flexibility and durability at the same time (Figure 3). 
Orthogonal analysis of five factors and four levels was designed to determine the effects of 
geometric parameters on SG’s performance simultaneously, using an efficient and inexpensive 
method. Hence, 16 specimens were analyzed. Table 2 lists the geometric features of every specimen. 
Specimen 1 (sp1) was defined as the original model. A to E represent the geometric parameters in 
terms of strut height, strut number, strut radius, wire diameter, and graft thickness, marked in Figure 
3. The numbers 1 to 4 denote the factor levels. Since the strut height and strut number in the three 
types of the rings were different, the calculations would increase enormously if the real heights and 
strut numbers of every ring type were defined as the factors. Therefore, factors A and B of all the 
rings were described by their variation (Delta value) compared with the original model (Table 3). For 
instance, the 2nd level value of factor A meant that all the strut heights were 2 mm shorter than sp1. 
The 2nd level of factor B meant that there were two fewer struts in all the rings than sp1. Table 2 
summarizes the values of Ai to Ei (i = 1, 2, 3, 4). For example, compared with sp1, sp8 has two fewer 
struts in each ring, and its ring strut height is 2 mm shorter. Besides, sp8 had a strut radius of 0.8 mm, 
a wire diameter of 0.65 mm, and was covered with an 0.1 mm-thick graft. 

The maximum reaction moment (RM), the spacing variation of the Type II rings, and both the 
circumferential strain (CS) and longitudinal strain (LS) in all the specimens can be obtained after the 
analyses are completed. The Ki (i = 1, 2, 3, 4) in the orthogonal table is used to analyze each factor’s 
effect. They are calculated by summing the values obtained from the same factor under the same 
level i among all the models. For instance, when KB1 is used to analyze the influence on factor B’s 
global flexibility under the 1st level, it is calculated by summing up the RMs obtained in sp1, sp5, 
sp9, and sp13. After confirming all the Ki values, R can be used to reflect all the factors’ influence 
degree, where R is obtained from the difference of the maximum and minimum Ki. A higher R-value 
means that the factor has a more remarkable influence on the flexibility or durability. 



Table 2. Orthogonal design table. 

Specimen number Factors Performances 

A B C D E Global flexibility Local flexibility Durability 

1 1 1 1 1 1 RM SV LS CS 

2 1 2 2 2 2 RM SV LS CS 

3 1 3 3 3 3 RM SV LS CS 

4 1 4 4 4 4 RM SV LS CS 

5 2 1 2 3 4 RM SV LS CS 

6 2 2 1 4 3 RM SV LS CS 

7 2 3 4 1 2 RM SV LS CS 

8 2 4 3 2 1 RM SV LS CS 

9 3 1 3 4 2 RM SV LS CS 

10 3 2 4 3 1 RM SV LS CS 

11 3 3 1 2 4 RM SV LS CS 

12 3 4 2 1 3 RM SV LS CS 

13 4 1 4 2 3 RM SV LS CS 

14 4 2 3 1 4 RM SV LS CS 

15 4 3 2 4 1 RM SV LS CS 

16 4 4 1 3 2 RM SV LS CS 

K1 KA1 KB1 KC1 KD1 KE1     

K2 KA2 KB2 KC2 KD2 KE2     

K3 KA3 KB3 KC3 KD3 KE3     

K4 KA4 KB4 KC4 KD4 KE4     

R max mini iA AK K  max mini iB BK K max mini iC CK K max mini iD DK K max mini iE EK K      



Table 3. Factor level and value. 

Factor 
Level 

A B C D E 

1 0 0 1.2 mm 0.55 mm 0.1 mm 
2 2 2 1.5 mm 0.65 mm 0.12 mm 
3 −2 4 0.8 mm 0.45 mm 0.08 mm 
4 −4 −2 0.6 mm 0.35 mm 0.06 mm 

2.3. Material properties 

Table 4. Material properties of nitinol alloy and graft. 

