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ABSTRACT
Bioprosthetic aortic valves, especially those implanted via transcatheter methods, have transformed the treatment of aortic
stenosis. Nevertheless, their long-term durability is still limited by structural valve deterioration.While clinical and hemodynamic
factors have been extensively reviewed, the material science perspective on bioprosthetic valve deterioration has received
comparatively less attention. Structural valve deterioration is, however, a complex,multiscale, andmultifactorial process, inwhich
mechanical fatigue and calcification of bovine or porcine pericardial tissue play central roles.
For this reason, this review focuses on the pericardium itself—the engineered soft tissue at the core of bioprosthetic valves.
The experimental techniques used to characterize its properties across multiple length scales, from molecular composition
to macroscopic mechanics, are examined, highlighting how these multiscale measurements reveal critical structure–function
relationships. Such insights are crucial for more accurate modeling of pericardial behavior and for understanding its deterioration
in vivo.
By integrating bioengineering, advanced physical characterization, and computational modeling, a framework is outlined that
links material properties to valve-level performance and, ultimately, clinical durability. This perspective not only advances
the fundamental understanding of structural valve deterioration but also provides guidance for designing next-generation
bioprosthetic and synthetic polymeric valves with improved longevity.
1 Introduction

The aortic valve, located within the aortic root, ensures unidirec-
tional blood flow from the left ventricle to the aorta through the
coordinated motion of its three cusps and surrounding structures
(Figure 1a) [1]. Native aortic valve leaflets are organized into
three mechanically integrated layers: the fibrosa, spongiosa, and
ventricularis [2, 3]. The fibrosa, located on the aortic side, is
rich in densely aligned type I collagen fibers that provide tensile
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strength and resistance to diastolic pressure. The ventricularis,
facing the left ventricle, is rich in elastin fibers arranged in
a lamellar network, enabling rapid recoil and efficient leaflet
opening during systole. Between these layers, the spongiosa
facilitates shear deformation and dissipates mechanical stress.
This highly organized collagen–elastin architecture ismaintained
by valvular interstitial cells, which regulate the extracellular
matrix turnover and remodeling in response to mechanical
cues [4].
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FIGURE 1 (a) Schematic of the heart and the aortic root.Main anatomical features of the aortic valve. (b) Schematics of a healthy and stenotic aortic
valve. General structure of biological prosthetic valves. (c) Bioprosthetic aortic valves that are usually implanted using open-heart surgery. Their structure
is generally simpler with respect to (d) balloon-expandable and (e) self-expandable bioprosthetic aortic valves, generally implanted using transcatheter
aortic valve replacement (adapted with permission from [5], Elsevier Inc 2021). This review will focus on (d) and (e). Created with Biorender.com.
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Degradation of aortic valvular tissue can disrupt this delicate bal-
ance, leading to either aortic stenosis or aortic regurgitation, the
two most common forms of aortic valve disease [6–8] (Figure 1b).
Both conditions compromise cardiac performance, threatening
the lives of numerous patients worldwide [9–11].

The diagnosis of such diseases relies on imaging modalities
such as echocardiography, computed tomography, and magnetic
resonance imaging to assess valve structure, function, and disease
2 of 30
progression, guiding timely intervention [12]. Definitive treat-
ment usually requires prosthetic valve replacement to prevent
irreversible cardiac damage [13].

Prosthetic aortic valves can be either mechanical or biological
[14–16]. Mechanical valves offer excellent durability but neces-
sitate lifelong anticoagulation, increasing the risk of bleeding.
Biological valves, in contrast, provide superior hemodynamics,
lower thrombogenicity, and donotmakenoise,which are features
Advanced Functional Materials, 2026
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FIGURE 2 (a) Histological sections of the pericardium tissue stained with H&E to highlight the fibrillar structure of the pericardium. The black
arrows indicate the fibrils. Adapted with permission from [39] American College of Cardiology Foundation 2018. (b) Schematic of the hierarchical
structure of collagen-based biological materials. Collagen fibrils and fibers interact in a complex network, whose physical properties depend on the
types and quantities of inter-fibers/fibrils interactions. Created with Biorender.com.
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often preferred by patients and frequently favored by clinicians,
especially in elderly patients [13, 17–21].

Bioprosthetic valves exist in different types and can be
implanted either surgically or through Transcatheter Aortic
Valve Replacement—TAVR—(Figures 1c–e). This minimally
invasive procedure has gained wide acceptance for its suitability
for high-risk patients and potential benefits in small annuli
[22–27]. Furthermore, it is associated with lower procedural costs
compared to open-heart surgery [28].

TAVR devices are generally balloon-expandable, offering high
radial force and precise placement, or self-expandable, which
adapt more easily to complex anatomies (Figures 1d,e) [5]. Device
selection depends on both anatomical features and patient-
specific conditions [29–32].

Biological valves can consist of a fabric-covered stent onto
which chemically treated porcine or bovine pericardium is
mounted [33, 34]. Pericardial tissue exhibits a hierarchical struc-
ture (Figures 2a,b): collagen fibers and fibrils, which are often
arranged helically and with varying degrees of alignment, are
embedded in an extracellular matrix where interactions are
mediated by proteoglycans and other molecules [35–37]. These
microstructural features play a crucial role in determining the
tissue’s mechanical properties, including its anisotropic nature
and resistance to fatigue [38].

To reduce immunogenicity and improve durability, pericardial
tissue for bioprosthetic heart valves is commonly decellularized
and then cross-linked with glutaraldehyde: typically at concen-
Advanced Functional Materials, 2026
trations below 1.5% for variable durations [40]. The specific
processing parameters have a strong influence on themechanical
and biological properties of the tissue. Glutaraldehyde treatment
stabilizes the material, enhancing its strength and stiffness;
however, residual aldehyde groups may react with surrounding
tissues, potentially initiating long-term degradation processes
[41].

Porcine bioprosthetic valves can also be derived from native pig
aortic valves treated with glutaraldehyde to reduce immuno-
genicity [42]. In contrast to porcine pericardial valves, native pig
aortic valve leaflets are directly mounted on a supporting stent,
retaining their natural geometry and exhibiting physiological
opening and closing dynamics, though production is difficult to
standardize due to anatomical variability among animals [43].

The performance of a bioprosthetic valve is fundamentally
determined by the properties of the tissue from which it is
made. As such, any structural degradation of this tissue leads
to impaired mechanical function and, eventually, valve fail-
ure. Among the causes of long-term failure, Structural Valve
Deterioration (SVD)—defined as permanent intrinsic changes
to the valve biological tissue or frame that lead to clinically
relevant valve dysfunctions—remains the major limiting factor
in the durability of TAVR prostheses [44], and it represents the
central focus of this review. Given the multifactorial nature of
SVD, spanning biological, mechanical, and clinical dimensions, a
comprehensive evaluation requires integrating knowledge across
these domains. To address this challenge, we aim to compile
and critically evaluate current knowledge on structural valve
degradation through a multidisciplinary lens.
3 of 30
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FIGURE 3 Schematic of the review and the path toward more durable bioprosthetic aortic valves. After the implantation, the bioprosthetic valve
ceases to work due to Structural Valve Deterioration (SVD), in a range spanning 5–10 years [45]. To understand this phenomenon and prevent it, a
multiscale physical characterization is required. With accurate experimental physical data, we can inform computational models and enhance the
design of bioprosthetic and polymeric aortic valves. Created with Biorender.com.
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Figure 3 presents the conceptual framework of the review.
Preventing SVD requires a deep understanding of its underlying
mechanisms, which are inherently multiscale and multifacto-
rial. Given that bioprosthetic valves are composed of biological
materials, their degradation is tightly linked to how these tissues
respond to mechanical loading, fatigue, and biochemical stimuli.

To this end, we emphasize the need for experimental characteri-
zation acrossmultiple scales— from the nano andmicrostructure
of extracellular matrix proteins to the macroscopic mechanical
and hemodynamic performance of the valve. Establishing these
structure–function relationships in pericardial tissue is crucial
for developing accurate computational models. Such models,
in turn, provide predictive capabilities to simulate degeneration
scenarios and support the design of next-generation prostheses
with improved resistance to SVD.

Although this review focuses on bioprosthetic aortic valves,
many of the challenges and insights discussed here are broadly
applicable to other valve types [46]. For instance, findings pre-
sented for aortic valves can often be extended to mitral valve
replacements, provided that differences in operating conditions
(e.g., higher pressures and distinct geometries) are taken into
account [47].

Finally, while the primary focus of this work is on bioprosthetic
devices, we also briefly address polymeric heart valves. Although
the failure and degradation mechanisms of bioprosthetic valves
differ substantially from those of synthetic polymeric valves,
these emerging technologies share several mechanical and dura-
4 of 30
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bility challenges. In this context, cross-disciplinary knowledge
exchangemay help accelerate innovation and ultimately improve
clinical outcomes.

2 Structural Valve Deterioration—A Clinical
Perspective

Over time, bioprosthetic aortic valvesmay progressively lose their
functionality, leading to clinical complications and, eventually,
reintervention. The onset and rate of failure depend on both
the type of prosthesis and patient-specific factors [45, 48]. The
main mechanism responsible for this degeneration is Structural
Valve Deterioration (SVD)—a process of morphological and
hemodynamic alteration that limits the long-term durability of
bioprosthetic valves.

The definition of SVD has evolved from descriptive terminol-
ogy to standardized, hemodynamic-based classifications [49–52].
According to the European consensus [53], SVD progresses
through stages characterized by increasing structural and func-
tional impairment:

∙ Stage 0–1: Morphological leaflet abnormalities (thickening,
calcification, motion disorder) without significant hemody-
namic impact.

∙ Stage 2S/2R/2RS: Moderate stenosis and/or regurgitation,
defined by transvalvular gradient increase (>10 mmHg) or
regurgitant flow quantification.
Advanced Functional Materials, 2026
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∙ Stage 3: Severe stenosis and/or regurgitation requiring clinical
intervention.

