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arterial wall. While the deployment of flow diverter (FD) stents has
emerged as a highly effective endovascular intervention to disrupt
intra-aneurysmal flow, determining the most mechanically protective
Intracranial aneurysm, flow diverter  stent configuration remains a significant challenge. Suboptimal
stent, computational fluid dynamics  deployment can inadvertently worsen local shear stresses, exacerbate
(CFD), time-averaged wall shear endothelial dysfunction and accelerate vascular degradation.
stress (TAWSS) Therefore, this study aims to evaluate the hemodynamic efficacy of
various FD stent configurations by analyzing their impact on Time-
Averaged Wall Shear Stress (TAWSS) distributions—specifically
physiological TAWSS, orma1 » Stagnated TAWSS,,, , and critical
TAWSSy,gn shear regions to identify designs that best mitigate rupture
risks. Computational hemodynamic analysis revealed varying degrees
of efficacy across the tested configurations. A hemodynamically ideal
stent must promote TAWSS,, ;rma1 to maintain endothelial homeostasis,
while strictly minimizing TAWSS,,,, , which triggers inflammatory
pathways, and TAWSSpe, (> 10 Pa), which drives destructive
extracellular matrix degradation via matrix metalloproteinases
(MMPs). Among the evaluated designs, Model 5 demonstrated the most
optimal and highly protective mechanical profile. It successfully
suppressed the TAWSSy;q, luminal coverage area to merely 0.361%,
effectively dampening the incoming high-velocity blood jets and
balancing the overall shear distribution far better than the untreated
baseline and other configurations. These findings emphasize that
selecting the optimal FD stent geometry is crucial for restoring
physiological hemodynamics and preventing post-treatment
hemorrhagic rupture, providing essential insights for future
neurovascular stent designs.
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1. Introduction

Intracranial aneurysms (IAs) are a cerebrovascular condition characterized by the abnormal dilation of a
weakened cerebral artery wall. This structural degradation occurs when the middle and inner layers of the arterial
wall deteriorate, leading to a reduction in the smooth muscle cells responsible for maintaining vascular integrity
[1], [2]. If left untreated, continuous hemodynamic forces on this fragile sac can lead to rupture, resulting in
subarachnoid hemorrhage, a medical emergency associated with high rates of morbidity and mortality. In recent
years, endovascular interventions have improved the management of 1As, providing an alternative to invasive
open surgical clipping. Among these strategies, the deployment of flow diverter (FD) stents has emerged as an
effective treatment, especially for complex, wide necked, or giant saccular aneurysms that are challenging to treat
conventional micro coiling [3].

The working principle of a flow diverter stent is based on its ability to alter the local hemodynamic
environment of the diseased vessel. Unlike conventional stents that act mainly as a structural scaffold, flow
diverters are woven with a high metal surface coverage ratio and low porosity. When deployed across the
aneurysm neck, this metallic mesh acts as a mechanical barrier that separates the blood flow in the parent artery
from the circulation within the aneurysm sac. This flow disruption reduces the kinetic energy and momentum of
the blood entering the dome, inducing a state of hemodynamic stasis[4]. This flow stagnation promotes gradual
intra aneurysmal thrombosis, encourages endothelial cell proliferation across the stent struts, and leads to the
occlusion and healing of the aneurysm [5].

Therefore, understanding the fluid dynamics surrounding the stent is essential for evaluating its
biomechanical efficacy. Hemodynamic forces, primarily Wall Shear Stress (WSS), which is the frictional force
exerted by flowing blood on the vessel wall, are the primary stimuli governing the initiation, growth, and rupture
of IAs. Because the cerebral cardiac cycle is pulsatile, blood flow velocity and WSS are transient phenomena that
fluctuate over time. To capture these temporal variations, Time Averaged Wall Shear Stress (TAWSS) is utilized
as a fundamental metric. TAWSS consolidates the dynamic shear stress variations over an entire cardiac cycle into
a single spatial map, identifying regions vulnerable to vascular wall remodeling [6], [7].