Nitinol 
Austenite Young’s modulus EA (MPa) 650000 

Austenite Poisson’s ratio A  0.33 

Martensite Young’s modulus EA (MPa) 40000 
Martensite Poisson’s ratio M  0.33 

Transformation strain L  0.041 

Loading    1MPaT
LT




  6.7 

Start of transformation loading  MPaS
L  440 

End of transformation loading  MPaE
L  540 

Reference temperature T0 (°C) 22 

Unloading    1MPaT
UT




  6.7 

Start of transformation loading  MPaS
U  250 

End of transformation loading  MPaE
U  140 

Strain limit max  12% 

e-PTFE graft  
Young’s modulus E (MPa) 55.2 

Poisson’s ratio   0.46 
Ultimate strain R  20% 

Due to the remarkable super-elasticity, high flexibility, and shape memory effect [23], the 
self-expanding nitinol stent has been a popular choice in the TEVAR. The nitinol stent can be 
crimped easily at a low temperature, returning to its predesigned profile after being released from the 
catheter at the body temperature. The expanded polytetrafluoroethylene (e-PTFE) is a biocompatible, 
highly nonreactive, and nontoxic polymer. Currently, it is one of the most popular graft materials 
[21,31]. In this study, a nitinol stent covered with e-PTFE graft was employed, and the main material 
properties are presented in Table 4. The nitinol material was modeled with a user material subroutine 
in ABAQUS 6.14 (Simulia, Providence, RI, USA) [23]. 
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2.4. Boundary and loading conditions 

 

Figure 4. Bending load and element mesh; (a) bending load; (b) element mesh; (c) node pairs. 

The FE analyses were undertaken in ABAQUS. The boundary and loading conditions during the 
analyses are presented in Figure 4a. Both ends of the device were considered as rigid bodies 
controlled by reference points (RP). The rotations about the x-axis and y-axis were locked. The 
translations along x and z axes were limited at the reference points. During the analysis, the 
constraint along the y-axis was released, and opposite rotations ( / 2 ) were applied on the reference 
points about the z-axis (Figure 4a). To ensure SG’s adequate flexibility in the tortuous vessel, the 
bending angle   here was 90°, which was much higher than the average angle of the aortic arch 
[33]. The “tie constraint” was employed in ABAQUS to mimic the suture between the metal and 
graft to prevent sliding and separation during the analyses. The self-contact algorithm was enabled to 
prevent the self-penetration of the components. As the FE analyses involved high nonlinearities, a 
dynamic explicit algorithm was employed to prevent non-convergence. The dynamic effect was 
limited to < 5% of static effects during the analyses [34]. 

The metal stent was meshed with the 2-nodes beam element (B31), and the graft was meshed 
with the S4 shell element (Figure 4b). The original model was used to verify the convergence of 
meshes with five element sizes. The detailed verification is presented in the Supplementary section. 
Finally, an element size of 0.6 mm was selected because it had acceptable accuracy and lower 
computing cost. There were approximately 3300 elements in the stent and 45000 elements in the 
graft. 

2.5. Judgment criteria 

In this study, the variable geometric parameters’ influence on the SG’s flexibility and durability 
was studied. The flexibility study included both global flexibility and local flexibility. A durability 
study was conducted for both the stent and graft, respectively. 

A few assessment criteria have been proposed and applied to the flexibility analyses of SGs 
with different shapes [10,15]. Some parts of the criteria were adopted and extended to assess the 
devices’ global and local flexibility in this study. The global flexibility reflected the deformability of 
the stent under the moment and was defined in this study as: 
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1= RM  

where RM was the reaction moment. The higher value of δ indicated better global flexibility. 
Finally, the global flexibility was assessed by the maximum reaction moment during bending. The 
global flexibility can be used to reflect the ease of SG transportation within tortuous arteries. After 
the SG is released within the thoracic aorta, Type II rings are always placed at the aortic arch; hence, 
adequate local flexibility is required to ensure the sealing effects between the SG and aortic arch.  

