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Strong fatigue-resistant nanofibrous hydrogels
inspired by lobster underbelly

Jiahua Ni,1,9 Shaoting Lin,1,9 Zhao Qin,2,9 David Veysset,3,4,5 Xinyue Liu,1 Yuchen Sun,3,4 Alex J. Hsieh,6

Raul Radovitzky,3,7 Keith A. Nelson,3,4 and Xuanhe Zhao1,8,10,*
Progress and potential

Nanofibrous hydrogels are

pervasive in animal and plant

bodies. Most biological

nanofibrous hydrogels can

maintain their high strength and

high toughness under cyclic loads

by optimizing their hierarchical

assembly. However, such superior

mechanical properties are rarely

achieved in synthetic nanofibrous

hydrogels. Here, we explore the

possibility of engineering a

bouligand-type, welded, and

high-crystalline fibril structure in

synthetic hydrogels, which gives

highly enhanced strength and

toughness over long-term
SUMMARY

Nanofibrous hydrogels are pervasive in animal and plant bodies and
have been widely seen in engineering applications. Electrospinning
is one of the most widely used methods for the fabrication of nano-
fibrous hydrogels. Whereas the biological nanofibrous hydrogels
canmaintain high strength and high toughness undermultiple cycles
of mechanical loads, such fatigue-resistant properties have not been
achieved in electrospun nanofibrous hydrogels. Here, we report a
bioinspired design of strong and fatigue-resistant nanofibrous hy-
drogels that can closely mimic the bouligand structure of the natural
hydrogel in the lobster underbelly. The resultant nanofibrous hydro-
gel can reach high nominal strength up to 8.4 MPa and high fatigue
threshold up to 770 J/m2. We further demonstrate the superior
impact resistance of the bioinspired bouligand-type nanofibrous hy-
drogel with specific penetration energy of 40 kJ/kg. We show that it
is critical to weld the interfaces between nanofibers and introduce
intrinsically high-energy phases (nanocrystalline domains) into
nanofibers.
dynamic loading. The resultant

nanofibrous hydrogel also shows

superior impact resistance, further

suggesting its potential as the

next-generation flexible

protective fabric.
INTRODUCTION

Nanofibrous hydrogels are pervasive in the bodies of animals1 and plants.2 Owing to

the merits of high porosity, high water content, and biocompatibility,3–6 nanofibrous

hydrogels have been explored in diverse applications, including tissue regenera-

tion,7–9 ionic skin,10 hemostatic dressings,11 cartilage repair,12 imperceptible textile

sensors,13,14 printable electrodes for flexible implants,15 tissue adhesives,16,17 and

small-scale bio-robots.18 Electrospinning represents one of the most widely used

methods for fabricating nanofibrous hydrogels, since electrospinning gives rela-

tively uniform fiber diameters and tunable fibrous architectures.3 Existing electro-

spun nanofibrous hydrogels19–22 are typically weak and fragile because of the low

strength of nanofibers and the weak interface between nanofibers. In particular,

when an electrospun nanofibrous hydrogel is hydrated, the presence of water grad-

ually swells the nanofibers and attacks the interface between nanofibers, leading to a

weak and brittle nanofibrous network. Efforts have been made by introducing strong

chemical crosslinks to enhance the strength and toughness of nanofibrous hydrogels

under a single cycle of mechanical load.23,24 However, such reinforced nanofibrous

hydrogels are still susceptible to fatigue failures under multiple cycles of mechanical

loads.25

A bouligand structure is common for mineralized natural materials and has been

widely reproduced in synthetic hard materials.26 However, engineering bouligand

structure in soft hydrogels has been challenging. A recent study reports that the
Matter 4, 1919–1934, June 2, 2021 ª 2021 Elsevier Inc. 1919

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2021.03.023&domain=pdf


ll
Article
soft membrane in the lobster underbelly is also composed of the bouligand multi-

layered structure, which imparts the natural hydrogel with an extremely high fracture

toughness (i.e., 24.98 MJ/m3) and tensile strength (i.e., 23.36 MPa) under cyclic

loading.27 Here, we report a bioinspired design of strong and fatigue-resistant nano-

fibrous hydrogels that can closely mimic the bouligand structure of soft membranes

in lobster underbelly (Figure 1). The bouligand-type nanofibrous hydrogel achieves

a high nominal strength up to 8.4 MPa and fatigue threshold up to 770 J/m2 for elec-

