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PROGRESS AND POTENTIAL Artificial heart valves need to fulfill two fundamental mechanical requirements:
a low modulus to ensure opening and closing in cyclic pulsatile flow and a high fatigue threshold to prevent
crack growth. Inspired by the crimped fibrous structure of heart valves, we develop a composite of a polymer
network and a knitted fabric. The fatigue threshold of the composite increases by 50 times without compro-
mising its modulus. The composite shows an exceptionally long fatigue life, which can endure 25 million cy-
cles of pulsatile flow even with existing flaws, two orders of magnitude longer than the matrix of polyvinyl
alcohol. This work provides a critical index of performance to pursue, which is the fatigue life. The material
design strategy is universal and may stimulate more hydrogel composites with ultra-high fatigue life.

SUMMARY

Bovine pericardium, a tissue commonly used to make artificial heart valves, fulfills two fundamental me-
chanical requirements: a low modulus to ensure opening and closing in cyclic pulsatile flow and a high
fatigue threshold to prevent crack growth. The tissue consists of a soft matrix and crimped fibers.
Inspired by this architecture, we develop a composite of a soft polymer matrix and a knitted fabric.
When the stretch is small to modest, the knitted fabric is easily stretched, so that the composite is
soft. When the stretch is large, the knitted fabric is stiff and strong, so that the composite resists fatigue
crack growth. The mechanical behavior of the composite is comparable to that of bovine pericardium.
The composite has an exceptionally long fatigue life, enduring 25 million cycles of pulsatile flow, two or-
ders of magnitude longer than the polymer matrix. This soft and fatigue-resistant composite may find

broad applications in biomedicine.

INTRODUCTION

Biological tissues, such as muscle, vocal cord, and heart valve,
function by cyclic deformation. For instance, a heart valve regu-
lates blood flow by opening and closing 3 billion times in the life-
span of a person.'” Such a tissue fulfills two fundamental me-
chanical requirements: a low modulus to deform at a small force
and a high fatigue threshold to resist crack growth (Figures 1A
and 1B). The tissue fulfills the two requirements through a soft ma-
trix and crimped fibers®* (Figure 1C). When the stretch is small to
modest, the crimped fibers de-crimp, so that the tissue has a low
modulus.®™” When the stretch is large, particularly at a crack tip, a
de-crimped fiber is stiff and deconcentrates the stress by trans-
mitting tension over a long length of the fiber, so that the tissue

has a high fatigue threshold.® Inspired by the fibrous structure of
biological tissues, macroscopic fibers (e.g., carbon, glass fiber)
have also been embedded into polymeric matrix.>~'" The incorpo-
ration of stiff fibers can substantially increase strength and tough-
ness.'? However, the modulus of this composite is too high to be
stretchable, which is undesirable in some applications.

Here, we develop a composite of a polymer network and a
knitted fabric (Figure 1D). The polymer network functions as a
soft matrix, and the knitted fabric mimics the crimped fibers.
When the stretch is small to modest, the knitted fabric is stretch-
able, so that the composite is soft. When the stretch is large,
the knitted fabric becomes stiff, so that the composite resists
crack growth under cyclic stretch. The composite has mechan-
ical properties comparable to those of bovine pericardium, a
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Figure 1. Modulus and fatigue threshold of soft materials

(A) Modulus of biological tissues (red) and synthetic polymers (blue).

(B) Fatigue threshold of biological tissues (red) and synthetic polymers (blue).
(C) Crimped collagen fiber in a soft extracellular matrix.

(D) Knitted fabric in a polymer matrix.

(E) Comparison of composite and bovine pericardium.

biological tissue that is used extensively in artificial heart valves. = RESULTS

The composite has a low modulus of ~0.8 MPa and a high fa-

tigue threshold of 5,440 J/m? (Figure 1E). The composite endures  Fabrication of hydrogel composites

25 million cycles of pulsatile flow, which is two orders of magni- We demonstrate this design principle using a polyvinyl alcohol
tude longer than the matrix. (PVA) hydrogel as the soft matrix and a knitted fabric to mimic
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Figure 2. Structures of knitted fabric and composite

(A) Optical image of the knitted fabric. Scale bar, 100 um.

(B) The contact angle of water on knitted fabric. Scale bar, 1 mm.

