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Abstract
Treatingwide-neck aneurysms (WNA) remains a clinical challenge, particularly for achieving stable
intrasaccular implantation. Current permanent implants prevent reentry to the aneurysm sac,
making post-surgery retreatment impossible if it becomes necessary. The conventional implants are
braidedwhich leads to keymechanical limitations that can compromise long-termperformance,
including compaction, dislocation, and poorwall apposition, and can lead to recurrence of the
aneurysm. In this study, we present a follow-up study for new class of 2.5D intrasaccular implants
that integrate structural and functional layers with distinct thicknesses fabricated byMEMS (Micro-
Electro-Mechanical Systems). This approach combines amechanically robust thick backbone (42
μm)with flexible andmobile thin flaps (7 μm) designed to both occlude an aneurysm andprovide sac
access. Thesemobile flaps represent a significant functional advancement, distinguishing our design
from conventional, permanent, braided implants, which lack options to re-enter the aneurysmand
suffer fromwire slippage and limited force tunability. In particular, this study focuses on a detailed
mechanical analysis, including radial and compression force testing, to investigate howdesign
variations influence radial force output and flap stiffness.We present four different backbone
geometries pairedwith tailored flap configurations to assess the impact of structural alterations on
implant behavior. By systematically addressing key challenges such as devicemigration and
instability, ourmechanical and flow analyses provide critical insights into how structural parameters
influence implant performance. These findings advance the development of safer,more adaptable
treatments forWNAand support the future design of personalized implants with improved clinical
outcomes.

Introduction

An aneurysm is a localized bulge or ballooning in thewall of a blood vessel caused byweakening of the vessel
wall [1]. Cerebral aneurysms carry significant risks, as their rupture can lead to life-threatening conditions such
as subarachnoid hemorrhage, resulting in high rates ofmorbidity andmortality [2]. Conventional aneurysm
treatments include redundant surgical clipping [3] and endovascular coiling, awidely used approach [4]. The
aimof such treatments is to prevent blood flow in the aneurysm and avoid rupture.However, thesemethods
are associatedwith significant challenges. Clipping requires an open craniotomy,which is highly invasive [5],
while coiling can be complicated by the complex geometry of an aneurysm. Especially in treatingwide-neck
aneurysms (WNA) that have the neck diameter greater or equal to 4mmor the dome-to-neck ratio less than 2
mm [6]. They are especially challenging to treat due to the risk of coilmigration and incomplete occlusion. To
address these issues, additional support is often provided by devices known as coil-assisting implants [7, 8].
These implants offer structural support, reducing complications and ensuring that the coils remain securely in
place.
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Intrasaccular devices have emerged as promising stand-alone, single implant alternatives for the treatment
of aneurysms, especiallyWNA. These devices are deployed directly into the aneurysm sac and are designed to
stabilize the structure by promoting thrombus formationwithin the aneurysmwhile preventing blood flow
into the sac. Twomain devices are Contour [9] (Stryker, USA) andWoven EndoBridge [10] (WEB,MicroVen-
tionTerumo,USA). These implants aremade of braidedNiTi wires.However, several criticalmechanical lim-
itations hinder the performance and long-term adaptability of braided implants. These limitations can cause
medical problems such as recurrence, particularly due to implant compaction,meaning a reduction in volume
or expansion capability, as well as implant dislocation or instability [11]. These problems could be due to the
hammering effect: after deployment, the implant is subjected to cyclic forces generated by the pulsatile nature
of blood flow [12, 13]. This effectmight cause badwall apposition,meaning insufficient coverage of the aneur-
ysmneck, and changes in implant position as one study showed for theWEB andContour implants [11].
Additionally, these devices offer limited size, flexibility, and radial force tunability,making it difficult to tailor
them to patient-specific aneurysmgeometries. They are also produced only for a certain diameter, from5mm
to 11mm [14]. Indeed, theWEBdevice operates through lateral expansion during deployment,making it
unsuitable for aneurysms smaller than 3mmor larger than 10mm [11].

These problemsmentioned could be caused by the braided structure of the implants. Braiding causes
instability and radial forces are lower as a result of wire slippage [15, 16]. They can be overcome by using thin-
film implants and fabricating interconnected structures [17]. Such interconnected structures can also be crucial
during deployment because they showhigher radial forces.However, as they are also permanent implants, they
can restrict future access to the aneurysm sac, preventing potential follow-up treatments such as retreatment
and representing an important drawback in cases where aneurysms recur over time. This challenge can be
addressed by introducing functional implants based onMEMS technology, which incorporate door-like struc-
tures, referred to as flaps in this paper, that can be opened after implantationwhen needed. This functionality is
enabled by so-called 2.5D fabrication technology [18].