trospun nanofibrous hydrogels. In addition, it can bear 3,000 times its weight at the

dry state after prolonged cyclic loading under the tensile stress of 1 MPa, and

possess the superior specific penetration energy of 40 G 5 kJ/kg at the hydrated

state for superior impact resistance, comparable with that of polyethylene. We pro-

pose that it is critical to weld the interfaces between nanofibers and introduce intrin-

sically high-energy phases (i.e., nanocrystalline domains) in nanofibers (Figure 2). To

validate this hypothesis, we chose polyvinyl alcohol (PVA) as amodel material system

of nanofibrous hydrogels with tunable crystallinities in nanofibers and adjustable in-

terfaces between nanofibers. We show that the PVA nanofibrous hydrogels with

both high-crystalline nanofibers and welded interfaces between nanofibers can

reach a high strength of 3.5MPa and high fatigue threshold of 600 J/m2, comparable

with the corresponding properties of biological nanofibrous hydrogels.28 Our simu-

lations of the nanofibrous network further quantify the contribution of interfacial

strength between nanofibers to the overall strength of the nanofibrous network. In

addition, we develop a theoretical model that accounts for the relationship between

the nanofibrous structures and the fatigue threshold of the fibrous networks. This

work suggests the potential of our nanofibrous hydrogels as flexible hydrogel-based

protective fabrics and textile electronics.
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RESULTS

Design and fabrication of nanofibrous hydrogels

Our method to fabricate the strong and fatigue-resistant nanofibrous PVA hydrogels

is based on a unique approach involving the sequential processes of electrospin-

ning, welding, and dry annealing (Figure S1). We first use high voltage (i.e., 10 kV)

to eject charged threads of PVA polymer solution to form a nanofibrous PVA film

on a flat collector.29 Upon collection, the electrospun nanofibrous PVA film usually

gives weak interfaces between neighboring nanofibers; consequently, the neigh-

boring layers of nanofibers can even form gaps in between, as manifested by the

scanning electron microscopy (SEM) images in Figure 3A. In addition, each nano-

fiber has a relatively low crystallinity of 11.4 wt% in the dry state (Figure 3F),

measured by differential scanning calorimetry (DSC) (Figure 3H). We take the elec-

trospun nanofibrous PVA film upon collection as a control sample of the nanofibrous

hydrogel with low crystallinity and weak interface (Figure 3A).

After the electrospinning process, we weld the interfaces between nanofibers

through a process of water vapor exposure.3 Specifically, the electrospun nanofi-

brous PVA film is transferred into a humidity chamber and exposed to water vapor.

The water vapor gradually dissolves the outermost surfaces of the PVA nanofibers,

and a welded interface forms between adjacent nanofibers (Figure 3C).3 The slight

increase of the fiber diameter from 750 nm to 1.1 mmmanifests the welding-assisted

deformation of the PVA nanofibers (Figures 3E and S2). While the strength of the

welded nanofibrous network increases with the water vapor exposure time, overex-

posure of water vapor can fully dissolve the PVA nanofibers, giving an impaired

nanofibrous structure.3 Therefore, we set a moderate water vapor exposure time

of 6 min to ensure strong interfaces between nanofibers while preserving the
1920 Matter 4, 1919–1934, June 2, 2021
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Figure 1. Bioinspired design of strong and fatigue-resistant nanofibrous hydrogels

(A) The natural hydrogel membrane in a lobster underbelly is composed of the bouligand-type multi-layered structure with a 36� rotation between the

adjacent layers of aligned chitin fibers. The chitin fibers contain alternating amorphous and nanocrystalline chitin, which are long-chain poly-N-

acetylglucosamine at the molecular level.

(B) We designed synthetic nanofibrous hydrogels that closely reproduce the bouligand structure of the natural hydrogel membrane in a lobster

underbelly, and can be potentially used as flexible protective fabrics materials. A single layer in the bouligand structure consists of aligned fibers, and

each fiber contains amorphous and nanocrystalline PVA.
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nanofibrous PVA structure. To introduce substantial nanocrystalline domains in

nanofibers, we further dry the welded PVA nanofibrous film in an incubator at

50�C for 0.5 h, followed by annealing at 100�C for 1 h. The crystallinity of the dry-an-

nealed sample substantially increases up to 41 wt% in the dry state (Figures 3F and

3H). The average size of the nanocrystalline domains in the dry-annealed sample is

measured to be 3.7 nm (Figures 3G and 3I), greater than that of the sample upon

collection (i.e., 1.8 nm, Figures 3G and 3I), indicating the growth of nanocrystalline

domains upon dry annealing. The resultant PVA nanofibrous film with combined

welding, drying, and annealing forms the nanofibrous hydrogel with high crystal-

linity and strong interface (Figure 3D).

