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+e complication of stent graft-induced new entry (SINE) after thoracic endovascular aortic repair (TEVAR)may be caused by the
spring-back force of both ends of the stent grafts. Spring-back force, which is exerted by the curvature and ends of stent grafts on
the greater wall of the aorta, suggests poor flexibility. Research on stent graft flexibility via design optimization has been widely
disregarded. +us, this study investigates the relationship between stent graft structure and flexibility by measuring bending and
spring-back forces. Stent spacing (5, 10, and 15mm), apex angle (30° and 45°), and strut configuration (Z- and M-stented) were
considered for the structural parameters. +e overall tendency of spring-back and bending forces was similar. +e stent graft with
15mm spacing attained the lowest force level. +e force difference between samples with 30° and 45° apex angles became
prominent as the curving angle increased. +e sample with 45° stent apex attained low force value. +e Z-stented graft obtained
a lower force than the M-stented graft with the same number of struts per hoop. Consequently, optimal flexibility was obtained
when the structural design was characterized by long stent spacing, big stent apex angle, and Z-type strut configuration.

1. Introduction

+oracic endovascular aortic repair (TEVAR) technology
for thoracic dissection and aneurysm treatment has de-
veloped rapidly since the first successful thoracic stent graft
device application [1]. And subsequent short- and midterm
clinical results were promising compared with those of open
surgery [2]. However, not all long-term outcomes were fully
satisfied [3, 4]. +us, further research is needed to reduce
incidences of long-term complications.

Rigid thoracic stent grafts cannot fully conform with the
anatomy of the aortic arch, although they work well for
descending thoracic aorta [5]. +e complex aorta arch
morphology can lead to a mismatch between thoracic aorta
and stent grafts, and thus, potential risks of bird beak
resulting in endoleak and stent graft collapse may occur [6].
Moreover, the short angulated necks of abdominal aortic
aneurysms demand high-level stent graft flexibility, stent
graft displacement, and kinking can cause limb occlusions

[7–9]. +erefore, stent grafts should be flexible and con-
formable with the host artery [10–14].

Stent graft-induced new entry (SINE) is a new tear
caused by the rigid stent graft itself when ends spring back to
the initial form after they are passively bent along the aorta
arch [15, 16]. SINE may be proximal or distal. Dong et al.
[15] posited that spring-back force could potentially cause
SINE, especially in the proximal end. Proximal SINE was
observed when the oversizing rate was only 3%, and this
could decrease radial force to the maximum extent [15].
+us, radial force was disassociated with proximal SINE and
instead was considered as the main factor of distal SINE [15].
In general, spring-back force is the force exerted by stent
grafts acting on the greater curve when placed in a tortuous
arterial anatomy, such as aorta arch and popliteal artery.

No unified evaluation index estimates the flexibility of
stent graft at present. Different evaluation indexes, such
as percentage change in diameter [17], bending force [18],
and spring-back force, were presented in literature. Bending
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force is the force to bend a stent graft, whereas spring-back
force is the force to recover a straight stent graft after
bending. Flexibility evaluation can be done by finite element
analysis (FEA) [19] or in vitro experimental studies.
Demanget et al. [9] modeled seven commercial aortic stent
grafts by FEA to assess their flexibility and calculate luminal
reduction rate. Only a few FEA studies were conducted on
the mechanics of stent grafts, although several other FEA
studies have focused on stents alone. +e gaps may be at-
tributed to the complexity of the stent graft, which is
a combination of a rigid stent and a soft textile tubular graft
[20]. Several assumptions were offered to simplify numerical
work. However, this could decrease the result accuracy.
Qualitative and quantitative in vitro experimental studies
were also conducted. Singh and Wang [8] estimated the
bending behavior of segmented and plain knit stents by bent
configuration observation immediately and bending mo-
ment with the free-bending end of the stents at 90° from the
stent axis. Freitas et al. [21] estimated the percentage change
in the diameter at 90°, which represents the flexibility of
weft-knitted and braided stents. Hirdes et al. [22] suggested
that measuring the force exerted by the stent from bending
to straightening (i.e., spring-back force in this study) is much
more meaningful than the force to bend it (i.e., bending
force). Spring-back force was measured by recording the
force required to keep the stent at the bending angle of 20° at
20mm from the bending point; however, load cell foot was
not placed vertical to the sample. +us, the force tested was
not the real spring-back force. Isayama et al. [23] and Zou
et al. [24] used a similar method in the vertical orientation to
test the spring-back force of stents and stent grafts. However,
only the forces under limited curving angles were tested.