Although the reduction of intra aneurysmal flow velocity and overall WSS after stenting indicates treatment
success, localized spatial variations in shear stress remain complex. The presence of metallic stent struts
introduces heterogeneous flow patterns within the parent artery and at the aneurysm neck. This creates distinct
shear stress zones that influence clinical outcomes; certain stress regimes facilitate thrombosis and healing, while
extreme deviations can pose risks of complications such as in stent stenosis or branch artery occlusion [3], [8].
Therefore, relying only on average global WSS values is insufficient. A localized categorization of these stress
zones is necessary for a complete biomechanical assessment of the stent performance.

Previous foundational research established a reliable computational framework for the hemodynamic
analysis of an idealized untreated aneurysm model. Building upon those foundational findings, the current
research integrates a flow diverter stent intervention into that exact simulated environment. This direct
continuation provides a reliable comparative baseline [9]. Utilizing a previously established model helps in
isolating the specific mechanical effects of the stent on the localized fluid dynamics without introducing new
geometric variables. Therefore, extending this prior work allows for a highly controlled evaluation of how the
intervention redistributes shear stress across the vascular walls [6].

This study aims to visualize and quantify the TAWSS parameter classifications, specifically mapping the low,
normal (norm), and high TAWSS regimes within a computational intracranial aneurysm model treated with a flow
diverter stent. By analyzing these hemodynamic parameters, this research provides a quantitative understanding
of the stent performance. Correlating these TAWSS classifications with expected biological responses offers
insights into the impact of the stent on aneurysm hemodynamics, contributing to predictive models for clinical
success.

The previous computational fluid dynamics (CFD) studies have extensively explored the general efficacy of
flow diverter stents. However, the majority of these investigations focus on global flow reduction rather than the
localized shifts between specific physiological and pathological shear stress thresholds. Furthermore, this study
builds upon our previous work on hemodynamic analysis of intracranial aneurysms [15]. Our prior investigations
focused primarily on velocity profile, pressure distribution, wall shear stress (WSS), oscillatory shear index (0SI)
and relative residence time (RRT); in contrast, the present study advances this field by systematically quantifying
the proportional shift of aneurysm surface area into distinct TAWSS zones (low, normal, and high) across multiple
stent configurations. This targeted approach provides a more granular understanding of how different stent
configurations redistribute wall shear stress, offering quantitative insights that aid in optimizing stent selection.
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2. Methodology

This computational investigation was conducted by adopting the simulation framework from a previous baseline
study. A standard computational fluid dynamics study is systematically divided into three primary phases:
preprocessing, solving, and postprocessing. The preprocessing stage is dedicated to preparing the computational
model prior to execution. This phase involves constructing the specific aneurysm geometry, generating the mesh,
defining the boundary conditions, and selecting appropriate physical models to represent the blood flow.
Subsequently, the solving stage entails configuring the numerical solver. This requires selecting the solver type,
applying spatial discretization methods, establishing convergence criteria, and determining precise time step
settings to accurately capture the pulsatile flow. Finally, the postprocessing phase extracts and visualizes the
resulting hemodynamic data [8]. Overall, these simulation methodologies were structured based on established
protocols to ensure validity and accuracy.

2.1 Governing Equation

The resolution of fluid dynamics within the computational model relies on the continuity and Navier Stokes
equations, which govern the motion of incompressible fluids. These equations are essential for accurately
detailing flow behaviour across complex anatomical geometries, especially those complicated by the presence of
intravascular stents.

The numerical simulations were conducted assuming a laminar flow regime. This condition is highly suitable
for the low Reynolds number environment typical of blood flow in small cerebral arteries, allowing for the direct
resolution of the equations without the need for additional turbulence modelling. Consequently, the conservation
of mass and momentum is represented by the incompressible continuity and Navier Stokes equations, formulated
as Equation 1 and Equation 2 [10], [11]:

V.(3) =0 (1)
617 Bd - = _>
p(—+v. Vv) =-Vp+uV?o+F )

Where v represents the velocity vector, p is fluid density p is the fluid pressure, uis dynamic viscosity and
F represent body forces.

2.2 Hemodynamic Parameter of Intracranial Artery

Multiple hemodynamic indicators were utilized to assess how morphological variations influence the formation
of atherosclerosis-prone regions in intracranial arteries.

