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Abstract: This study presents a systematic investigation into the structural design and mechanical
performance optimization of next-generation biodegradable stents specifically engineered for
cerebrovascular applications. By addressing critical clinical demands in the treatment of cerebrovascular
diseases, the research highlights the limitations of conventional cardiovascular stents, particularly their
insufficient flexibility and suboptimal vascular adaptability in delicate cerebral vessels. Through comparative
analysis of various structural design methodologies—including modular, non-modular, and hybrid
configurations—the study identifies key performance determinants, with a focused examination of support
unit geometry and connection unit arrangement. The findings demonstrate the successful development of
an innovative stent architecture that integrates axially aligned sinusoidal connection units with strategically
distributed discrete support elements. This novel design achieves a remarkable balance between enhanced
flexibility and maintained radial strength, overcoming a major trade-off in conventional stent engineering.
Furthermore, the research establishes quantitative correlations between critical structural parameters (e.g.,
strut width, thickness, and unit spacing) and performance metrics such as bending compliance and radial
support capability, providing a robust theoretical framework for optimized stent design. To validate these
advancements, the study introduces a comprehensive finite element analysis (FEA)-based evaluation
methodology, which can simulate the stress and deformation of the stent under physiological conditions such
as vascular bending and blood pulsation, enabling precise assessment of stent performance under simulated
physiological conditions. These insights not only advance the field of biodegradable stent technology
but also offer practical technical guidance for future research and development, such as prioritizing the
optimization of the curvature radius of the connecting unit (initial value suggested to be 0.5-1 mm) to
enhance stent flexibility. Ultimately, this work contributes significantly to the evolution of specialized stent
systems tailored for the unique biomechanical challenges of cerebrovascular disease intervention.

1. Introduction through a puncture site in the inguinal region and delivered through the ab-

Hemorrhagic stroke has an extremely high rate of disability and mortality,
with cerebral aneurysm being a representative condition"’. Due to the sudden
onset of the disease, 10% to 15% of aneurysm patients die suddenly before
they can seek medical attention, and the case-fatality rate for the first bleeding
is 35%, while the rate for recurrent bleeding is 60% to 80%. Even if patients
survive, most are left with disabilities”. Endovascular interventional therapy
has become the primary treatment for cerebral aneurysms due to its advantages
of minimal invasiveness, fewer sequelae, broad applicability, and rapid recov-
ery®”!. Stent-assisted coil embolization is a common approach in endovascular
interventional therapy, effectively treating various types of aneurysms, signifi-
cantly improving the embolization rate of cerebral aneurysms, and reducing
their recurrence rate. However, the success of this treatment relies on the vas-
cular stent being able to reach the target location smoothly and function safely.
Most of the current stent research focuses on treating cardiovascular diseases™
°1 and their structural design and mechanical properties are unsuitable for
treating cerebrovascular diseases. The main reason is that the cerebrovascular
anatomy is more complex than the cardiovascular system”. Compared with
cardiovascular vessels, cerebrovascular vessels have smaller diameters (usually
2-5 mm vs. 5-15 mm for cardiovascular vessels), thinner walls (approximately
0.1-0.3 mm vs. 0.3-0.8 mm for cardiovascular vessels), and more tortuous
physiological curves, such as the S-shaped curve of the internal carotid artery
siphon segment. During endovascular procedures, stents are typically inserted

dominal aorta, thoracic aorta, and carotid artery until they reach the vicinity of
the cerebral Willis circle!". Therefore, the clinical use of most existing stent
structures is limited in the treatment of cerebrovascular diseases, necessitating
further optimization of stent design and mechanical performance evaluation
tailored to the anatomical characteristics of cerebral vessels. This article pro-
vides an overview of the development, structural design, and key mechanical
properties of biodegradable stents, which are an emerging hotspot in the medi-
cal field, specifically in the context of cerebrovascular applications.