+e structure of stent design determines the behavior of
stent graft. Although a number of research have reported the
importance of flexibility, majority of these studies only
compared the different stent strut types and disregarded the
optimal stent design. Demanget et al. [25] studied the re-
lationship between stent graft design and flexibility by
comparing the flexibility of Z- and spiral-stented grafts
via FEA. However, the effects of Z- and spiral-stented graft
structures on flexibility were unreported. Clinical and ani-
mal trails also confirmed the relationship of flexible devices
and low incidence of complications after surgery [26, 27].
However, evaluating flexibility as a design parameter of stent
grafts was not discussed in detail. Moreover, the structures of
stent grafts and their effects on flexibility have not yet been
tested via animal trails. Several difficulties are encountered in
designing flexible stent grafts. +erefore, a feasibility study
on the relationship between the structural parameters and
flexibility of stent grafts is necessitated. Results may par-
ticularly benefit Z-stented devices, which is currently
a common design of several commercial products’.

+e present study tested bending force and spring-back
force by employing a newly designed device under a con-
tinuous curving angle. +e force tester foot was placed
vertical to the surface of the sample. +e two forces (bending
and spring-back) served as indicators of stent graft flexi-
bility. Both forces were estimated and compared using stent
grafts with different structural characteristics. Consequently,

the optimal design factor that may affect the flexibility of
stent grafts is established.

2. Materials and Methods

2.1. StentGrafts. +e structural parameters (stent spacing: 5,
10, and 15mm; stent apex angles: 30° and 45°; and stent strut
configuration: Z- and M-stented) of the stent grafts were
studied. +e schematics of the structural parameters of Z-
andM-stented grafts are illustrated in Figure 1.+e height of
the single Z-stent strut was set constant (10.96mm) while
stent spacing was placed shorter, similar, and longer than
stent struts. +e stent apex angle was selected on the basis of
commonly used commercial stent grafts. Currently, several
commercial stent grafts have adopted the M-type strut
configuration, and Z-type strut is still commonly used.

Seven stent graft prototypes were considered in this
study. +e prototypes were divided into three groups: A, B,
and C.+e three samples in Group A were labeled A11, A22,
and A33; the two samples in Group B were labeled B13 and
B23; and the two samples in Group C were labeled as C13
and C23.

Polyester seamless tubular grafts were fabricated at the
Biomedical Textile Research Center, Donghua University,
Shanghai (China). Warp and weft yarns were obtained from
Suzhou Suture Needle Co. +e yarns and tubular fabric
characteristics are presented in Table 1. All tubular grafts
were plain weave, and parameter difference (i.e., linear
density of weft yarn) was observed in Group A only. +e
structural parameters of woven seamless tubular grafts in
this study were similar to those of commercially available
devices [28].

+e structural parameters of nitinol stents (Micro-Tech
Co. Ltd., Nanjing, China) are shown in Table 2. +e stent
grafts of Group A and B were of the Z-stented type, whereas
the stent grafts of Group C were M-stented. Stent spacing
variation (5, 10, and 15mm) were observed in Group A,
whereas apex angle variation (30° and 45°) was observed in
Group B. Other stent parameters (except for group-level
variations) were the same. +us, only one variable exists in
each group. Stents and seamless tubular grafts were stitched
together by multifilament polyester-braided 5-0 suture
(Jinhuan Medical Co., Shanghai, China) at the Biomedical
Textile Research Center.

2.2. Bending Force and Spring-Back Force. Bending force and
spring-back force were measured with a new device [29]
developed at Donghua University (Figure 2). +e device was
composed of a motor and columns for stent graft mounting.
+e columns could rotate with the motor at constant speeds.
+e stent-graft sample was tightly fixed to the cylindrical
column (COLUMN). COLUMN rotated around a horizon-
tal center line at the right end of plane E, which in this study
was set as the design bending point of the stent graft. During
the test, the load cell foot was in constant contact with the
stent grafts to ensure that bending force and spring-back
force could be recorded continuously regardless of the
curving angle.