2.2.1 Time Averaged Wall Shear Stress (TAWSS)

The hemodynamic environment of intracranial arteries is critical to their structural and functional integrity, with
Time-Averaged Wall Shear Stress (TAWSS) serving as a key indicator. Wall Shear Stress (WSS), defined as the
tangential frictional force exerted by blood flow on the arterial endothelium, is instrumental in predicting vascular
remodelling and disease progression. The magnitude of WSS can be quantified using various formulations. Under
idealized laminar flow, it is given by Poiseuille’s law as written in Equation 3, which relates WSS to blood’s
dynamic viscosity, iy, flow rate, Q and the arterial radius, r. A more general definition, applicable in complex
geometries, derives WSS from the fluid viscous stress tensor (7;;) as expressed in Equation 4 [12], [13]:

4
, = HaC 3)
r
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Aberrant WSS values within the cerebral vasculature are linked to distinct pathologies. Specifically, low WSS
values of less than 1 Pa promote an atherogenic endothelial phenotype, increasing susceptibility to
atherosclerosis. In contrast, high WSS values exceeding 7 Pa can lead to endothelial dysfunction and a heightened
risk of thrombotic events or plaque erosion. The physiological range for healthy intracranial arteries is generally
accepted to be between 1 and 7 Pa [6]. Since cerebral blood flow is inherently pulsatile, a time-averaged value is
required for meaningful analysis. TAWSS is therefore computed by integrating the instantaneous WSS magnitude,
|71, over the period of one full cardiac cycle, T, as shown in Equation 5 [14]:

o) UTH M Penerbit




J. Adv. Mech. Eng. Appl. Vol. 7 No. 1 (2026) p. 115-128 118
T
— 1 =
0

2.3 Simplified Geometry Model

The previous analysis utilized a specifically developed three-dimensional geometry that represents an idealized
intracranial saccular aneurysm. The baseline model was constructed using SolidWorks 2023 computer aided
design software and subsequently imported into ANSYS Fluent 2023 DesignModeler for preprocessing and
simulation setup [15].

Six distinct computational models were employed in this research for the comprehensive evaluation of
hemodynamic performance. Fig. 1 illustrates the simplified geometry of the first configuration, designated as
Model 1, which includes the parent artery and the saccular dome. Model 1 served as the baseline or untreated
aneurysm geometry without any stent deployment. The structural geometry consists of a straight parent artery
modelled as a cylinder with a uniform diameter of 4 mm and a total length of 50 mm. A saccular aneurysm with a
maximum dome diameter of 10 mm and a neck width of 7.55 mm is positioned along the wall of the parent vessel,
accurately reflecting the typical morphology associated with this vascular condition [15].

‘f [ 10mm }5
" -

Fig. 1 Geometry of simplified intracranial artery with Aneurysms model (Model 1)

Virtual deployment of five distinct stent geometries within the idealized aneurysm model was executed
during the simulation phase, yielding five complete computational configurations designated as (a) through (e) in
Fig. 3. As shown in Fig. 2, these stents were strategically positioned to span the 7.55 mm neck width, replicating a
clinical procedure where the device acts as a scaffold diverting blood flow away from the sac. Maintaining a
constant aneurysm and parent vessel morphology across all six simulations ensures that any variations in
hemodynamic parameters, such as intra aneurysmal flow velocity, pressure distribution, and wall shear stress,
are directly attributable to the specific geometric design of the stent. This methodological consistency guarantees
arigorous and unbiased assessment of the therapeutic performance for each device [16].

Specific dimensional specifications for each stent utilized throughout this research are detailed in Table 1. All
stent models share an identical diameter of 3.05 mm and a wall thickness of 0.13 mm, ensuring a consistent radial
profile across all configurations. The stent length was intentionally varied from Model 2 through Model 6 for
systematically investigating the influence of landing zone coverage on intra aneurysmal hemodynamic. Model 2
represents the minimum functional length required for covering the aneurysm neck, while the subsequent models
incorporate incrementally longer devices that extend the proximal and distal landing zones within the parent
artery. This progressive length variation facilitates a comprehensive assessment regarding how flow straightening
upstream of the aneurysm influences diversion efficiency, ultimately determining whether extended vascular
coverage provides a superior reduction of the aneurysmal inflow jet [15], [17].
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(b) (e)
Fig. 2 Geometry for 5 types of stents (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4; (e) Type 5