(C) Scanning electron microscopy image of the composite. Scale bar, 50 um.

(D) Both PVA hydrogel and nylon fiber are semi-crystalline. The nylon fiber and PVA chain adhere through hydrogen bonds.

(legend continued on next page)
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crimped fibers. PVA hydrogel was selected because of its good
mechanical properties and biocompatibility.'*'* The gel is a poly-
mer in which crystalline domains crosslink swollen polymer
chains.'*'® The knit is made of nylon fibers with periodic loops
(Figure 2A). Also marked are two orientations of the knit: wale
and course. Scanning electron microscopy (SEM) images show
how the individual filaments are wound into fibers and how the fi-
bers are looped into a crimped structure (Figure S1). The diame-
ters of an individual filament and fiber are ~10 and ~100 um,
respectively. The fine filament causes minimal damage to the ma-
trix during deformation.° It is also noted that a small amount of
spandex fiber is typically added to enhance the formability of
the fabric in industrial production. The knit shows good hydrophi-
licity. The contact angle of water on the knit decreases to 30°
within 5 s (Figure 2B). This enables effective penetration of the hy-
drogel precursor into the fabric gaps through capillarity.

We fabricate the composite as follows (Figure S2A). We
dissolve PVA powder in water at an elevated temperature. We
submerge the knit in the PVA solution and freeze-thaw the knit
solution to form PVA crystalline regions. The PVA crystalline re-
gions crosslink the PVA chains, resulting in a polymer network
for the PVA hydrogel.?"?* The knit and the hydrogel form a com-
posite (Figure S2B). The composite is then dried to increase the
crystallinity of the PVA matrix (Figure S2C). Submerged in water,
the composite swells, but the PVA with increased crystallinity re-
duces the amount of swelling in equilibrium.?® The composite
with fully swollen PVA hydrogel has good flexibility and stretch-
ability (Figure S2D). SEM images show that the knit is well
covered by the matrix, with matrix filling between the nylon fi-
bers, as well as nylon fiber bundles (Figure 2C). To assess the
adhesion between PVA and nylon, fiber pull-out tests are con-
ducted to measure the interface strength®?* (Figure S3). The
nylon fiber is gradually pulled out from the PVA matrix and breaks
during the pull-out process, indicating a good adhesion. The
interfacial strength is 0.35 MPa.

We attribute the strong adhesion to multiple hydrogen bonds
between the nylon and PVA during the preparation process.
The nylon has amide groups and carbonyl groups, and PVA
has hydroxyl groups. These groups form hydrogen bonds in
the crystalline regions in nylon and in PVA, as well as between
nylon and PVA chains (Figure 2D). In the freeze-thaw process
of the composite, crystalline regions form in the PVA, creating
a three-dimensional polymer network. The hydroxyl groups on
the PVA establish hydrogen bonds with the carbonyl groups on
the nylon fibers.?® The subsequent drying process reduces the
binding of water molecules to hydroxyl groups on PVA, which
disrupts the formation of hydrogen bonds between nylon and
PVA chains. By contrast, if there is no drying treatment, these
hydrogen bonds are easily disrupted by water molecules when
the matrix undergoes significant swelling.

To understand the molecular picture, we conduct a molecular
dynamics (MD) simulation between the nylon and PVA chains us-

Matter

ing the open-source software GROMACS. For short segments,
hydrogen bonds exist between nylon and PVA, PVA and PVA,
and nylon and nylon (Figure S4). We establish three model sys-
tems. For a mixture of nylon and PVA without any water, we fix
a ratio of the number of repeat units of nylon over that of PVA
at 1:6. For an as-made composite, we fix a ratio of the numbers
of repeat units of nylon, PVA, and water molecules at 1:6:20. For
a composite equilibrated with pure water, we fix a ratio of the
numbers of repeat units of nylon, PVA, and water molecules at
1:6:10. For each model system, the molecular configuration is
first adjusted to minimize the potential energy. Then, MD simula-
tion is carried out to account for the kinetic energy (Figure 2E).
The probability distribution of the lengths of hydrogen bonds be-
tween nylon and PVA has a peak at 1.96 A for the dried PVA-
nylon mixture, 1.96 A for the as-made composite, and 2 A for
the composite equilibrated with pure water (Figure 2F). These
short lengths of hydrogen bonds indicate the formation of strong
hydrogen bonds in MD simulations.® For each model system,
we count the number of hydrogen bonds between nylon and
PVA over the simulation time (Figure 2G). The average number
of hydrogen bonds per repeat unit of PVA is 0.35 for the dry
PVA-nylon mixture, 0.15 for the as-made composite, and 0.24
for composite equilibrated with pure water (Figure 2H). These
simulations neglect phase separation. In the hydrogel, the nylon
and PVA form dry domains that function as crosslinks. This
phase separation requires larger time and length scales for all-
atom simulations.