We further fabricate the other two control samples for comparison and analysis. We

anneal the electrospun nanofibrous PVA film upon collection at 100�C for 1 h, rep-

resenting the nanofibrous hydrogel with high crystallinity and weak interface (Fig-

ure 3B). In addition, we transfer the electrospun nanofibrous PVA film upon collec-

tion into a humidity chamber and expose it to the glutaraldehyde vapor, which

crosslinks the polymer chains in the nanofibers and at the interfaces of neighboring

nanofibers.27 The resultant nanofibrous hydrogel possesses welded interfaces be-

tween nanofibers from the SEM image (Figure 3C) but contains negligible crystal-

linity enhancement based on the DSC measurement (Figure 3F), thereby represent-

ing the nanofibrous hydrogel with low crystallinity and strong interface (Figure 3C).
Matter 4, 1919–1934, June 2, 2021 1921



Figure 2. The principle for the design of strong and fatigue-resistant nanofibrous hydrogels

The strong and fatigue-resistant nanofibrous hydrogels require the synergy of a strong welded

interface between nanofibers and high-crystalline nanofibers to resist propagation of fatigue crack.
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Mechanical characterization of nanofibrous hydrogels

We first characterize the mechanical properties of various nanofibrous hydrogels in

hydrated state under a single cycle of uniaxial tension. As shown in Figure 3J, the

nanofibrous hydrogel with low crystallinity and weak interface fails to bear any me-

chanical load when the sample is immersed in water since it dissociates into isolated

nanofibers. In comparison, the nanofibrous hydrogel with low crystallinity and strong

interface shows a high strength of 4 MPa, but suffers from brittle fracture with an ul-

timate stretch of only 1.2 due to the highly crosslinked polymers by glutaraldehyde.

The stretchability of the nanofibrous hydrogel with high crystallinity and weak inter-

face can reach 2.25, but its strength is only 1.4 MPa. In contrast, the nanofibrous hy-

drogel with high crystallinity and strong interface demonstrates both high strength

(3.5 MPa) and high stretchability (3.4). The difference between the highly crystalline

nanofibrous hydrogels with the welded (strong) interface and the unwelded (weak)

interface is analogous to the difference between bacterial cellulose nanofibrous hy-

drogels and nanocellulose hydrogels. Both bacterial cellulose nanofibrous hydro-

gels and nanocellulose hydrogels contain nanocrystalline domains. Bacterial cellu-

lose nanofibrous hydrogels contain strong crosslinks (strong interface) between

fibers, while nanocellulose hydrogels have negligible crosslinks (weak inter-

face).30–32 The strong interface between fibers in bacterial cellulose nanofibrous hy-

drogels gives their high tensile strength,30,31 while the weak interface between fibers

in nanocellulose hydrogels renders their low tensile strength.32

We further characterize the fatigue properties of various nanofibrous hydrogels

under dynamic cyclic loading. The fatigue thresholds are measured following the

single-notch method (see details in the experimental procedures).25,33 As shown

in Figure 3K, the fatigue threshold of the nanofibrous hydrogel with high crystallinity

and strong interface reaches 600 J/m2, which is significantly enhanced compared

with the control samples (i.e., 41 J/m2 for the nanofibrous hydrogel with low crystal-

linity and strong interface, and 320 J/m2 for the nanofibrous hydrogel with high crys-

tallinity and weak interface shown in Figure 3M and S3). To further evaluate the resis-

tance to fatigue crack propagation, we use the Paris law to fit the measured curve of

the fatigue crack extension rate

dc =dN=AGm; (Equation 1)
1922 Matter 4, 1919–1934, June 2, 2021



Figure 3. Structural and mechanical characterizations of nanofibrous hydrogels

(A–D) Structural characterizations of nanofibrous hydrogels. Schematics and SEM images of (A) the nanofibrous hydrogel with low crystallinity and weak

interface (i.e., LC-WI), (B) the nanofibrous hydrogel with high crystallinity and weak interface (i.e., HC-WI), (C) the nanofibrous hydrogel with low

crystallinity and strong interface (i.e., LC-SI), and (D) the nanofibrous hydrogel with high crystallinity and strong interface (i.e., HC-SI).