The 2.5D concept refers to aMEMS-based fabrication technique bywhich thin filmswith varying thick-
nesses can be integratedwithin a single design. It typically consists of a relatively thick structural layer (up to 75
μm) that providesmechanical stability, combinedwith a thinner functional layer (as thin as a fewmicrons) that
imparts specific properties to the device [18]. This approach employs photolithography,magnetron sputtering,
andwet etching techniques, offering a high degree of design freedomand the ability to fabricate complex geo-
metries. This versatility enables the fabrication of intricate structures, including drug reservoirs, origami-
inspired implants [19], and designswith enhanced radiopacity achieved through thin layers of heavymetals
such as Pt or Ta [20]. Precise tuning of the implant’smechanical behavior is also possible by varying the layer
thicknesses and optimizing the geometric layoutwithin the design.

All these implants are fabricated using the shapememory alloy (SMA)nickel-titanium (NiTi), which pos-
sesses unique thermomechanical properties such as shapememory effect and superelasticity [21, 22]. Super-
elasticity, also known as pseudoelasticity, is a stress-induced, reversible,martensitic phase transformation that
occurs at temperatures above austenite finish temperature (Af) [23, 24]. Undermechanical loading, themat-
erial undergoes a transformation from the parent austenite phase to stress-inducedmartensite, accommodat-
ing strains up to 6%–8% [25]. Upon unloading, themartensite reverts back to austenite, allowing thematerial
to recover its original shapewithout any residual deformation. These properties are particularly advantageous
for designing self-expandable aneurysm implants. During deployment, SMAs can be compacted into delivery
systems and expand to their predetermined shape once released into the aneurysm sac,making them ideal
candidates forminimally invasivemedical applications. This reduce the surgery times leading to less exposure
to x-rays radiation [26].Moreover, SMA implants can endure the hemodynamic forces within cerebral arteries
without compromising their structural integrity,making themparticularly suited for long-termuse.NiTi thin
films stand out for these applications not only because of theirmechanical properties, but they also show excel-
lent biocompatibility [27, 28], magnetic resonance imaging (MRI) compatibility [29], and kink resistance [17].

Using the 2.5D fabrication technology, our earlier work showed that theNiTi-based implant design sup-
ports effective coil deployment. Its flowdynamicswere compared to those of the commercially available coil-
assist deviceNeqstent [30] (Stryker, USA). Our designs featured thick structural backbones that provide the
necessary radial force for implant stability, alongwith thin,mobile flaps thatmaintain access to the aneurysm
sac, supporting potential retreatment options even after implantation. Digital subtraction angiography (DSA)
showed that coiling can be performed successfully through the flaps of our implant without disturbing its posi-
tion. The study further confirmed that the position of the implant remained stable throughout the procedure.
These results validate the functional design of the flaps and support the potential of the implant as a stand-alone
or adjunct device in aneurysm treatment [31]. Though the preliminarywork showed the feasibility of such
novel devices and their benefits over conventional braided devices it lacked systematicmechanical analysis of
the proposed design.
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The current study strongly compliments the previouswork as it focuses on amore detailedmechanical
analysis to explore the effects of design alteration on the radial forces andflap stiffness of these flap implants.
We present four different backbone structureswithmodified and optimized flap designs tailored to each back-
bone.Different types of flap geometries (full andmeshed)were investigated to understand their influence on
the stiffness and device stability. Initially, all flapswere designed as full flapswithout any integratedmesh.
However, some of these designs exhibited displacement either due to insufficient radial force generated by the
backbone or excessive stiffness of the flaps, both of which can lead to complications such as devicemigration.
To address these limitations,modifications to the flapsweremade to the selected design. These designmod-
ifications involved integrating amesh into the flaps to reduce structural flap stiffness and resolve the instability
issues. Stiffness could not be directlymeasured because the forces were below the sensitivity threshold of the
force sensor.However, it was derived using the Euler–Bernoulli beam theory. This approachmodeled the
deflection of a triangular beamfixed at one end (representing the connection of the flap to the backbone)under
a single-point load applied duringmicrocatheter insertion. By enhancing our understanding of the challenges
of instability andmigration based on our experimental results, these novel designs and themechanical studies
provide valuable insights into design dynamics and offer promising results for safer andmore effective aneur-
ysm treatments.

Materials andmethods

Design and fabrication
Free-standingNiTi thin films are fabricated by usingmicrosystem technologies as follows: photolithography
for structuring,magnetron sputtering, andwet chemical etchingwithHNO3 for a copper sacrificial layer. This
process is described in detail by Bechtold et al [18]. Implant designs are transferred onto a 4-inch Siwafer by
photolithography (Karl SuessMA6,Germany). Twomasks are used, one for flaps and one for backboneswith
alignmentmarkers. The flaps of the implant are 7 μmthick and the backbone 42μm,which are deposited using
aVonArdenneCS730S (VonArdenne, Germany) clustermagnetron sputter device froma 4-inchTiNi46.5
(at%) target (IngpulsGmbH,Germany). The schematic of the process flow (figure SI1) and details can be
found in SI. The deposition parameters andmaterial composition are identical to those used in our previous
work. Additionally, the tensile test and differential scanning calorimetry (DSC) results are provided in the
Supporting Information (SI) section of this publication [31].