2 Advances in Materials Science and Engineering



�is device was designed to avoid a nonvertical test
condition between the load cell foot and stent-graft surface
on the basis of results of past research.�e design also aimed
to gather bending and spring-back force data for di�erent
curving angles.

All seven stent-graft prototypes utilized three stent wires
labeled as I, II, and III. �e right end of COLUMN (plane E)
is located in the middle of the unstented zone between stent
wires I and II, as shown in Figure 3(c). Two stent wires were
free-bending (II and III). �e bending and spring-back force
test was positioned at the right end of stent wire III located at
the stent apex. �e free-bending stent wires remained
motionless while the �xed portion rotated. Bending arm
length was de�ned as the axial distance between plane E and

the force testing position. �e bending arm lengths of each
stent graft are shown in Table 3.

Bending force on the right end of stent wire III was
recorded when COLUMN rotated from the horizontal
position at the constant speed of 1.25 r/min. �e stent graft
shifted from straight to bent position. �e angle between the
horizontal position and the bent position is represented by
curving angle θ, which can be measured by referring to the
center line of COLUMN in two positions, as shown in Figure
3(a). Spring-back force was measured following the same
procedure but in the reverse order (i.e., clockwise direction
when COLUMN was rotated from a certain curving angle θ
to the horizontal position with the same speed). �e stent
graft shifted from bent to straight position (Figure 3(b)). In
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Figure 1: Schematics of (a) Z-stented and (b) M-stented grafts. (H1 refers to the stent spacing,H2 refers to the height of one stent strut,H3 is
half of H2, and α refers to the stent apex angle.)

Table 2: Structural parameters of stents.

Stent graft
number

Stent strut
con�guration

Angle of stent
apex, α (°)

Stent spacing, H1
(mm)

Height of one stent strut,
H2 (mm)

Number of struts
per hoop

Diameter
(mm)

A11 Z 35 5 10.96 5 11
A22 Z 35 10 10.96 5 11
A33 Z 35 15 10.96 5 11
B13 Z 30 10 10.96 6 11
B23 Z 45 10 10.96 4 11
C13 M 30 10 10.96 4 11
C23 M 40 10 10.96 3 11

Table 1: Textile structural parameters of seamless tubular grafts.

Stent
graft
number

Tubular
graft

number

Yarn linear density (D
(denier)/�lament count) Fabric

construction

Fabric count
(ends/mm× picks/mm)

Wall
thickness
(mm)Warp Weft Warp Weft

A11 G1 30D/1 f 30D/1f 1/1 plain 13.1± 0.2 8.2± 0.2 0.144± 0.006
A22 G2 30D/1 f 20D/12f 1/1 plain 13.7± 0.2 7.2± 0.2 0.115± 0.002
A33 G3 30D/1 f 30D/12f 1/1 plain 13.9± 0.3 6.6± 0.5 0.125± 0.002
B13 G3 30D/1 f 30D/12f 1/1 plain 13.9± 0.3 6.6± 0.5 0.125± 0.002
B23 G3 30D/1 f 30D/12f 1/1 plain 13.9± 0.3 6.6± 0.5 0.125± 0.002
C13 G3 30D/1 f 30D/12f 1/1 plain 13.9± 0.3 6.6± 0.5 0.125± 0.002
C23 G3 30D/1 f 30D/12f 1/1 plain 13.9± 0.3 6.6± 0.5 0.125± 0.002
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summary, this study recorded bending and spring-back
forces under a continuous curving angle, in which the
load cell foot was positioned perpendicular to the samples.

�e bending and spring-back forces of seamless tubular
grafts were also measured using the same testing methods
and parameters mentioned above. COLUMN was inserted
onto the tubular graft. �e bending arm of the tubular grafts
was the same with those of the stent grafts.

