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Flaw-insensitive fatigue resistance of chemically fixed

collagenous soft tissues
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Bovine pericardium (BP) has been used as leaflets of prosthetic heart valves. The leaflets are sutured on metallic
stents and can survive 400 million flaps (~10-year life span), unaffected by the suture holes. This flaw-insensitive
fatigue resistance is unmatched by synthetic leaflets. We show that the endurance strength of BP under cyclic
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stretch is insensitive to cuts as long as 1 centimeter, about two orders of magnitude longer than that of a ther-
moplastic polyurethane (TPU). The flaw-insensitive fatigue resistance of BP results from the high strength of
collagen fibers and soft matrix between them. When BP is stretched, the soft matrix enables a collagen fiber
to transmit tension over a long length. The energy in the long length dissipates when the fiber breaks. We dem-
onstrate that a BP leaflet greatly outperforms a TPU leaflet. It is hoped that these findings will aid the develop-

ment of soft materials for flaw-insensitive fatigue resistance.

INTRODUCTION

Soft tissues, such as vocal cord, tendons, ligaments, and heart valves,
function by repeated stretches. These soft tissues show extraordi-
nary fatigue resistance. When damaged by diseases, they may be re-
placed with prosthetics. For example, a damaged heart valve can be
replaced with a transcatheter heart valve through minimally inva-
sive surgery (Fig. 1) (1). The leaflets of such a prosthetic heart
valve are commonly made of the bovine pericardium (BP), a collag-
enous membrane harvested from a bovine heart (Fig. 1, A and B)
(2). The leaflets are sutured onto a metallic stent (Fig. 1, C and D)
and delivered from a leg to the heart using a guide wire through an
artery (Fig. 1E). When the leaflets flap cyclically, the suture holes
would cause many synthetic materials to grow cracks. However,
the BP leaflets can survive 400 million flaps (~10-year life span)
(3). This extraordinary flaw-insensitive fatigue resistance is un-
matched by synthetic leaflets.

The BP leaflets usually do not fail by growing cracks but by cal-
cification (4, 5). This fact, along with the high cost of BP, has long
motivated the development of synthetic materials (6-8). Advances
have been made to develop synthetic leaflets that resist calcification
(9-12), but their fatigue resistance remains far inferior to BP (13,
14). What makes BP so fatigue resistant in the presence of
suture holes?

This paper studies how BP resists crack growth under cyclic
stretch. In particular, the BP is chemically fixed by glutaraldehyde
following the common practice in bioprosthetic heart valves. We
show that BP is insensitive to flaws of size ~1 cm. By contrast, a syn-
thetic material, thermoplastic polyurethane (TPU), is insensitive to
flaws of size ~100 pum. Digital image correlation (DIC) shows that a
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crack tip does not concentrate strain in BP but does concentrate
strain in TPU. Optical microscopy shows that rupture of BP pulls
out long lengths of collagen fibers. These experiments interpret
the extraordinary flaw-insensitive fatigue resistance of BP. A BP
membrane consists of a network of strong collagen fibers embedded
in a soft matrix (Fig. 2A). When the membrane is stretched, the soft
matrix enables the tension in an individual collagen fiber to trans-
mit over a long length (Fig. 2B). The long-length transmission of
tension alleviates the stress concentration at the tip of flaws,
which is called stress deconcentration. The elastic energy stored in
the long length of the fiber dissipates when the fiber breaks
(Fig. 2C). Consequently, BP derives its flaw-insensitive fatigue resis-
tance from both the strong collagen fibers that bear high tension
and the soft matrix that deconcentrates the high tension over long
length. We further demonstrate that a BP heart valve remains intact
after 2 x 10° cycles of pulsation, but a TPU heart valve grows many
cracks after 2.7 x 10° cycles. It is hoped that these findings will aid in
the development of synthetic soft materials for high fatigue
resistance.

The hierarchical structures of BP have been extensively studied
(Fig. 3A). Three peptide chains bind into a helix, called a tropocol-
lagen, by hydrogen bonds. Numerous tropocollagens assemble into
a collagen fibril by noncovalent interactions and covalent bonds
(15-17). The staggered assembly of tropocollagen results in d-
bands in collagen fibrils (18). The lengths of collagen fibrils range
from 0.5 mm to over 10 mm (19). The strength of an individual col-
lagen fibril is as high as ~200 MPa (20). At the microscale (~1 pm),
thousands of collagen fibrils align in parallel to assemble into a
bundle through proteoglycans (PGs) and other fibrils, called a col-
lagen fiber (2I). The collagen fibers are crimped and form a
network embedded in a matrix of low modulus and high elasticity
(22). The matrix consists of PGs, elastin, and small-diameter fibrils
(23). PG keeps the tissue hydrated and promotes interfibrillar
sliding (24) due to the high negative fixed charge density. Elastin
enables high elasticity of the collagen network (25). Small-diameter
collagen fibrils fuse with different neighboring collagen fibers to
transfer shear loads (23).
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Fig. 1. Transcatheter heart valves. (A) BP is a collagenous membrane covering the bovine heart. (The figure was partly generated using Servier Medical Art, licensed
under a Creative Commons Attribution 3.0 unported license.) (B) A photo of BP, thickness ~ 200 um, harvested from the heart. (C) Photographs of a suture thread of a
diameter of ~150 um, BP leaflet, and metallic stent. (D) A schematic of BP leaflets sutured on a metallic stent to assemble into a transcatheter heart valve. (E) The trans-
catheter heart valve is compressed in a catheter and is pushed from a leg to the heart through an artery using a guide wire. Upon reaching the site of the aortic valve, the
material expands into the shape of the heart valve, and then, the catheter is removed.

