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Abstract Abdominal aortic aneurysm (AAA) is one of the

most common and catastrophic manifestations of the acute

aortic syndrome that can be treated with endovascular

aneurysm repair (EVAR) which requires a specially

designed stent-graft system. In this work, a self-expanding

nickel–titanium (nitinol) stent-graft system is aiming at

AAA using finite element analysis (FEA) methods to

analyze both fatigue behaviors and radial forces. Based on

the systematic analysis of the parametric variations, a final

stent-graft system was developed by the selection and

arrangement of the individual stent components, targeting

an optimal performance for the treatment of AAA.

Experimental tests, animal tests and clinical trials were

carried out to confirm the results. Both animal trials and

clinical trials showed comparable curative effects with

Medtronic Endurant stent-graft (SG) systems.
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1 Introduction

An aortic aneurysm is the enlargement (dilation) of the

aorta to greater than 1.5 times the normal size. They usu-

ally cause no symptoms except when ruptured. They are

most commonly located in the abdominal aorta but can also

be located in the thoracic aorta. Aortic aneurysms cause

weakness in the wall of the aorta and increase the risk of

aortic rupture. When rupture occurs, massive internal

bleeding appears and, unless treated immediately, shock

and death can occur.

Surgery is the definite treatment of an aortic aneurysm.

Medical therapy is typically reserved for smaller aneur-

ysms or for elderly, frail patients where the risks of surgical

repair exceed the risks of non-operative therapy (observa-

tion alone). Since 1990s, endovascular aneurysm repair

(EVAR) has been used in specific cases. In 2003, EVAR

surpassed an open aortic surgery as the most common

technique for repair of abdominal aortic aneurysm (AAA)

[1–4], and in 2010, EVAR accounted for 78% of all intact

AAA repair in the United States [5]. Nowadays, EVAR is

the most widely used method for the treatment of aortic

aneurysm and dissection.

In EVAR, a stent-graft (SG) system crimped into the

sheath is guided from the femoral artery to the affected

artery segment in order to shield the damaged or diseased

parts from the blood circulation. Thus, the primary objec-

tive is to exclude the affected artery segment completely

from the impact of the pulsatile blood flow. Most of the
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stents for EVAR are made of nitinol alloys because of their

good biocompatibility [6–8], good resistance to corrosion

and fatigue [9–11] and excellent mechanical behaviors

[12, 13]. Many works of nitinol stents have been done,

some of them based on experimental tests [14–17] while

others focused on finite element analysis (FEA)

[11, 18–20] or combine FEA with experiments [21, 22].

Numerical study with finite element analysis was per-

formed systematically to each of the stent components in

order to design an effective stent-graft system for AAA.

Experimental tests were carried out to validate the

numerical results. At last, the designed stent-graft system

was tested in animal tests and clinical trials.

2 Experimental

2.1 Preliminary considerations

The self-expanding stent-graft system presented in this

work designed for AAA consists of Dacron graft material

and nitinol stent components. Three patterns of the stent

strut were designed to be used at different locations of the

stent-graft system: V-type, W-type and suprarenal. V-type

stents are made of one single V-strut as shown in Fig. 1c.

W-type stents were made of two kinds of V-struts with the

height of 7.5 mm and 5.0 mm alternately, which is shown

in Fig. 1d. A suprarenal stent with hooks is shown in

Fig. 1b.

For V-type and W-type stents, straight nitinol wires with

the diameter of 0.33 mm were winded over a series of fixed

pins on a cylindrical surface to form these components. In

order to generate the basic structural shape, a heat treat-

ment was applied. A small nitinol tube was used to connect

the open ends of each component to make a closed loop.

The nomenclature of the designed stent components is

explained here: the name X–Y, where X represents the

nominal diameter of the component (the diameter of the

cylindrical surface of graft material) and Y represents the

height of the V- or W-strut.

For suprarenal stents, the processing method is different

from wire stents. Laser cutting was applied on tube nitinol

materials to form these components. The height is 15 mm,

and the thickness is 0.43 mm. These stent components

were then stitched on a smaller cylindrical graft material,

as shown in Fig. 1a. Table 1 shows the correspondence

among stent, sheath and aorta. Peak number of stent

components will increase as the nominal diameter (X) in-

creases to maintain the consistent radial force. Table 2 lists

the peak numbers of all the stents.

2.2 FEA method

The stent was crimped into the delivery catheter and then

deployed from the catheter to a smaller diameter aorta.

After that, cyclical deformation was applied under the

blood pressure. The worst-case scenario is assumed as

± 2.5% radial pulsatile under 100 mmHg blood pressure

difference [23]. The introduction of an aorta model will

significantly increase the computation amount, and it is

obviously inefficient considering the number of stents to be

simulated. In order to investigate the fatigue behaviors and

radial forces of all the self-expandable nitinol stents, a

commercial finite element code ABAQUS 6.13-1 was used

to simulate the crimping and self-expansion. Some scripts

were written to do the auto post-processing of the open

database (ODB) files. The geometry models of Nitinol

stents were created by a commercial CAD software

SolidWorks 2012.