Interestingly, while this staging bears conceptual similarities to
the grading of native aortic stenosis, which is also classified as
mild, moderate, or severe based on hemodynamic parameters,
there are important distinctions [54, 55]. Native stenosis reflects
progressive disease of the patient’s own valve, whereas SVD
arises from degeneration of a bioprosthetic device. SVD staging
combines structural imaging (leaflet changes) with functional
impact (gradients, regurgitation), whereas native stenosis grading
relies primarily on hemodynamic severity. In SVD, the pres-
ence of regurgitation is particularly emphasized as part of the
staging, reflecting prosthesis-specific failure modes, while in
native stenosis, regurgitation is considered separately. Finally,
the gradient thresholds differ because prosthetic valves typically
exhibit higher baseline transvalvular gradients than native valves
of equivalent orifice area.

The staging strategy used to classify SVD allows systematic
monitoring of valve performance, although the progression time-
line is patient-dependent. For example, Stage 2S patients are
typically followed every 3–6 months, while annual check-ups are
recommended post-implantation for all cases [56].

Echocardiography remains the gold standard for diagnosis and
follow-up, using transthoracic or, when needed, transesophageal
imaging [57, 58]. Doppler measurements provide a quantitative
assessment of gradients and flow, though interpretation can vary
with valve size, type, and anatomy [59]. Early SVD stages are often
hemodynamically silent and defined primarily by morphological
signs.

Complementary modalities such as multidetector computed
tomography (MCT) offer high-resolution insights into leaflet
morphology, thrombosis, and calcification [60, 61]. MCT is
particularly valuable for quantifying calcium burden and for
supporting biomechanicalmodel validation, as it provides data on
leaflet deformation and stiffness. Although its routine clinical use
is still limited by accessibility and expertise, adoption is increasing
worldwide [62]. Magnetic resonance imaging (MRI) and ultrafast
pulse wave velocity measurements are emerging as adjunct tools,
capable of detecting SVD-related functional changes and vascular
stiffness [63].

Despite these advances, current clinical imaging and staging
systems describe what happens during SVD, but not why it
occurs. They provide a limited understanding of the physical and
biologicalmechanisms driving tissue degeneration. Tomove from
observation to prevention, it is necessary to complement clinical
data with insights into the material, structural, and mechanical
origins of valve failure.

This transition—from descriptive clinical evaluation to mecha-
nistic comprehension—defines the next step toward innovation.
The following sections, therefore, adopt a bioengineering per-
spective, exploring how experimental testing, multiscale char-
acterization, and computational modeling can elucidate the
mechanisms of SVD and guide the development of more durable,
next-generation bioprosthetic valves.
Advanced Functional Materials, 2026
3 Structural Valve Deterioration—A
Bioengineering Perspective

Aortic valve deterioration involves a combination of biological
and mechanical processes that progressively impair its function.
In particular, bioprosthetic valves — especially those made
from pericardial tissue — develop structural heterogeneities that
reduce their capacity to deform and distribute stress evenly,
ultimately affecting performance and long-term durability [64].

These heterogeneities in pericardial tissue may result from
progressive thickening, inclusion of calcific deposits, irreversible
plastic deformation of the protein network, and thrombus for-
mation (Figure 4a). Among these processes, calcification and
fatigue-induced damage represent the most critical drivers of
long-term degeneration and will be the focus of this section.

3.1 Calcification

Tissue mineralization, commonly referred to as calcification, is a
leading cause of SVD [65–67]. Although the precise mechanisms
underlying calcification remain incompletely understood, it is
widely believed to originate from interactions between circulating
calcium ions in the blood and valve tissue that has been either
mechanically damaged or chemically altered by glutaraldehyde
fixation. Notably, native (non-crosslinked) tissues exhibit lower
susceptibility to mineralization [68], as they retain natural mech-
anisms to inhibit calcium phosphate nucleation. In contrast,
glutaraldehyde-fixed tissues lose this capacity, allowing calcium
(from the blood) and phosphate (from damaged membranes)
to coalesce and form crystals within the valve matrix [69].
As these crystals nucleate and grow, they deform the valve
structure, ultimately compromising function and leading to
failure [70, 71]. For instance, calcification on valve cusps impairs
leaflet mobility, leading to aortic stenosis [72, 73]. Furthermore,
recent findings indicate that valve calcification is characterized
by the presence of two distinct mineral populations: calcified
collagen fibers with dimensions ranging from 0.5 to 6.4 µm,
and calcium phosphate particles of approximately 1 µm in size,
originating from host cellular activity [74]. The same study also
demonstrated a reduction in collagen fibril diameter in regions
adjacent to calcified deposits, highlighting how calcification is
accompanied by progressive tissue damage and microstructural
remodeling.

When discussing calcification, it is also important to consider
that calcium deposits may differ in their physicochemical nature,
comprising amorphous calciumphosphate rather than crystalline
hydroxyapatite, as recently demonstrated for native aortic valve
leaflets by Sivaguru and co-authors [75].

Table 1 summarizes recent data on pericardial tissue calcification,
highlighting trends in calcium accumulation over time. A clear
finding is that the method of crosslinking has a substantial effect
on mineralization behavior. However, most in vitro studies cover
only short timeframes (typically less than threemonths), whereas
clinical valve failure may take years to manifest. Moreover, wide
variability in calcium deposition is observed even among studies
using comparable protocols [76, 77]. This inconsistency highlights
the need for standardized methods and longer-term studies to
5 of 30
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FIGURE 4 Examples of histological sections of degraded bioprosthetic aortic valves, adapted with permission from [39], American College of
Cardiology Foundation, 2018. (a) Over time, the valves show noticeable thickening. We show the effect of (b) calcification that leads to the formation
of nucleated crystals. Additionally, (c) fibril damage caused by fatigue can impair the mechanical performance of the valve and promote (d) thrombus
formation. (e) Schematic of the stress softening (Mullins effect) in a protein-based network under cyclic loading. Once damage occurs, the network
becomes less able to sustain loads, resulting in a softer response. Created with BioRender.
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evaluate how crosslinking chemistry affects calcification kinetics
in bioprosthetic materials [74].

To mitigate glutaraldehyde-related calcification, several strate-
gies have been proposed [86, 87]. Many approaches include
both systemic interventions (e.g., statins) and local modifica-
tions such as advanced crosslinking chemistries and surface
coatings [76, 85, 85]. For example, Yu et al. developed a new
porcine pericardium crosslinked with octafunctionalized poly-
hedral oligomeric silsesquioxane-terminated polyethylene glycol
via Schiff base reactions [77]. This method reduced calcification
by a factor of 80 compared to glutaraldehyde. Pu et al. used
atom transfer radical polymerization to graft a double-bonded
6 of 30
monomer onto bromide-functionalized pericardium, achieving
a 50-fold reduction in calcium deposition [79]. Additionally,
Zhang et al. applied decellularization protocols with Triton
X-100, sodium dodecyl sulfate, and sodium deoxycholate, report-
ing a two-fold reduction in calcium after 21 days and up
to eight-fold after 60 days, compared to glutaraldehyde-fixed
tissue [63]. Lastly, Shi et al. combined oxidized chondroitin
sulfate crosslinking with copper-doped carbon dots, achiev-
ing promising results in structural stability and mineralization
inhibition [81].

Other strategies to reduce calcification focus on neutralizing glu-
taraldehyde residues. For instance, post-treatment with sodium
Advanced Functional Materials, 2026
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TABLE 1 Main recent results regarding the amount of calcified tissuemeasured in vitro vs the type of treatment used to cross-link the pericardium
tissue.

Refs. Per. type Treatment
Ca 15 days
(µg/mg)

Ca 21 days
(µg/mg)

Ca 30 days
(µg/mg)

Ca 60 days
(µg/mg)

Ca 90 days
(µg/mg)

[78] Bovine None 0.2 0.46 0.96
Bovine glutaraldehyde (NA) 29.8 50.72 127.49
Bovine eHTCC 1.51 1.71 1.06

[77] Porcine glutaraldehyde (0.625%, 37◦C, for 1
day)

125 175 225

Porcine POSS-PEG-CHO 2 2.5 2.5
[79] Porcine glutaraldehyde (0.625%, NA) 75.24 155.16

Porcine PT 2.88 4.92
Porcine PT-BS 2.91 4.29

[80] Bovine glutaraldehyde (1%, NA, 2 days) 200
Bovine M2-EXO-BP 57

[81] Bovine glutaraldehyde (0.625%, 37◦C, for 3
days)

82 300

Bovine OCS 50 40
Bovine Cu-CDs-OCS 15 10

[82] Bovine glutaraldehyde (0.625%, NA) 4 9
Bovine TX-DNG 1.8 0.9
Bovine SDC-DNG 1.6 1
Bovine SDS-DNG 2 0.9

[83] Porcine None 2 2.3
Porcine glutaraldehyde (0.625%, RT, 2

days)
4.4 5.7

Porcine STS 0.5 1.2
[84] Porcine glutaraldehyde (0.625%, NA, 7

days)
48 221

Porcine Zr 4 25
Porcine PGSB/Zr 3 6

[85] Porcine None 2 2.3
Porcine glutaraldehyde (0.625%, NA) 4.5 6
Porcine CHPP 0.4 1.5

[76] Bovine None 1 1.5
Bovine glutaraldehyde (0.625%, 37◦C, 1

day)
1.7 2.5

Bovine Glyoxal and Glutamic Acid 1.2 1.9

NA = information Non Available; RT = Room Temperature.
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thiosulfate has been shown to reduce calcification by more than
75% [83].