For the BP membrane used in our work, we observe the structure
in transmission and scanning electron microscopes. The diameter
of a collagen fibril is ~100 nm, and the d-bands with the spacing of
~65 nm on a collagen fibril can be observed (Fig. 3B). A bundle of
collagen fibrils constitutes a collagen fiber of diameter ~30 pm
(Fig. 3C). Collagen fibers are crimped (Fig. 3D) and form a
network embedded in a soft matrix (Fig. 3E). Also visible is one
component of the matrix, elastin fibers.

That some soft tissues resist crack growth must be known when
ancients prepared leathers (26). The quantification of resistance to
crack growth began only in the last century, after fracture mechanics
was developed. Fracture toughness is measured by stretching a
sample with a precut. This approach has been applied to many
soft tissues (table S1) (27-42). Fracture toughness ranges from
1000 J/m? for porcine aorta to 80,000 J/m? for rhinoceros dermal.
These values may be compared with ~10,000 J/m?* for natural
rubber (43). It is known that the strength of a tough soft tissue is
flaw insensitive, nearly unchanged even for a sample containing a
precut of millimeters to centimeters (30, 39, 41, 42, 44).

The microstructural changes of soft tissues under cyclic stretches
have been extensively studied for tendons, ligaments, cartilages, and
valvular tissues (45-55). For example, cyclic stretches cause kink,
rupture, and slip of collagen fibrils in tendons (47, 56, 57) and
reduce crimps of collagen fibers in valvular tissues (53, 55).
However, far less is known about crack growth resistance of soft
tissues under cyclic stretches.

RESULTS

This paper characterizes flaw-insensitive fatigue resistance and
relates it to microstructural changes under cyclic stretches. We
mark a BP membrane with rectangular grids of dimensions 20
mm by 20 mm and detect the preferred orientation of collagen
fibers in each region using the small-angle light scattering (SALS;
fig. S1). The BP membrane is cut into samples. The stress-stretch
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curves vary greatly between samples of different degrees of collagen
alignment, but vary much less among samples of a similar degree of
collagen alignment (fig. S2). In the following sections, we test
samples of a high degree of collagen alignment. The stretch is
applied perpendicular to the preferred orientation of collagen
fibers, and precuts are introduced parallel to that direction.

We cut a dog bone-shaped sample from a membrane, monoton-
ically stretch the sample to rupture, and record the stress-stretch
curve (Fig. 4A). The sample ruptures at a stretch of 1.45 and a
stress of 12 MPa. The area under the stress-stretch curve is the
work of fracture, W, ~ 1.3 x 10° J/m>. We mark four states of de-
formation on the stress-stretch curve and take snapshots of the
sample in these states (Fig. 4B). Starting in the undeformed state
(I), the stress-stretch curve rises gently in the beginning and then
steeply to a peak (II). Before the peak, the sample deforms homo-
geneously. After the peak, the stress drops sharply, and the sample
forms a localized neck (III). When the sample breaks at the neck,
collagen fibers are pulled out (IV). We observe samples using a po-
larized light microscope. In the undeformed sample, a network of
crimped collagen fibers is observed because of birefringence
(Fig. 4C). At the rupture surface, bundles of collagen fibers are ob-
served to pull out with a length of ~3 mm (Fig. 4D).