(d)

Fig. 3 Geometry for the five stent-aneurysm configurations (a) Model 2; (b) Model 3; (c) Model 4; (d) Model 5; (e)
Model 6

Table 1 Specification for each stent

Type of stent Diameter (mm) Length (mm) Thickness
Type 1 3.05 18.20 0.13
Type 2 3.05 17.05 0.13
Type 3 3.05 15.05 0.13
Type 4 3.05 15.90 0.13
Type 5 3.05 15.90 0.13

2.4 Discretization Technique

The computational domains were discretized utilizing unstructured tetrahedral elements for accurately capturing
the intricate arterial geometry and the explicit substructure of the flow diverter stents. This methodological
approach was selected for resolving complex hemodynamic features, which include velocity gradients and wall
shear stress within critical regions. The meshing strategy prioritized solution accuracy by applying curvature-
based refinement in areas characterized by high geometric complexity, particularly surrounding the aneurysm
neck and the stent struts [13].

Across all six configurations, mesh density was rigorously optimized for ensuring grid independence and
capturing boundary layer flow accurately. Model 1 utilized 371,180 nodes and 1,194,212 elements with a fine
element size of 0.13 mm, enabling a precise representation of the geometric features. For the stented
configurations spanning Models 2 through 6, the physical presence of the stent struts necessitated further local
refinement for resolving flow separation around the metallic wires. Model 2 employed a mesh consisting of
1,462,869 nodes and 4,876,818 elements with a base element size of 3.05 mm, providing adequate resolution of
global flow patterns while simultaneously managing computational demand. This specific model featured a dense
stent configuration that ultimately comprised 4.8 million elements, utilizing a global maximum size of 0.20 mm
alongside a highly refined sizing of approximately 0.02 mm near the stent wires for capturing micro flow
dynamics. The variation in node counts across the subsequent models fundamentally reflects the geometric
differences in stent coverage rather than any inconsistent meshing standards. Model 3 was constructed with
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424,516 nodes and 1,406,535 elements at an element size of 2.50 mm, whereas Model 4 utilized 342,721 nodes
and 1,131,613 elements with a smaller element size of 1.75 mm for improving accuracy in regions exhibiting
higher curvature. Furthermore, Model 5 contained 353,377 nodes and 1,872,135 elements at an element size of
2.50 mm, and Model 6 comprised 931,676 nodes and 3,077,746 elements using the identical 2.50 mm element
size, offering a refined resolution highly suitable for rigorous hemodynamic evaluation [15].

The finalized computational meshes exhibited exceptionally high quality, yielding an average skewness of
0.28115 alongside an orthogonal quality of 0.97285. These specific metrics greatly surpass the recommended
criteria established for cardiovascular simulations within ANSYS Fluent. As depicted in Fig. 4(a), the mesh
structure transitions smoothly from the central core flow toward the solid wall boundaries. Accurate resolution
of near wall velocity gradients was achieved by generating inflation layers consisting of five boundary layers
situated along the arterial wall and stent surfaces, which is visually depicted in Fig. 4(b). Fig. 4(b) additionally
illustrates the detailed mesh refinement executed around the stent struts, ensuring the precise detection of low
shear zones inherently associated with elevated thrombosis risks[18].

(@) (b)

Fig. 4 Tetrahedral meshing for all intracranial artery over all the stents (a) Body sizing; and (b) Inflation

Conducting a Grid Independence Test for the Type 3 stent in Model 4 was required for ensuring that the
computational fluid dynamics simulation results remained entirely independent of mesh density. This crucial
validation step confirmed the accuracy and overall robustness of the numerical model. Systematic mesh
refinement was executed across five distinct configurations, which are detailed in Table 2. The evaluated mesh
densities ranged from a coarse setup designated as GIT 1 containing approximately 716,000 elements, scaling up
to a highly refined mesh labeled GIT 5 that exceeded 1.2 million elements. Determining the optimal mesh
resolution capable of producing stable numerical results while preserving computational efficiency was the
primary objective of this procedure [19].