2.3. StatisticalAnalysis. Results were statistically analyzed by
SPSS ver. 19 (SPSS Inc., Chicago, IL, USA). For the one-way
ANOVA, a signi�cant di�erence exists if p value is <0.05.

3. Results

3.1. Bending Force of Tubular Grafts. A woven fabric was
integrated into the stent to ensure a lightweight but high-
strength, ¢exible, and conformable design [10]. �e typical
bending process of woven tubular fabric is shown in Figure 4.
�e bending process of the woven tubular fabric was char-
acterized by the following: (i) radial compression due to the
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Figure 2: Device to mount stent graft for the bending and spring-back force tests.
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Figure 3: Schematic of test methods of (a) bending force, (b) spring-back force, and (c) stent graft �xation on COLUMN.

Table 3: Bending arm lengths of stent grafts (mm).

A11 A22 A33 B13 B23 C13 C23
29.42 36.92 44.42 36.92
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semicircular load cell foot that closely held the tubular graft,
and no fabric deformation was observed; (ii) fabric started to
deform; (iii) onset of fabric collapse and initiation of a kink in
the inner curve; and (iv) rotation around the kink point. �e
maximum bending force was reached at the end of the �rst
stage, which could explain why the maximum curving angle
of the three tubular grafts ranged from 4° to 13° only (i.e., a
relatively small angle). Findings indicate that the kink point
was the bending point after deformation, and this kink point
was observed in between the designed bending point and
testing point. �us, only the force values of three tubular
grafts before the highest bending force were compared.

Figure 5(a) illustrates the bending force of three tubular
grafts (G1, G2, and G3) with corresponding stent graft
bending arm lengths. Figure 5(a) shows the lower bending
force of G1 compared with those of G2 and G3 given the
same curving angle. At the curving angle of 5°, the bending
force values of G1, G2, and G3 were 5.98, 12.89, and
11.31 cN, respectively.

�e bending arm lengths of G1, G2, and G3 were 29.42,
36.92, and 44.42mm, respectively. When bending force
reached the maximum, tubular graft G1 obtained a higher
curving angle than G2 and G3 (Figure 5(b)). No statistical
di�erence was observed between G2 and G3.

3.2. Spring-Back Force of Tubular Grafts. Spring-back force
was estimated from a bigger curving angle to smaller curving
angle. �e spring-back force of the tubular grafts at the
curving angle of 5° is shown in Table 4.�e spring-back force
of G1 with a bending arm length of 29.42mm is lower than
that of G2 with a bending arm length of 36.92mm and G3
with a bending arm length of 44.42mm.

3.3. Bending Force of Stent Grafts. �e bending forces of
seven stent grafts were tested separately. Stent spacing was
designated as the variable of Group A. �e bending force of
stent grafts A11, A22, and A33 given the same curving angle
is shown in Figure 6. Stent graft A11 obtained the highest

bending force given the same curving angle. When the stent
spacing of A11, A22, and A33 was increased by 5mm, the
corresponding bending forces at 30° were 57.56, 23.22, and
11.93 cN, respectively. Bending force decreased at 30° by
59.7% when stent spacing increased from 5mm to 10mm
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Figure 4: Typical bending curve of tubular fabric (blue dotted line
refers to the horizontal position).
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Figure 5: (a) Bending force curve and (b) curving angle when
bending force reached the maximum. Bending arm lengths of
tubular grafts and corresponding stent grafts: tubular graft G1
corresponds to A11 (29.42mm), tubular graft G2 corresponds to
A22 (36.92mm), and tubular graft G3 corresponds to A33
(44.42mm).

Table 4: Spring-back force of three tubular grafts at the curving
angle of 5° with three bending arm lengths (cN).

Tubular graft number
Bending arm length (mm)

29.42 36.92 44.42
G1 1.09± 0.63 — —
G2 — 5.67± 0.21 —
G3 — — 5.53± 0.78
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and decreased by 48.6% when stent spacing increased from
10mm to 15mm.

No signi�cant di�erence was found between A22 and
A33 at the curving angle of 10°. By contrast, when the
curving angle increased to 20° and 30°, a signi�cant di�er-
ence was observed between A22 and A33.