In vitro calcification tests are widely used to assess the cal-
cification propensity of bioprosthetic valve materials. Tradi-
tional static immersion methods often suffer from low repro-
ducibility, whereas dynamic systems better mimic physiological
loading and flow [88]. Reproducible in vitro tests provide a
cost- and time-efficient means to benchmark materials and
optimize anti-calcification strategies, representing an impor-
Advanced Functional Materials, 2026
tant step toward harmonized preclinical evaluation. In this
context, Kiesendahl and colleagues developed a standardized
dynamic test using a near-physiological, non-spontaneously
precipitating fluid, enabling reliable discrimination of calcifi-
cation tendencies between materials [89], and their approach
was further validated in a subsequent comparative study
[90]. While calcification is one of the primary mechanisms
of valve degeneration, it often coexists with and is exacer-
bated by fatigue-induced damage of the tissue, as discussed
below.
7 of 30
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3.2 Fatigue Damage and Plastic Deformation

Native heart valves are exposed to over 3 billion cycles of open-
ing and closing during a person’s lifetime and are remarkably
resistant to fatigue. In contrast, bioprosthetic valves experience
progressive mechanical deterioration under cyclic loading. A
key manifestation of this is stress softening (also known as the
Mullins effect), whereby tissue stress diminishes over repeated
load cycles (Figure 4e) [91].

At themolecular level, fatigue in pericardial tissue stems from the
progressive rearrangement and eventual failure of interactions
between collagen fibrils and their inter-linkers, e.g., proteo-
glycans [35]. As cyclic loading stretches the collagen network,
fibrils slide and reorient, leading to permanent deformations and
weakened load-bearing capacity [92]. This deterioration begins
as early as the first cycle and manifests as a lower unloading
stress compared to the loading stress at the same strain [93]. As
these interactions degrade, the material becomes progressively
plasticized, accumulating residual strain and ultimately failing.

It is widely accepted that the tissue’s resistance to progressive
damage and fatigue depends on the density and quality of
intermolecular interactions in its protein network [94–97]. Conse-
quently, fatigue behavior can vary significantly depending on the
animal source and fixationmethod. For example, glutaraldehyde-
fixed bovine pericardium exhibits greater fatigue resistance than
native bovine or porcine pericardium, likely due to an enhanced
crosslinking density [98]. To the best of our knowledge, all com-
mercially available bioprosthetic heart valves are manufactured
using glutaraldehyde-based fixation methods [99]. This is largely
because, despite its well-known drawbacks (e.g., calcification),
glutaraldehyde fixation provides reliable tissue stabilization,
effective antigen masking, and acceptable hemocompatibility
[100]. For this reason, identifying alternative treatments that
can simultaneously match the mechanical performance, long-
term durability, and biological behavior of glutaraldehyde-fixed
tissues remains highly challenging. In addition, market inertia
likely plays a role, as glutaraldehyde-fixed valves have represented
the clinical standard for decades, and existing manufactur-
ing processes are strongly optimized around this technology.
Nonetheless, we discuss below some of the most recent trends in
alternative fixation strategies.

Improving the pericardial tissue’s resistance to fatigue hinges
on reinforcing its protein architecture. One promising method,
developed by Li et al., involves sequential zwitterionic sur-
face modification and zirconium-based crosslinking of porcine
pericardium [84]. This approach maintained low transvalvular
pressure gradients even after 200 million fatigue cycles.

A complementary strategy involves forming a secondary polymer
network within the collagen matrix, inspired by the design of
syntheticmaterials. For example,Wang et al. created a toughened
fully synthetic elastomer by embedding a stiff, self-assembling
polymer into a primary polymer network, resulting in a fivefold
increase in fatigue resistance [101]. Such dual-network strategies
aim to enhance the material’s topological entanglements, a
concept that is also being successfully applied in protein-based
8 of 30
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materials [102]. These principles could similarly be exploited to
enhance the longevity of bioprosthetic valves.

Another frontier for improving fatigue resistance of bioprosthetic
valves lies in self-healing materials. If the collagen network could
restore its broken bonds during loading cycles, fatigue resistance
would be dramatically improved [103]. Natural pericardium
already possesses a limited self-healing capacity via hydrogen
bonds between proteoglycans and collagen. These features have
inspired bioinspired polymeric self-healing systems [104, 105].
Additionally, the high mobility of collagen fibrils, which allows
reorientation under load, is known to enhance toughness and
fatigue resistance [38]. Therefore, enhancing hydrogen bonding
and network mobility should, in principle, improve fatigue
performance.

Though native pericardium is more complex than synthetic sys-
tems, Jastrzebska and colleagues demonstrated that glutaralde-
hyde fixation increases hydration, but localizes water between
fibrils rather than within them [106–108]. This increased fibrillar
spacing may weaken hydrogen bonds and reduce fatigue perfor-
mance. They proposed tannic acid treatment as a solution, since it
can form extensive hydrogen bonds with proteins. Indeed, tannic
acid-treated porcine pericardium showed improved structural
stability, although fatigue testing has yet to be conducted.

3.3 Coupling BetweenMechanical Fatigue
Damage and Calcification

Long-term degeneration of bioprosthetic heart valves arises from
a coupled interaction between fatigue-related microstructural
evolution under cyclic loading and progressive calcification,
rather than from independent or additive mechanisms. Cyclic
loading induces fibre recruitment, unfolding, and Mullins-type
softening, which locally weakens the collagen network and
alters stress distributions, while calcification introduces localized
stiffening that further amplifiesmechanical heterogeneity. Exper-
imental evidence indicates that fatigue damage can promote
calcification by creating preferential calcium binding sites within
disrupted collagen fibres, leading to spatially heterogeneous
mineral accumulation [109]. Complementarily, accelerated dura-
bility testing in calcifying environments shows that mineral
deposition preferentially occurs in regions subjected to elevated
mechanical stresses, such as commissures and leaflet nadirs,
and can significantly affect valve hydrodynamic performance
[110]. These observations highlight amechanobiological feedback
between fatigue and calcification and suggest that their relative
contributions to failure cannot be robustly quantified in isolation,
underscoring the need for integrated experimental and compu-
tational frameworks to assess their combined role in long-term
valve durability.

Understanding the interplay between calcification and fatigue is
essential to unraveling the long-term durability of bioprosthetic
valves. This, in turn, requires a deeper exploration of the physical
and biochemical properties of pericardial tissue,which startswith
rigorous experimental characterization.
Advanced Functional Materials, 2026
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FIGURE 5 The multiscale physical characterization of the pericardium. This image illustrates the main physical techniques used to characterize
pericardial tissue, along with the scale at which they operate. For each technique and scale, the key data obtained are presented, along with the typical
information relevant to structural valve degradation. Image created from the adaptation, with permission, from [112–114]. Cardiovascular Research
Foundation, 2021; Elsevier, 2021; Wiley, 2014. This figure was also created by using the raw data of [115, 116].
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4 Multiscale Physical Characterization of the
Pericardium

SVD manifests across multiple dimensional scales. At the
microstructural level, degraded pericardial tissue often exhibits
protein network defects, microcracks, calcifications, and col-
lagen fiber degeneration. These alterations compromise leaflet
mechanics, ultimately leading to valve dysfunctions such as
stenosis or regurgitation. Therefore, elucidating the mechanisms
underlying SVD requires rigorous experimental and physical
characterization of pericardial tissue.

Given that the macroscopic mechanical behavior of the tissue is
fundamentally governed by the micro- and nano-scale structure
of the protein network (particularly collagen) and the complex
interactions among its constituent proteins, adopting amultiscale
investigative approach is imperative.

Today, a variety of advanced techniques exist that enable the peri-
cardium characterization across multiple scales, ranging from
the nanometric organization of individual collagen molecules
to the overall macroscopic fatigue response of the pericardium
(Figure 5). Each technique operates at a specific dimensional
scale and provides data that can be directly linked to structural
Advanced Functional Materials, 2026

e

valve deterioration. Despite their relevance, the diversity of these
experimental approaches—and their potential to advance the
development of more durable bioprosthetic valves—has been
only rarely addressed in the literature [74, 111].

This section provides a comprehensive overview of these tech-
niques, emphasizing the key challenges associated with their
application and discussing potential strategies to address them.
For clarity, we first examine the techniques used to investigate
the structure and morphology of pericardial tissue. We then
discuss the methods employed to determine its mechanical
properties and fatigue behavior, including assessments of valve
flow performance.

4.1 Biochemical and Structural Composition of
the Pericardium

The macroscopic mechanical behavior of structured materials is
fundamentally governed by their internal micro- and nanostruc-
ture [117, 118]. This principle is especially pertinent to protein-
based materials, where the architecture of the protein network
plays a decisive role. To investigate this network, a range of
analytical techniques can be employed. These techniques include
9 of 30
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Fourier transform infrared spectroscopy, x-ray diffraction, and
Raman spectroscopy.

The first critical step in analyzing the structure of pericardial
membranes is verifying the integrity of the collagen matrix, even
after cross-linking treatments have been applied. Specifically,
it must be confirmed that collagen fibrils have not undergone
degradation [119, 120]. Once this baseline is established, attention
can shift to detecting structural features introduced by novel
cross-linking strategies, such as interactions between specific
amino acid residues [84]. For instance, the FTIR absorption
peak at 1744 cm−1 is characteristic of H─C═O groups from
glutaraldehyde cross-linking. Kong et al. exploited this peak to
monitor the efficacy of residual glutaraldehyde removal through
sodium thiosulfate treatment, aiming to reduce the calcification
tendency of the treated pericardium [83].

However, it is important to recognize the limitations and potential
artifacts associated with Fourier Transform Infrared (FTIR) spec-
troscopy. Jafari et al. demonstrated that in ATR-FTIR (Attenuated
Total Reflection Fourier Transform Infrared) measurements, the
contact pressure from the crystal prism can locally deform
biological samples, thereby compromising the accuracy of the
spectral data [121].

Another important caveat relates to the detectability of specific
protein interactions. Topological interactions among protein
or polymer chains (e.g., entanglements) are generally invisi-
ble to conventional spectroscopy techniques [122]. Yet these
interactions may be central to enhancing bioprosthetic valve per-
formance, particularly in improving fatigue resistance. Indeed,
recent work on protein-based materials suggests that tuning
topological interactions may serve as a valuable strategy for
enhancing mechanical resilience [101, 102].

Beyond collagen, other matrix components also contribute to the
mechanics of pericardial tissue. These non-collagenous elements
are especially relevant during stress relaxation and unloading
phases, where viscoelastic behavior is dominant [123].