After deposition and lift off, the free-standingNiTi thin films are amorphous, and flat in shape. The shape is
then set by placing the devices inside a hemispherical titaniumfixture and using rapid thermal annealing (RTA,
CreaTecRTA-6 SY09,Germany) at 700 °C for 300 s. This step is used for setting the shape to 3D and to crystal-
lize the implants with a diameter of 6.3mm.

Figure 1 illustrates the structural variations of the flap implant designs. Figure 1(a) presents 2D sketches of
four designs:Design 1 (D1)with three arms and three flaps;Design 2 (D2)with four arms and four flaps;Design
3 (D3)with six arms and six flaps; andDesign 4 (D4), which also features six flaps and arms butwith the arms
connected to form a star-shaped outer ring. The sketch of a 2.5D structure consisting of a thin (7 μm)flexible
flap and a thick (42 μm) stable backbone, alongside a scanning electronmicroscope (SEM; ZeissUltra 55 Plus,
Germany) image highlights the flap-to-backbone interface (markedwith a dashed red line). Figure 1(b) shows
the hemispherical 3D shape of the implants after rapid thermal annealing. All four initial designs incorporate
full flapswithout anymeshmodifications.

Figure 2 illustrates the flap designmodifications aimed at tuningmechanical behavior. Figure 2(a) presents
schematic 2D views of three flap variations applied toDesign 4 (D4), a full flapwith continuous coverage, a fine
mesh, and a coarsemeshwith dense and larger perforations, respectively. These variations are intended to
modulate flap stiffness and porosity. Figure 2(b) shows a SEM image of the flap structure, highlighting the
difference between a thin flap (7 μm) and a thick backbone (42 μm). The flap–backbone junction ismarked
with a solid red arrow, indicating the fixed connection, while the dashed arrowdenotes the free end of the flap
that enables deflection. Figure 2(c)displays the final 3D shape-set implants after rapid thermal annealing, con-
firming successful shape setting of all designs. The scale bar represents 1.5mm.

Radial force set-up
The radial force of the devicewas investigated by placing it in a crimping set-up that was assembled in-house
whose designwas based on amodified version of that inGoff et al [32, 33]. Here, the device to be tested is placed
inside an iris formed by 12 individual polyetheretherketone (PEEK)prisms, whichwhenmoved together
changes the diameter of the iris. All the PEEKplates were connected to a ring, which is connected to an actuator
assembly (M-229.26S and L-306.011100, PImiCosGmbH,Germany) via a force sensor (FN3148-10N,Disynet
GmbH,Germany). The input of the force sensorwas 10V through a power supply (E3631ATriple outputDC,
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Hewlett Packard, USA)while the output varied between±2V,which corresponded to±10N force. The output
was recorded in a personal computer via a data acquisition tool (DAQ, S.No: 309B913,NImyDAQ,National
Instruments,USA). Figure SI2a shows the simple sketch of radial force setup. The set-upwas programmed
using a LabVIEWprogram (V17.0f2 (32-bit), LabVIEW2017,National Instruments, USA).

A calibration experimentwas conducted to evaluate both the elasticity of themachine and the frictional
force that is generated during the experiment. From this a calibration coefficientwas calculated and used to
correct the recorded data, which is detailed elsewhere [31]. The devices were tested at 37 °C tomimic human
body temperature in a controlled temperature chamber. Eachmeasurementwas repeated five times and the
data plottedwithmean and standard deviation.

Compression set-up
To evaluate the compression force, the implants were placed between two PEEKplates.While the bottomplate
was stationary, the top platemovedwith the implant in between. The implants were placed in a cylindrical

Figure 1.Designs for flap implants: (a) 2D sketches ofDesign 1 (D1)with 3 arms-3 flaps, Design 2 (D2)with 4 arms-4 flaps,Design 3
(D3)with 6 arms-6 flaps, Design 4 (D4)with 6 connected arms-6 flaps, concept of thin flap (7 μm) and thick backbone (42 μm), and a
scanning electronmicroscopy image ofD4 flap connection to back bone (dashed red line). (b) 3D shape set implants (D1 toD4) after
rapid thermal annealing.

Figure 2.Design changes on the flaps (a) 2D sketches ofD4with full flap (FF), finemesh (FM), and coarsemesh (CM). (b)Thin flap
(7 μm) and thick backbone (42 μm); flap connection to back bonemarked as solid red arrow and free end of flapmarked as dashed
red arrow. (c) 3D shape set implants after rapid thermal annealing.
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indentation (diameter of 6.5mmand a depth of 1mm) on the bottomplate. The top plate is further connected
to a force sensor (FN3148-10N,DisynetGmbH,Germany) and an actuator (L-306.011100, PImiCosGmbH,
Germany) assembly. Figure SI2b shows the simple sketch of compression force setup. A power source, DAQ,
and LabVIEWprogram similar to that used for the radial set-upwere used for the compression set-up. The set-
up has been described in detail elsewhere [31].