The velocity profiles extracted from these evaluated configurations are visually presented in Fig. 5, the TAWSS
along a predefined line on the aneurysm dome was compared across the grids demonstrating a consistent and
clear convergence pattern. Although the course meshes of GIT 1 and GIT 2 exhibited noticeable variations in their
resultant profiles, the data generated by GIT 3 closely aligned with the highly refined outputs of GIT 4 and GIT 5.
Grid independence was successfully achieved at the GIT 3 level, evidenced by the marginal difference in WSS
between GIT 3 and the denser meshes remaining strictly below 1.5 %. Consequently, the GIT 3 configuration was
definitively selected as the optimal computational setup, providing an ideal balance between strict solution
accuracy and acceptable computational cost [15].

Table 2 Parameter used in GIT for model 3

Parameter GIT1 GIT 2 GIT 3 GIT 4 GIT5
Element size 4.00 mm 3.50 mm 3.05 mm 1.75 mm 0.30 mm
Number of nodes 223134 249131 280105 342721 374981
Number of 715927 809353 916877 1131613 1226306
elements
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Fig. 5 GIT chart using type 3 stent configuration in simplified model

2.5 Boundary Conditions and Parameter Assumptions

This numerical investigation simulated the hemodynamic behavior within a stented intracranial artery segment
by establishing transient and incompressible flow conditions. A laminar flow regime was designated for the
simulation, justified by the low Reynolds number characteristically observed in arteries of this anatomical scale,
which definitively remains below the critical threshold for turbulence. Securing a physiologically relevant
representation required modeling the blood with a constant density of 1055 kg/m?>. While blood naturally exhibits
non-Newtonian characteristics, its rheological properties were practically simplified in this study by assigning a
constant dynamic viscosity of 0.004 Pa-s [18].

The inlet boundary condition involved applying a time dependent pulsatile velocity profile for accurately
representing the dynamic flow within the intracranial artery. This specific approach successfully captures the
physiological time dependent variation of blood velocity induced by the cardiac cycle within a rigid cylindrical
vessel. The resulting solution effectively accounts for fluid viscosity and pulsation frequency, yielding a velocity
distribution that continuously varies in magnitude and radial shape throughout the entire cycle. A simplified
sinusoidal waveform was applied for approximating the cardiac cycle. Fig. 6 illustrates the temporal variation of
this inlet condition over two complete cardiac cycles totalling 2 seconds. A fixed step size of 0.02 seconds was
utilized for resolving the transient variations across the pulsatile blood flow simulation. Ensuring numerical
stability and solution convergence requires configuring the solver to execute a minimum of five iterations per time
step prior to advancing toward the subsequent time level. The prescribed velocity systematically fluctuates
between a diastolic minimum of approximately 0.18 m/s and a systolic maximum of nearly 0.30 m/s, resulting in
a mean time averaged value of 0.25 m/s [20].

Rigid no slip boundary conditions were strictly imposed upon the arterial walls and stent surfaces, thereby
ensuring absolute zero velocity at all fluid solid outlet boundaries. Gravitational effects were considered entirely
negligible when compared directly against the prescribed inlet velocity and outlet pressure magnitudes. These
combined assumptions enabled the computational setup to provide a physiologically consistent representation of
the transient laminar blood flow within the intracranial artery. This framework allowed for a highly detailed
assessment regarding wall shear stress patterns associated directly with the presence of the stent. Resolving the
complex pressure velocity coupling was achieved by implementing the coupled algorithm within ANSYS Fluent,
which systematically updates both variables simultaneously during each iteration step. Adopting this rigorous
numerical approach guaranteed robust convergence while significantly enhancing the predictive accuracy
regarding the hemodynamic environment and shear stress characteristics within the stented vessel [21], [22].
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Inlet Velocity vs. Time (Plug Flow Approximation)
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Fig. 6 Sinusoidal inlet velocity profile with a mean of 0.25 m/s

3. Results

The subsequent sections detail the findings derived from the computational analysis, which was executed for
evaluating the hemodynamic characteristics of blood flow within intracranial aneurysms managed across various
stent configurations and deployment strategies. The post processing analysis focused on extracting the frictional
force parameters acting on the vessel walls, specifically breaking down the variations in shear stress induced by
the intervention.