To demonstrate the unique role of the PVA hydrogel, we alter-
natively use polyacrylamide (PAAm) hydrogel to prepare the
composite. The fiber bundles can easily separate from the
PAAmM matrix after swelling (Figure S5), despite the surface treat-
ment of the knit.?” This indicates that the PAAm matrix does not
have adequate interactions with nylon fibers after swelling, re-
sulting in the weak interface bonding.

Tension behavior

We demonstrate that the composite has outstanding tension
properties that are comparable to those of bovine pericardium.
The composite exhibits a J-shaped stress-stretch curve (Fig-
ure 3A). When the stretch is small to modest, it has a low
modulus for easy stretching. In this state, the contribution of
the knit to the modulus is minimal because of the crimped
structure, and the soft matrix primarily determines the modulus.
When the stretch is large, the fiber straightens through bending
that results in high strength. The modulus of the composite lies
between that of the PVA matrix and bovine pericardium, but the
strength of the composite is higher than both of them. To eluci-
date the role of the crimped structure, we also prepare com-
posite reinforced by woven fabric with straight fibers.?® This
composite has a linear stress-stretch curve, lacking the
J-curve behavior and large stretchability® (Figure S6). We
compare various materials and tissues in the plane of strength

(E) Molecular dynamics simulation of the material system, including nylon, PVA, and water.
(F) The probability distributions of hydrogen bond length between PVA and nylon.

(G) The number of hydrogen bonds fluctuates with the simulation time.

(H) The average number of hydrogen bonds changes with the number of water molecules.
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(A) Stress-stretch curves of bovine pericardium, hydrogel composite, and PVA matrix.

(B) Comparison of various materials on the plane of modulus and strength.

and modulus (Figure 3B). The composite exhibits a low
modulus of 0.8-1 MPa and a high strength of 13 MPa, compa-
rable to that of bovine pericardium.® The strength of the com-
posite is close to that of the fabric, measured at 15 MPa.
Because fiber breakage is a major contributor to the strength
(Figure S7). Then, we also characterize the fracture properties
of the composite. The critical stretch of the composite sur-
passes that of both the PVA matrix and bovine pericardium
(Figure S8A). The crack propagates in the composite when
the fiber breaks, so that the stress-stretch curve shows a
zigzag shape (Figure S8B). The stress at the crack tip decon-
centrates to improve the fracture toughness. We compare
various materials and tissues in the plane of the toughness
and modulus (Figure S8C). The composite exhibits a low
modulus and a high toughness of 53 kJ/m?, higher than muscle
and bovine pericardium.

Fatigue resistance
We characterize fatigue crack growth in the course direction as
follows. Introduce a precut in each specimen in the course direc-
tion, and apply the cyclic load of a fixed amplitude of energy
release rate G. In our experiment, the shortest crack growth
that can be resolved in a microscope is 20 um, and the largest
number of cycles is 30,000. Consequently, the lowest growth
rate resolved in our experiment is 0.67 x 10~° m/cycle. The cy-
clic stretch gradually pulls the fiber out on the crack plane, and a
bridging zone is formed (Figure 4A). At the crack tip, the high
stress is deconcentrated over several loops of the bridging fiber.
For each amplitude of energy release rate, the crack growth, c, is
a function of the number of cycles, N (Figure 4B). We further
characterize fatigue crack growth in the wale direction. When
the sample is cyclically stretched, the fiber aligns perpendicu-
larly to the crack plane and forms a fiber-bridging zone instantly
(Figure 4C). For each amplitude of energy release rate, cis also a
function of N (Figure S9).