The implants were compressed from0–0.4mmwhile the resistance forcewas being recorded. Themeasure-
mentswere performed at 37 °C tomimic human body temperature in a controlled thermal chamber, each
implantmeasurementwas repeated ten times, and themean and standard deviationwere plotted.

Visual inspection
AWNAwas replicated by using acrylic due to its transparency. Using thismaterial allows for control over
proper placement on the neck and illumination during photography. TheWNAhas a 4mmbore hole,
representing the aneurysmneck. It is enlarged on one end to correspond to the dimensions of a 5.5mm
aneurysmwidth. The top part has a cut of 5mm, providing the possibility for visual inspection of the flap
openingwith amicrocatheter. The dimensions and shape of the aneurysm replica are based on findings
published in the literature [34].

For visualization, crimping is imitatedwith a pipette tip, and the tip diameter is cut as 1mm.NikonD850
withAF-SmicroNikkor 60 lens is used for taking photographs and videos of the implants. The photo sequences
are takenwhile themicrocatheter is being inserted, and all these images are combined to create aGIF by using
Matlab (see SI videoV1). Both visualization studies were performed at RT 25± 2 °C

Stiffness
Based on the Euler–Bernoulli beam theory, the flaps are taken as triangular, single-end, fixed cantilevers. A
point load is applied by the catheter to open the flap. The deflection is derived in equation (1) [35];

( )= =C
A

C
P l

E h A

1
Where

3
, concluding that

1
. 1max

4

3 max

where is the deflection of the cantilever, A is the area of the cantilever, P is the load at the end of the cantilever,
I is the length of the triangle cantilever, E is elasticmodulus, and h is thickness. Based on the derivation, it is
concluded that themore the area increases, the deflection decreases, whichmeans stiffness increases for the
samehinge length (connection length of the flap to the backbone). Detailed derivation and sketch (figure SI3)
of the cantilever can be found in the SI.

For calculating the area of the implants, the hatch tool is used fromAutoCAD. The 2D area for theD4
implants as calculated by theAutoCADhatch tool for full flap is 20.54mm2, for coarsemesh 11.24mm2, and
for finemesh 11.33mm2.

Results and discussion

Themechanical characterization of the implants focused on compression and crimping tests to evaluate their
structural stability and deformation behavior. Compression tests were conducted to simulate thewater-
hammering effect caused by pulsatile blood flow [12, 13], which can challenge themechanical integrity and
anchoring of the implant. In addition, crimping tests were used to evaluate the radial force exerted by the
implants, which is critical for ensuring proper wall apposition and device stability during and after deployment.
Crimping tests were also conducted on the commercially available 7mmContour intrasaccular implant in
order to directly compare the results with our implant designs. Thus, we could evaluate the radial force output
andmechanical performance of our devices relative to a clinically used standard. Identical testing conditions
were applied to ensure consistency for comparing structural integrity and deployment characteristics.

Themechanical results are presented for compression (figure 3(a)) and radial force (figure 3(b)), withD1
marked in yellow,D2 in blue, D3 in red, andD4 in green. The lighter colors show the standard deviation of the
experiment cycles (5 cycles for crimping and 10 cycles for compression). The radial and compression force
measurements showed that designswithout connections to the outer ring exhibited lower forces, while the
connectedD4has the highest force. The compression forces are: 35mN forD1, 37mN forD2, 40mN forD3,
and 150mND4 atmaximumcompression (0.4mm). A subtle increase in compression force is evident fromD1
toD3 as the number of the arms increase (from2 arms inD1 to 6 arms inD3). The highest compression force of
D4 could be attributed to the ring that connects all the arms, with an almost four-fold increase compared toD3
(having same number of arms). The radial forces aremeasured between 6.5mm to 3mm.However, for a 7mm
commercial Contour the aneurysmdome sizewas recommended to be between 4 and 5.5mm.This region is
highlighted as light blue on the graph. At a 4mmdiameter, themeasured radial forces were: 135mN forD4, 119
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mNforD3, 89mN forContour, 16mN forD1, and 23mN forD2. At 5.5mmdiameter, the forces decreased to:
36mN forD4, 21mN forD3, 21mN forContour, whileD1 andD2 exhibited nearly zero force. Overall, in the
recommended region between 4mm–5.5mm theContour implant exhibited higher radial force values than
D1 andD2, but lower thanD3 andD4.

It can be observed that increasing the number of arms fromD2 (four arms) toD3 (six arms) results in a
substantial, approximately five-fold increase in radial force at 4mmdiameter.D4 shows a further increase of 16
mNcompared toD3, although this increment is less pronounced. These results indicate that radial force
depends strongly on the number of arms, while the presence of circumferential arm connections plays a sec-
ondary role for radial force (although it has amajor effect on compressive force). The details can be found in
supplementary information in table SI1.