2. Development of Biodegradable Cerebrovascular Stents

The original intention of the vascular stent is to treat cardiovascular lumen
stenosis or occlusion, and to ensure blood circulation through higher radial
support. With the development of medical standards, the application of stents
by medical personnel is no longer limited to cardiovascular applications in
the large lumen. In 1991, an Ttalian scholar, Guglielmi", published a report
on the use of vascular stents to treat cerebrovascular diseases opened up a
new application space for it. In 1997, scholar Higashida'™ first tried to use
a balloon-diffusion cardiovascular stent-assisted spring coil to treat cerebral
artery stenosis. However, due to the unique anatomical structure in the skull,
the small diameter of the blood vessels, the tortuous tube diameter, the thin
and brittle blood vessel walls, which leads to poor passage of the cardiovas-
cular system, and the damage to the blood vessels during the implantation
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process, ultimately leading to higher complications
cerebrovascular stents that focus on flexibility came into being!"*'”. Currently,
commercial cerebrovascular stents used for stent-assisted embolization treat-
ment include Neuroform stents from Stacyk in the United States'*), Enterprise
stents from Johnson & Johnson in the United States"”, Leo stents from Bulgge

. To meet clinical needs,

in France™!, and Apollo stents from China®", etc., where (a) the Neuroform

stent features an open-grid structure and (d) the Apollo stent has a closed-
loop design. No matter which commercial cerebrovascular stents are, these are
permanent implants due to material reasons. If a permanent stent is implanted
in the blood vessel, it will always exist in the form of a foreign body, contin-
uously stimulating the blood vessel wall, causing new problems, such as the
blood vessels being unable to restore their original physiological functions,
advanced stent thrombosis, advanced vascular restenosis, mismatch between
the implanted site and the stent-free site, endothelial dysfunction, etc. And
for brain aneurysms with high recurrence rates, such stents will directly affect
their secondary intervention™ ",

With the introduction of the concept of “degradable”, the concept of biode-
gradable cardiovascular and cerebrovascular stents has emerged. At present,
biodegradable cardiovascular stents have been successfully used in clinical
treatment™*", but biodegradable cerebrovascular stents are still in the early
stages of development, and no clinical reports have been seen. By comparison,
the relatively slow progress in the development of biodegradable cerebrovas-
cular stents is primarily attributable to the unique anatomical characteristics
of cerebral vasculature, which impose significant constraints on the clinical
application of current vascular stent technologies. The anatomy of the cerebro-
vascular system is extremely complex, and some parts are extremely tortuous,
such as the siphon section of the internal carotid artery, which can form rela-
tively sharp angles in a narrow space. Therefore, considering the unique ana-
tomical characteristics of cerebrovascular and the flexibility of blood vessels
after stent deployment, the existing vascular stent structure still has the risk of
not reaching the target and serving safely!”. In addition, according to perfor-
mance requirements, the design idea of cerebrovascular stents is different from
that of cardiovascular stents. The structure of the cardiovascular stent focuses
on its support, and the primary factor in the development of a new cerebrovas-
cular stent should be its flexibility’. Good flexibility ensures that the stent and
its delivery system can reach the target position smoothly, and ensures that the
stent is perfectly fitted with the complex arterial wall after release.

This paper provides a detailed analysis of the structural design problems of
insufficient mechanical properties of existing cerebral vascular stents and com-
bines the latest research results.

3. Research on the Structural Design of Biodegradable Cerebrovascular
Stents

At present, there are no complete and unified design standards and specifica-
tions for vascular stents at home and abroad, and the skeleton structure design
of the stent is completely based on experience. The design prototype of the
stent skeleton structure determines whether the subsequent optimization can be
carried out based on experimental feedback to quickly obtain the final results
that meet clinical needs. Understanding and mastering the current design of
different stent structures and their correspondence with mechanical properties
is conducive to the design of the new cerebrovascular stent structure proto-
type. There are many studies on the design of stent structure, and they will be
reviewed in three parts according to their research purpose.