We identify two thresholds, G, and G,. When G < G,, the crack
does not grow. When G, < G < Gy, the crack grows and arrests.

The fiber forms a bridging zone and does not break. The bridging
fiber deconcentrates stress at the crack tip and inhibits further
crack growth. When G > G, the bridging fiber breaks, and the
crack does not arrest (Figures S10 and S11). The crack arrest
length, c,, is a function of the amplitude of energy release rate,
G (Figure 4D). For the precut in course direction, G, = 124 J/m?
and G, = 4,880 J/m?. At Gy, the crack arrest length is ¢, =
3.73 mm. For the precut in wale direction, G, = 1,450 J/m? and
Gp = 5,173 J/m?. At Gp, the crack arrest length is c, = 1.28 mm.
The crack growth in the two directions has similar values of Gp.
This observation is not unexpected because G, denotes the fa-
tigue resistance of the material to fiber break, and the strength
of the fiber is independent of the direction of crack growth. The
crack growth in the two directions has markedly different values
of Ga.

To understand the difference, we visualize the evolution of knit
geometry by finite element simulations. The knit structure in
simulation closely mimics that used in the experiments. The
number of loops in the simulation does not completely match
the experimental conditions, as doing this would significantly in-
crease computational complexity. For the crack in course direc-
tion, the bridging fiber forms by fiber pull-out, and the crack
grows (Figure 4E; Video S1). In contrast, for the crack in the
wale direction, the bridging zone forms by fiber rearrangement.
As stress transfers to the knit loops by contact, friction is
induced. The maximum friction force of the first loop at the crack
front is a function of normalized stretch (Figure 4F). For the crack
growth in the course direction, the contact friction increases to
0.082 N, then drops to 0 at a normalized stretch of 1.18. The
low friction is insufficient to maintain the knit geometry structure,
resulting in the pull-out of the fiber. For the crack growth in the
wale direction, the friction between loops increases and fluctu-
ates around a high friction of 3 N. This friction is one order of
magnitude higher than that of the crack growth in the course di-
rection, so that the fiber is difficult to pull out. The difference in
friction leads to different bridging zones, which influences G,
greatly. We further simulate a sparse knit structure with a lower
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Figure 4. Fatigue crack growth

(A) Schematic of the fatigue crack growth in course direction.
(B) Crack growth c as a function of the cycle number N.

(C) Schematic of the fatigue crack growth in the wale direction.
(D) Crack arrest length c, as a function of energy release rate G.
(E) Stress contour of the knit with a precut during stretching.
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(F) The contact friction of loops is different for the crack growth in two directions.

density and sparser loop arrangement. Figure S12 shows that
the crack grows to a longer distance by fiber pull-out under the
same stretch. This proves the rationale to choose a fabric with
dense loop structure as the fabric in our experiment. Moreover,
we find that when a loosely knitted fabric is used, the precut po-
sition can influence the mechanical properties. If the crack tip is
in the matrix, then the crack will propagate in the matrix first. If
the crack tip is in front of the fiber, then it can propagate when
the fiber breaks (Figure S13). In this work, we use a densely

6 Matter 8, 101926, February 5, 2025

knitted fabric, and the precut location almost does not affect
the fiber breakage location. This knit structure features high
loop density and increased friction, which prevents the fibers
from slipping out of the loops and minimizes the impact of precut
location.”?*° Additionally, we study the damage of the uncut
composite under cyclic stretch with a prescribed amplitude (Fig-
ure S14). The stress-stretch curve can shake down to a steady
curve after 30,000 cycles. The SEM image shows that the fibers
do not damage the matrix.
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Figure 5. Fatigue of multi-layered composite
(A) Schematic of multi-layered composite.

(B and C) At the same stretch, the fatigue crack grows in the (B) single-layered composite, but it stops in the (C) multi-layered composite. Scale bar, 1 mm.
(D and E) Saturated crack arrest length (D) and fatigue threshold for single-layered and multi-layered composites (E).

(F) Comparison of modulus and fatigue threshold of various materials.