3.1 Time Averaged Wall Shear Stress (TAWSS) Distribution on Intracranial Aneurysms

Vascular hemodynamic behavior across the various simulated conditions is characterized by the Time Averaged
Wall Shear Stress (TAWSS) distributions across an unstented baseline aneurysm Model 1 and five variations of
stented geometries (Models 2 to 6), as shown in Fig. 7. Within the unstented control Model 1, the straight parent
artery exhibits physiological TAWSS values ranging primarily between 2.90 Pa and 3.20 Pa. In contrast, a critical
focal elevation of TAWSS, reaching peak values of approximately 4.70 Pa to 5.00 Pa, is distinctly observed at the
distal neck of the aneurysm owing to direct flow impingement from the parent vessel. Meanwhile, the main dome
of the aneurysm is subjected to a characteristically low shear environment, with values predominantly hovering
near the minimum scale limit of 2.00 Pa to 2.30 Pa, reflecting a zone of flow stagnation typical of such saccular
vascular pathologies.

The deployment of flow diverting stents in Models 2 to 6 demonstrates a profound and unified modification
of the hemodynamics within the aneurysm. Across all observed stent configurations, the critically elevated TAWSS
previously concentrated at the distal impingement zone in Model 1 is successfully mitigated and dissipated. This
reduction provides crucial mechanical protection to the fragile aneurysm neck, lowering the risk of rupture.
Furthermore, the stented models successfully maintain the uniformly low shear environment within the entirety
of the aneurysm sac (remaining consistently at < 2.30 Pa). This global reduction of shear stress inside the dome is
a highly desirable clinical outcome, as it promotes blood flow stasis and accelerates the formation of stable
thrombosis inside the aneurysm, which serves as the primary therapeutic mechanism for endovascular stenting.

In addition to TAWSS mapping, analysis of the velocity streamlines reveals that the unstented model exhibits
a strong inflow jet impinging directly on the distal neck. Following the deployment of the FD stent, the velocity
vectors within the aneurysm sac are markedly diminished. Despite the highly beneficial hemodynamic alterations
achieved within the aneurysm sac, the introduction of the stent structures induces significant localized adverse
effects within the parent vessel. A detailed numerical analysis of the stented Models 2 to 6 reveals marked focal
spikes in TAWSS distributed directly along the metallic struts and their structural intersections. Depending on the
specific stent porosity and strut geometry, such as the closed cell diamond design in Model 4 or the dense braided
structures in Model 2 and Model 6, the localized TAWSS on the struts frequently escalates to the maximum scale
value of 5.00 Pa. These localized zones of extreme, non-physiological high shear stress are clinically concerning,
as such elevated mechanical forces (= 4.70 Pa) can trigger endothelial cell damage, platelet activation, and

subsequent neointimal hyperplasia, potentially increasing the long-term risk of restenosis within the stent [6],
[23].
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Fig. 7 Time averaged-wall shear stress distribution for the six model of intracranial aneurysms (a) Model 1; (b)
Model 2; (c) Model 3; (d) Model 4; (e) Model 5; (f) Model 6

3.2 Percentage of Luminal Surface Area Exposed to TAWSS

The distribution of time-averaged wall shear stress (TAWSS) quantifies the average shear stress acting upon the
luminal surface of intracranial arteries presenting with simplified aneurysmal geometries. To facilitate a more
comprehensive investigation of the spatial area subjected to varying hemodynamic burdens, this parameter was
further classified into three distinct categorical ranges: TAWSS,q, TAWSS,,ormaiand TAWSSygp. In the specific
context of intracranial aneurysms, TAWSS,,, is defined as values lower than 0.4 Pa, whereas TAWSSy,;o;, indicates
values exceeding 10 Pa, and TAWSS, ,;ma1 €ncompasses the intermediate baseline range between 1.5 Pa and 4.0
Pa [6].

3.2.1 TAWSS,,,

The systematic evaluation of the hemodynamic modulation achieved by the flow diverter configurations requires
a quantitative assessment of the spatial distribution of low time-averaged wall shear stress (TAWSS,,, < 0.4 Pa)
over the luminal surface area. Based on the numerical datasets extracted from the computational fluid dynamics
simulations, as shown in Fig. 8, the untreated baseline configuration (Model 1) exhibited the highest surface area
coverage at 34.523%. Among the stented models, Model 6 achieved the closest coverage to the baseline at
34.299%. Conversely, the remaining stent designs demonstrated marginally lower coverages, with Model 4, Model
2, and Model 3 exhibiting values of 33.383%, 33.366%, and 33.297%, respectively, while Model 5 recorded the
lowest low-shear exposure at 33.222%.