Local flexibility was first proposed in this study and defined as the spacing variation (SV) along 
the y-axis between the nodes A and B (Figure 4c). The SV was calculated by the equation:  

SV =
0

1 L
L  

where L0 and L are the spaces between the nodes under the un-deformed and deformed states, 
respectively. A greater SV change reflects better local flexibility. 

 

Figure 5. The cylindrical coordinate system. 

The durability of the stent and graft was considered respectively during the bending process. 
The maximum strains of the graft were obtained at both the longitudinal (Figure 5, Z-axial) and 
circumferential (Figure 5, T-axial) directions during the analyses. Therefore, a cylindrical coordinate 
system was created to extract the results. The graft’s ultimate strains at the longitudinal and 
circumferential directions were set at 20% equally, and the strain limit of the nitinol alloy was 12% 
(Table 4). 

3. Results 

3.1. Device deformation 

All the device deformations after bending could be roughly divided into two categories in terms 
of the deformation shapes: “V” and “U” (Figure 6). The “V” shape was observed in sp6, sp7, sp9, 
sp10, and sp15, while the “U” shape was seen in the other specimens. In the “V” shape, the graft was 
folded severely in the middle, where the displacements were also obviously higher than the other 
positions. Slight wrinkles occurred at the distal and proximal ends of V-shaped specimens. By 
contrast, the relatively uniformly distributed wrinkles and displacement were found in the “U” shape. 
The maximum displacements in U-shaped specimens were less than those in V-shaped specimens. 
Stretching was also observed in the transverse direction of V-shaped specimens. Additionally, 
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distinct wave shapes associated with the metal wire were observed in the interior aspects of sp4, sp8, 
sp12, and sp16, which had the least strut numbers. This phenomenon did not occur in other 
specimens. 

 

Figure 6. Global deformations of SGs. 

3.2. Flexibility 

3.2.1. Global flexibility 

Figure 7a summarizes the maximum RM values during the bending process. The RM reflected 
the device’s global flexibility directly, and higher RM indicated lower flexibility. In all the models, 
sp2, sp7, sp8, sp9, sp10, and sp16 exhibited higher values than the sp1, and the other models 
exhibited lower values. Approximate values, which meant similar global flexibility, were observed in 
sp4 and sp14; sp5, sp11, sp12, and sp13; and sp6 and sp15, respectively. sp14 and sp4 needed the 
lowest RM to achieve the predefined shapes while sp2 and sp7 were the most difficult to be bent. 
The RM of sp7 was more than twice of sp1 and four times of sp14. Hence, sp7 exhibited the lowest 
flexibility, while sp14 and sp4 were the most flexible models. 

Figure 7b-e shows the individual geometric parameters’ influences on the maximum RM. The 
Ki in Figures 7b and 7f monotonically increased in association with increased strut height and graft 
thickness. Although the Ki fluctuated in Figures 7c and 7e, it tended to be positively related to the 
increased value of geometric parameters, as shown in Figures 7b and 7f. The strut radius was the 
only factor to influence Ki inversely. In addition, there were no significant differences in Ki in 
Figures 7d and 7e, when the strut radius reached 0.8 mm, or the wire diameter reached 0.45 mm. The 
ranges of Ki obtained from all the factors are presented in Figure 7g. The Ki of graft thickness ranged 
more widely than those of the other factors, which meant that the graft thickness was the most crucial 
factor. The strut height was the second most crucial factor in influencing RM. Approximate incidence 
was obtained from the verified strut number and wire diameter, like from the strut height. The strut 
radius exerted the slightest effect on RM. Obviously, the importance of factors on RM or global 
flexibility was E > A > B > D > C in descending order. 
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Figure 7. Global flexibility and the analysis of single factors; (a) maximum moments; (b) 
strut height; (c) strut number; (d) strut radius; (e) wire diameter; (f) graft thickness; and 
(g) range analysis. 

