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abstract

The left atrial appendage (LAA) is a major source of thromboembolism, and its mechanical
occlusion is a therapeutic option for patients who cannot tolerate anticoagulation. However, its
morphological variability complicates device sizing, highlighting the need for biomimetic
models that reproduce both geometric and mechanical behavior. This study evaluated the
ability of auxetic structures to mimic the mechanical behavior of LAA tissue. Three auxetic
geometries (re-entrant bow-tie, missing rib, and missing rib cut) and one rectilinear reference
geometry were combined with elastomeric materials with Shore A hardness values of 604, 704,
and 85A. The re-entrant bow-tie geometry with Shore A 70 provided the closest approximation
to the characteristic J-shaped behavior of LAA tissue.

Left atrial appendage; biomimetics; auxetic structures; additive manufacturing.

resumo

O apéndice auricular esquerdo (AAE) constitui uma das principais origens de
tromboembolismo, sendo a sua oclusdao mecanica uma opg¢do terapéutica para doentes que
ndo podem realizar anticoagulagdo. Contudo, a sua variabilidade morfoldgica dificulta o
dimensionamento do dispositivo, tornando essenciais modelos biomiméticos que
reproduzam o comportamento geométrico e mecanico. Este estudo avaliou a capacidade de
estruturas auxéticas para mimetizar o comportamento mecanico do tecido do AAE. Trés
geometrias auxéticas (reentrante bow-tie, missing rib e missing rib cut) e uma geometria
reticulada de referéncia foram combinadas com materiais elastoméricos com durezas Shore
A de 60A, 70A e 85A. A geometria reentrante bow-tie com Shore A 70 apresentou a melhor
aproximacao ao comportamento em J do tecido do AAE.

Apéndice auricular esquerdo; biomimética; estruturas auxéticas; fabrico aditivo.



1- INTRODUCTION

The left atrial appendage (LAA) is a cardiac structure with complex morphology and
represents the primary site of thrombus formation during episodes of atrial fibrillation [1].
Given its central role in the pathophysiology of thromboembolic events, mechanical
occlusion by means of medical devices has been widely adopted as a therapeutic strategy to
reduce the risk of systemic embolization and stroke [2]. Despite significant advances in
device design and clinical efficacy, procedural success remains strongly dependent on the
mechanical interaction between the device and the specific appendage anatomy [2,3].
Appropriate device sizing, precise positioning, and reliable anchoring remain significant
clinical challenges, often leading to adverse outcomes such as peri-device leaks, device
migration, embolization, or atrial wall perforation [4,5]. These complexities reflect the
limitations of current preoperative planning and validation methods, which rely
predominantly on geometric criteria and on models that do not realistically capture the
mechanical response of atrial tissue [3,6].

From a biomechanical perspective, LAA tissue exhibits the typical behavior of soft biological
tissues, characterized by a nonlinear deformation response commonly described by a J-
shaped stress—strain curve [7,8]. Figure 1 presents the reference stress—strain curve of the
LAA used to assess the biomimetic performance of the manufactured models.

120

100+

804

60

Stress (kPa)

401

20

0 10 20 30 40 50 60
Strain (%)

Reference stress—strain curve of the LAA, highlighting the characteristic nonlinear J-shaped behavior [7,9].

The behavior illustrated in Figure 1 reflects low stiffness at small strain levels, followed by
progressive stiffening as the structural fibers of the tissue are recruited [3,8]. Additionally, atrial
tissue exhibits anisotropy, spatial heterogeneity, and pathology-dependent properties, as
remodeling processes associated with atrial fibrillation may significantly alter local stiffness and
mechanical response [8]. These characteristics make the accurate representation of the LAA using
conventional physical models particularly challenging, especially when such models are based on
homogeneous materials with linear or near-linear mechanical behavior.

The development of biomimetic models capable of reproducing not only morphology but also
the specific mechanical response of the LAA is therefore of particular relevance for



applications such as procedural simulation, preclinical device validation, and support for
patient-specific intervention planning. Recent studies demonstrate that advanced physical
models and high-fidelity cardiac simulators contribute to significant improvements in
device selection and to the reduction of procedure-related complications [2,10,11].
Nevertheless, replicating the mechanical behavior of atrial tissue in artificial models remains
challenging, as it involves partially antagonistic requirements, including the ability to
withstand large deformations, exhibit deformation-dependent progressive stiffening, and
simultaneously ensure structural integrity and mechanical repeatability [2,3,10].

In this context, auxetic structures emerge as an innovative and promising engineering
approach [12]. Characterized by a negative Poisson’s ratio, these architectures display an
emergent mechanical behavior in which the global response is strongly governed by
structural geometry, enabling the introduction of mechanically induced nonlinearity even
when combined with intrinsically linear materials [12,13]. Through mechanisms involving
rotation, bending, and progressive contact of the constituent elements, auxetic structures
allow modulation of the apparent stiffness throughout deformation, providing a high degree
of control over the resulting stress—strain curve profile [12—14].