The matrix and the fibers have very different moduli, which can
be approximately determined by the stress-stretch curve (Fig. 4A).
At a small stretch, from 1.0 to 1.05, the collagen fibers are crimped,
and the slope of the stress-stretch curve is small, ~ 0.2 MPa, taken to
be the modulus of the matrix. At a large stretch, from 1.2 to 1.4, the
collagen fibers are decrimped, and the slope of the stress-stretch
curve is large, ~100 MPa, taken to be the modulus of the collagen
fibers. Because the matrix is much softer than the fibers, when the
sample is stretched, the matrix shears substantially, and high
tension transmits over a long length of an individual collagen
fiber (Fig. 2B). The rupture of the fiber dissipates the energy in a
long segment of the fiber.
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Fig. 2. In BP, strong collagen fibers bear high tension, and soft matrix deconcentrates the high tension over long length. (A) In an undeformed BP membrane, a
network of strong collagen fibers is embedded in a soft matrix. (B) When the membrane is stretched, the soft matrix deconcentrates high tension in an individual collagen
fiber over a long length. (C) When the collagen fiber ruptures, the elastic energy stored in the long length of the fiber dissipates.
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Fig. 3. Structure of the BP. (A) Schematics of the structure at several length scales.
A BP membrane is observed in transmission and scanning electron microscopes
(TEM/SEM) with various resolutions. (B) A TEM image shows individual collagen
fibrils with a diameter of 100 nm and d-bands with a spacing of ~65 nm. SEM
images: (C) A bundle of collagen fibrils constitute a collagen fiber, which is sur-
rounded by elastin fibers. (D) Collagen fibers are wavy, and multiple collagen
fibers are aligned. (E) Collagen fibers are embedded in a soft matrix.
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We also conduct a tensile test on samples with 1-mm edged
precuts. The strength and extensibility of the sample are not affected
by the precut (fig. S3A). The precracked sample fails similarly to that
of intact samples, forming necking and rupturing gracefully. The
pullout length of collagen fibers at the rupture surface of the pre-
cracked sample is longer than ~3 mm (fig. S3B). The long pullout
length of the collagen fibers demonstrates deconcentration of high
tension because long and dispersed pullout length indicates that the
failure of individual collagen fiber is dominated by statistically dis-
tributed fiber strength or length rather than concentrated high stress
adjacent to the crack tip.

We further demonstrate the importance of the soft matrix in de-
concentrating tension in collagen fibers. We dehydrate a BP mem-
brane in air for 5 hours and then stretch the sample to rupture (fig.
S3C). The stress rises steeply to a peak and drops suddenly to zero.
The stress-stretch curve has a constant and high slope, ~720 MPa,
which indicates that dehydration stiffens the matrix. The sample
ruptures without forming a neck but by propagating a crack (fig.
S3C). The polarized light micrograph of the crack surfaces shows
that the pullout length of collagen fibers is ~50 pm, two orders of
magnitude shorter than that in the hydrated sample (fig. S3D). The
dehydration stiffens the matrix, which limits the transmission of
tension in collagen fibers within a short length. This interpretation
is consistent with the observed short pullout length.

We study the fracture of the membrane using a sample with a
precut. The stress-stretch curve and a sequence of snapshots for
the fracture process are recorded (Fig. 5, A and B). Starting in the
undeformed state (I), the crack opens when the sample is stretched.
At the onset of crack growth, a small white zone appears at the crack
tip (II). At state I, the stress does not drop immediately because the
collagen fibers in the white zone can still sustain forces. As the stress
increases to the peak (III), the crack propagates; meanwhile, the
white zone enlarges, resulting in the further increase of the stress.
At a stretch of 2.76, collagen fibers rupture and pull out in multiple
regions, and the stress drops close to zero (IV). This stretch is close
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Fig. 4. Tension and pullout of collagen fibers. (A) Stress-stretch curve. (B) Snap-
shots of four states of deformation. Polarized light micrographs of (C) an unde-
formed sample and (D) the rupture surface of the sample. In the uniaxial tensile
test, the number of samples, n = 6. Thickness of samples, t = 0.28 + 0.03
mm (means + SD).

to the rupture stretch of samples without precuts. We further use a
polarized light microscope to observe the morphology of the crack
tip in state III (Fig. 5C). Two separated crack surfaces are marked
with dashed lines. Between the separated crack surfaces, bundles of
collagen fibers rupture and pull out from the matrix, forming a
bridging zone, which is white to the naked eye. The crack is
bridged by the collagen fibers in this zone and propagates by break-
ing and pulling out the fibers in this zone. The crack often grows in a
direction somewhat different from the direction normal to the
applied stretch. In preparing the sample, the collagen fibers have
a preferred orientation normal to the applied stretch. The observed
deviation in the direction of the crack growth is likely due to the
imperfect alignment of the preferred fiber orientation in the unde-
formed sample.

The energy release rate increases with the extension of the crack
(Fig. 5D). We observe the crack extension by DIC, which gives a
resolution of crack extension of ~200 pm. The crack initiates at an
energy release rate of 15 kJ/m”. After the crack propagates for 1.5
mm, the energy release rate increases to 60 kJ/m>. Then, the
whole sample grows multiple cracks. We designate fracture tough-
ness by the energy release rate at the onset of crack growth G. = 15
kJ/m?,

At the onset of the crack growth, we visualize the distribution of
strain Eyy around the crack tip by DIC (Fig. 5E). For comparison,
both BP and TPU are imaged. The local strain divided by the
applied strain defines the strain concentration factor, which is
plotted as a function of distance X from the crack tip (Fig. 5F).
The strain is nearly uniform in BP but is highly concentrated
in TPU.