Di�erent apex angles were observed in Group B; the apex
angles of B13 and B23 were 30° and 45°, respectively. �e
bending force average value of B23 was lower than that of
B13 at the curving angle of 40°. However, no signi�cant
di�erence in bending force was observed between B13 and
B23 given the same curving angles of 10°, 20°, 30°, and 40°

(Figure 7). And the forces did not show statistical di�erence
among di�erent curving angles of 10°, 20°, and 30°.

�e bending force of stent grafts C13 and C23 is shown
in Figure 8. No signi�cant di�erence in bending force was
observed between C13 and C23 given the same curving
angles of 10°, 20°, 30°, and 40°. However, the bending force of
C13 di�ers prominently from that of C23 at the curving
angle of 50°.

�e number of struts per hoop of C13 and B23 was 4.�e
type of stent of C13 was M-stented, whereas B23 was
Z-stented. �eir bending force was compared, and no sig-
ni�cant di�erence existed given the same curving angle.

3.4. Spring-Back Force of Stent Grafts. �e spring-back force
of the stent grafts of Group A with the same curving angles is
shown in Figure 9. �e spring-back force of the three
samples increased when the curving angle widened from 10°
to 30°. Meanwhile, when the stent spacing of A11, A22, and
A33 increased, the spring-back force decreased, especially at
the relatively large angles of 20° and 30°. When the curving
angle was 20°, the spring-back forces of A22 and A33 were
not signi�cantly di�erent and statistically lower than that of
A11. When the curving angle was 30°, the spring-back forces
di�ered. �e spring-back force was almost linear with the
increase of stent spacing at the higher slope of 30° (8.24)
unlike for those at 20° (3.87). �e gap between A11 and A22
at 30° was 10.12 cN, which was higher than that at 20°
(4.79 cN). �e gap between A22 and A33 at 30° was 6.32 cN,
which was also higher than that at 20° (2.95 cN).

�e spring-back force of Group B increased as the
curving angle increased (Figure 10), and this result was
consistent with that of Group A. No di�erence was ob-
served at the relatively low angle of 20°. However, sig-
ni�cant di�erences were observed when the curving
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Figure 6: Bending force of stent grafts A11, A22, and A33 given the
same curving angle.
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Figure 8: Bending force of stent grafts C13 and C23 given the same
curving angle.
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angles increased to the relatively high angles of 30° and
40°. �e spring-back force of B13 was higher than that of
B23 at the curving angles of 30° and 40°. �e ratios of the
spring-back forces of B13 and B23 were 1.28 and 1.50, re-
spectively. �e ratios increased when curving angles reached
30° and 40°.

�e spring-back force of Group C (Figure 11) increased
when the curving angle increased, and this tendency was
observed in all of the stent graft samples. No signi�cant
di�erence was observed between C13 and C23 in all stent
apex angles. �e spring-back force of B23 was lower than
that of C13 given the same curving angle.

4. Discussion

Spring-back force in proximal SINE can be potentially risky
for patients. Spring-back force is exerted by stent grafts that
have been passively bent along curved arteries such as the
aortic arch. Regardless of stent graft type, ¢exibility is highly
necessary. Stent graft in¢exibility has been an issue for many
years, and designing stent grafts to achieve optimum ¢ex-
ibility requires further study. Most of the commonly used
commercial stent grafts are Z-stented, such as C-TAG and
TAG (W. L. Gore & Associates, Newark, Del.) and Valiant
(Medtronic, Minneapolis, Minn.).

�is study focused on the structural design of Z-type
stent grafts. �e bending and spring-back forces of seven
stent-graft prototypes were tested with the newly designed
device to ensure that the force tested was perpendicular to
the stent graft surface. In this scenario, force data could be
e�ectively obtained in various curving conditions.