The radial force therefore scales approximately proportionally with the number of arms.However, this
trend cannot be extended indefinitely. Increasing the number of arms reduces the spacing between adjacent
flaps, which in turn limits the available opening for secondary catheter insertion. Additionally, devices with
higher arm counts occupymore spacewithin the delivery catheter, potentially increasing friction and hindering
smooth deployment.

Consequently, the design should incorporate as few arms as possible while still achieving sufficient radial
force. This threshold can be guided by the performance of commercial devices such asContour andNeqstent.
BothD3 andD4 exceed the radial force of Contour in the clinically relevant region (4–5.5mm), indicating that
a six-armdesign provides an effective balance betweenmechanical performance and deliverability.

Based on the performance of clinically used devices such asContour (figure 3(b)) andNeqstent [31], which
exert radial forces between approximately 21mNand 115mNacross their deployable diameters, we estimate
that the optimal radial-force range for aneurysm-neck–supported intrasaccular devices lies within this interval.
DesignsD3 andD4 both exceed this benchmark, suggesting adequate anchoring performance.

A visual analysis ofmicrocatheter insertionwas performed, with all four designs placed in an artificial
acrylic aneurysm sac (see thematerial andmethod section for the dimensions); the stages before, during, and
aftermicrocatheter insertion are shown in figures 3(c)–(e), respectively. The visual analysis further indicated
thatD1 toD3 shifted during catheter insertion, whereasD4 remained stable during insertion butmoved during
retraction.

Fewmechanical investigations of intrasaccular implants exist for comparisonwith our findings. InKutbay
et al, compression forces of sphericalWEBSL and SLS devices (e.g.,W5-4.5-3,W5-7-4, andW5-5-3.6)were
measured using a two-plate linear set-up, yielding values between 2.9 and 46.2mN [36]. Thismethod captures

Figure 3. Sketch of designswith full flap:D1 (marked as yellow), D2 (blue), D3 (red), andD4 (green) onupper left corner; lighter
shades of the appointed colors represent the standard deviation.Mechanical test of 3Dhemispherical implants: (a) compression
measurement of 10 cycles and (b) radial forcemeasurement of 5 cycles, region of interest 4mm to 5.5mm,marked as light blue
background. (c)Visualization of catheter insertion, with 3Dhemispherical implants placed into artificial acrylic aneurysm, before
catheter deployment, (d)during catheter deployment, and (e) after retraction of the catheter. The scale bar is 1mm.
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limited lateral compression along a single axis with partial surface engagement. In contrast, ourmeasurements
onContour implants, which have a hemispherical geometry, were conducted using a 12-segment radial com-
pression system that applies uniform circumferential load.Despite the dimensions of theContour being smal-
ler than theWEBdevices, themeasured forces are significantly higher due to full radial confinement, restricted
deformation pathways, and complete surface contact. The hemispherical shape of theContour inherently
offersmore radial resistance under true 3D loading, highlighting the limitations of simplified, linear compres-
sion set-up in capturing clinically relevant anchoring behavior.

In our previous study, we evaluated both the radial and compression forces of newly designed thin-film
intrasaccular implants with the full flap (FF) andmesh flap (MF) and compared them to a commercially avail-
able 7mmNeqstent coil-assisting implant at 37 °C.During radial expansion from3mm to 6.5mm, the FF and
MFdesigns generated forces of 77mNand 72mN, respectively, at the critical 4mmdiameter, whereas the
Neqstent exerted a higher force of 113mN.However, both FF andMF implantsmaintained anchoring cap-
ability up to 5.5mm (16mN for FF and 13mN forMF), while theNeqstent’s radial force declined to nearly zero
[31]. D4 shows larger radial and compression forces compared to our previously published designs.However,
the backbone and flap designs differ from the currentD4, including variations in flap connection lengths and
positions. In the previous design the flap connection to the backbone is shorter. This affects the stiffness of the
flap. The single flap area in the previous design is 5.5mm2 and connection length is 0.81mm, giving a length-
to-area ratio of around 14%. Furthermore, in the current study, theD4 single flap has an area of 2.21mm2 and
the connection length is 2.09mm, giving amuch higher length-to-area ratio of around 94%, almost a 7-fold
increase. Thus, althoughD4 has higher forces than the previous design, instabilities and devicemigrationwere
observed during the visual analysis. The flap stiffness should be adjusted accordingly to overcome this problem.
Methods to alter the stiffness could involve changing the connection length or/and adding fenestrations to the
flaps, whichwould reduce the total area. Introducing the fenestrationsmight to enhance thrombosis in the
aneurysm [37, 38].

Introducing amesh pattern into the flap design reduces its stiffness due to a decrease in the effective flap
area, which is derived for triangular full flap and presented in the SI, figure SI3. Based on the Euler–Bernoulli
beam theory, the flaps can be approximated as triangular cantilevers fixed at one edge and subjected to a point
load at the tip, applied by themicrocatheter during opening (figure SI3). As the deflection is inversely propor-
tional to the flap area (equation (1)), reducing this area by introducingmesh leads to greater deformation under
the same load, effectivelymaking the flapmore compliant.