We have measured the work of fracture W, using samples
without precut and measured the fracture toughness G, using
samples with precut. The ratio of the two material properties, G./
W,, has a dimension of length, called the fractocohesive length
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(58, 59). When the crack propagates in a sample, a region around
the crack tip dissipates energy, which resists crack growth. The ap-
proximate size of this dissipative zone is given by the fractocohesive
length G/W, (59, 60). The fractocohesive length also measures the
flaw sensitivity of a material. The strength of a material decreases in
the presence of flaws if they are larger than the fractocohesive length
and is insensitive to flaws if they are smaller than the fractocohe-
sive length.

We plot various materials on the plane of G. and W, (Fig. 6). Soft
tissues, such as BP, rhinoceros dermal (31), and liver capsule (42),
have a long fractocohesive length of ~1 cm. This length is larger
than the fractocohesive lengths of most synthetic materials, includ-
ing hierarchical Poly(vinyl alcohol) (PVA) hydrogel (61), dry-an-
nealed PVA hydrogel (62), polyacrylamide hydrogel (63, 64),
tough hydrogel (65), double-network hydrogel (66), natural
rubber (58), and TPU. For example, TPU has a fractocohesive
length of ~100 um. The work of fracture W, of TPU is two orders
of magnitude higher than that of BP (fig. S4), but the fracture tough-
ness G, of BP and TPU is similar (fig. S5). Thus, the fractocohesive
length of TPU is two orders of magnitude lower than that of BP.

The flaw insensitivity of BP can be qualitatively interpreted by a
discrete model, where the BP membrane is simplified into a unidi-
rectional fiber-reinforced composite (fig. S6). Collagen fibers
aligned perpendicular to the loading direction are viewed as a
part of the matrix, transmitting loads from broken fibers to intact
fibers. By normalizing the governing equations, a characteristic
length scale can be derived, i.e., the load transfer length Iy. It is
related to the diameter of fiber and the moduli contrast of fiber
and matrix (67, 68), which measures the length of an overload
region on intact fiber at the crack tip, equivalent to the fractocohe-
sive length in fiber-reinforced composite. Upon the crack propaga-
tion, the overloaded region in the fiber will undergo inelastic
deformation and dissipates energy. Given the crack size a and the
sample size L, we show how the strain concentration in intact fibers
ahead the crack tip is affected by the flaw insensitivity of materials.
For materials with large I and flaw insensitivity, the strain does not
concentrate at the crack tip [blue lines in fig. S6, (C and D)]. This
phenomenon is similar to the observation in BP membrane (Fig. 5,
E and F). In contrast, the strain concentrates markedly at the crack
tip for materials with small I and flaw insensitivity [red lines in fig.
S6 (C and D)]. This is the case for the fracture of TPU (Fig. 5, E and
F) because a homogenous material can be idealized by a composite
with small moduli contrast of fiber and matrix.

We then characterize the fatigue behavior of samples without
precut. Dog bone-shaped samples are stretched cyclically under a
prescribed amplitude of stretch. We take necking as a failure
symptom of BP samples. A camera with 100-um resolution is
used to take photographs of samples during cyclic stretching
every 15 min. When necking is observed and the peak stress
drops markedly, e.g., decreasing by over 50% within 200 cycles
(fig. S7), we take the cycle of the last recording period as the
number of cycles to rupture. When the amplitude is low, the
sample sustains 30,000 cycles without necking (Fig. 7A). The
stress-stretch curve shows a large hysteresis loop in the first few
cycles. As the cycle progresses, the hysteresis becomes smaller and
the maximum stress shakes down to a steady value after ~10,000
cycles. Residual deformation of samples is observed after 30,000
cycles. The hysteresis, shakedown of stress, and residual deforma-
tion correspond to the irreversible damage of the material. When
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Fig. 5. Fracture and deconcentration of strain. (A) The stress-stretch curve. (B) Snapshots of a membrane with a precut in four states of deformation. (C) A polarized
light micrograph of the crack tip. (D) The resistance curve. (E) Contours of strain Eyy observed using DIC. Both BP and TPU are imaged for comparison. (F) The concentration
factor of strain Eyy at distance X from the crack tip measured in the undeformed state. In the fracture test, the number of samples, n = 3. Thickness of samples,

t =0.31 £ 0.04 mm (means + SD).

the amplitude of stretch is close to the rupture stretch under mono-
tonic loading, the sample ruptures in the first cycle. The strength has
a large statistical variation from sample to sample. For a moderate
amplitude of stretch, we observe that the sample ruptures after
300 cycles.