Biomechanical principles dictate that the high TAWSS,,,, area observed in the untreated Model 1
fundamentally represents the massive, naturally occurring pathological flow stagnation located deep within the
wide aneurysmal dome before any intervention. Within the framework of endovascular therapy, the clinical
objective of deploying a flow diverter is to replicate or enhance this hemodynamic stasis specifically within the
aneurysmal sac [13]. When high-velocity inflows are sufficiently reduced by the stent struts, the resulting low
shear stress states facilitate platelet aggregation and promote stable clot formation, which is the primary
mechanism of curative aneurysm occlusion [24].

Consequently, evaluating the treated configurations reveals that Model 6 (34.299%) possesses a superior
mechanical capacity to induce controlled hemodynamic stasis. By successfully mimicking the spatial reach of the
baseline TAWSS,,,, threshold, this specific stent design effectively shields the fragile vascular regions from
persistent high-velocity inflow. This localized velocity reduction safely maintains the necessary blood stasis for
thrombotic occlusion of the pathological sac without unnecessarily expanding low-shear zones into the healthy
parent vessel [6], [25].
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Fig. 8 TAWSS,,,, (TAWSS < 0.4 Pa) distribution coverage to luminal surface area of intracranial aneurysm model

3.2.2 TAWSS, .ormai

The restoration of physiological baseline shear stress along the parent artery is imperative beyond inducing
localized flow stasis within the aneurysmal region, which was analyzed using the normal range (TAWSS,ormal
between 1.5 Pa and 4.0 Pa). The computational findings, as illustrated in Fig. 9, reveal that the untreated control
configuration (Model 1) exhibited the highest baseline physiological shear surface area at 60.408%. Among the
stented configurations, varying degrees of hemodynamic alteration were observed, with Model 3 and Model 4
achieving the highest physiological preservation at 57.783% and 56.352%, respectively. In contrast, a more
pronounced reduction in normal physiological shear distribution was recorded in Model 2 (52.881%), Model 5
(52.845%), and Model 6 (50.302%).

Model 6 NN  50.302

Model 5 ] 52.845
I9]
3
e —
s Model 4 56.352
Y
o
o Model 3 | 57.783
o
>
=
Model 2 || 52881
Model 1 I  60.408
0 10 20 30 40 50 60 70

Luminal surface area exposed to TAWSS normal (%)

Fig. 9 TAWSS,.ormai (1.5 Pa2 TAWSS 2 4.0 Pa) distribution coverage to luminal surface area of intracranial
aneurysm model

The established principles in vascular biology indicate that the high percentage of TAWSS, ormar in the
untreated baseline (Model 1) represents the native homeostatic state of the healthy segments of the parent artery
before endovascular intervention. Upon the deployment of flow diverter stents (Models 2 to 6), the physical
presence of the stent mesh introduces a mechanical drag effect and localized flow disturbances along the arterial
wall. This intervention inherently converts portions of the normal shear stress zones into low shear stress regions
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TAWSS,,w, thereby explaining the global reduction in TAWSS, ,;ma1 percentages across all treated models
compared to the control.

Accordingly, the evaluation of the treated configurations demonstrates that Model 3 provides the most
optimal balance in maintaining parental arterial health among the stented designs. By retaining 57.783% of the
luminal surface area within the homeostatic shear stress window, Model 3 minimizes the adverse structural risk
of over-dampening the wall shear stress along the parent vessel. Minimizing this reduction is vital for preventing
endothelial cell dysfunction and mitigating long-term clinical complications such as intimal hyperplasia or in-stent
restenosis, while simultaneously redirecting the pathological jet away from the aneurysm sac [6], [26].