For flap stiffness studies, D1 andD2were excluded from further testing since they show low radial forces
compared toContour in the area of interest andD3 showed lower compression forces and instabilities during
microcatheter insertion through the flaps. This shows that the backbone and compression forces have themain
contribution to implant stability during second catheter insertion. Additionally, they showed high instability
and devicemigration during visual experiments while inserting the catheter. For investigating flap stiffness and
increasing implant stability, D4 demonstrated the highest compression and radial force among the designs. The
D4backbone is used for three different flap designs. The flap designs kept as identical triangles.However,
fenestrations are added to change their stiffness. Thus, figure 4 showsD4 full flap (FF), D4 finemesh (FM), and
D4 coarsemesh (CM) implants after setting the shape and placing them in the acrylic aneurysm sac. Visual
analysis proves that by creatingmesh on the flap the implant could hold its position during and after insertion
(see figures 4(a)–(c)). No implantmigrationwas observed.

Themechanical tests were also conducted on theD4-FMandD4-CM implants. Theywere both found to
have a 33% reduction in the compression force at 0.4mmcompared to theD4-FF. This could be due to the
material that is removed to create themesh structures on the flaps.With bothD4-FMandD4-CMhaving
similar compression forces. Themeasured 2D area ofD4-FF is 20.54mm2,D4-FM11.33mm2, andD4-CM
11.24mm2. Thus, it can be assumed that having a larger areameans there ismore contact area, which leads to
the higher force.However,D4-FMandD4-CM implants have almost the same area (with a small deviation of
±0.09mm2)which then resulted in similar compression forces. On contrary, the radial forces of all the flap
variationswere similar, as themain contributor in this case being the backbone rather than the flaps due to the
nature of the experiment. As they all shared the sameD4backbone, their resulting radial forces are the same.

A few studies in the literature have investigated cantilever deflection in simple rectangle geometries and
introducing fenestrations, showing that such openings increase deflection by reducing the structural stiffness.
Du et al showed that fenestrations on cantilever structures influence their bending and stiffness behavior by
altering themoment of inertia and creating zones of localized compliance. By introducing openings, the overall
flexural rigidity of the cantilever is reduced, which increases deflection under applied loads. The geometric
alterations such as the size, shape, and distribution of fenestrations. They can be strategicallymodifying to
achieve desired stiffness gradients or enhance flexibility in specific regions. Froma stiffness perspective, fenes-
trations decrease themoment of inertia of the cantilever, resulting in reduced flexural rigidity and increased
deflection under the same applied load. They showed that as porosity increases, the beambecomes noticeably
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more compliant while its apparent stiffness decreases. Under the same 0.4N end load, deflection rises from
24.79mmat 0%porosity to 28.62mmat 28.09%porositywith an increase of about 15%while the fitted bend-
ingmodulus drops from2.49MPa to 2.16MPa, a decrease of roughly 13%. In otherwords, introducing fenes-
trations steadily reduces overall bending stiffnessmeaning cross-sectional resistance to bending, producing
larger deflections for the same load [39].

Sahu et al also showed fenestration effects on the cantilever deflection for differentmaterials (steel, tita-
nium, and aluminum). For eachmaterial, placing a single hole 15mm from the fixed end results in the greatest
deflection. This deflection progressively decreases as the hole is positioned further away at 30mmand 45mm
and reaches itsminimum in the full beam (no fenestrations). These results confirm that bothmaterial stiffness
and hole placement directly control bending resistance; therefore, deflection can be tuned predictably through
strategic perforation [40]. These results support our hypothesis concerning the flap area and stiffness
correlations.

The introduction of fenestrations inherentlymight bring a risk of crack initiation under cyclic loading, as
the hinges of these features can act as stress concentrators.However, in the context of our design, this risk is
significantlymitigated by the limited number of high-stress events the implant experiences, primarily during
crimping and deployment.Once implanted, themechanical loading is dominated by low-amplitude, pulsatile
blood flow,which is unlikely to induce fatigue-related failure.With this inmind, we also assessed the compres-
sive behavior of the implant to ensure that no plastic deformation occurs under expected loading conditions,
thereby confirming itsmechanical stability.

The compression force applied by the implant can be converted into pressure to enable direct comparison
with literature values, which are commonly reported in kilopascals (kPa). For this, we use an estimate of the flap
area in 4mmneckwhich is obtained fromAutoCADdirectly by usingHatch for FF, CMandFM.This area is
representing the portion of the implant that is directly exposed to and influenced by pulsatile flow at the aneur-
ysmneck.