Fig. 1 Stent graft and its components: a full stent graft, b suprarenal stent, c V-type stent and d W-type stent
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Only the repetitive section of the stent is analyzed as

shown in Fig. 2. Circumferential degree of freedom was

fixed at the open ends, and axial degree of freedom of one

node was fixed to prevent the rigid body translation. No

frictions were applied. A rigid cylinder surface (crimper)

was created to control the crimping, self-expanding and

pulsatile procedures. For the crimper, both circumferential

and axial degrees of freedom were fixed. Two additional

rigid surfaces were added to make sure the stent deforms

within its original central angle due to self-contact during

the first two procedures. For these two rigid surfaces, all

degrees of freedom were fixed. The stent was crimped into

the sheath at first. Then, it was deployed to the diameter of

1.025D (D: inner diameter of the aorta). At last, the sent

was compressed to the diameter of 0.975D.

For the stent, the element type is C3D8R (eight-node

linear brick, reduced integration). There are 30 nodes along

the circumference of the section and 1000 nodes along the

axis of the repetitive section of the stent component. For

the crimper and the two additional rigid surfaces, there are

100 9 100 SFM3D4R (four-node quadrilateral surface

element, reduced integration) elements.

2.3 Materials’ properties

Nitinol has a unique superelastic property [24]. A custom

user material subroutine was chosen to model the supere-

lastic properties of the material. Parameters of the nitinol

material model were provided by Beijing Percutek Thera-

peutics Co., Ltd.

2.4 Experimental tests

After the simulations, the Bose ElectroForce� 9150-6

dynamic fatigue testing machine was used to run the fati-

gue tests. All the stent components went through a

400-million-cycle (10 years in vivo) accelerated fatigue

test (by improving the frequency to 33 Hz), which took

almost 3 months.

2.5 Animal trial

The same sizes of stents for human clinical trials were

implanted into 12 sheep with the help of Beijing Anzhen

Hospital according to ISO 25539. All the procedures were

completed successfully. Six sheep were dissected after

28 days, and the other six sheep were dissected after

180 days.

2.6 Clinical trial

All the surgeries were approved by the Ethics Committees

of Beijing Anzhen Hospital (2013-035), Chinese PLA

Table 1 Correspondence among stent, sheath and aorta

Nominal diameter/mm Inner diameter of sheath/mm Inner diameter of aorta/mm Stent graft oversize/%

20 4.8 16 25

22 4.8 18 22

24 5.4 20 20

26 5.4 22 18

28 5.4 24 17

30 6.1 26 15

32 6.1 28 14

34 6.1 30 13

36 6.1 32 13

Table 2 Peak numbers of all stents

Stents Nominal diameter/mm

20, 22 24 26, 28 30, 32, 34, 36

X-50 10 10 10 12

X-75 10 10 10 12

X-150 5 5 5 6

X-7550 8 10 10 12

Suprarenal 4 5 5 6

Fig. 2 Boundary conditions
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(People’s Liberation Army) General Hospital (2015-015),

Shandong Provincial Hospital (2015-02), Zhongshan

Hospital (2013-64(2)), the Second Xiangya Hospital of

Central South University (2015-15), West China Hospital

(2013-15), the First Affiliated Hospital of Sun Yat-sen

University (2013-026-02) and the 2nd Affiliated Hospital

of Harbin Medical University (2013-030).

A total of 153 AAA patients have participated in clinical

trials in eleven hospitals. Among them, 82 patients used

present AAA stent-graft systems, while the rest 71 patients

used Medtronic Endurant stent-graft systems. All patients

were observed for 1 year after operation. Computed

tomography (CT) results were carried out by Toshiba CT

Aquilion One. The slice increment was 1 mm.

3 Results

3.1 Fatigue safety factor

Fatigue resistance is vital for AAA stent-graft system.

Fatigue safety factors can be analyzed using maximum

principal strains in the stent [25, 26]. The maximum prin-

cipal strain at the systolic pressure was defined as e1, and

the one at the diastolic pressure was defined as e2. We have:

emean ¼ e1 þ e2ð Þ=2 ð1Þ
ealt ¼ e1 � e2ð Þj j=2 ð2Þ

where emean and ealt are the mean strain and alternating

strain, respectively. Many similar constant-life diagrams

have been proposed [27–30]. In this work, a diagram

shown in Fig. 3 is used to analyze the stent components’

fatigue behaviors.

Fatigue safety factor (FSF) is defined as the ratio of

fatigue strain limit (elim) and the alternating strain [26]:

FSF ¼ elim

ealt

ð3Þ

Figure 4 shows the contours of post-processing results.

The contours of the reciprocal of FSFs were plotted. It is

obvious that the lowest FSFs occur around the peaks.

All the stent components’ FSF are shown in Fig. 5.

Theoretically, stents with FSFs above one are considered

safe. As a result, all the stent components can provide

enough fatigue resistance within 1 9 107 cycles.

3.2 Radial force

Figure 6 shows the simplified free body diagram of the

stent. CF denotes the contact force between the shell

(aorta) and the strut (repetitive section), h represents the

strut’s corresponding degree of the central angle (Fig. 6),

and a represents the position of CF. For V-type stents, a
equals 0 in the idealized condition because of their high

symmetry. For W-type stents, a is limited but not zero.