Bending force and spring-back force are good indicators
of stent-graft ¢exibility. Bending force can be induced on the
stent graft from the outside to make it curved, whereas
spring-back force is exerted by the stent graft when it is

passively curved. �ese two forces come from opposite
directions, and bending force is higher than spring-back
force. When a tubular fabric is bent, bending and tensile
strain can be observed outside of the bend [30], whereas the
inside of the bend is compressed and the fabric buckles [31].
Fiber resistance (i.e., generalized linear viscoelasticity) and
inter�ber friction are two important factors of woven fabric
resistance to bending [32]. Inter�ber friction increases
bending resistance and impedes recovery from deformation
[33] (i.e., spring-back process). Strain energy is stored within
an elastic solid if the solid is deformed by applying forces
[34]. �us, the elastic recovery of the �ber determines the
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Figure 10: Spring-back force of stent grafts B13 and B23 given the
same curving angle.
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Figure 11: Spring-back force of stent grafts C13 and C23 given the
same curving angle.
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Figure 9: Spring-back force of stent grafts A11, A22, and A33 with
the same curving angle.
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deformation recovery of the fabric [35]. +e interfiber
friction and stress-strain behavior of the fiber ultimately
result in energy loss. NiTi is a nonlinear material. Strain
energy is stored and turned into kinetic energy [36] when the
nitinol stent is deformed and recovered. +us, the de-
formation process of NiTi stent is accompanied by energy
loss [37, 38]. Subsequently, owing to the energy loss, the
spring-back force of stent grafts is lower than its corre-
sponding bending force.

In this study, the forces of tubular graft G1 were the
lowest. However, the corresponding stent graft A11 obtained
the highest bending and spring-back forces except in the
spring-back angle of 10°.+is finding indicates that themetal
stent in the stent graft influenced the bending or spring-back
force level of the stent graft more than tubular fabric graft.
+e tubular fabric incorporated into the stent was free of
kink unlike in the tubular fabric alone during bending. +is
finding may be attributed to the shape-holding capacity of
the metal stent, which helped maintain the circular form of
the tubular fabric cross section.

+e results of Group A indicate that the longer the stent
spacing is, the lower the bending or spring-back forces will
be. Long stent spacing suggests less stent portion within the
arm length. +e ratios between the stent portion length and
arm length were 74.5%, 59.4%, and 49.3% for A11, A22, and
A33, respectively. +us, force level is dependent on the stent.
A longer stent spacing results in a lower force level.

Bending force decreased by 59.7% when stent spacing
increased from 5mm to 10mm and decreased by 48.6%
when stent spacing increased from 10mm to 15mm. Stent
spacing changed the flexibility of stent graft dramati-
cally, as evidenced by their negative correlation. As stent
spacing became longer, force decrease percentage de-
creased. +is finding implies that decreasing bending
force by simply increasing stent spacing is an ineffective
approach.

+e bending force of A22 and A33 showed no difference
in the curving angle of 10°. However, bending force was
statistically different in the curving angles of 20° and 30°. +e
difference in the spring-back forces of A11, A22, and A33
increased gradually when the curving angle increased. +e
result indicated that the effect of stent spacing on flexibility
could be amplified by increasing the curving angle. In-
creasing the curving angle resulted in a higher deformation
of the stent graft. +e longer stent spacing implies a long
fabric section in between stent wires, which is more prone to
deformity compared with that of a nitinol stent.

+e arm lengths of the three samples were not the same.
Engineering mechanics states that the shorter an arm is, the
higher the force will be. +erefore, the highest force of stent
graft A11 can be attributed to two aspects: short stent
spacing and short arm length. Assuming that the arm length
of the three samples is the same, a shorter stent spacing
(e.g., A11) indicates a more stented section in the free-
bending or spring-back arm, whereas a longer stent spacing
(e.g., A33) shows a less stented section. +e metal stent is
considered to be the crucial factor increasing the results of
bending or spring-back force. Accordingly, the assumed
condition is similar to the findings obtained by this study.

+e results of Group B indicate that relatively big apex
angle can reduce spring-back force. A big apex angle implies
more continuous fabric in the stented section. Deformation
was observed in the fabric in between stent struts unlike in
the continuous fabric in the stented section. As the semi-
circular force cell foot was used in this study, morphology
of the stented section was maintained within the relatively
small curving angle. +e continuous fabric in the stented
section may be deformed by a big curving angle, which in
turn may result in the spring-back force difference between
B13 and B23 at the curving angles of 30° and 40°.