Themeasured compression forces at the aneurysmneck differ depending on the flap type. For the FF con-
figuration, the compression force is approximately 150mN (0.150N), while for theCMandFMconfigurations
the force is 100mN (0.100N). Using the refined flap area of 12.25mm2 for FF, 5.12mm2 forCM, and 5.02mm2

Figure 4.D4backbone-based designswith full-flap (FF), fine-mesh (FM), and coarse-mesh (CM) implant sketches in upper right
corner. Visualization of catheter insertion, 3Dhemispherical implants placed into artificial acrylic aneurysm (a) before catheter
deployment, (b) during catheter deployment, and (c) after catheter deployment.Mechanical test of 3Dhemispherical implants, (d)
compressionmeasurement, and (e) radial forcemeasurement region of interest 4mm to 5.5mmmarked as light blue background,
solid green line for FF, coarse dashed line forCM, andfine dash line is for FM.The scale bar is 1mm.
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for FM the applied pressure can be determined using the standard relation P=F/A. This results in a pressure of
approximately 12.2 kPa for FF, 19.5 kPa forCM, 19.9 kPa for FM.

Physiological systolic–diastolic pressures of approximately 80–120mmHg (10–16 kPa) have been reported
in the literature. In computational studies, the loading associatedwith pulsatile blood flow is commonly repre-
sented by applying a sinusoidal pressurewaveformwith an amplitude of 2.6 kPa (20mmHg) and a frequency of
1.2Hz to the arterial wall [41]. These values indicate that the proposed implants shouldwithstand pulsatile
hemodynamic loading, as their design-specific pressure tolerances exceed this 2.6 kPa amplitude. For crimp-
ability considerations,mesh-based (CMand FM) architectures are preferred, and their operational limits
remain above diastolic pressure levels.

Due to pulse-induced diameter changes, the stent experiences strains of 1.45%at diastole and 0.98%at
systole, corresponding to amean strain of 1.22%and a cyclic strain amplitude of 0.24% [13]. Tensile testing and
differential scanning calorimetry (DSC)data for theNiTimaterial, provided in the Supporting Information in
our previous publication, show elastic behavior up to approximately 2% strain and superelastic response up to
3%. These results suggest that thematerial can fully recover under physiological pulsatile loading.Nevertheless,
high-cycle fatigue testing is required to validate long-termdurability under repeated cyclic conditions.

For intrasaccular aneurysmdevices, intra-aneurysmal thrombosis induced by flowdisruptionmarkedly
reduces intra-aneurysmal flow andmotion once the sac is filledwith thrombus, the device is embedded in a
relatively static clot, so thrombosis is expected to reduce flowknown as cushioning effect and leasing reduction
in cyclic loading and therefore limit pulsatile fatigue rather thanworsen it [37, 42].

Crimping generates themaximum strain state the implant will ever experience before cyclic physiological
loading. And the crimping strains in aneurysm implants vary stronglywith device design and diameter, as
hemispherical Contour implants, sphericalWEBdevices, and cylindrical stents undergo distinct deformation
modes during delivery. These architectures localize strain in different regions such aswire crossovers in braided
WEB andContour devices, or hinge-like strut junctions in in stents leading to significant variation inmechan-
ical loading and fatigue susceptibility.

The crimping is the first and often dominant fatigue-relevant deformation step, even though it is not a
cyclic load since the device does not undergo repeated crimping–deployment cycles. However, because this
single event sets the highest local strains in the implant, the Berti et el. confirm thatwithout detailed FEM strain
mapping of the crimped configuration, fatigue predictions for aneurysm implants would be unreliable [43].

Furthermore, the fatigue risk still can be further reduced through careful tuning of thematerial properties
ofNiTi. Increasing the transformation stress and optimizing the fatigue resistance through thermomechanical
processing or alloymodification can enhance the structural integrity of the device on the hinges, even in the
presence of localized geometric features such as fenestrations or evenmore complex geometries [44]. Once an
optimal backbone andflap geometry are established, the design can be parametrically scaled to produce device
sizes comparable to those of existing implants (e.g., Contour), allowing the system to accommodate thewide
range of patient-specificWNAgeometries.

Even though crimping fatigue could not be studied, the visual analysis of crimping is performed to repre-
sent the shape recovery of the implants. D4 implants imitating the crimped shapewhen it is pulled into a cathe-
ter is presented in figure 5.Here, implants were pulled through an opening of 1mm indiameter. Thus, when
the implant is radially pressed and pulled through the tube, flaps overlapwith each other, but they still go
through high deformations. TheAf temperature of the implant is 15± 1 °Cbut it has superelastic properties at
room temperature (RT). Thus, it is expected that these implants all showno plastic deformation.Material
properties are presented in the SI of the publication [31]. The videos for figure 5 can be seen in SIVideo2.

Using a caliper, the overall height and diameter of the devices weremeasured before and after deployment.
These valueswere found to remain essentially unchanged, with variationswithin±0.1mm,which corresponds
to the accuracy limit of themeasurement instrument.

Finer structural features, including the individual arms and small curved elements, weremore challenging
to quantify accuratelywith a caliper due to their geometry and size. Nevertheless, visual comparison of the
implants before and after deployment did not reveal any noticeable deformation of these smaller components.
To further support this observation, photographs of the implants following crimping have been provided in the
Supplementary Information (figure SI4).