In addition to analyzing specific molecular interactions, it is also
essential to investigate themesoscale organization of the collagen
fiber network. Scattering light microscopy and birefringence
experiments are particularly suitable for this purpose, as they
enable nondestructive assessment of fiber alignment across tissue
layers [98, 124]. However, care must be taken in interpreting
results, as collagen fiber orientation can vary significantly across
different pericardial layers [112, 125].

In general, a higher degree of collagen fiber alignment enhances
the fatigue resistance of the tissue, particularly when loads are
applied along the preferred fiber direction [126]. This makes it
critical to consider the laminar architecture of the pericardium,
as differential alignment across layers can lead to complex,
nonuniform stress distributions under mechanical deformation
[64]. An added advantage of light-scattering techniques is their
compatibility with in situ mechanical testing. When combined,
these methods enable real-time monitoring of collagen fiber
orientation during deformation, a key factor underlying the
exceptional toughness of collagenous tissues [38].
10 of 30
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Once the micro- and nanostructure of the pericardium has
been characterized, a deeper understanding of material degra-
dation also requires examining the tissue’s morphology and
configuration across the nano- to microscale [74].

4.2 Morphology andMicro and Nano Structural
Characterization

Understanding the morphology and microstructure of biological
samples requires a wide range of imaging techniques, chosen
according to the dimensional scale of interest. For ultrastructural
analysis, electron microscopy (EM) and its various modalities
are indispensable. Among them, cryogenic electron microscopy
(Cryo-EM) is one of the most powerful tools for resolving the
molecular structure of biological materials [116]. Cryo-EM allows
the identification of structural features such as collagenmolecule
alignment and the degree of molecular overlap, which can be
visualized through grayscale banding patterns along fibrils [127].
These patterns can reveal the presence of nanoscale defects
within collagen-based tissues.

At a larger dimensional scale, traditional Scanning Electron
Microscopy (SEM) remains a fundamental tool for assessing
the microscopic morphology of pericardial tissues and other
cardiovascular structures [112]. However, EM techniques require
extensive sample preparation, including dehydration, cutting,
and downsizing [128]. These procedures can introduce artifacts
that may alter the natural structure of the tissue. To mitigate this,
alternative imaging methods are often necessary.

Among such alternatives, micro-computed tomography (micro-
CT) can be employed to visualize the overall architecture and 3D
morphology of pericardial samples in a nondestructive manner.
CT-based techniques can also identify specific features, such as
localized calcifications, which can then be integrated into finite
element meshes to enhance the spatial resolution and realism of
numerical simulations [129] (see section “Computational model-
ing of SVD”). This is especially relevant for models incorporating
regional stiffness variations due to pathological changes.

Aswithmany complexmaterials, a combined,multiscale imaging
approach often yields the most complete understanding. For
example, observing the waviness of collagen bundles on the
fibrosa side of the aortic valve with SEM, and then co-registering
that data with micro-CT scans, allows researchers to correlate
structural patterns with mechanical responses under different
loading conditions. Hasan et al. demonstrated that these wavy
patterns flatten during diastole and reappear during systole, pro-
viding insight that can inform the optimization of bioprosthetic
valve design [4].

Another important morphological feature is surface roughness,
which significantly influences local blood flow turbulence and
may promote tissue degradation and valve failure [130]. Surface
roughness generally refers to the micrometric deviations of a
surface’s profile height from its mean line and can be quantified
using various models. The simplest approach is to calculate the
arithmetic average of these height deviations relative to the mean
line. In this context, Atomic Force Microscopy (AFM) offers one
Advanced Functional Materials, 2026
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FIGURE 6 Morphology of porcine pericardium treated with different cross-linking strategies investigated by means of AFM. The raw data to
produce this figure were taken from [115] and processed with Gwyddion (64bit) [131].
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of the most sophisticated tools for surface characterization at the
nanometer scale and should be systematically applied across dif-
ferent classes of bioprosthetic valve tissues. For instance, Yu et al.
analyzed porcine pericardium treated with various crosslinking
agents using AFM [77]. Their results showed that crosslinking
significantly reduced the spacing between collagen fibrils on the
surface, resulting in a stiffer membrane response upon applied
strain. Representative examples of chemically treated porcine
pericardium surfaces are shown in Figure 6, clearly illustrating
how different treatments drastically modify surface morphology
and thus roughness.

It is generally accepted that the chemical or physical crosslinking
of pericardial tissue results in denser fibrillar networks compared
to untreated tissues [124]. This increase in fibrillar density is
believed to enhance intermolecular interactions, thereby improv-
ing the mechanical performance of the membrane. Moreover,
surface roughness is also a sensitive indicator of the material’s
degradation state. Studies have shown that higher roughness
values are associated with collagen fibril damage [132], and
rougher surfaces may increase exposure to the bloodstream,
accelerating calcification processes [133].

Due to this exposure, it is also crucial to consider how the blood
itself interacts with the bioprosthetic surface. In a recent study on
healthy valves, Yin et al. demonstrated that the shear-thinning
behavior of blood produces different shear stress conditions
depending on surface roughness [134]. These altered stress fields
may contribute to surface damage and deterioration, highlight-
ing the importance of mechanical compatibility between blood
rheology and valve surface properties.

Furthermore, surface roughness directly influences wettability,
which is widely recognized as an important factor in blood–
material interactions; however, the precisemechanisms bywhich
hydrophilic or hydrophobic surfaces affect blood compatibility
remain an active area of research with some contradictory
findings in the literature. Chemically crosslinked membranes
with higher wettability (i.e., lower contact angle) have been
reported to perform better both mechanically and biologically
[77, 81, 84]. Additionally, hydrophilic surfaces have been reported
to be less prone to protein adsorption, a major contributor to
thrombogenicity [135–137]. Therefore, optimizing surface prop-
Advanced Functional Materials, 2026

e

erties to achieve hydrophilic behavior can help reduce the risk
of thrombosis and extend the functional lifespan of the valve.
However, wettability and protein interactions are interrelated
in complex ways, and while hydrophilic surfaces are often
associated with reduced thrombogenic responses, this associ-
ation is not universally observed and appears to depend on
additional surface chemical and physical characteristics as well
as the biological environment [138, 139]. Given the complexity
of protein adsorption and cell–surface interactions, optimizing
surface properties to achieve a balance between hydrophilic-
ity and other surface features may help mitigate thrombosis
risk and improve long-term performance, but further mecha-
nistic and in vivo studies are needed to fully elucidate these
effects.

In summary, morphological characterization of bioprosthetic
valve tissues, from the macroscale to the nanoscale, is essential
for understanding structural valve degradation and enhancing
valve performance. Features such as surface roughness, fibrillar
density, and microstructural integrity strongly influence the
mechanical response of these tissues under loading. Conse-
quently, this information is crucial for accurately characterizing
their mechanical properties.

4.3 Mechanical Testing

A crucial aspect—particularly for bioengineered aortic valves
designed to address SVD—is the precise determination of the
mechanical properties of the pericardial tissue, including hard-
ness, elastic modulus, toughness, and tensile strength. Several
experimental techniques are employed to characterize these
properties, as described below.

4.3.1 Nanoindentation

Nanoindentation is a powerful technique that enables the local
measurement of mechanical properties, such as hardness and
elastic modulus, with high spatial resolution [140]. The choice of
indenter tip geometry depends on the material’s characteristics:
for hard biologicalmaterials, Berkovich or cubic tips are generally
preferred, whereas for softer biological tissues, flat punch or
spherical tips are more appropriate [141–145].
11 of 30
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Nanoindentation has been successfully applied to characterize
cardiovascular tissues, including aortic tissue, providing valuable
insights into their local mechanical behavior [146–148]. However,
given the intrinsic microstructure of these biological tissues,
special care must be taken when interpreting results. In the
case of cardiovascular tissue, the structure of the collagen fiber
network plays a critical role in nanoindentation measurements.
Because the size of the indenter tip is comparable to the dimen-
sions of collagen fibrils, the interaction between the tip and the
material deviates from the ideal assumptions underlying classical
Hertzian contact mechanics theory [149]. This complicates the
interpretation of the measured mechanical properties.

To address this, it is essential to perform indentation tests across
a broad range of experimental conditions. For instance, Zhang
et al. conducted dynamic nanoindentation on arteries subjected
to varying pre-strain levels and loading directions, demonstrating
that both storage and shear moduli increased with strain [150].
This was likely due to the reorganization of collagen fibrils under
strain. Additionally, the viscoelastic relaxation behavior of the tis-
sue decreased as the strain increased, indicating strain-dependent
changes in the tissue’s microstructure.

Similarly, bovine and porcine pericardiumhave been investigated
using nanoindentation, although detailedmethodological studies
remain limited. A notable example is the work by Tobaruela
et al., who performed fatigue nanoindentation by applying
approximately 1500 indentation cycles to bovine pericardium
[151]. Their findings revealed an 18% decrease in hardness
after cycling, suggesting that early reductions in hardness
could correlate with long-term fatigue behavior. This highlights
the potential of nanoindentation fatigue tests as efficient pre-
liminary assessments prior to more time-consuming fatigue
experiments.

Given the complex microstructure of the pericardium and
cardiovascular tissues in general, more comprehensive nanoin-
dentation studies are warranted. Specifically, the influence of
tissue morphology and the selection of indenter tip geometry on
the measured mechanical properties need to be systematically
investigated, as has been shown for more rigid materials [152].
That said, nanoindentation provides only localized information
on the tissue and should therefore be complemented with
mechanical property data obtained at the macroscale. In this
context, greater attention should be directed toward techniques
that enable noninvasive characterization of these properties.

4.3.2 Acoustic and Ultrasound Investigation

Among the noninvasive techniques available for probing the
mechanical properties of biological tissues, the use of acoustic
waves stands out due to its versatility and sensitivity. Thanks to
their capacity to operate across multiple length scales, acoustic-
based methods have been increasingly employed to characterize
non-standard and biological materials, including living muscles,
soft tissues, and cardiovascular structures [153–155].