Multi-layered composite

For hydrogel-fabric composite, the knit structure is damaged
to establish a fiber-bridging zone, which resists fatigue crack
growth. The large crack arrest length leads to the material dam-
age, which is undesirable for applications. How to resist fatigue
crack growth in multiple directions with minimal crack arrest
length remains an issue. Biological tissues can resist fatigue
crack growth in all directions, since the tissues often have multi-

ple layers of collagen fibers aligned in different directions. To
visualize the crimped structure of collagen fibers, we conduct
second harmonic generation (SHG) observations on bovine peri-
cardium.®"*? The SHG images show the multi-layered structure
of crimped collagen fibers, where different layers have different
predominant fiber directions (Figure S15).

Inspired by this structure, we stack two layers of knits orthog-
onally and embed them into a hydrogel matrix (Figure 5A). In this
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design, the vertical and horizontal directions are symmetric.
Thus, one direction is selected to characterize the fatigue resis-
tance. We compare the crack growth between single-layered
and multi-layered composites. At the same stretch of A = 2, the
crack in course direction grows a length of 3 mm in the single-
layered composite (Figure 5B), but the crack almost does not
extend in the multi-layered composite (Figure 5C). This is
because the fibers at the crack tip need to be pulled out over a
longer distance to form an effective fiber bridge zone when crack
growth in course direction of single-layered composite. In
contrast, for multi-layered composites, fibers at the crack tip
do not slip out of the loop in multiple directions. This allows a fi-
ber-bridging zone to form without fiber pull-out, resisting crack
growth. We record the relation between ¢ and N, and plot the
crack arrest length c, as a function of the amplitude of energy
release rate G (Figure S16). Then, we summarize the fatigue
thresholds and maximal crack arrest length of multi-layered
and single-layered composites. The maximal crack arrest length
reaches 0.96 mm for the multi-layered composite, which is
smaller than that of the single-layered composite in two direc-
tions (Figure 5D). The fatigue threshold G, of the multi-layered
composite is 5,440 J/m? (Figure 5E). G, is comparable for three
cases, since it is related to the break of fiber with the same
strength (Figure S17). The threshold G, of the multi-layered com-
posite is 1,650 J/m?, close to that of crack growth in the wale
direction of the single-layered composite, but significantly
higher than that of course direction. We compare the fatigue
threshold G, versus modulus for various hydrogels and biolog-
ical tissues (Figure 5F). Bovine pericardium exhibits a high fa-
tigue threshold of 4,300 J/m? and a low modulus of ~1 MPa.?
By mimicking its multi-layered structure of crimped fiber, the
composite in this work can also achieve a high fatigue threshold
of 5,440 J/m?, while maintaining a low modulus of ~0.8 MPa. The
results confirm that the multi-layered structure can resist fatigue
crack growth with minimal crack arrest length.

The multi-layered composite can mimic the bovine pericar-
dium in many aspects. We compare the mechanical properties
between the composite, bovine pericardium, and PVA matrix
(Figure S18). The modulus of the composite is close to that of
the PVA matrix and is lower than that of bovine pericardium.
The strength of the composite is 13 MPa, close to that of bovine
pericardium (12 MPa). Moreover, the composite exhibits a
toughness of 53 kJ/m2, markedly higher than that of the PVA ma-
trix (2.8 kJd/m?) and that of bovine pericardium (23 kJ/m?). Addi-
tionally, the composite has a fatigue threshold of 5,440 J/m2,
comparable to that of bovine pericardium (4,300 J/m?), and 50
times higher than that of the PVA matrix (121 J/m?).

Ultrahigh cycle fatigue test

In the following, we aim to evaluate whether this hydrogel has the
potential to be used in artificial heart valves with an extraordi-
narily long fatigue life. When a person has heart valve disease
and requires replacement surgery, the minimally invasive sur-
gery can be conducted.®® This requires the artificial heart valve
to be cut into leaflets and sutured onto metal scaffolds. The
entire assembly, including the metal scaffold and leaflets, is
delivered to the lesion position via a catheter. To verify whether
the fatigue life of synthetic materials can meet the requirement
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of artificial heart valves, accelerated fatigue tests are conducted
in accordance with ISO 5840 standards. The composite is cut
into three leaflets, which are sutured to a metal holder (Figure 6A).
In this process, suture holes are introduced into the composite
as initial flaws (Figure S19), which may propagate during the
fatigue test.>** The assembly of leaflets and metal holder is
mounted onto an accelerated wear testing machine to undergo
cycles of pulsatile flow at a frequency of 15 Hz (Figures 6B and
6C). A high frequency is used to reduce the long duration of fa-
tigue tests. For the normal physiological frequency, the same cy-
cle number could take several years or even decades. For com-
parison, the leaflets made of the PVA hydrogel are also
fabricated. The PVA hydrogel valve is soft enough to allow
smooth opening and closing (Video S2), but it grows multiple
cracks after ~200,000 cycles (Figure 6D). In contrast, the com-
posite valve remains intact even after ~25 million cycles (Fig-
ure 6E; Video S3). The composite shows an exceptionally long
fatigue life, which is two orders of magnitude higher than that
of PVA hydrogel and one order of magnitude higher than that
of thermoplastic polyurethane (TPU)® (Figure 6F).