Figure 1. Non-modular stent structure: high-flexibility stent structure

3.1. Stent Scaffold Structure

The existing vascular stent structures are mostly designed based on a modular
stent structure design method. The components of such stent structures are de-
fined separately in the ASTM F2681-06 standard”™”**): support unit and bridge
reinforcement. The support unit, which can represent the individual element
of the smallest unit of the radial support part of the stent, is represented as a
circular cross-section in the circumferential direction and radial direction of
the stent. The bridge rib, also known as the connecting unit, is the connecting
part between the radial support units of the stent. Compared with the support
unit, the bridge ribs can have unique design characteristics to improve the
mechanical properties of the stent. The annular support unit combined with
the discrete connection unit is the standard frame that most support structure
designs currently follow. Wei et al.” designed an unequal high-supporting
unit structure through the design scheme of increasing the angle of the support
unit after expansion. The radial supportability of this type of stent increased by
40% compared with the Abbott BVS stent structure. Dun®” designed an axial
symmetry stent. The annular support unit of the stent is relatively complex, but
it significantly improves the expansion uniformity of the stent. Wang et al.®"
designed a zero Poisson’s ratio stent. The support unit of the Z-ring structure
solves the axial shortening problem during coronary stent expansion. Song et
al.”? designed a two-strut stent based on the structure of the commercial stent
BVS. The simulation results show that the stent has better radial stiffness and
axial shortening compared to the BVS stent. Shobayashi et al.”” designed a
close-cell stent. The flexibility of the stent is only slightly lower than that of
the Neuroform stent. Due to its close-cell stent design, the “crocodile back”
phenomenon of the open-loop stent was successfully avoided during the bend-
ing processt®!'—also known as the “fish scale” phenomenon®”. However, this
study also indirectly shows that the modular stent design method may have
certain limitations in improving flexibility.

Some researchers have tried to design the scaffold using other design meth-
ods, and its mechanical properties have also been improved accordingly. Xia
et al.® designed a chiral constrained stent and knitted stent based on node-
line poles. The axis shortening rate and dog-boning rate when the scaffold is
expanded are almost zero, the radial resilience is small, and the plaque pro-
lapse rate is low. Singh et al.®” designed a bionic scaffold structure to treat the
problem of insufficient radial force of atherosclerosis. This structure allows
the braided scaffolding to be woven and prepared using two materials with
different mechanical properties. The test results show that the new scaffold has
radial stiffness better than ordinary braided scaffolding. Shi et al.* proposed
a new method for designing a stent structure based on the combination of an
axial sinusoidal waveform connecting unit structure and a discrete support unit
structure, as shown in Figure 1. The stent designed based on this method has
extremely high flexibility, and while ensuring high flexibility, other mechani-
cal properties can be optimized only by changing the support unit. This meth-
od provides a new idea for the design of a high-flexibility stent structure.

The above research shows that the diversity of designs makes the stent struc-
ture not limited to a modular frame, but only the stent structure needs to be
designed according to its specific clinical needs and the anatomical character-
istics of the lesion blood vessels. However, most stent designs are currently
designed to treat cardiovascular diseases. The stent structure also focuses on
enhancing support and neglecting its flexibility. Therefore, such stent struc-
tures may be limited in the treatment of cerebrovascular diseases. In addition,
although a few researchers have proposed new stent design methods for
cerebrovascular characteristics, most stent structures are still biased towards
modular design methods, which will also limit the structural design ideas of
cerebrovascular stents.

138]
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3.2. Optimization Design Based on Existing Stent Structures

Li et al. optimized the rib width, rib thickness, and curvature radius of the
support unit curved parts of the Palmaz-Schatz stent and SV stent. After opti-
mization, the dog-boning rate (a phenomenon where the diameter of the stent
ends is larger than that of the middle part during expansion) during the expan-
sion of the two stents was almost zero, proving that their expansion uniformity
was improved, and the optimized stent has a higher fatigue life. Wu et al.”*!
optimized the coronary stent Magic of Biotronik Company. The configuration
of the stent support unit was slightly adjusted after optimization, causing the
maximum stress value to be reduced during the expansion process, improving
the degradation characteristics of the stent. Chen et al.*?! further optimized
the stent based on the work, reduced the maximum stress value during the
compression process, and improved its corrosion resistance. Hsiao et al.l*’!
optimized the width of the supporting unit, so that it gradually shortened from
the end to the middle position, showing a taper. The optimized stent can con-
centrate stress during the expansion process from the bent part of the support
unit to the linear part, improving the anti-fatigue characteristics of the coro-
nary stent. Garcia et al.*¥ proposed a stent optimization scheme with variable
radial stiffness. The stent is divided into three parts, so that the rib thickness of
the two ends of the stent is smaller than the middle part, thereby reducing the
radial stiffness of the vascular healthy area during the stent service. From the
above research, we can see that the main objects of stent structure optimiza-
tion are their rib width and rib thickness, and the side shows that the rib width
and rib thickness are of great significance to the study of stent performance.
However, the nature of the impact of rib width and rib thickness on the perfor-
mance of the stent is not further clarified.