A key advantage of acoustic wave techniques lies in their scala-
bility. They can probe mechanical properties from micrometer-
scale resolutions, as in Scanning Acoustic Microscopy (SAM),
12 of 30
to centimeter-scale measurements using pulse/receiver systems
coupled with oscilloscopes [156, 157]. Additionally, sample prepa-
ration is minimal and nondestructive, often requiring only
immersion in a coupling fluid or the ultrasound gel.

Notably, ultrasound-based methods have demonstrated greater
consistency in estimating elastic constants compared to tradi-
tional mechanical testing (discussed later). For instance, Nowak
et al. showed that ultrasound measurements in food samples
yielded lower variability in stiffness values compared to standard
tensile or compression tests [158].

However, careful consideration of sample geometry and
anisotropy is critical. For example, accurate determination of the
elasticmoduli in cortical bone requiresmeasurements atmultiple
orientations to account for directional dependencies [159]. Similar
concerns apply to soft tissues such as the pericardium, which
are highly heterogeneous and anisotropic due to their layered
collagen architecture [112, 160, 161].

Moreover, while these methods are experimentally straightfor-
ward, they typically require significant computational effort and
sophisticated modeling for data interpretation [162]. This is
because the relationship between wave propagation and mate-
rial properties is complex and often nonlinear, particularly in
heterogeneous or anisotropic media. Additionally, conventional
acoustic models do not inherently account for structural hetero-
geneity or laminar composition, which can lead to artifacts or
misinterpretations in results (especially in layered tissues like the
aortic valve leaflets).

For these reasons, a complete mechanical characterization of the
tissue also requires the use of destructive techniques, such as
tensile testing.

4.3.3 Tensile Tests

Tensile testing represents one of the most fundamental tech-
niques for characterizing the mechanical behavior of valve
tissues. These tests yield key mechanical parameters such as
Young’s modulus, ultimate strength, strain at failure, and tough-
ness, which are critical for informing computational models and
improving valve design. For example, it is well-documented that
cardiovascular tissues generally become stiffer with age [163].

Tensile testing also facilitates a more patient-specific approach
to valve design, as the mechanical properties of valve tissue
exhibit significant inter-patient variability [164]. Consequently,
the materials used to fabricate bioprosthetic valves should ideally
match themechanical characteristics of the patient’s native tissue
[165]. While porcine and bovine pericardium are commonly
considered optimal sources for aortic valve replacements, it is
crucial to consider the age of the animal donor, as this factor
significantly impacts tissue mechanical performance [166].

Thus, selecting the pericardial tissue is a crucial step in valve
fabrication, but equally important is the method by which its
mechanical properties are evaluated. Table 2 compiles recent ten-
sile testing protocols for pericardium tissue, revealing significant
heterogeneity in methodologies. While sample size appears to
Advanced Functional Materials, 2026
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TABLE 2 Tensile test parameters used to characterize the peri-
cardium membrane and polymeric films used for prosthetic valves.

Refs.
Membrane

type
Length
(mm)

Width
(mm)

Speed
(mm/min)

[169] Human 10 7 10
[165] Porcine,

bovine
12

[167] Porcine 21, 30 3, 5 1, 12, 50
[166] Porcine,

bovine
30 3 50

[126] Bovine 12.5 2.27 20
[98] Porcine,

bovine
4 2 12

[112] Porcine,
bovine

10 2.3 20

[170] Polymeric 2.5 1.5
[84] Porcine 5 1 10
[38] Bovine 12 2 20
[77] Porcine 30 10 20
[124] Bovine 35 6 50
[79] Porcine 40 10 12.5
[160] Polymeric 50
[81] Bovine 35 5 10
[171] Bovine 20 4 30
[83] Porcine 20 10 10
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have minimal impact on results [167], more evidence is needed in
this regard, for the dimension of the bioprosthetic valve leaflets
might have an impact on their durability. The strain rate at which
tests are conducted plays a critical role due to the viscoelastic
nature of the tissue [168]. Based on the literature, a strain rate
of approximately 10–12 mm/min is generally appropriate for
testing pericardium, consistent with protocols used for other
cardiovascular tissues.

Another notable source of variability is the pre-conditioning
(or preload) of samples prior to testing. Unfortunately, when
reported, the preload protocols vary widely between studies,
limiting the comparability of mechanical data and diminishing
their utility for quantitative numerical modeling.

In addition to the testing protocol, the directional dependence
of tissue mechanical behavior is a key consideration. It is
well established that aortic valve leaflets exhibit anisotropy:
the circumferential direction is generally stiffer than the radial
[172]. Therefore, bioprosthetic valves must be fabricated with
pericardiumoriented correctly to replicate the natural anisotropic
mechanics of native leaflets. Moreover, valve leaflets comprise
multiple layers with distinct mechanical properties. Campion
et al. characterized themechanical behavior of fibrous and serous
layers of bovine pericardium, finding that these individual layers
are stiffer and stronger than the intact membrane [112]. This
suggests that future valve designs could bemechanically tuned by
Advanced Functional Materials, 2026
selectively incorporating different layers. Building on this layered
concept, Guo et al. recently demonstrated improved mechanical
and structural performance of a polymer-based aortic valve by
mimicking the multilayered architecture of native tissue [160].
Such studies emphasize the potential for future research focused
on layer-specific mechanics to inform the design of more durable
bioprosthetic valves.

Complementary to uniaxial tensile testing, biaxial tensile tests
are essential for capturing the complex, multiaxial mechanical
behavior of pericardium tissue [173]. However, biaxial data for the
pericardium remain limited in the literature, and standardized
testing protocols are currently lacking. Biaxial testing can reveal
asymmetries in tissue stiffness, which may be exacerbated in
degraded tissue [172]. For instance, Pancheri et al. found that
the maximum circumferential stress and Young’s modulus are
positively correlated with the presence of calcifications in car-
diovascular tissue, highlighting the importance of such tests in
pathological contexts [174].

To emphasize the inter-study variability and the need for
standardized tensile testing protocols, Table 3 summarizes exper-
imental measurements of the elastic modulus for bovine and
porcine pericardial tissues used in prosthetic valves. Reported
values span a broad range (from approximately 14 to 145 MPa
across the cited studies), reflecting significant variability. As
previously discussed, this dispersion likely arises fromdifferences
in donor age, tissue processing (e.g., glutaraldehyde crosslinking
or decellularization), predominant fiber orientation within the
specimens, and testing protocols.

Overall, tensile testing provides essential quantitative data to
inform computational models and valve design [180]. However,
since aortic valves operate under continuous cyclic loading,
understanding tissue fatigue behavior is equally critical. There-
fore, fatigue testing of pericardium tissue is a necessary next step
for advancing bioprosthetic valve durability and performance.

4.3.4 Fatigue Tests

Fatigue testing involves applying cyclic loads to a sample
while precisely controlling the amplitude and frequency of the
loading cycles. According to the ISO 5840–3:2021, the stan-
dard requires imposing a normotensive differential pressure of
100 mmHg across the closed aortic valve, for a minimum of
200 million cycles. The tested valve must be exposed to this
pressure for at least 5% of the cycle, and conditions must
be maintained for at least 95% of the cycles. It is important
to note that this pressure refers to the test load applied to
the valve during durability testing and does not correspond
to the physiological forward-flow transvalvular pressure gra-
dient across a healthy aortic valve, which is typically a few
mmHg (often <5 mmHg) and exceeds 40 mmHg only in severe
stenosis. Importantly, fatigue testing should be conducted under
physiological conditions. This means that the valve or tissue
must be tested in a hydrated environment at body tempera-
ture (around 37◦C). These strict requirements make standard
mechanical testers often inadequate for fatigue testing, as they
cannot replicate the complex testing conditions prescribed by the
standard.
13 of 30
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TABLE 3 Experimental values from the literature of the elastic modulus, reported asMean± SD, of different pericardial tissues used for prosthetic
valves. Abbreviations in the right column are given in the form: Type of test, age of donor, main direction of fibers with respect to the testing direction. n:
Number of specimens; N: Native tissue; Decel: Decellularized tissue; GA: Tissue treated with glutaraldehyde; Uni: Uniaxial tensile test; Bi: Equibiaxial
tensile test; BCM: Brillouin confocal microscopy; YP: Young animal pericardium; AP: Adult animal pericardium; AF: Aligned fibers; TF transversal
fibers; MF: Mixed fibers. N.A.: Information not available. The numbers were corrected to account for significative figures.

Bovine Pericardium

Refs. n Treatment Elastic modulus (MPa) Additional information

[175] 10 N 27 ± 20 Uni, N.A., N.A.
[176] 6 N 40 ± 15 Uni, N.A., N.A.

6 Decel 23 ± 20
6 GA 51 ± 10
6 Decel + GA 28 ± 3

[165] N.A. GA 98 ± 40 Uni, YP, TF
[177] 6 Decel + GA 48 ± 20 Uni, YP, N.A.
[166] 10 GA 102 ± 30 Bi, YP, N.A.

10 GA 111 ± 30
[98] 6 N 19 ± 9 Uni, N.A., N.A.

6 GA 87 ± 30
[126] 6 GA 145 ± 30 Uni, N.A., AF

6 GA 26 ± 20 Uni, N.A., TF
6 GA 84 ± 10 Uni, N.A., MF

[112] 10 GA 47 ± 20 Uni, N.A., MF
[178] 3 N 30 ± 10 BCM + Uni, N.A., N.A.

3 GA 32 ± 10
3 Decel + GA 43 ± 7

[124] 7 Decel 78 ± 6 Uni, N.A., AF
7 Decel + GA 131 ± 10

[81] 7 Decel + GA 37 ± 1 Uni, N.A., N.A.
[171] 10 GA 29 ± 9 Uni, N.A., MF

10 Decel + GA 45 ± 20
Porcine pericardium
Reference n Treatment Elastic modulus (MPa) Additional information
[167] N.A. N 133 ± 20 Uni, YP, N.A.