(E) The average fiber diameters for various nanofibrous hydrogels, including LC-WI, HC-WI, LC-SI, and HC-SI hydrogels.

(F) DSC curves for the nanofibrous hydrogels, including LC-WI, LC-SI, and HC-SI hydrogels.

(G) Wide-angle X-ray scattering curves for the nanofibrous hydrogels, including LC-WI, LC-SI, and HC-SI hydrogels.

(H and I) (H) Crystallinity at the dry state and (I) average size of crystalline domains of the nanofibrous hydrogels, including LC-WI and HC-SI hydrogels.

(J) Nominal stress versus stretch curves under a monotonic tensile loading for various nanofibrous hydrogels, including LC-WI, HC-WI, LC-SI, and HC-SI

hydrogels.

(K) Crack extension rate versus applied energy release rate for the nanofibrous hydrogel with high crystallinity and strong interface (HC-SI), from which

the fatigue threshold is identified as 600 J/m2.

(L) Log-log plot of crack extension rate versus applied energy release rate of various nanofibrous hydrogels, including LC-SI, HC-WI, and HC-SI

hydrogels.

(M) Fatigue thresholds of various nanofibrous hydrogels, including LC-SI, HC-WI, and HC-SI hydrogels. The number value above the column represents

the mean value of measured fatigue thresholds. Scale bars, 10 mm in (A–D). Data in (E) and (M) are represented as mean G SEM.
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where dc/dN is the crack extension per cycle and G is the applied energy release

rate, and A and m are material constants.34 The Paris law exponent m denotes the

resistance to fatigue crack propagation, which can be identified from the slope of

the crack extension rate versus energy release rate on the log-log scale. As shown

in Figure 3L, the values of m for the nanofibrous hydrogel with low crystallinity

and strong interface and the nanofibrous hydrogel with high crystallinity and weak

interface are 260 and 14.4, respectively, indicating that they are prone to fast fatigue

crack propagation. In contrast, the value ofm for the nanofibrous hydrogel with high

crystallinity and strong interface is 1.9, slightly lower than that of common elasto-

mers (e.g., �2–3 for natural rubber and styrene-butadiene rubber),35 indicating its

high resistance to crack propagation under cyclic loading.

Simulation of deformation of nanofibrous networks

We further develop a nanofibrous network model to simulate the mechanical

response of nanofibrous networks under tensile loading (see the supplemental infor-

mation). The nominal stress versus nominal strain curve of a single fiber (i.e., sfiber
versus ε) in the network under tension is modeled by a tri-section potential with its

spring constants fitted from the experimental results (Figure S4), and the nominal

tensile strength of the fiber is denoted as Sstrength
fiber . The interface between fibers in

contact is modeled by a truss element with the same cross-section area as the fiber.

The nominal stress versus nominal strain relation of the interfacial truss element

(i.e., sinterface versus ε) can be expressed as

sinterface = C1sfiberðε =C2Þ; (Equation 2a)

and the nominal tensile strength of the interfacial truss is expressed as

Sstrength
interface = C1S

strength
fiber ; (Equation 2b)

where C1 and C2 are two non-dimensional parameters. When C1 = C2 = 1, the fiber

and the interfacial truss have the same nominal stress versus nominal strain relation

and the same nominal tensile strength.

In a set of simulations of the network under tension, we keep the network topology

and the sfiber versus ε relation constant, while systemically changing the interfacial

interaction between nanofibers in contact by varying C1 and C2. Figures 4A and

4B show the snapshots from the simulations of fibrous networks with strong interface

(i.e., C1 = 1, C2 = 1) and weak interface (i.e., C1 = 0:05, C2 = 1) under tension. The

fibrous network with strong interface can maintain the integrity of connected fibers

at large deformation (i.e., l = 3.3), while the fibrous network with weak interface dis-

integrates at relatively small deformation (i.e., l = 1.8). We further systematically

adjust the interfacial strength by keeping C2 = 1 while setting C1 as 1, 0.5, 0.25,

0.1, 0.05, 0.025 (Figure 4C). As shown in Figure 4D, the fibrous network becomes

weaker and less stretchable as the interfacial strength decreases. We further adjust

the stretchability of the interface by keeping C1 = 1 while setting C2 as 1, 0.5, 0.25,

0.1 (Figure 4E). The nominal stress versus stretch curves of the corresponding fibrous

networks are nearly identical with each other (Figure 4F). Our simulation results sug-

gest that the mechanical response of the fibrous network is mainly governed by the

strength instead of the extensiblity of the interface.