3.3. Comparison of Different Stent Structures

Italian scholar Petrini et al. conducted a comparative analysis of the bending
behaviors between the Cordis BX-Velocity stent (CV) from Johnson & John-
son (USA) and the Sirius Carbostent (SV) from Sorin (Italy). The research
results show that the flexibility of the CV model structure is better than that of
SC, and the former has better independent deformation ability compared to the
latter. Azaouzi et al.*”) compared the influence of four different connecting unit
structures of coronary stents on their bending, torsion, and expansion behavior.
The results show that the connecting unit structure mainly has a great impact
on its bending and torsion, and the unsymmetrical N-shaped bridge structure
shows good mechanical properties in both flexibility and torsion of the stent.
Bobel et al.* compared the radial compression, bending flexibility, and axial
compression of the three commercial thrombotic stent structures. The Absorb
stent structure has the largest radial stiffness, the Zig-Zag stent structure has
the best flexibility, and the Multilink stent structure has better axial compres-
sion. Hejazi et al.“” compared the mechanical properties of four commercial
thrombotic stents through experiments. Experimental results show that the Di-
amond stent and Braided stent have high radial stiffness, the Braided stent has
the best overall compressive performance, and the Z stent has the best local
compressive performance. Among the four types of stents, the Chevron stent
demonstrated the poorest performance in terms of radial stiffness, as well as
overall and local compressive resistance. The above study clarifies the impact
of structure on the mechanical properties of the stent through comparative
methods, but few researchers have explained it in-depth, which is not condu-
cive to understanding stent design. Shi et al.** carried out numerical simu-

[48]

Figure 2. 2D and 3D geometry of stent bridges

lation research on the bending process of six different connecting unit stents.
As shown in Figure 2, they analyzed the impact of the connection mode and
shape of the connecting unit on the flexibility of the stent, and established a
general mathematical model between the structural parameters and flexibility
of the connecting unit, revealing the essence of the regular changes in the high
stress zone of the stent connection unit during bending. The results show that
the slashed “W”-shaped connecting unit stent has the best flexibility, and the
linear part length and curvature radius of the curved part are positively cor-
related with the flexibility. Compared with the curvature radius of the curved
part, the influence of the linear part length on flexibility is more significant.

4. Research on Key Mechanical Properties of Biodegradable Cerebrovas-
cular Stents

Any vascular stent structure is designed to obtain the performance shown by
the structure. The design parameters that meet the mechanical properties of the
stent are often contradictory, and the final stent structural design is usually the
result of highlighting the main performance and compromising other perfor-
mances. Therefore, the primary goal of developing a new stent is to determine
its main performance based on clinical application, and to master the current
characterization and testing methods of this performance, so as to optimize the
stent structure more targeted based on feedback.

The cerebrovascular pathways, especially the siphon segment of the internal
carotid artery, can form a relatively sharp spatial angle”. On the one hand,
this anatomical feature requires that the stent should have high flexibility to
ensure that it can reach the lesion target, and the stent should also have a cer-
tain degree of flexibility to adapt to the complex arterial wall shape'. In ad-
dition, the stent needs to withstand pulsating loads from the blood vessel wall
during service. Therefore, the development of biodegradable cerebrovascular
stents is first concerned with flexibility, but its support must not be ignored.

4.1. Flexibility

Flexibility is an important characteristic of vascular stents, and it can char-
acterize the axial bending characteristics of vascular stents”” *”, During the
implantation process, the stent needs to pass through various tortuous blood
vessel ducts and can adapt to various blood vessel shapes after dilatation at the
lesion position". If the stent is too poor, it will directly cause the stent to fail
to reach the lesion position smoothly, resulting in the failure of the operation.
In addition, flexibility is also related to the efficacy of the lesion blood vessels.
If the performance is too poor, it will change the original morphology of the
bent lesion blood vessels, that is, over-standing™”, which will directly cause
damage to different degrees of blood vessels and increase postoperative com-
plications.