N.A. GA 47 ± 9
[165] N.A. GA 79 ± 30 Uni, YP, TF
[166] 13 GA 120 ± 60 Bi, YP, N.A.
[98] 6 N 27 ± 20 Uni, N.A., N.A.
[112] 10 GA 81 ± 40 Uni, N.A., MF
[179] N.A. N 37 ± 3 Uni, N.A., MF

N.A. Decel 14 ± 1
[84] 6 Decel 22 ± 1 Uni, N.A., N.A.

6 Decel + GA 36 ± 1
[83] 4 Decel 57 ± 5 Uni, N.A., N.A.

4 GA 95 ± 5
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In this context, Paez and colleagues have developed an elegant
fatigue testing system designed tomimic physiological conditions
[181–183]. Their setup consists of a pipe system connected to a
hydraulic unit equipped with sensors that continuously measure
and record pressure, deformation, time, and energy. A piston
within the pipe pressurizes a saline-filled environment, simu-
lating physiological pressure cycles. Using this system, fatigue
tests were performed on bovine and ostrich pericardium, yielding
valuable insights that suggest short-term fatigue tests may be
indicative of long-term fatigue behavior in bioprosthetic valves.
However, these studies did not meet the ISO standard’s require-
ment of 200million cycles, and the fixationmethod used to secure
the membrane to the pipe may have introduced tissue damage,
potentially biasing results.

To overcome such limitations, several companies have developed
specialized heart valve tester units that deliver controlled fatigue
loading consistent with ISO 5840 requirements (e.g., HiCycle
durability tester developed by the Vivitro labs, BDC labs, Dynatek
labs, TA instruments, or Azo materials). For example, Dalgliesh
et al. used one such device to evaluate the behavior of pericardial
fatigue, applying a sinusoidal pressure load with an amplitude of
120mmHgat a frequency of 1400 cycles perminute [98]. Similarly,
Li et al. tested valves under accelerated fatigue conditions at
approximately 1800 bpm with peak pressures of 100 mmHg
[84]. Vella et al. applied cyclic loading at 10 Hz with peak
pressures of 100 mmHg, although their tests were conducted at
room temperature [68]. These examples illustrate the wide range
of testing conditions currently used in the field, underscoring
the urgent need for a standardized fatigue testing protocol that
aligns with both physiological and regulatory requirements.
Nevertheless, some of the findings from these studies, sum-
marized in Figure 7, provide valuable insights into how the
mechanical properties, hydrodynamic performance, and overall
durability of pericardial tissue evolve over millions of fatigue
cycles.

Given that the pericardium is a viscoelastic material, the influ-
ence of test frequency on mechanical response deserves further
investigation. Physiological heart rates range from 60 to 120 beats
per minute (bpm), significantly lower than the frequencies used
in accelerated fatigue testing. Understanding how loading speed
affects tissue behavior, especially in terms of progressive damage
accumulation and of viscoelastic properties, is therefore essential
for accurately predicting in vivo valve durability [184].

Another important aspect of fatigue testing relates to tissue
damage tolerance. A recent study demonstrated the remarkable
resilience of collagenous tissues to damage [38]. They attributed
this resilience to the ability of collagen fibers to reorient during
crack propagation, which enhances flaw tolerance. Building on
these findings, we propose that fatigue testing of valve replace-
ment materials should also include specimens with induced
defects or cuts, in order to assess their damage tolerance under
cyclic loading conditions. In addition, fatigue testing should be
conducted across a representative range of tissue thicknesses, as
this parameter is a recognized determinant of valve durability
[185, 186].

In conclusion, fatigue testing provides critical insight into
how pericardium tissue responds to the cyclic mechanical
Advanced Functional Materials, 2026
demands inherent to aortic valve function. However, while
fatigue and standard tensile tests offer valuable macroscopic
mechanical data, they do not reveal material behavior at
the micro- or nanoscale—a scale at which early structural
valve deterioration processes likely originate. To address
this gap, in situ techniques such as nanoindentation are
required to investigate mechanical properties at smaller length
scales and improve our understanding of valve degeneration
mechanisms.

To conclude the section on multiscale physical characterization
of the pericardium, we emphasize that an in-depth experimental
understanding of the mechanical and structural properties of
bioprosthetic aortic valve leaflets is not only essential for eval-
uating performance but also for informing the rational design
of next-generation biomaterials. A truly multiscale characteriza-
tion approach (linking molecular, microstructural, and macro-
scopic levels) is indispensable for deciphering the structure-
function relationships in collagen-based or collagen-inspired
systems.

Nevertheless, experimental techniques alone offer only a par-
tial perspective. To overcome their inherent limitations, it is
imperative to integrate experimental findings into advanced
computational models. Such models can bridge scales, account
for complex geometries and loading conditions, and ultimately
guide the optimization of biomaterial design and functionality in
clinically relevant scenarios.

5 Computational modeling of SVD

The function of bioprosthetic aortic valves depends on the
interplay between blood flow and leaflet mechanics, which
makes computational modeling an important tool to study SVD.
Most approaches rely on fluid–structure interaction (FSI), where
Computational Fluid Dynamics (CFD) describes blood flow, and
Finite Element Analysis (FEA) quantifies leaflet deformation and
stress [187–190].

FEA is highly relevant to SVD because it quantifies leaflet stress
distributions, which are closely linked to both calcification and
fatigue. In this sense, stress concentrations and the accuracy
of numerical models strongly depend on how tissue properties
are defined [191, 192]. For example, changes in mechanical
properties or the presence of structural heterogeneities, which
can be introduced by fatigue damage or calcifications, can alter
stress predictions by up to 40% [82, 193–195]. Similarly, mesh
and boundary conditions have a critical influence on simula-
tion outputs, especially near the valve–tissue interface, where
fatigue damage often initiates [196]. Thus, the precise location
of leaflet heterogeneities is crucial, for it significantly alters
stress distribution on valve leaflets and also hemodynamics [197]
(Figure 8a).

Over the decades, patient-specific modeling has significantly
improved the precision of simulations by integrating medical
imaging and FEA/CFD [199], which is relevant for simulating
SVD. For instance, micro-CT enables the accurate representation
of calcified regions, which can directly link simulation outcomes
to the mechanisms of SVD [129]. Capturing positioning effects
15 of 30
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FIGURE 7 Effects of fatigue on the biomechanical behavior of pericardial tissue and bioprosthetic valves. Evolution of (a) Young’s modulus and
(b) tensile strength of native and glutaraldehyde-fixed bovine pericardium as a function of fatigue cycles. Data from [98]. Changes in (c) transvalvular
pressure gradient (TPG) and (d) regurgitation fraction during accelerated fatigue testing of bioprosthetic valves. Data from [84]. Variation of (e) effective
orifice area (EOA) and (f) regurgitation fraction with increasing fatigue cycles. Data from [68].
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also matters to better understand SVD, for valve misalignment
can alter hemodynamics and leaflet stresses, which can accelerate
leaflet degradation [200].

A critical contributor to SVD is the condition of the valve leaflet
surface. Increased surface roughness enhances local turbulence,
elevates shear stress on the pericardial tissue, and accelerates both
mechanical damage and calcification [130, 133, 201]. Predicting
these effects is challenging, as even small geometric deformations
can significantly alter hemodynamics [202, 203]. For instance,
leaflet flutteringhas been observed to occur in flow regimeswhere
transitional or disturbed flow develops; however, the relationship
between fluttering, flow instabilities, and subsequent tissue dam-
age or calcification remains unclear [198, 204] (Figure 8b). From
a structural mechanics perspective, fluttering is further amplified
by stiffness heterogeneities, such as localized calcifications or
tissue damage [205, 206].
16 of 30
Recent advances in computational modeling increasingly lever-
age fully coupled FSI frameworks to investigate the interplay
between hemodynamic forces, leaflet mechanics, and early
indicators of calcific degeneration. Experimental–computational
studies have shown that early-stage calcification is associated
with measurable changes in hemodynamic biomarkers, particu-
larly time-averaged wall shear stress [207], while FSI simulations
have demonstrated that leaflet flutter amplifies oscillatory shear,
residence time, and endothelial activation potential, linking local
flow–structure interactions to mechanisms promoting mineral
accumulation [204]. High-fidelity FSI analyses have further
highlighted how valve architecture and coupled flow–structure
dynamics govern turbulence, energy transfer, and mechanical
loading patterns relevant to long-term degeneration [208, 209].
Patient-specific computational studies have quantitatively linked
post-implantation hemodynamic indices to long-term structural
valve deterioration [210].
Advanced Functional Materials, 2026
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FIGURE 8 (a) Effects of small geometrical differences on the stress the leaflets experience during opening and closing under pre-determined flow
conditions. Leaflets with altered geometries (e.g., thicker, calcified) can lead to substantial differences in stress concentrations. The data used to produce
this figure were taken from [197]. (b) The presence of leaflets fluttering affects the turbulence level of the blood flow. The presence of turbulent flows
can induce damage and lead to SVD. Adapted with permission from [198], AIP Publishing, 2026.
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Within this context, validation of FSI-derived calcification risk
metrics can be viewed as a progressive roadmap, spanning
explant-level, in vitro, and in vivo evidence. Multiscale and
multimodal characterization of failed bioprosthetic valve explants
has shown that mineralization patterns colocalize with regions
exposed to elevated hemodynamic and biomechanical stresses
predicted by simulations, providing mechanistic validation at the
tissue level [74]. At the in vivo scale, advanced imagingmodalities
such as PET-CT (Positron Emission Tomography) have demon-
strated the ability to detect subclinical bioprosthetic degeneration
and predict subsequent valve dysfunction, establishing clini-
cally relevant imaging biomarkers of calcific progression [211].
Complementarily, patient-specific FSI models validated against
in vitro flow measurements and in vivo imaging data have
shown accurate reproduction of pre-intervention hemodynam-
ics, supporting the translational integration of computational
predictions into clinical assessment frameworks [212]. In some
cases, valve distortion occurs due to the interaction between
the native aortic valve and the implanted bioprosthetic valve
[213]. Although it is often assumed that the presence of the
native valve has minimal impact on bioprosthetic function
[214], this interaction is rarely modeled explicitly. The residual
native tissue may introduce asymmetries or more compliant
boundary conditions, which alter the stress distribution [195].
For instance, Sturla et al. showed that local stent distortion
during implantation is due to calcified native tissue and can
cause leakage and disturbed hemodynamics [215]. However, a
limitation of that study was its focus on tissue-level stress–strain
behavior, without accounting for themicrostructural architecture
of the valve leaflets, which could significantly influence damage
progression.