We examine the tested composite and find that the suture hole
does not grow any cracks after ultrahigh cycles of loading (Fig-
ure S20A). The surface morphology of the leaflet close to the su-
ture hole shows negligible damage to the matrix (Figure S20B).
Additionally, the cross-sectional image shows that the multi-
layered fabrics remain interconnected through the matrix,
without obvious delamination (Figure S20C). We also evaluate
the suture retention capability of the composite. The PVA hydro-
gel can be easily cut by the suture thread, while the composite
can resist crack propagation (Figure S21). The composite ex-
hibits a peak suture force of 18 N, significantly higher than that
of the PVA hydrogel, 0.4 N.

DISCUSSION

We have developed a knit-hydrogel composite with mechanical
properties comparable to bovine pericardium. Inspired by the
multi-layered structure of collagen fibers in the biological tissue,
we embed multi-layers of knitted nylon fabrics in a PVA hydrogel
matrix. When the stretch is small to modest, the knitted fabric is
easily stretched, so that the composite is soft. When the stretch
is large, the knit becomes stiff and resists crack growth under cy-
clic stretch, so that the composite has a high fatigue threshold. The
knit amplifies the fatigue threshold by 50 times without increasing
the modulus. The composite shows an exceptionally long fatigue
life, which can endure 25 million cycles of pulsatile flow even
with flaws, two orders of magnitude longer than that of the matrix.
The fatigue life of this hydrogel composite is among the highest
ever reported. This strategy for designing soft and fatigue-resistant
material is universal for other polymeric composites. It is hoped
that such a bioinspired composite will promote applications such
as soft robotics, flexible sensors, and tissue implants.

EXPERIMENTAL PROCEDURES

Materials
PVA (molecular weight 146,000-186,000; 99+% hydrolyzed) and N,N’-
methylene bis(acrylamide) (MBAA) were purchased from Sigma-Aldrich.
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Acrylamide (AAm) was purchased from Macklin. 2-Hydroxy-4'-(2-hydrox-
yethoxy)-2-methyl-propiophe (I12959) was purchased from Aladdin. The
deionized water was purified by BDPV-II-20H. All the chemicals were
used as purchased without further purification. The knitted fabric, nylon
fiber, and suture thread were purchased from a local market. The knitting
method was weft knitting. The fabric weight was 90 g/cm?. The underfill
coefficient was 13. The wale-wise density of the fabric was 108 loops/
50 mm, and the course-wise density of the fabric was 134 loops/50 mm.
Commercial-grade bovine pericardium membranes treated with glutaralde-
hyde were provided by Shanghai NewMed Medical Company (China). The
bovine pericardium for mechanical tests here was chosen by small-angle
light scattering with the same collagen fiber orientation of the previous
work. %%

A) Schematic of the leaflets stitched to a metal holder, where the suture hole may grow cracks.
B) The specimen is mounted onto an accelerated wearing test machine, along with the metal holder.