The test methods for flexibility can be divided into four types, three-point
bending method™ > ****, four-point bending method”® **, cantilever beam
bending method® *”, and vascular modeling method™ *"*’\, The three-point
bending method is the most commonly used method at present. One end of the
stent is fixed, and a force (approximately 0.5 N) is applied axially at a position
(approximately 10 mm) from the free end to induce bending, while recording
the bending angle, recording the displacement of the loading component and
the reaction force being received. The vascular modeling method simulates the
implantation process of the stent. Two loading components simultaneously ap-
ply pressure to the stent, which is expected to avoid radial bending or local de-
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Figure 3. Schematics of different test method for stent flexibility®”:

bending, and (d) vascular modeling

52 The cantilever

133,

formation of the stent during the three-point bending process
beam bending method is a common flexibility test method in the literature
%% One end of the stent is fixed. A force of approximately 0.5 N is applied
axially at a position about 10 mm from the free end to induce bending. Simul-
taneously, the bending angle, displacement of the loading component, and the
reaction force received are recorded. The vascular modeling method simulates
the implantation process of the stent. The stent passes through a curved pipe
made of silicone or glass at a constant speed under the action of traction or
thrust, recording the magnitude of the traction or thrust when passing through
the bend. This method greatly reduces the stent implantation process.

Except for the three-point bending method, there is currently no complete
evaluation system for the other three methods to regulate their operation™”,
resulting in some uncertainty or interference factors that affect the accuracy
of the measurement results when they are used to test the flexibility of the
stent. For example, in the four-point bending method, how to set the distance
between the two staking points. In the cantilever beam bending method, how
to determine the position of the staking point, and how to evaluate the impact
of the relative slippage of the stent on the surface of the stent during bending.
And how to eliminate the impact of friction and traction speed on the result
generated by different stents in the vascular modeling method, etc.
Researchers usually use the finite element method to study the flexibility of the
stent®", which has the advantages of accurate calculations and complete infor-
mation. Feng et al.””’ used the finite element method to compare the flexibility
of the Palmaz-Schatz stent with V- and S-shaped connecting unit stents, and

Figure 4. Radial stiffness requirements for different stents'®”:

(a) three-point bending, (b) four-point bending, (c) cantilever beam

found that the shape of the connecting unit has a great influence on the flexibil-
ity of the stent. At the same time, the change in the flexibility of the stent after
cyclic bending was studied. The results showed that cyclic bending increased
the stiffness of the stent. Bobel et al."*” used the finite element method to study
the effect of the thickness of the stent rib on the flexibility of the three com-
mercial stents, and showed that the flexibility of the stent can be significantly
improved by reducing the thickness of the stent ribs. Shen et al.*” studied the
impact of the number of connecting units on the flexibility of the stent, and the
simulation results showed that the reduction of the number of connecting units
greatly improved the flexibility of the stent.

4.2. Radial Support

The support of the stent is a ability of the vascular stent to resist the contrac-
tion of the vascular wall®, allowing the stent to keep the blood vessels open
without collapse on its own after angioplasty. Different diseases have different
needs for stent support, such as cardiovascular thrombosis and cerebral aneu-
rysm diseases. As shown in Figure 3(a), the thrombus stent requires greater
support to support the thrombus in the blood vessels to ensure the smoothness
of blood flow at the lesion location™® **. However, the need for supportiveness
of the brain aneurysm stent is relatively small. After release, the cerebral aneu-
rysm stent can be effectively fixed to the lesion site and will not be affected by
pulsation, skeletal muscle interactions caused by patient activities, and various
external influences. It can also ensure that the curved stent does not suffer
from large cross-sectional loss or collapse during service®, and the radial

(a) thrombus stents and (b) cerebral aneurysm stents
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force required for these requirements is less than the radial force required to
support the thrombus, as shown in Figure 3 (b). In addition, the support during
the stent service should not be too large. Excessive support usually means that
the stent has been over-drawn, which can easily cause blood vessel damage.
The ideal state is that during the service of the stent, the support of the stent
just keeps the inner wall of the stent in line with the inner wall of the blood
vessel.

The supportability can be characterized by testing the radial stiffness of the
stent. There are generally two methods for measuring the radial stiffness of the
stent, the radial loading method*> " and the planar compression method™*
467971 Radial loading can better simulate the service environment of the
stent, but special instruments are required, such as iris coilers and radial force
testers'*> "), Figure 4 (a) is a schematic diagram of the radial loading method.
Compared with the radial loading method, the planar compression method is a
relatively common method of radial stiffness testing of stents. The main reason
is that this method can be tested using ordinary experimental equipment. The
principle of the planar compression method is shown in Figure 4 (b). The stent
is placed between the two plates, and the upper plate is compressed by apply-
ing displacement. In the process of compressing the stent, the displacement of
the upper plate and the reaction force can be obtained through the sensor, and
the reaction force is used to describe the radial stiffness of the stent.