At the microstructural level, the effects of crimping the valve
before deployment are often overlooked. Bressloff found that
crimping causes localized stress concentrations that follow the
Advanced Functional Materials, 2026
geometry of the stent and the skirt [216]. These stresses, often
above several MPa, are sufficient to plasticize collagen, which
could initiate localized damage zones. Although mesh resolution
may overestimate these stress levels [196], they nonetheless
suggest a need to investigate howmicro-plasticized regions influ-
ence the fatigue life of the valve, for example, by incorporating
geometrically defined damage into simulations.

Among the various SVD mechanisms, fatigue of the leaflets
is widely accepted as one of the most critical factors, even in
non-calcific valves. Martin and Sun showed that heterogeneous
elastic properties, poor leaflet coaptation, and limited stent-
tip deflection can accelerate fatigue-related degradation [217].
Their findings were based on parametric FEA studies that
varied the biaxial stress distribution in the leaflets, mimick-
ing the softening behavior of biological tissues under repeated
loading.

Fatigue not only weakens the tissue but also alters stress dis-
tribution patterns within the valve. This means that regions
most prone to failure may not correspond to those with the
highest initial stress in a non-fatigued state. Smith and co-workers
observed that fatigue leads to plastic deformation of the leaflets,
often resulting in sagging [218]. This sagging alters the curvature
of the leaflet, reducing its ability to dissipate stress. Moreover,
these sagged regions were found to correlate with distorted
collagen fiber orientation, further compromising mechanical
performance.

The influence of geometry on durability has also been investi-
gated through finite element models. Dabiri and Narine, using
a Fung-type orthotropic material model, showed that a parabolic
radial curvature and downward leaflet inclination in the closed
configuration are associated with longer bioprosthetic valve
lifespan [219].
17 of 30
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FIGURE 9 Inelastic behavior of soft tissues. (a) Rate-dependent viscous response with hysteresis. (b) history-dependent damage, plastic-like
permanent strain, and failure.
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In terms of computational modeling, FEA has been used to
simulate bioprosthetic valves under hundreds of millions of
fatigue cycles [161]. In this work, the authors found that the valve
base (the suture attachment region) fails primarily due to fatigue,
while leaflet contact regions degrade due to a combination of
fatigue and wear from repeated contact, a process that may be
exacerbated by calcification.

Simulating the effects of fatigue realistically remains a computa-
tionally intensive task. To represent real-world fatigue conditions,
models should ideally account for over 200 million cycles, posing
significant numerical challenges. Moreover, accurate modeling
requires consideration of local variations in mechanical proper-
ties, which further increases the computational load.

5.1 Constitutive Modeling Principles for SVD

Because SVD arises from multiple inelastic processes, its mod-
eling requires integrating complementary constitutive principles
that extend beyond purely hyperelastic laws. In particular, the
tissue state is generally described by observable measures (e.g.,
strain) and internal variables representing latent microstruc-
tural processes (e.g., plasticity or damage)—each evolving under
thermodynamic consistency [220]. This framework is especially
relevant for bioprosthetic valve leaflets, which experience com-
bined tensile, flexural, and shear stresses under cyclic opening,
closure, and transvalvular loading, with collagen fibers providing
the primary structural reinforcement governing load transfer
and durability. In this context, the major ingredients used to
reproduce inelastic effects in soft tissues are depicted in Figure 9
and discussed as follows.

Viscoelasticity captures rate-dependent behavior such as hystere-
sis and stress relaxation by coupling viscoelastic branches to an
anisotropic hyperelastic matrix (e.g., quasi-linear viscoelasticity
or Maxwell-type models) [221]. The identification of the relevant
parameters relies on relaxation and dynamic mechanical tests.
Experimental imaging studies have shown that cyclic loading
induces time-dependent reorientation of collagen fibers, indicat-
18 of 30
ing that viscoelastic responses are intimately linked to evolving
fiber architecture rather than purely matrix-driven effects [222].

Progressive damage models describe the gradual stiffness loss
and permanent set observed under cyclic loading. Internal
variables degrade stiffness once strain or energy thresholds are
exceeded, reproducing the softening and residual stretch seen
experimentally [223]. Time-evolving constitutive modeling has
shown that, in pericardial xenograft tissues used for bioprosthetic
heart valves, cyclic loading induces plastic-like strains and perma-
nent geometric changes during the early in vivo period, leading
to spatially heterogeneous curvature and stress redistribution
without immediate structural failure [224].

In contrast to progressive degradation, discontinuous damage
arises in two distinct forms. The first form includes localized
failures such as delamination or tearing, typically modeled
via cohesive-zone or phase-field formulations. In this context,
calcification amplifies these effects by creating sharp stiffness
mismatches that promote stress concentration and microcrack
nucleation [225, 226]. The second form of discontinuous damage
occurs when collagen fibers lose their crimp after exceeding
prior load maxima, producing stepwise, load-memory-driven
degradation [227, 228].

As discussed in the previous sections, permanent deformations
arise from plastic-like sliding of collagen fibers or matrix rear-
rangements, leading to residual strains that alter subsequent
stress fields [220, 229]. Valve-level simulations incorporating
time-evolving tissue constitutive laws have demonstrated that
such permanent deformations are accompanied by anisotropic
regional changes in collagen fiber orientation and recruitment,
which in turn modify local stiffness and stress–strain behavior
[224]. Plasticity often couples with damage evolution, influencing
fatigue and long-term durability. The effects of permanent defor-
mations can be captured by introducing inelastic strain variables
that evolve once stresses exceed a threshold.

Fatigue models address cumulative degradation under millions
of cardiac cycles [230, 231]. Energy-based formulations describe
Advanced Functional Materials, 2026
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gradual microstructural weakening, while crack-growth laws
capture discontinuous fatigue. Because collagen fiber recruit-
ment increases with cyclic loading and places an upper bound
on plastic strain, fiber architecture acts as a limiting mechanism
for further geometric evolution, thereby directly influencing
fatigue susceptibility and long-term durability [224]. Calcification
lowers the endurance limit by creating early crack nucleation
sites and amplifying cyclic stress amplitudes. Because simulating
billions of cycles is infeasible, accelerated cycle-jump or surrogate
approaches are used to retain mechanistic fidelity.

Chemical–mechanical coupling accounts for how fixation and in
vivo chemistry modify collagen properties. Crosslink density and
glycation alter stiffness and damage thresholds, linking biochem-
ical changes to mechanical degradation. Constitutive models can
capture this by letting fiber stiffness or damage thresholds depend
on crosslink density, thereby linking chemistry to mechanics and
damage or fatigue progression [95].

Taken together, these inelastic mechanisms provide a mul-
tiscale constitutive framework for simulating SVD. By inte-
grating viscoelasticity, damage, fatigue, and chemical coupling,
and cyclic-loading-induced changes in collagen fiber recruit-
ment and orientation, computational models can reproduce
the coupled mechanical and biochemical pathways that govern
structural valve deterioration and inform material design for
next-generation bioprosthetic valves.

5.2 Future Steps in Computational Modeling of
SVD

One of the major challenges in modeling SVD is the computa-
tional cost associated with standard simulation practices. Most
current models rely on 3D or 2D geometries with full mechanical
solvers, which are computationally intensive, particularly when
coupled with FSI or long-term fatigue simulations.

To address this, Lopez and co-authors analytically predicted
the forces at the interfaces between the valve leaflets and the
blood [232]. This prediction was crucial for defining common
time steps (i.e., discrete time increments used to advance the
simulation) for both the Lattice Boltzmann Method (LBM) and
Finite Element Method (FEM). By aligning these time steps, the
authors significantly simplified the fluid–structure interaction
(FSI) computations.

To further reduce the computational cost associated with FSI
problems, Reduced Order Modeling (ROM) techniques offer
a promising approach. These methods simplify high-fidelity
models by decreasing their computational complexity while
preserving the essential physical behavior of the system. ROMs
are typically built either fromphysical ormathematical principles
that describe the system’s behavior, or from data-driven methods
that learn reduced representations directly from simulation or
experimental data [233]. This methodology has been successfully
applied to the study of bioprosthetic and native valve regurgi-
tation [234]. However, such reduced models inherently simplify
the system and may neglect important details, which limits their
suitability for fully patient-specific analyses.
Advanced Functional Materials, 2026
Also, for reducing computational cost, Fumagalli et al. proposed
an innovative lumped-parameter model to study aortic valve
FSI [235]. In their approach, valve stenosis was modeled by
increasing stiffness parameters, and calcificationwas represented
by increasing leaflet inertia. This significantly reduced computa-
tional cost compared to full CFD or FEA simulations. However,
this simplification comes at the expense of realism: the model
cannot capture local deformations, leaflet coaptation, prolapse,
or heterogeneity in material properties, which are factors that
often require full 3D representations. That said, it is important
to note that addressing specific phenomena such as leaflet
flutter requires adequate spatial and temporal resolution. In
particular, reliable analysis demands flow resolutions on the
order of ∼50 µm, structural resolutions of ∼250 µm, and temporal
sampling rates of at least 1000 Hz to accurately capture flutter
dynamics.

Additionally, the model does not account for the evolution of cal-
cified tissue, a critical component of SVD. To address this gap, we
propose that the values reported in Table 1 (or future experimental
datasets) could be used to establish analytical laws governing
the progression of calcification over time. In this context, Tsolaki
et al. [74] proposed a predictive model linking local flow-induced
stresses and tissue deformation to calcification development,
accounting for approximately 74% of the experimentally observed
variability. The importance of robust analytical and constitutive
models in improving numerical simulations has been strongly
emphasized in previous works [236].