Synthesis of hydrogels

The fabric was initially soaked overnight in a mixed solution containing 90 wt %
alcohol and 10 wt % acetone to eliminate the oil and wax on the fabric surface.
The preparation process for the composite with a PVA hydrogel matrix was as
follows. We used a glass plate and a silicone spacer as a mold, with the silicone
spacer being slightly thicker than the fabric. PVA particles were added to de-
ionized water and dissolved in an oven at 95°C to form a homogeneous solu-
tion with a PVA mass fraction of 10 wt %. We poured the PVA solution onto the
glass plate, ensuring that its thickness was approximately half that of the sili-
cone spacer. After placing the fabric in the mold, the hydrophilicity of the fabric
allowed the solution to penetrate the holes between fabric yarns within a few
seconds. We then added excessive PVA solution to fill the entire mold. We
covered the mold with another glass plate. The mold was frozen at —20°C
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for 12 h and subsequently thawed at room temperature for 3 h. After this, we
carefully removed the mold and obtained the as-made composite. The com-
posite was then dried in an oven at 40°C for 2 h to enhance the interface.
Finally, the composite was immersed in deionized water for 24 h to achieve
complete swelling.

For the composite with a PAAmM hydrogel matrix, the precursor solution was
prepared with 24 wt % AAm, 0.02 wt % MBAA, and 0.01 wt % 12959. The pre-
cursor solution was poured into the mold and irradiated with a UV light (40 W)
for 4 h for polymerization.

The preparation process for the pure PVA hydrogel was as follows: 10 wt %
PVA solution was poured into a mold assembled with two glass plates and a
silicone spacer. The mold was frozen at —20°C for 12 h and subsequently
thawed at room temperature for 3 h to obtain the freeze-thawed PVA hydrogel.
The freeze-thawed PVA was then dried in an oven at 40°C for 2 h before fully
swelling. For PVA hydrogels used in suture retention tests and ultrahigh cycle
fatigue tests, the freeze-thawed PVA hydrogel was further annealed ina 100°C
oven for 1 h before fully swelling to increase the fatigue resistance.

Fiber pull-out test

The fiber pull-out test was conducted using a mechanical testing machine (Shi-
madzu AGS-X, 100 N loading cell) at a speed of 50 mm/min. The specimen was
cut into a rectangle with a gauge width of 20 mm. A nylon fiber was embedded
in the middle of the specimen. The edges of the specimens were fixed to the
acrylic sheets. The matrix was cut at one position to make an embedded length
of fiber of 60 mm. The test schematic is shown in Figure S3. The interfacial
strength was calculated through dividing the peak pull-out force by the contact
area between the matrix and the yarn.

Uniaxial tensile test

The uniaxial tensile tests were conducted using a mechanical testing machine
(Shimadzu AGS-X, 100 N loading cell) at a speed of 50 mm/min. The specimen
was cut into a dumbbell shape with a gauge width of 2 mm and gauge length of
12 mm. The stress was defined by the force divided by the initial cross-
sectional area of the specimen. The stretch was defined by the displacement
divided by the undeformed length of the specimen. The modulus of the mate-
rial was determined by fitting the slope of the initial linear part of the stress-
stretch curve.

Fracture test

The fracture tests were conducted following the procedure described by Riv-
lin and Thomas.® The specimen was cut into a rectangle with a width of
50 mm and a height of 30 mm. For the notched specimen, a 20-mm pre-
crack was introduced in the middle plane. The edges of the specimens
were fixed to the acrylic sheet to ensure that the gauge height H was
10 mm. The thickness of each individual specimen was measured by a
micrometer screw before the test. All specimens were stretched by the
testing machine (Shimadzu AGS-X, 500 N loading cell) at a speed of
50 mm/min. The critical stretch A, was determined based on the starting
point of crack propagation. The toughness I was calculated by multiplying
by the initial gauge height H as I = W(k)H, where W denotes the area under
the stress-stretch curve of the unnotched specimen.

Fatigue test

In fatigue tests, the specimen was cyclically stretched at prescribed ampli-
tudes of stretch A using a mechanical testing machine with a strain rate of
157", The test was conducted in water to prevent dehydration during the pro-
longed loading process. The specimen was cut into a rectangle with a width of
50 mm and a gauge height H of 10 mm. The thickness of each individual spec-
imen was measured by a micrometer screw before test. For the precut spec-
imen, a digital microscope was used to record the crack propagation during
cyclic stretch. The energy release rate was calculated by G = W(M)H. In the
case of crack arrest, the energy release rate G was calculated using the
stress-stretch curve at the 30,000 cycle. In the case of long crack propaga-
tion, the energy release rate G was calculated using the last stress-stretch
curve before fiber break.
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Suture retention test

The suture retention test was conducted following the procedure described by
Mazza et al.>"**® The suture thread was passed through the specimen using a
needle and secured with a knot. The specimen was cut into a rectangle and
clamped onto an acrylic holder. Both the gauge width and height of the spec-
imen were 10 mm. All specimens were stretched using the mechanical testing
machine at a speed of 50 mm/min, and the process was recorded using a dig-
ital microscope.