The initial development of vascular stents was to restore the vascular diameter
of the lesion site and ensure smooth blood flow. At present, a large number
of literatures'” ™ 7" have studied the impact of the structural parameters of
stents on support. As the research deepens, stents are used to treat or assist in
the treatment of other vascular diseases, especially cerebrovascular diseases.
According to the structural characteristics of cerebrovascular systems, the
stent has been redesigned, the balance between various mechanical properties
has been redefined, and flexibility has gradually been valued by researchers.
However, compared with support, the study of flexibility is still relatively lag-
ging. For example, researchers have tried to crack the law of the influence of
structural parameters on radial support through mathematical mode'™ ™, but
the mathematical relationship between scaffold structural parameters and their
bending flexibility is still in the exploration stage. Although some researchers
have conducted preliminary research on the bending behavior of stents using
the finite element method, these studies mainly focus on the comparison of
the flexibility of stents of different structures. The mechanism of the impact
of stent connection unit structure on bending behavior has not been fully an-
alyzed, and it is impossible to further guide the design of new biodegradable
metal cerebrovascular systems. And most studies ignore the analysis of bend-
ing deformation patterns during stent service, which also limits the optimized
design of stent structure in clinical applications.

Figure 5. Test method for radial stiffness of stents'”: (a) radial loading method and(b) planar compression mentod

4.3. Other Mechanical Properties

In addition to flexibility and support, other common mechanical properties
of vascular stents include grip, radial retraction, and axial shortening”®. The
grip of the stent is the ability of the stent to reach a specified diameter without
loss by radial compression, which ensures that the stent is effectively fixed to
the balloon surface of the delivery system!*”"\. Radial retraction refers to the
change in the diameter and size of the stent from the end of balloon expansion
to the unloading process, which is related to the fixation effectiveness of the
stent at the lesion position*> ", Axial shortening indicates the change in length
of the stent after it expands from the grip state to the nominal diameter, which
is related to the positioning of the stent in the lesion vessel after its release.
During the stent design stage, according to clinical needs, as much as possible,
other performance influencing factors should be considered comprehensively
on the basis of ensuring the main performance of the stent, and the relationship
between the various performances should be balanced, so that the stent is more
conducive to clinical treatment.

5. Discussion and Conclusion

Through the above analysis, we can see that domestic and foreign researchers
have conducted a series of research on biodegradable metal vascular stents and
have achieved certain research results. However, existing stents will still be
limited in clinical application due to mechanical properties and other reasons
when treating cerebrovascular diseases, which are mainly manifested in the
following points

The bending mechanism of the stent structure is not yet clear. At present, the
research on the flexibility of vascular stents focuses on the influence of the
thickness, shape and number of stent connection unit ribs on flexibility, and
relatively few studies have been conducted on the impact of connection meth-
ods on them. The research content also focuses on comparing the advantages
and disadvantages of stent flexibility in different structures. The research on
the mechanism of its action is not in-depth enough, and most studies ignore
the impact of stents on hemodynamics when the stent is deformed, and there is
a lack of discussion on the bending deformation of stents.

The existing vascular stent structure has structural defects in the treatment
of cerebrovascular diseases. Research on the design of biodegradable metal
stent structures is mainly aimed at the treatment of cardiovascular diseases.
The original intention of the research is to enhance the radial support of the
stent or optimize the expansion behavior of the stent. However, the walls of
cerebrovascular vessels are thin and the paths are tortuous, and the anatomical
characteristics are completely different from those of the cardiovascular sys-
tem. Research on its stents should focus more on flexibility and bending be-
havior. Therefore, the existing stent structure is not suitable for the treatment
of cerebrovascular diseases due to its insufficient flexibility. The traditional
modular stent structure as the mainstream design of cardiovascular stents has
been recognized by researchers, resulting in the fact that the existing stent
structure design is mostly limited to this design method, and there is no major
breakthrough in the prototype design of cerebrovascular stents.
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