We convert the amplitude of stretch to the amplitude of work per
volume W by integrating the stress-stretch curve of the last loading
cycle. We plot the experimental data on the plane of the amplitude
of work per volume, W, and the number to rupture, N (Fig. 7B).
Each ruptured sample is plotted as a point, and each surviving
sample is plotted as an arrow. The amplitude of work per volume
is between two limits: the work of fracture W, at which the sample
ruptures under monotonic stretch, and the work of endurance W,
at which the sample survives a prescribed number of cycles of
stretch. The work of endurance is W, ~ 1.7 x 10° J/m>, below
which the sample does not rupture after 30,000 cycles. Between
W, and W,, the sample ruptures after a smaller number of cycles
of stretch.

We conduct the small-angle x-ray scattering (SAXS) test to reveal
the microstructural evolution corresponding to the fatigue damage
during the cyclic stretch. The unstretched sample (0 cycles) displays
sharp diffraction arcs (Fig. 7C), indicating a narrow angular distri-
bution of collagen fiber alignment. The arcs are dominated by Bragg
reflections because of the interaction of x-rays with d-band structure
on collagen fibrils (69, 70). After 30,000 cycles of stretch, the diffrac-
tion arcs transform into tarnished circles, suggesting that collagen
fibers are oriented more randomly. We can extract the spacing of the

Zeng et al., Sci. Adv. 9, eade7375 (2023) 3 March 2023

periodic d-band structure on the collagen fibrils from the Bragg
peaks on the diffraction patterns to detect the deformation at the
collagen fibril level. The intensity decreases after 30,000 cycles of
stretch because of reorientation of collagen fibers, while the peak
positions remain the same (Fig. 7D). Thus, the spacing of the d-
bands on collagen fibrils before and after 30,000 cyclic stretches is
identical, ~65 nm. This value is consistent with the value reported
before (71). Our observations indicate that the spacing of the d-
bands remains constant after cyclic stretch, although the collagen
fibers are decrimped and reoriented. Thus, the residual deformation
of the sample is not caused by the stretch of individual collagen
fibril but the sliding of collagen fibers in the network.

We introduce a precut in a membrane and apply cyclic stretch
(Fig. 8A). We use a digital camera with a resolution of 100 um to
take a photograph of the precut tip every 15 min. When a white
zone is observed, we take the cycle as the onset of crack growth.
On the plane of the energy release rate, G, and the number of
cycles to the onset of crack growth, N, we plot each observation of
onset of crack as a point and plot each sample that survives 30,000
cycles without the onset of crack as an arrow (Fig. 8B). The latter
indicates the fatigue threshold, which is as high as 4.3 kJ/m* The
fatigue behavior of BP under different energy release rates is com-
pared. Under a high energy release rate, G = 23.5 kJ/m?, the crack
grows on the first cycle, with bundles of collagen fibers bridging the
crack (Fig. 8C). As the sample is further cycled, the collagen fibers at
the tail of the bridging zone start to break and pull out from the
crack surfaces. Under an intermediate energy release rate, G = 8.6
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kJ/m?, the crack growth initiates at ~1000 cycles (Fig. 8D). The sep-
arated crack surfaces and bridging collagen bundles can be observed
by polarized light micrograph (Fig. 8E). Under a low-energy release
rate, G = 4.3 kJ/m?, the crack does not grow after 30,000 cycles by the
end of the test (fig. S8). No break of collagen fibers is observed.

We can also define a characteristic length by the ratio of G,/ W,
which represents the flaw sensitivity of the material under cyclic
stretch. The length is called endurance fractocohesive length (60).
When the precut is shorter than that length, the fatigue strength
is insensitive to the precut. When the precut is long, the fatigue
strength is smaller than the values of a sample without precut.
The transition takes place at the length comparable to the endurance
fractocohesive length.

On the plane of Gy, and W,, we plot various materials to
compare their flaw sensitivity under cyclic stretch (Fig. 9). Unlike
fracture under monotonic stretch (Fig. 6), fatigue under cyclic
stretch has seldom been characterized for soft biological tissues.
The only data available to us are from our own measurements of
BP, which we compare with available data for synthetic soft materi-
als (60, 62-64, 72, 73). Most synthetic soft materials have an endur-
ance fractocohesive length in the range 100 um to 1 mm, which is
one or two orders of magnitude lower than that of BP (~1 cm).