A bigger apex angle implies fewer stent apexes of
single stent wires with the same diameter; however, radial
strength could decrease. +e radial strength of stent grafts
provides effective support for blood vessels, maintains
sufficient luminal patency, and secures fixation to the
artery wall [39]. +erefore, a balance of spring-back force
and radial support force is needed when designing a new
generation stent graft.

+e bending force of C13 was higher than C23 in the
relatively high angle of 50°. Bending force was related to the
apex angle. In GroupC, the apex angle of C13was smaller than
that of C23; this result was consistent with those in Group B.
+e spring-back force of B23 was lower than that of C13 given
the same curving angle. +us, Z-stented grafts could help
reduce rigidity unlikeM-stented grafts. A possible explanation
for these findings is that the number of continuous fabric in
Z-stented grafts is higher than that in M-stented grafts when
the number of struts per hoop is the same.

+e overall relationship between stent graft structures
and bending force or spring-back force illustrates the re-
lationship between stent graft structure and its flexibility.

+e flexibility of commercial stent grafts used at present
was rarely evaluated. Demanget et al. [9] evaluated the
flexibility with the luminal reduction rate and approved that
the stent design strongly influences flexibility of commercial
aortic stent grafts. +e luminal reduction rate result of three
Z-stented commercial stent grafts Endurant (Medtronic,
CA, USA), Zenith Flex, and Zenith LP (Cook, Bjaeverskov,
Denmark) is shown in Table 5. However, the structural
parameters of those three Z-stented commercial stent grafts
were different, it is not reasonable to compare their flexibility
directly. So the ratio of stent spacing to stent height was
calculated and regarded as relative stent spacing. +e lu-
minal reduction rate at 90° of three stent grafts is all no more
than 20%. +e numerical relationship of luminal reduction
rate level of those three commercial stent grafts is the same
with that of the ratio of stent spacing to stent height. +is
result is consistent with our result that longer stent spacing
helps us to enhance flexibility.

Bending and spring-back forces of other two commer-
cially available Z-stented commercial stent grafts, Valiant
(Medtronic, CA, USA) and Zenith TX2 2PT (Cook, Bjae-
verskov, Denmark), were tested with the same testing
method used in this research (Table 6). Bending force was
higher than spring-back force for all stent grafts. Zenith TX2
2PT showed lower bending and spring-back forces. +e
numerical relationship of force per bending arm length at 50°
between Valiant and Zenith TX2 2PT is opposite to that of
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the ratio of stent spacing to stent height. +is is also con-
sistent with the result that longer stent spacing contributes to
enhancing flexibility. However, due to the differences in
structure parameter and size specification between the
commercial stent grafts, it is therefore difficult to conclude
which one is the most flexible immediately.

+is study attempted to enhance the understanding as to
how stent graft structure could affect clinical results such as
complications of proximal SINE. +e spring-back force
causing proximal SINE was analyzed. +e stent graft with
long stent spacing, large apex angle, and Z-type stent strut
configuration can help decrease complication rates.

Other properties (i.e., radial force) that could affect
clinical results are needed to be studied. Predicting clinical
outcomes on the basis of bending and spring-back forces is
challenging. Nonetheless, results on the bending and spring-
back forces can help with the design and choice of stent
grafts from the perspective of flexibility decreasing the in-
cidence of proximal SINE. A complicated interaction exists
between stent graft and host artery, and other factors may be
considered in anticipation of clinical results. In vitro animal
model research may be conducted to establish the re-
lationship between stent graft design and potential clinical
results.

5. Conclusions

Proximal SINE as a form of TEVAR complication has
attracted wide attention. SINE formation can be attributed
to stent graft inflexibility. In this study, bending force and
spring-back force were estimated to evaluate the flexibility of
endovascular stent grafts. +e relationship between struc-
tural design factors and flexibility was also determined, the
results of which may be used for designing new generation
stent grafts. Findings showed that long stent spacing, large
apex angle, and Z-stented strut configuration are potential
structural designs of stent grafts. Results can help engi-
neers design and improve stent graft structures and guide

clinicians on the best types of stent grafts. +e best stent
grafts are those with excellent comprehensive performance,
particularly, high levels of flexibility.
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