The primary objective of the present study is to systematically evaluate auxetic architectures
combined with elastomer-like materials, with the aim of quantifying stress levels and
characterizing the evolution of the mechanical response under different strain states. The
influence of the geometric parameters of the auxetic architecture on the resulting mechanical
nonlinearity is analyzed, as is the ability of these structures to accommodate large deformations
without structural failure. Through this approach, geometry-material combinations with potential
application in biomimetic LAA models are identified, contributing to the development of more
realistic and effective tools for procedural simulation, preclinical validation of occlusion devices,
and cardiovascular intervention planning.

2- MATERIALS AND METHODS

Polymeric materials exhibiting different Shore A hardness values and elastomer-like
mechanical behavior were selected. These materials are hereafter referred to as TPE 60A, TPE
70A, and TPU 85A throughout this study. All materials were supplied as filament.

The specimens were manufactured using fused filament fabrication (FFF) technology. To
ensure comparability across the different experimental conditions, selected printing
parameters were kept constant, namely a layer height of 0.2 mm, 100% infill density, and a
linear infill pattern with alternating orientation between successive layers (+45°/-45°) [9].
The geometric component was evaluated through four distinct structural configurations: re-
entrant bow-tie, missing rib, missing rib cut, and one rectilinear geometry [9,15,16], hereafter
referred to as “rectilinear” (Figure 2). The first three correspond to auxetic architectures adapted
from theliterature [15,16], whereas the rectilinear geometry, although non-auxetic, was employed
as a reference configuration for comparative purposes.



Fig. 2 | Schematic representation of the geometries considered in this study: (a) re-entrant bow-tie [16], (b) missing rib [16],
(c) missing rib cut [15] and (d) rectilinear [9,15].

Each unit-cell geometry was developed using computer-aided design (CAD) software
(SolidWorks®). The models were subsequently exported and prepared for
manufacturing using slicing software, with the previously defined printing parameters
applied. Extrusion temperature and printing speed were adjusted according to the
material, following the manufacturer’s recommendations and according to a previous
study [9].

Mechanical characterization included uniaxial tensile testing performed on a Shimadzu
Autograph AG-Xuniversal testing machine, equipped with a 5 kN load cell and operated using
Trapezium X software. Tests were conducted at a constant crosshead speed of 2 mm'min~1,
in accordance with ISO 527.

For each geometry—material combination, at least five valid tests were performed to ensure
repeatability and reliability of the results. Tensile specimens were manufactured with a
length of 200 mm, a width of 12 mm, and a thickness of 4 mm. Although mechanical
characterization was carried out in accordance with the reference standard, the specimen
geometries did not correspond to standardized geometries, as they were constrained by the
dimensions and topology of the unit-cell architectures.

3- RESULTS AND DISCUSSION

The experimental program was designed to quantify the relative influence of
structural architecture and material properties on the stress—strain response, with
particular emphasis on reproducing the characteristic nonlinearity of LAA tissue. It is
important to note that, in models incorporating auxetic structures, macroscopic
nonlinearity may emerge even when the base material exhibits an approximately
linear behavior, owing to geometric mechanisms that are progressively activated as
deformation increases [12,13].

Figure 3 shows the stress—strain response of the (a) missing rib and (b) missing rib cut
geometries, respectively, for the different materials analyzed.
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Comparison between the geometries reveals a consistent trend across the different materials.
An increase in Shore A hardness results in a systematic increase in stress at a given strain
level, reflecting an overall increase in structural stiffness. However, for a given auxetic geometry,
the global shape of the stress—strain curves remain relatively similar throughout the tested strain
range. Although only the missing rib and missing rib cut geometries are presented, the same trend
was observed for the remaining architectures analyzed in this study (re-entrant bow-tie and
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The influence of geometry, isolated from material effects, is highlighted by comparing the
different architectures fabricated in TPU 85A (Figure 4). The selection of this material as a
reference allowed the mechanical properties of the polymer to be held constant, so that the
variations observed in the stress—strain response can be predominantly attributed to
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Tensile stress—strain curves for the four analyzed geometries (TPU 85A).
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Considering the base material as a constant reference, the observed variations in
mechanical response can be predominantly attributed to structural geometry. The
stress—strain curves differ significantly among the various configurations,
demonstrating that stiffness evolution with increasing deformation is primarily
governed by architectural design and by the geometric mechanisms that are
progressively activated during loading [12—-14].