The endurance fractocohesive length of a material measures its
flaw sensitivity under cyclic stretch. Here, we highlight the signifi-
cance of the endurance fractocohesive length in prosthetic heart
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work per volume. (C) Patterns of small-angle x-ray scattering (SAXS) before and after cyclic stretch. (D) Intensity-q spectra lines before and after 30,000 cyclic stretches.
Inset: Periodic d-band structure of collagen fibrils. In the fatigue test of samples without precut, the number of samples for each stretch amplitude, n = 1. Thickness of

samples in the whole fatigue test group, t = 0.27 + 0.04 mm (means + SD).
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Fig. 8. Cyclic stretch of membranes with precut. (A) Schematic of a membrane
with precut subjects to cyclic stretch, with a prescribed amplitude of stretch. (B)
The plane of the energy release rate and the number of cycles to the onset of crack
growth. A point represents a failed sample, and an arrow represents a sample sur-
viving 30,000 cycles without crack growth. (C) A membrane with precut is subject
to cyclic stretch of amplitude A = 1.45 and the energy release rate being G = 23.5
kJ/m?. (D) A membrane with precut is subject to cyclic stretch of amplitude A = 1.35
and G = 8.6 kJ/m?. (E) Polarized light micrograph of the crack tip. In the fatigue
fracture test, the number of samples for each stretch amplitude, n = 1. Thickness
of samples in the whole fatigue test group, t = 0.30 + 0.03 mm (means + SD).

valves. Each year, 40.5 million people suffer from heart valve
disease, and many of them need heart valves replaced with prosthet-
ics (6). As noted before, prosthetic leaflets are sutured on an ex-
pandable metallic stent. After implantation, the leaflets are
required to flap at least 200 million times according to the ISO
5840 standard (8). So far, only biological tissues such as BP are
used for the leaflets. Because biological soft tissues are costly and
prone to calcification, synthetic materials have been widely investi-
gated (6). Among the synthetic materials, TPU has been a leading
candidate (14, 74).

We fabricate transcatheter heart valves using BP and TPU and
subject them to an in vitro-accelerated test of cyclic pulsive flow
(Fig. 10, A and B). BP leaflets remain intact after 2 x 10° cycles,
but TPU leaflets grow many cracks after 2.7 x 10° cycles (Fig. 10,
C and D). We interpret this great difference in durability on the
basis of endurance fractocohesive length. The leaflets always have
large flaws: suture holes of a diameter of ~150 pm. The size of the
suture holes is comparable to the endurance fractocohesive length
of TPU (~100 pum). From the suture holes, the TPU leaflets grow
cracks under cyclic pulsation. The size of the suture holes,
however, is smaller than the endurance fractocohesive length of
BP (~1 cm) so that the BP leaflets remain intact under cyclic
pulsation.

Zeng et al., Sci. Adv. 9, eade7375 (2023) 3 March 2023

DISCUSSION

Soft polymeric valve leaflets often suffer from fatigue crack growth.
While biological tissues address this problem with their extraordi-
nary flaw-insensitive fatigue resistance endowed by the strong col-
lagen fiber and soft matrix. The synthetic materials should mimic
the heterogeneous structures of biological tissues. In recent years,
synthetic soft materials have been developed to exhibit high
fatigue resistance. Examples include poly(vinyl alcohol) hydrogels
(61, 62, 72), soft composite materials (75-80), TPUs (81), and
highly entangled hydrogels and elastomers (82). In the coming
years, it is likely that synthetic materials will be developed for appli-
cations in which flaw-insensitive fatigue resistance is critical, along
with biochemical requirements, such as resistance to calcification
and thrombosis.

In this work, we mainly investigate BP membranes fixed by glu-
taraldehyde aqueous solution. The glutaraldehyde has long been
used to treat fresh BP membranes to improve their durability and
prevent immune response (3). We have also demonstrated that
the fresh BP membranes are insensitive to a long precut of ~1 cm
under both monotonic and cyclic stretch (figs. S9 and S10). The du-
ration of fatigue tests is 30,000 cycles here, which is short compared
to the lifetime of heart valves. Thus, we have also demonstrated that
the BP membrane is flaw insensitive to a precut in a longer duration
of 1 million cycles (fig. S14). The assumption that data obtained in
these experiments can be used to predict the durability of valve leaf-
lets is, of course, open to criticism. Whereas, even in short fatigue
tests, the BP membrane displays a higher flaw insensitivity com-
pared to elastomeric leaflets.

In summary, we have stretched BP membranes with or without
precuts. Under both monotonic and cyclic stretches, the BP mem-
branes are insensitive to large flaws (~1 cm). By contrast, a synthetic
material, TPU, is insensitive to flaws of size ~800 um under mono-
tonic stretch and insensitive to flaws of size ~100 um under cyclic
stretch. Transcatheter heart valves contain large flaws: the suture
holes of a diameter ~150 um. Consequently, a BP heart valve
remains intact after 2 x 10° cycles of pulsation, but a TPU heart
valve grows many cracks after 2.7 x 10° cycles. We further demon-
strate that the endurance of the BP membranes results from the
transmission of tension in the collagen fibers over a long length. De-
hydrated membranes without such mechanism are even sensitive to

10°
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Fig. 9. Flaw sensitivity of materials under cyclic stretch. Various materials are
plotted on the plane of fatigue threshold Gy, and work of endurance W. The ratio
Gyn/W, defines the endurance fractocohesive length, several values of which are
marked. ML-PVA, muscle-like PVA.
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Fig. 10. Accelerated fatigue test of transcatheter heart valves. (A) Schematic of
accelerated fatigue test. A transcatheter heart valve is mounted in an accelerated
wearing test machine to endure cyclic pulsive flow. (B) During the test, the trans-
valvular pressure gradient of the pulsive flow is controlled at an amplitude of 100
mmHg and a frequency of 15 Hz. (C) A BP valve remains intact after 2 x 108 cycles of
pulsive flow. (D) A TPU valve grows cracks after 2.7 x 10° cycles of pulsive flow.

the precut with ~1 mm in length (fig. S11). It is hoped that these
findings will aid in the future development of synthetic soft mate-
rials for high fatigue resistance.