Although flow-dynamics experimentswere not possible to conduct, the calculated porosity values allow
preliminary assumptions about the expected hemodynamic behavior; nevertheless, comprehensive under-
standing of flowmodulation and implant performancewill ultimately require digital subtraction angio-
graphy (DSA).

FF has porosity in the 4mmneck area around 3%,CMandFMaround 60%. Thismeans that the FF has the
highest flow reduction thanCMand FM.However, it is known in the literature that an optimal porosity range
of approximately 60%–75%consistently emerges as themost effective for achieving substantial intra-aneur-
ysmal flow reduction and thrombosis formationwhile preventing occlusion in the side branches or flow
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disturbance parent artery [45]. However, all these results are based on flowdiverter stents rather than intrasac-
cular implants.

Augsburger et al showed that two stents with the sameporosity (63%) producedmarkedly different reduc-
tions in intra-aneurysmal velocity and vorticity, indicating that device design strongly influences flowdiversion
beyondporosity alone.Overall, a 63%porosity device provides strong flow suppression, reducing velocity to
roughly 20%–35%of the baseline depending on flow type.However, the paper clearly shows that design-rela-
ted factors such as pore shape, strut arrangement, and how the device aligns with inertia-driven inflow. These
can causemajor differences in performance, despite identical porosity [46].We further suggest that the con-
formability of the implant and the quality of its opposition to the artery or aneurysmneck canmodify the
effective pore structure seen by the inflow jet, thereby contributing to these differences in hemodynamic per-
formance. Thus,DSA should be performed to be able to define the flowdynamics of our designs.

Limitations
This study has several limitations that should be acknowledged. First, no flow analysis was performed to
evaluate the hemodynamic impact of the implant geometry or surface configuration. As a result, the device’s
potential tomodulate intra-aneurysmal flow cannot be quantitatively compared to commercially available
flow-diverting or intrasaccular implants. Second, push-out forcemeasurementswere not conducted in the
acrylic aneurysmused in the visualization to assess anchoring performance and procedural safety, including
the possibility of accidentally displacing the implant by unintended contact with the backbone during catheter
or guidewiremanipulation.However, our devices showed higher forces compared to a commercial implant
with a similar diameter.Higher radial forces can be correlatedwith better anchoring implant into the aneurysm
implant. And also, the implant design inherently incorporates a safetymargin, as its geometrywas intentionally
developed so that the flexible flap regions occupy a substantially larger surface area than the central backbone.
This configuration improves catheter accessibility and reduces the likelihood of unintendedmechanical
interaction during implantation. Based on geometrical analysis ofD4-FF exported directly from theAutoCAD
hatch-function, the total neck-relevant surface area is 12.57mm2, of which the backbone accounts for only 1.26
mm2. This corresponds to an area fraction of approximately 0.1002, or about 10%of the neck-facing surface.
Consequently, the probability of a guidewire directly contacting the backbone is expected to be around 10%,
whereas the presence of the guidewirewithin the catheter lumen during navigation further decreases the
likelihood of such contact, offering an additional procedural safety buffer. Finally, the study does not include
high-cycle fatigue testing, which is critical for assessing long-termmechanical durability.Without these fatigue
data, the long-term stability and reliability of the device remain to be established.

Conclusion

Our results represent a significant development for the treatment ofWNA. By incorporatingmobile flaps into
intrasaccular devices, not onlywasmechanical performance enhanced but post implantation access to the
aneurysm sacwas also preserved,making retreatment possible if needed.

Figure 5.Crimping visual analysis ofD4 implants: (a) before crimping (b)during crimping by pulling through the pipette tip, and (c)
shape recovery after crimping.
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WithMEMS technology, 2.5D implants can be precisely fabricated, enabling tunability of their radial forces
through structural design (e.g. the geometry or the thickness of the backbone). However, it is important to note
that other strategies also exist. For instance, adjusting thematerial thickness, which can be accurately controlled
duringMEMS fabrication, offers an additional and effectivemeans of fine-tuningmechanical response.
Mechanical and visual analyses indicate thatD4mesh structures offer superior anchoring performance, which
can be attributed to the number of arms and the ring that connects all the arms.However, in the case of full
flaps, a high flap stiffnesswas observed, which hinderedmicrocatheter insertion for coil deploymentwithout
disturbing the implant position. To address this problem,mesh patternswere introduced into the flap regions,
significantly reducing stiffness to enhance flexibility. By reducing the flap area and introducing perforations,
the flaps becamemore compliant so that the catheter can be insertedwithout compromising implant stability.
As all designs shared the sameD4backbone, the overall radial force remained consistent, preventingmigration.
This understanding of the relationship between backbone support and flap compliance can be applied for
developing next-generation implants that can function as standalone intrasaccular devices.

Moreover, the use of flexible flapsmay allow the aneurysm sac to remain accessible evenmonths after
implantation, potentially enabling retreatment in case of complications.While this is a promising feature, it
remains to be validated, and further in vitro and in vivo studies are necessary to confirm long-term accessibility
and clinical feasibility.
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