SEM characterization

SEM characterization was conducted to observe the microstructure of hydro-
gel composite and knitted fabric. All specimens were first swollen to equilib-
rium and freeze-dried using a freeze-dryer to remove the moisture. The
freeze-dried specimens were then cut to observe the surface morphology
and cross-section and sputtered with gold for the observation in a scanning
electron microscope (Hitachi SU3500).

Contact angle measurement

The contact angle measurement was performed on a drop shape analyzer
(Kriiss DSA100). The liquid drop was deionized water, and the drop volume
for each test was 2 L.

SHG characterization

The bovine pericardium membranes were imaged using a multiphoton micro-
scope (Leica SP8 DIVE) equipped with a 25x water-immersion objective lens.
The excitation wavelength was set at 820 nm. The collagen fiber was detected
in channel 1, which was set between 397 and 420 nm. The image resolution
was set at 1,024 x 1,024 pixels, with a pixel size of 420 um/pixel. The mem-
branes were hydrated in PBS buffer and placed between a glass slide and a
glass coverslip during imaging. The specimen size was 2 x 2 cm, and three-
pixel positions on the same specimen were randomly selected during observa-
tion. The specimens were scanned from the top to the bottom in the z axis di-
rection, capturing images of each layer at a depth of 5 um. In the final analysis,
the depths of 10 and 40 um were taken to distinguish the main direction of
collagen fibers.

Ultrahigh cycle fatigue test

In the test, the specimens were cut into three leaflets and sutured onto a metal
holder. Then, the specimens were mounted to the accelerated wearing test
machine (TA Instruments, USA) along with the metal holder to endure cyclic
pulsatile flow. The pressure gradient of the pulsatile flow in the tests had an
amplitude of 100 mm/Hg and a frequency of ~15 Hz.

MD simulation

The open-source software GROMACS was employed to conduct MD simula-
tion.*® Simplified models of the molecular chains were constructed, where
PVA with 15 repeating units and nylon chain with 5 repeating units were
used to reduce the calculation time. Packmol, a free software package, was
used to build a simulation system with periodic boundary conditions.*® For
the as-made composite, the simplified system had 20 PVA chains, 10 nylon
chains, and 1,000 water molecules. For the dried composite, the simplified
system included only 20 PVA chains and 10 nylon chains. For the equilibrated
composite, the simplified system comprised 20 PVA chains, 10 nylon chains,
and 500 water molecules. The force field was OPLS-AA for PVA and nylon and
TIP3P for water. The steep descent method was used to minimize the potential
energy. The three systems were subjected to 100-ps NVT (number of particles
[N], volume [V], and temperature [T]) ensemble simulation, 100-ps NPT (num-
ber of particles [N], pressure [P], and temperature [T]) ensemble simulation,
and 2-ns equilibrium MD simulation. During simulation, the V-rescale method
was used for temperature coupling. The Parrinello-Rahman method was used
for pressure coupling. The short-range van der Waals cutoff and electrostatic
cutoff were set at 1.0 nm. The trajectories of the final 1,000-ps MD simulation
were used for hydrogen bonds analysis. The number and length distribution of
hydrogen bonds between nylon and PVA chains in the material system were
statistically analyzed by GROMACS, and the trajectories were visualized using
VMD software.*’
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Finite element calculation

The commercial finite element software suite ABAQUS was used to simulate
the deformation of knits with precuts. The mesh element type of knit was
C3D8R (Figure S22). The tangential contact friction formulation was penalty
and the friction coefficient was 0.1. The normal contact was set as hard con-
tact to avoid mesh penetration. ABAQUS/Explicit was used to avoid conver-
gence problems due to the complex contact conditions and nonlinear effects
of knit loops. The normalized stretch was defined by the displacement divided
by the length when the loop came into contact. The contact friction force was
defined as the maximal tangential force of the elements at the crack front.
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