MATERIALS AND METHODS

Materials

Commercial-grade BP membranes were supplied by courtesy from
Shanghai NewMed Medical Co. Ltd. (China), which were purchased
from Maverick Biosciences Corporation (New South Wales, Austra-
lia). Following a common practice, the BP membranes were treated
with glutaraldehyde aqueous solution (volume fraction, 0.625%).
The glutaraldehyde acts as a cross-linker of collagen, forming inter-
fiber bonding, which stiffens the membranes and reduces the stress
relaxation (83-85).

TPU particles (Estane 58201) were purchased from Lubrizol
Corporation (OH, USA). The particles were first dried in an oven
at 104°C for 2 hours. A thermocompressor (Gongjiang Y002,
Zhengzhou) was used to shape TPU particles into membranes
with thin steel spacers. The TPU particles were first melted at the
temperature of 200°C for 10 min, compressed at the pressure of
0.2 MPa for 30 min, and cooled by a water-cooling system. TPU
membranes with the prescribed thickness were obtained.

Scanning electron microscopy

Strips of BP membranes were cut using a laser cutter. The strips
were first immersed in 2.5% glutaraldehyde for 5 hours to fix the
structure. The strips were then immersed in water-ethanol solutions
of ascending fractions of ethanol (30, 50, 70, 90, 95, and 100 volume
% twice) to replace water in the strips with ethanol. The ethanol-
soaked strips were dried in a freeze-dryer (Autosamdri-815A, Tou-
simis). The dried samples were coated with platinum using a sputter

Zeng et al., Sci. Adv. 9, eade7375 (2023) 3 March 2023

coater (Hitachi MC1000) and observed in a scanning electron mi-
croscope (Hitachi SU3500).

Small-angle light scattering

We used a SALS method to nondestructively detect the preferred
orientation of collagen fibers (fig. S1). The custom-designed SALS
device consists of a He-Ne laser source (wavelength, 640 nm), a
sample positioner, a projecting screen, and a digital camera (fig.
S1A). During the test, a BP membrane was sandwiched between
two glass plates. After the He-Ne laser beam perpendicularly
passed the BP membrane and the glass plates, a scattering pattern
was projected on the projecting screen. The scattering pattern re-
vealed the preferred orientation of collagen fibers. A circular scat-
tering pattern indicates a random orientation of collagen fibers, and
an elliptical scattering pattern indicates a preferred orientation (fig.
S1B). The elliptical scattering pattern with a larger eccentricity sug-
gests that a larger part of collagen fibers align to the preferred
orientation.

An intact BP membrane has a square shape with dimensions of
~12 cm by 12 cm. The alignment of collagen fibers in the membrane
may vary from region to region, so the membrane was divided into
smaller square areas (2 cm by 2 cm) by grid lines. Each square area
was detected using the laser, and the scattering patterns on the pro-
jecting screen were recorded using a digital camera. The eccentricity
and the direction of the short axis of the scattering patterns were
extracted using MATLAB. The preferred direction of collagen
fibers coincides with the short axis of the elliptical scattering
pattern. According to the eccentricity of scattering patterns, differ-
ent parts of the membrane were sorted into two groups. The parts
with eccentricity over 0.7 were sorted into groups where collagen
fibers align in a preferred direction. The parts with eccentricity
below 0.5 were sorted into groups where collagen fibers align ran-
domly. Samples of collagen fibers with preferred orientation were
used here.

Uniaxial tensile tests

The dog bone-shaped samples (2 mm by 12 mm) were cut perpen-
dicular to the preferred orientation of collagen fibers. The thickness
of samples was measured through an electrical spiral micrometer
with a resolution of 10 pm. Samples were immersed in deionized
water for 24 hours and then tested immediately to retain the hydra-
tion state. Samples were clamped tightly and stretched by a tensile
machine (Shimadzu AGS-X) with a load cell of 100 N and a stretch
rate of 0.03 s~'. The stress-stretch curves were recorded. The
nominal stress was calculated by dividing the force by the section
area of the undeformed sample. The stretch was defined by dividing
the current length of the sample by its undeformed length. To ac-
curately measure the stretch, we adopted the DIC method to cali-
brate the relation between the stretch and the global displacement
of clampers (fig. S12).