Based on the theory of thin-walled tubes, the stent geom-

etry can be treated as a hollow cylinder subjected to an

internal pressure (P). The relationship between radial force

(RF) and hoop force (HF) can be expressed by Eq. (4):

RF ¼ 2pHF ð4Þ

From Fig. 4, the hoop stress at both ends of the

repetitive section can be derived as follows:

HF1 ¼ 1

2
CF � cos a

�
sin

h
2
þ sin a

�
cos

h
2

� �
ð5Þ

HF2 ¼ 1

2
CF � cos a

�
sin

h
2
� sin a

�
cos

h
2

� �
ð6Þ

When a ¼ 0, HF1 ¼ HF2.

Define d as the difference between HF1 and HF2:

d ¼ HF1 � HF2 ¼ CF � sin a

�
cos

h
2

ð7Þ

Here, the average of HF1 and HF2 is defined as the HF:

HF ¼ 1

2
CF � cos a

�
sin

h
2

ð8Þ

Hence, the radial force (RF) can be calculated as

follows:

RF ¼ 2pHF ¼ p � CF � cos a

�
sin

h
2

ð9Þ

Radial force of all the stent components calculated using

the equations above is shown in Fig. 7. For each series,

stent components with different nominal diameters tend to

provide similar radial forces at a constant level. X-50 series

have the largest RFs, while X-150 series have the smallest.

The radial force is related to the stiffness of the strut.Fig. 3 Fatigue limit of 1 9 107 cycles
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3.3 Fatigue test

After 400 million cycles, the stents were observed under an

optical measuring instrument of 38 times multiplication.

Figure 8 shows structural integrity. No fracture or collapse

was observed. Although cracks cannot be found under such

low multiplication, they are allowed to exist after 10 years’

fatigue.

Fig. 4 Reciprocal of FSF contour plot: a V-type stent and b W-type stent

Fig. 5 Fatigue safety factors of each series of stents

Fig. 6 Free body diagram of stent to calculate radial force: a directions of HF and RF, b directions of HF and P and c locations of CF and HF

Fig. 7 Radial forces of each series of stents
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3.4 Animal testing

All the stent-graft systems were well implanted. All the

sheep could breathe on their own after the surgeries. No

infection occurred. The stent-graft system was tightly

bound to the aorta. No lesions took place for the

endothelial tissue on the stent. No obvious injury or

inflammation was observed. There was no sign of giant

cells or granulomas.

3.5 Clinical trial

The death rate related to AAA after 365 days is 0% for

both Percutek and Medtronic groups. One patient’s CT

results of blood flow are shown in Fig. 9. The aneurysm

was quite obvious before the surgery. After 30-day

implantation, the blood flow had been almost controlled

within the stent-graft system. There was no obvious dif-

ference among the blood flow after 30, 180 and 365 days.

The designed stent-graft system has a significant effect.

4 Discussion

In order to design an AAA stent-graft system, all the

parametric variations of the individual stent components

and their effect on the overall stent performance are vital.

After a careful selection and arrangement of the individual

stent components, an AAA stent-graft system was created

(Fig. 10). (1) A suprarenal stent with hooks was used as the

first stent at the proximal end to improve the migration

resistance, due to the massive blood flow within the

abdominal aorta. (2) An AAA stent graft does not require

the same level of conformability as TAA (thoracic aortic

aneurysm) and TAD (thoracic aortic dissection) because

the abdominal aortas do not have natural arches. So, X-50

series stents will not be used because they were difficult to

crimp and were unstable during the self-expanding process.

Sealing is the most important property for AAA. In order to

Fig. 8 Surface topography of three sets of parallel samples under an

optical measuring instrument of 38-times multiplication after

400-million-cycle fatigue tests

Fig. 9 Three-dimensional CT blood flow results of a patient’s

abdominal aorta a before surgery and after b 30 days, c 180 days

and d 365 days

Fig. 10 Stent graft for AAA
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create a perfect seal, the second stent at the proximal end

must provide a proper radial force and has enough contact

area. X-7550 series have almost the same radial forces with

X-75 series while the minimal sealing length can reach

5.0 mm, which is 2.5 mm shorter than that of X-75 series.

As a result, an X-7550 stent was chosen as the second stent

at the proximal end to seal the graft material and the aorta

while also taking safety factors into account. (3) For the

middle section and the bifurcations, X-75-0.33 stents were

used because their safety factors rank only second to X-150

series while they can also provide good conformability.

The clinical trial has demonstrated very positive results

of newly designed stent-graft system. It is comparable with

Medtronic Endurant stent-graft systems.

5 Conclusion

Five series of stent components were investigated using

FEA methods. Each series of stents have their advantages

and disadvantages. Four variables were studied: strut type,

strut height, peak number and nominal diameter. Fatigue

resistance and radial strength are two of the most important

properties of a stent-graft system. After a thoughtful

selection and arrangement of the stent components based

on FEA results, an AAA-specific stent-graft system was

developed.
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