3.2.3 TAWSS ;s

The rigorous quantification of the luminal surface area subjected to abnormally high shear stress (TAWSSy;gp, >
10 Pa) provides a comprehensive evaluation of the potential risk of structural degradation and mechanical fatigue
on the vessel wall. The resulting datasets, as presented in Fig. 10, highlight that the untreated baseline (Model 1)
presents an inherent extreme shear exposure of 0.517%. Post-intervention, Model 5 demonstrated the most
favorable biomechanical profile by significantly reducing this coverage to a minimum of 0.361%. In stark contrast,
certain stented designs exacerbated the high-shear regions, with Model 6 and Model 4 recording elevated values
0f 0.620% and 0.571%, respectively, surpassing the baseline risk.

Pathophysiologically, the baseline TAWSSy;g, observed in Model 1 corresponds directly to the localized
impingement zones where the high-velocity blood jet aggressively strikes the aneurysm neck or dome. Minimizing
these exposed regions is a primary clinical imperative, as abnormally high shear stresses trigger severe
endothelial dysfunction and accelerate the degradation of the vascular extracellular matrix via matrix
metalloproteinases (MMPs) [4], [27]. This localized enzymatic degradation weakens the structural collagen and
elastin fibers within the arterial wall, increasing the probability of catastrophic rupture.

Thus, configurations that successfully suppress the TAWSSy,;q, coverage below the untreated baseline, most
notably Model 5 (0.361%), exhibit a highly protective mechanical profile. By dampening the incoming high-
velocity blood jet and reducing the impingement forces acting directly against the fragile aneurysm wall, this
specific configuration prevents shear-induced biological degradation[6]. Conversely, stents that elevate the high-
shear regions beyond the baseline present a detrimental hemodynamic outcome, emphasizing the critical
protective mechanism required for mitigating haemorrhagic rupture post-treatment [8].
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3.3 Limitations

Several modelling assumptions should be considered when interpreting these results. First, the arterial walls were
modelled as rigid, neglecting fluid-structure interaction (FSI). Although rigid walls are standard in preliminary
CFD studies, this assumption may slightly overestimate peak shear stresses. Second, blood was assumed to be a
Newtonian fluid; although acceptable for large arteries, incorporating non-Newtonian models could yield different
shear stress values in regions of high flow stasis. Third, generic boundary conditions were applied rather than
patient-specific flow waveforms. Finally, the present study focused primarily on TAWSS and velocity fields.
Incorporating multidirectional indices such as the Oscillatory Shear Index (0SI) and Relative Residence Time
(RRT), as well as modelling biological processes like thrombus formation, remains an area for future work.

4. Conclusions

This study computationally investigated the hemodynamic alterations induced by various flow diverter stent
configurations in an intracranial aneurysm model, aiming to identify designs that effectively normalize the Time-
Averaged Wall Shear Stress (TAWSS) and mitigate rupture risks. The evaluation critically assessed the balance of
three distinct shear zones: TAWSS, o ma1, Which is essential for maintaining physiological endothelial health;
TAWSS,,w, which is associated with excessive flow stagnation and inflammatory cell infiltration; and TAWSSy,;gp
(> 10 Pa), which drives the aggressive enzymatic degradation of the structural extracellular matrix. The findings
demonstrated that geometric stent configurations profoundly dictate local hemodynamics. Notably, Model 5
emerged as the most mechanically protective design. Compared to the detrimental high-shear impingement zones
observed in the untreated baseline, Model 5 successfully minimized the TAWSSy,;o, luminal surface coverage to a
mere 0.361%. By efficiently dampening the incoming blood jet and optimizing the distribution of low and normal
shear regions, this configuration prevents aggressive endothelial dysfunction far more effectively than the other
evaluated models.

The significant variation in hemodynamic outcomes across the tested configurations underscores the critical
importance of evaluating specific stent designs prior to clinical deployment, as suboptimal geometries may fail to
mitigate, or even inadvertently exacerbate, dangerous wall stresses. To further advance this research, future
studies should consider the integration of fluid-structure interaction (FSI) to account for the hyperplastic
properties and compliance of the aneurysm wall, which were assumed to be rigid in the current model.
Additionally, expanding the investigation to include a wider array of patient-specific anatomical variations and
modeling the long-term biological processes of endothelialisation will significantly enhance the predictive
accuracy of these hemodynamic simulations, ultimately guiding safer and more personalized endovascular
interventions.
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