Fracture tests

The fracture tests were conducted with a method introduced by
Thomas (86). We prepared a rectangular BP membrane (width,
37.5 mm; height, 22.5 mm) and introduced a 15-mm-long precut
in the middle plane. The precut was parallel to the preferred orien-
tation of collagen fibers. Samples were immersed in deionized water
for 24 hours and then tested immediately to retain the hydration
state. Before the test, the samples were glued and sutured on four
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acrylic plates with cyanoacrylate and surgery threads to enhance the
clamping force. Samples were then clamped tightly, and the initial
height of the sample between two clampers was 10 mm. The
samples were stretched by a tensile machine (Shimadzu AGS-X)
with a load cell of 500 N at a stretch rate of 0.03 s~

The energy release rate is calculated by G = W(\)H, where W
denotes the energy per volume stored in the uncracked samples
and H denotes the height of samples in the undeformed state,
which is 10 mm in our tests. Considering the large statistical varia-
tion from sample to sample, we did not use uncut samples to calcu-
late the strain energy density, W. Instead, we directly used the area
under the stress-stretch curve of samples with precuts to determine
W. Here, the nominal stress was calculated by dividing the force by
the uncut section area of the undeformed samples because the strain
is almost homogeneous ahead of the crack tip (Fig. 3F).

DIC method

We sprayed black paint on the surface of the membrane to obtain
random speckles. As the sample was stretched, a charge-coupled
device digital camera was used to take images of speckles with 10
frames per second. The series of images were then analyzed by a
commercial software VIC-2D to extract the strain field.

In data analysis, the sample surface with speckle texture is sepa-
rated into many elements. Each element is ~200 um in length and
width in the undeformed state. Upon crack growth, the elements
penetrated by separated crack surfaces will be deleted (fig. S13A).
The deletion is implemented when the correlation coefficient of
speckle textures in the element is lower than a specific threshold.
By checking the deletion of elements, we can detect the crack
growth onset. By counting the number of deleted elements, we
measure the crack extension in the undeformed state (fig. S13B).

Fatigue tests

In fatigue tests, the samples were cyclically stretched at prescribed
amplitudes of stretch on a tensile machine (Shimadzu AGS-X) with
a strain rate of 0.3 s~ During fatigue tests, samples were submerged
in a homemade water chamber with deionized water to maintain the
hydration state (fig. S12A). We evaluated the influence of the
aqueous environment on the mechanical response of fixed BP
membranes. The swelling ratio shows that the fixed membrane
has only 5% change in mass after immersing 24 hours in saline sol-
ution (fig. S15A). The stress-stretch curves indicate that the aqueous
environment influences the mechanical response of fixed BP mem-
branes slightly (fig. S15B). During cyclic stretching, a digital camera
(Canon EOS 5DS) with 100-pm resolution was used to take a pho-
tograph every 15 min. For the uncut samples, we used the same di-
mensions and orientations of collagen fibers as those in uniaxial
tensile tests. Necking was taken as failure of the uncut samples,
and the corresponding number of cycles was recorded. For the
precut samples, we used the same dimensions and orientations of
collagen fibers as those in fracture tests. The crack tip was photo-
graphed using the digital camera. When a white damage zone
around the crack tip was observed, the number of cycles was
recorded.

The stress-stretch curves were recorded at the 1st, 10th, 100th,
1000th, 5000th, 10,000th, 20,000th, and 30,000th cycles. For the
precut samples, we calculated the energy release rate by
G = W(MN)H. Because the stress-stretch curves reached steady state
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after ~10,000 cycles, we determined the energy density, W, by the
area of the stress-stretch curves at the 10,000th cycle.

Small-angle x-ray scattering

BP strips with dimensions of 20 mm by 4 mm by 0.3 mm were cut
from the membrane using a laser cutter. The strips were tested using
a SAXS machine (SAXSpoint 2.0). The obtained diffraction patterns
were analyzed by the software Fit2D. The diffraction maxima occur-
ring at angles 20 to the x-ray beam (Bragg reflections) are given by
the equation: 2sin(8) = An/d, where n is the order of the reflection,
A is the wavelength of x-ray, and d is the spacing between the d-
bands on collagen fibrils.

In vitro accelerated fatigue test

The BP membranes and TPU membranes were cut into the shape of
valve leaflets with a laser cutter. The leaflets were then sutured on
polyethylene terephthalate fabric-covered expandable metallic
stents to assemble into transcatheter heart valves.

The transcatheter heart valves were mounted on an accelerated
wearing tester (TA Instruments, USA) to endure cyclically pulsive
flow. The transvalvular pressure gradient in diastole duration was
controlled to be 100 mmHg to simulate the in vivo conditions.
The frequency of the pulsive flow was ~15 Hz to accelerate the
experiment.

Supplementary Materials
This PDF file includes:

Table S1

Figs. S1 to S15
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