3.2.2. Local flexibility 

The device’s local flexibility was assessed by the SV of Type II rings, as depicted in Figure 8. 
The SV in sp9 was the highest in all models, and it was significantly higher than sp1. Specimen16 
exhibited the lowest variation, but it was not much lower than sp1, sp11, and sp13; it was close to 
sp2, sp12, and sp14. In addition, the V-shaped models mentioned in section 3.1 exhibited greater 
SVs than the other specimens (Figure 8a), and there were no significant differences between them. It 
presented better local flexibility in V-shaped models than the U-shaped models. In addition to the 
V-shaped specimens, sp3, sp4, sp5, and sp8 also exhibited higher SV than the original specimen. The 
SV of sp4 was the highest (approximately 20% higher than sp1) in all the U-shaped models, 
indicating that sp4 had the best local flexibility. 
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Figure 8. Local flexibility and analysis of a single factor; (a) SVs of Type II rings; (b) 
strut height; (c) strut number; (d) strut radius; (e) wire diameter; (f) graft thickness; (g) 
range analysis. 

Figure 8b–f lists the influences of a single factor on the local flexibility. Overall, the strut height, 
strut number, and graft thickness positively impacted the local flexibility; however, there were 
fluctuations during the process. The Ki decreased rapidly in association with the increased strut 
radius and wire diameter. The Ki tended to be stable when the strut radius reached 1.2 mm. However, 
the Ki obtained from the wire diameter continued to decrease. Figure 8g shows the Ki ranges 
obtained from all the factors. The graft thickness was the weakest factor in influencing local 
flexibility, contrary to the wire diameter, which significantly influenced local flexibility. There were 
no significant differences between the ranges obtained from the strut height, strut number, and strut 
radius. Finally, the local flexibility’s critical ranking was: D > B > A > C > E. 

3.3. Durability during bending 

Figures 9a and 9b separately present the maximum strains in the longitudinal and 
circumferential directions under a cylindrical coordinate system. Only the circumferential strain of 
sp7 exceeded the strain limit R , and the others all stayed in a safe range in both directions. The graft 
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of sp14 exhibited the highest durability for its lowest strains in both directions among all the models. 
The maximum strain of the metal stent in sp6 was the highest during the bending process. 
Nevertheless, it was much less than the limit lim . The durability of metal stents was not discussed in 

this study. 

 

Figure 9. Maximum strains on SG; (a) maximum strains on the graft; and (b) maximum 
strains on the metal stent. 

 

Figure 10. Influences of factors on the local flexibility; (a) strut height; (b) strut number; 
(c) strut radius; (d) wire diameter; (e) graft thickness; and (f) range analysis. 

Figure 10a–e shows the influences on the graft durability of single factors. The factors 
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positively impacted the circumferential and maximum longitudinal strains, as shown in Figures 10a 
and 10e. However, the reverse phenomenon occurred in Figure 10d. The maximum strains in both 
directions decreased with an increase in the wire diameter, indicating an increase in durability. 
Meanwhile, the maximum circumferential strain increased monotonically with an increase in the 
strut number while the maximum longitudinal strain fluctuated smoothly within the range (Figure 
10b). When the strut radius increased from 0.6 to 0.8 mm, the maximum strains in both directions 
decreased simultaneously. Then, the maximum circumferential strain changed slightly, and the 
maximum longitudinal strain increased linearly with the increased strut radius. Figure 10f 
summarizes the importance of geometric parameters on device durability. The graft thickness exerted 
the most significant influence on the maximum longitudinal strain, and the strut height influenced the 
circumferential durability significantly. The factors influencing the circumferential and longitudinal 
durability in descending order were as follows: A > E > B > C > D and E > A > D > C > B, 
respectively. 

4. Discussions 

Improved flexibility might extend the application of SGs in the wide range of anatomical 
vascular morphology [14,15]. It has been verified that device flexibility is influenced by geometric 
parameters of the metal stent and graft [29,30]. However, influences on SGs’ flexibility, mainly from 
one or few parameters, had been studied. Here, the thoracic aorta SGs were designed and optimized 
in terms of the influence of comprehensive geometric parameters on flexibility. The influences of 
each parameter were obtained, and the important ranking of all the impacting factors was examined. 
At the same time, the influences on device durability during the bending process were also 
investigated. Our study’s results indicated that these geometric parameters exerted different 
influences on flexibility and durability, which provides the strategy of designing the thoracic aortic 
SGs, especially for the thoracic aortic arch diseases. 