The missing rib geometry exhibits the stiffest response over the analyzed strain range,
suggesting a more direct load transfer and a reduced capacity for unit-cell
reconfiguration. In contrast, the missing rib cut and rectilinear geometries display more
moderate responses, closer to an approximately linear behavior, consistent with a
deformation mode predominantly governed by ligament stretching without pronounced
geometric transitions. The re-entrant bow-tie geometry is distinguished by lower
stress levels in the initial regime and a more gradual evolution of stiffness. In the early
stage, deformation is primarily accommodated through rotation and bending of the
structural elements; as strain increases, geometric alignment becomes dominant,
leading to progressive stiffening. This mechanism is particularly relevant for
replicating the mechanical behavior of LAA tissue, whose response is characterized by
progressive strain hardening [9].

The selection of the optimized geometry—material combination was guided by three
complementary criteria: the presence of an initial low-stiffness regime, a progressive
transition toward stiffening with increasing strain, and the compatibility of the overall
curve profile within the specified strain range. Based on these criteria, geometries
exhibiting predominantly linear responses (such as the missing rib, missing rib cut, and
rectilinear pattern) tend to fail to satisfy the second criterion. However, in some
instances, material selection can enable the stress magnitude to approach the targeted
range. In contrast, the re-entrant bow-tie geometry demonstrates a stiffness evolution
more consistent with the gradual strain hardening characteristic of the LAA, more
closely approximating a J-shaped response.

Regarding material effects, the results indicate that extreme hardness values
compromise the mechanical fidelity of the model. TPU 85A shifts the response toward
higher stress levels, resulting in excessively stiff behavior, whereas TPE 60A provides
insufficient overall stiffness for the intended application. TPE 70A emerges as the most
balanced compromise, preserving a more compliant initial regime and, when combined
with the re-entrant bow-tie architecture, achieving stress levels more compatible with
the target mechanical behavior.

To synthesize the comparison across configurations, Table 1 summarizes the geometry—
material combinations that exhibit the best qualitative performance.

Within this framework, the re-entrant bow-tie—TPE 70A combination stands out as the most
promising solution for reproducing, within the analyzed strain range, the characteristic
nonlinear J-shaped response of the LAA.



Summary of the geometry—material combinations and their influence on the mechanical response of the
biomimetic LAA models.

Element Type Observed Mechanical Response Biomimetic Relevance

Approximately linear response;
Missingrib  higher stress levels compared to the
remaining geometries.

Does not reproduce the progressive
stiffening characteristic of the LAA.

Linear response; moderate reduction Curve profile remains distant from the
Missing rib cut in stiffness relative to the missing rib characteristic J-shaped response of the

eometry. LAA.
Geometry & i
Nonlinear response; initial low- N . .
Re-entrant bow-tie stiffness regime followed by Best qualitative approximation to the J
; - - shaped curve of the LAA.
progressive stiffening.
Rectilinear Linear response; absence of an initial Limited approximation to the nonlinear
low-stiffness regime. behavior of the LAA.
TPU 85A Excessively stiff response; shift of the  Stiffness is incompatible with faithful
curve toward higher stress levels. replication of LAA
TPE 60A Insufficient stiffness within the Does not reach stress levels considered
Material analyzed strain range. relevant for the LAA.
TPE 70A Intermediate response; balance between Most favorable material for global adjustment

stiffness and deformability. of the LAA mechanical response.

Most promising configuration for
reproducing the LAA's nonlinear
behavior within the analyzed range.

Highlighted = Re-entrantbow- Best compromise between curve
Combination tie + TPE 70A profile and stress magnitude.

4-CONCLUSIONS

This study evaluated the influence of structural architecture and material Shore A hardness
on the mechanical response of biomimetic LAA models manufactured by FFF. Uniaxial tensile
testing demonstrated that architectural design is the primary determinant of the tensile
response profile.

The missing rib and missing rib cut geometries exhibited predominantly linear responses,
limiting their suitability for reproducing the characteristic nonlinear behavior of atrial tissue.
In contrast, the re-entrant bow-tie auxetic geometry induced a nonlinear response with
progressive stiffening, qualitatively matching the LAA's J-shaped curve within the
physiologically relevant strain range. With regard to material effects, extreme hardness
values were found to reduce mechanical fidelity: TPU 85A resulted in excessively stiff
responses, whereas TPE 60A produced insufficient stiffness. TPE 70A provided the most
balanced compromise, combining initial compliance with progressive resistance and
consistent tensile behavior.



Overall, the re-entrant bow-tie—-TPE 70A combination emerges as the most suitable
configuration for mimicking the mechanical behavior of the LAA. These findings support its
potential application in physical models for procedural simulation, pre-procedural planning,
surgical training, and evaluation of LAA occlusion devices.

Within this framework, the re-entrant bow-tie—TPE 70A combination stands out as the most
promising solution for reproducing, within the analyzed strain range, the characteristic
nonlinear J-shaped response of the LAA.
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