For instance, new fatigue-specific constitutive models for soft
tissues could be developed and integrated into simulation
frameworks [230]. These models would ideally be grounded in
experimental data derived from advanced testing techniques,
such as nanoindentation, which has already shown promise in
evaluating tissue fatigue properties at the microscale [151, 182].

An important but still underexplored direction is the modeling of
pericardial structure andmorphology. As shown, the pericardium
is composed of multiple layers, each with distinct mechanical
properties [4, 112]. Accurately capturing these layers in numerical
models is critical for understanding fatigue behavior. Moreover,
such structural heterogeneity influences tissue remodeling under
mechanical load, thereby affecting both valve function and
long-term durability [64].

Future FEA and CFD studies should also account for geometric
asymmetries, particularly those introduced by the interaction
between native and bioprosthetic valve structures. Even slight
misalignments, such as those of the native leaflet relative to the
prosthetic skirt, can result in a 40% change in hemodynamic per-
formance [237]. This underscores the need formore geometrically
precise models, especially at critical interfaces like the suture and
stent-pericardium junctions.

Thus, to build more realistic and predictive models of SVD,
several improvements are essential: (1) enhanced geometric
accuracy, especially around sutures and attachment points,
to better capture the mechanics at the stent-tissue inter-
face; (2) microscale simulations focused on fatigue behavior
at stent anchoring points; (3) improved implementation of
mechanical properties in bioprosthetic materials, based on
19 of 30
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FIGURE 10 (a) The evolution of the materials used for polymeric heart valves has constantly evolved till the most recent results for the long-term
clinical trials in humans. Since their first conceptualization, it took roughly 70 years to achieve clinical solutions. (b) The main challenges that limit the
use of polymeric heart valves highlight the importance of fundamental interdisciplinary work.
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high-quality experimental data; (4) routine material prop-
erty and mesh sensitivity analyses studies to ensure robust-
ness and reproducibility; (5) development of reduced lumped
-parameter models as complementary tools to reduce simula-
tion time and cost without entirely sacrificing key mechanical
insights.

In summary, while high-fidelity FSI and FEA simulations remain
the gold standard, their future success in modeling SVD will rely
on integrating experimental insights, microstructural realism,
and efficient modeling strategies. By combining detailed material
data with scalable numerical methods, the field can move
toward more predictive, personalized, and clinically relevant
computational tools, thus reducing SVD.

6 A Glimpse Into Polymeric Heart Valve
Development

While pericardium remains the most widely used material for
fabricating prosthetic heart valves [238], growing interest is being
directed toward synthetic polymeric valves due to their potential
advantages in sustainability, processability, and scalability [46].
Since their early conceptualization in the 1950s [239], polymeric
heart valves have undergone significant technological evolu-
tion, culminating in their recent entrance into clinical trials
(Figure 10a). A multicenter in vivo study on a polymeric surgical
mitral valve implanted for one year demonstrated encouraging
results, reporting stable hemodynamic performance and good
biocompatibility [240].

It is important to emphasize that polymeric and bioprosthetic
heart valves undergo fundamentally different degradation and
failure mechanisms. In bioprosthetic tissues, degeneration is
largely driven by calcification processes involving residual cellu-
lar components, aldehyde-mediated calcium binding, and host-
mediated biological responses [53, 67, 72]. In contrast, polymeric
20 of 30
valves are primarily affected by physicochemical aging mecha-
nisms such as oxidative degradation, chain scission, fatigue crack
initiation, and protein-mediated surface alterations [241]. Con-
sequently, the two classes of materials should not be considered
mechanistically equivalent.

Nevertheless, polymeric valves face analogous engineering chal-
lenges, particularly with respect to long-term durability, fatigue
resistance under cyclic loading, and preservation of mechani-
cal function under physiological conditions. Addressing these
challenges has driven decades of material innovation, spanning
from early silicone-based devices to modern polyurethanes and
composite polymers [242]. Despite the progress, critical chal-
lenges remain before widespread clinical adoption, including
improving durability, reducing cost, and ensuring long-term
biocompatibility. In this context, advances in polymer chemistry
and material science are key drivers of innovation [100, 243]
(Figure 10b).

For instance, Melo and collaborators recently introduced a poly-
meric valve based on non-isocyanate polyurethanes, designed
with a focus on sustainability [244]. Their in vitro study reported
no signs of calcification over an 8-week period, along with
hemodynamic performance comparable to that of standard
bioprosthetic valves.

Matching the mechanical properties of native valve tissues
remains a fundamental design goal. Hydrogels have shown
promise due to their tissue-like elasticity and viscoelasticity;
however, their fabrication methods often make it difficult to
replicate the complex leaflet geometry required for physiological
function [47]. This is particularly important because reducing
leaflet stress through careful geometrical design is essential for
long-term durability [46].

A promising strategy involves the development of multilayered
leaflets to enhance fatigue resistance [241]. Techniques such as
Advanced Functional Materials, 2026
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electrospinning and the use of ultrahigh molecular weight poly-
mers can facilitate the creation of such hierarchical structures.
However, in fiber-basedmaterials, fiber orientation plays a crucial
role in fatigue performance and must be carefully controlled
[245].

Innovations in 3D printing also hold great promise, offering the
possibility of fabricating valves with complex architectures tai-
lored to patient-specific anatomy and mechanical requirements
[246]. These technologies can enable the integration of multi-
ple materials, mimicking the heterogeneous structure of native
leaflets. Comparative studies of native tissue structures remain
essential to inform the design of these synthetic alternatives,
e.g., by elucidating how individual leaflet layers contribute to
fatigue resistance [245]. These comparative studies aim to inform
structural design principles to improve stress distribution and
damage tolerance, rather than implyingmechanistic equivalence.

Moreover, emerging material architectures such as auxetic struc-
tures (materials with a negative Poisson’s ratio) are gaining
attention in the context of valve design. Auxetic materials exhibit
a counterintuitive property, becoming thicker perpendicular to
the applied force, which can inhibit crack propagation under
tensile loading, thereby offering enhanced tear resistance [247–
250].

Incorporating nanomaterials as reinforcing fillers is another
active area of research. While nanofillers can significantly
improve mechanical properties, they also introduce challenges
related to dispersion, matrix bonding, and biocompatibility [251].
Achieving uniform dispersion under mild processing conditions,
while maintaining the sustainability of the material system, is
particularly demanding [252–256].

As discussed in previous sections, the presence of dense networks
of hydrogen bonds has been shown to improve fatigue resistance
in polymeric materials. This feature is more easily tuned in
synthetic systems through the use of commercial crosslinkers,
particularly in polyurethane matrices [170, 257].

Ultimately, one of the most significant and still unmet goals in
polymeric heart valve development is to endow them with self-
healing, remodeling, and regenerative capacities. Achieving this
will likely require the integration of multiple strategies, drawing
inspiration from both synthetic and bioprosthetic systems, while
recognizing the fundamental differences between synthetic and
biological systems [258].

7 Durable Bioprosthetic Aortic Valves—The Path
Forward

Achieving durable bioprosthetic aortic valves requires coordi-
nated progress across clinical practice, material science, and
computational modeling.

On the clinical side, timely and accurate staging of SVD is
critical to guide interventions. Harmonizing the quantitative
criteria used to define SVD stages will enhance consistency across
studies and improve long-term patient monitoring.
Advanced Functional Materials, 2026
From a materials perspective, long-term bioprosthetic valve
degeneration arises from the complex interplay between calcifica-
tion and fatigue-related microstructural changes. Cyclic loading
induces fiber recruitment, unfolding, and Mullins-like soften-
ing, which progressively weaken the tissue, while calcification
locally stiffens leaflets and alters stress distributions. The relative
contributions of these mechanisms remain difficult to quantify,
as they often act synergistically. This complexity underscores
the need for standardized experimental protocols. These should
include reliable methods for quantifying calcium deposition,
fatigue testing under physiological conditions, and tensile testing
of pericardial tissue. Emerging techniques—such as nanoinden-
tation and acoustic-based measurements—can provide detailed
insights into tissue mechanics, offering essential data for refining
predictive models.

A major open question remains how collagen damage prop-
agates across hierarchical scales in bioprosthetic pericardium,
from molecular disruptions of the triple helix to fibril shearing,
fiber slippage, and tissue-level delamination. These multiscale
failure mechanisms are modulated by fixation chemistry (e.g.,
glutaraldehyde), which alters local biochemical environments
andmechanical thresholds [74]. Understanding how these factors
interact is crucial for unraveling the inelastic and fatigue behavior
of biological valve tissues.

To capture such complexity, computationalmodelsmust evolve to
integrate experimental insights across length scales. This requires
a shift from purely elastic formulations to constitutive mod-
els that account for inelastic phenomena such as stress softening,
permanent set, cyclic damage, and chemical–mechanical cou-
pling. Promising approaches include progressive damage mod-
els, multiphase fiber recruitment, and fatigue-informed plasticity
frameworks. Embedding these into valve-level simulations will
improve our ability to predict failure modes under physiological
loading and assess long-term durability.

These insights can directly inform the design of bio-inspired
prosthetic valves, combining the multilayered structure of native
pericardium with advanced manufacturing techniques such as
3D printing and electrospinning. The integration of standard-
ized material characterization and multiscale modeling emerges
as a central strategy to prevent SVD and enhance device
performance.

To accelerate both scientific progress and clinical translation, we
identify five key priorities for the field: (1) elucidate multiscale
damage pathways through coordinatedmechanical and biochem-
ical investigations; (2) standardize testing protocols for fatigue,
tensile strength, nanoindentation, and calcification to enable
reproducible comparisons and model calibration; (3) develop
microstructure-informed constitutive models that capture key
damage mechanisms and reflect real-world material behavior;
(4) incorporate geometry and constraint-specific effects into
simulations, particularly at critical regions such as the stent–
tissue interface; (5) balance model fidelity and computational
efficiency by integrating high-resolution FSI/FEA tools with
reduced-order or surrogate approaches.

By aligning experimental evidence, computational modeling,
and clinical insight, this roadmap provides a foundation for the
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rational development of next-generation bioprosthetic valves—
devices engineered for longer-lasting performance and reduced
risk of structural deterioration.
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