The thoracic aorta SG selected in this study had a special structure that contained three types of 
wire rings connected by a lateral bar. Due to the lower bending stiffness, the device was more 
flexible at the Type II wire rings. Therefore, the SV of Type II rings was proposed as local flexibility, 
which was analyzed in association with global flexibility. 

Here, the significant effect on global flexibility mainly came from the graft properties. Although 
the other parameters were different among the specimens, a common thread occurred in sp2, sp7, sp9, 
and sp16; they were covered with the thickest graft and had much higher RM than the other models 
(Figure 7a). A similar phenomenon also occurred in sp14 and sp4, covered with the thinnest graft, 
and with the lowest RM. In addition, the graft thickness was confirmed as the most influential factor 
on global flexibility in terms of range analyses, and its effect surpassed the other factors (Figure 7g). 
For all metal stent parameters, except the strut radius, their increase brought about lower global 
flexibility. Partial parameters have been confirmed or reported in previous studies [26, 29]. Among 
all the models, the sp14 exhibited the most favorable parameters from the graft and the metal stent on 
improving global flexibility, and it becomes the most flexible device. 

Contrary to sp4, sp7 gathered the most impact factors that would reduce global flexibility 
except for the wire diameter. Although the wire diameter was not the weightiest factor on global 
flexibility (Figure 7g), the original size of the wire diameter (0.55 mm) induced a higher RM (Figure 
7e). Thus, sp7 exhibited the highest RM corresponding with the worst global flexibility.  

Distinct “V” shapes and transverse stretches were observed in sp6, sp7, sp9, sp10, and sp15 
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(Figure 6a), representing drastic shape changes of the cross-section, which were adopted as an 
assessment criterion for device flexibility [10]. The higher SVs in Figure 8a demonstrated their better 
local flexibility. The curves had the same trend as in Figures 7b, 7c, 7d, and 7f, and Figure 8b–f; 
however, they represented the opposite effects on global and local flexibility. The wire diameter was 
the unique factor that had the same effect on both global and local flexibility. Therefore, it was 
difficult to achieve the best global and local flexibility in the same specimen. For instance, sp7 had 
the weakest global flexibility, but it also had almost the best local flexibility in all the models; sp4 
had the optimum factor (thinnest graft and the most delicate wire) among all the models for 
improving global and local flexibility, with better global and local flexibility synchronously. Unlike 
the global flexibility analyses, the most significant influencing factor was wire diameter, and the 
weakest factor was the graft thickness in influencing local flexibility (Figure 8g). The importance of 
strut numbers did not exhibit significant differences in influencing global and local flexibility.  

In the current study, the influences of geometrical parameters on the durability of SGs were also 
summarized, which provides a strategy for designing thoracic aortic SGs. Variations in geometric 
parameters of SG induced different folding behaviors of graft, as shown in Figure 6. The strains were 
related to the folding behavior. In other words, the durability of the graft would be influenced by 
geometric parameters. The maximum circumferential strain in sp7 demonstrated that graft durability 
should not be neglected. Figure 10f also shows that the most critical impacts on circumferential and 
longitudinal strains were the strut height and graft thickness, respectively. Variations in the two 
factors also have the same significant effect on global flexibility (Figure 7g). Therefore, decreased 
strut height and graft thickness properly leads to increased global flexibility and graft durability. 

5. Conclusions 

In summary, our results indicated that these geometric parameters exerted different influences 
on flexibility and durability. An SG with better global flexibility can be easily transmitted in the 
tortuous vessels, and a device with better local flexibility is more applicable for the thoracic aortic 
arch disease to avoid endoleak. 
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