Theory for fatigue threshold of nanofibrous networks

The fatigue crack propagation in nanofibrous networks is analogous to that in poly-

mer networks, which has been explained by the Lake-Thomas model.36 The fatigue

threshold of a nanofibrous network is mainly attributed to the fracture energy of a

single layer of nanofibers at the crack path (Figure 5A). As shown in the in situ
1924 Matter 4, 1919–1934, June 2, 2021



Figure 4. Simulation of nanofibrous networks under tensile loading

(A) Snapshots of the nanofibrous network with strong interface (i.e., C1 = 1, C2 = 1) at various stretches of 1, 1.8, and 3.3.

(B) Snapshots of the nanofibrous network with weak interface (i.e., C1 = 0.05, C2 = 1) at various stretches of 1, 1.8, and 3.3. The colors in (A) and (B)

represent the fiber strain distribution in the nanofibrous networks.

(C) Nominal stress versus nominal strain curves of the interface with the same ultimate strain (C2 = 1) but different strengths (C1 = 0.025–1).

(D) Nominal stress versus stretch curves of the fibrous networks constructed by the interface with the same ultimate strain (C2 = 1) but different strengths

(C1 = 0.025–1).

(E) Nominal stress versus nominal strain curves of the interface with the same strength (C1 = 1) but different ultimate strains (C2 = 0.1–1).

(F) Nominal stress versus stretch curves of the fibrous networks constructed by the interface with the same strength (C1 = 1) but different ultimate strains

(C2 = 0.1–1).
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confocal laser scanningmicroscopy images in Figure 5C and 5D and the SEM images

in Figure S5, the pre-existing crack shows a significant blunting and propagates by

the scission of the aligned bridging nanofibers on the crack path. Based on this

observation, we propose the following model for the fatigue thresholds of nanofi-

brous networks (or fibrous networks in general),

G0 = anfiberUfiberLfiber ; (Equation 3)

where a>1 is a non-dimensional parameter, nfiber is the number of active nanofibers

(i.e., the nanofibers that can bear mechanical loads) per unit volume of the nanofi-

brous network in the swollen state, Ufiber is the energy required to fracture a single

nanofiber after prolonged cyclic loading, and Lfiber is the average length of the nano-

fibers between adjacent crosslinkers in the nanofibrous network in the undeformed

state.

Assuming that there are negligible inactive nanofibers in the nanofibrous network,

the number density of the active nanofibers in the swollen state nfiber and the volume

fraction of the nanofibers in the film in the swollen stateF have the following relation:

F =
pnfiberD2

fiberLfiber
4

: (Equation 4)

Therefore, based on Equation 4, the nfiber value can be determined by the measured

values of F, Dfiber , and Lfiber . The energy required to fracture a single nanofiber after

prolonged cyclic loading Ufiber can be experimentally identified using the following

equation
Matter 4, 1919–1934, June 2, 2021 1925



Figure 5. Theoretical model for predicting the fatigue threshold of nanofibrous hydrogel

networks

(A) Schematic of the bridging nanofibers at the crack path at the undeformed state.

(B) Schematic of the bridging nanofibers at the crack path at the highly deformed state before

fracture. The red cross indicates the scission of the nanofibers on the crack path when the crack

extends.

(C) Bright-field and confocal images of a notched nanofibrous hydrogel sample with a blunt crack

tip before crack initiation at the applied stretch of 1.8 (l = 1.8).

(D) Confocal images of a notched nanofibrous hydrogel sample with nanofibers fractured at the

crack tip during crack propagation at the applied stretch of 2.0 (l = 2.0).

(E) Volume fraction of nanofibers in various nanofibrous hydrogels tuned by the welding time of the

hydrogels.

(F) Comparison between experimentally measured fatigue thresholds with the theoretically

predicted fatigue thresholds of various nanofibrous hydrogels (a = 7.8, WL = 106 J/m3, Lfiber =

20 mm). Scale bars, 1 mm and 50 mm in (C) and 200 and 50 mm in (D), from left to right. Data in (E) and

(F) are represented as mean G SEM.
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Ufiber =
pWLD2

fiberLfiber
4

; (Equation 5)

where WL is the maximum strain energy density that a nanofiber can sustain without

fatigue failure under cyclic tensile loads. By substituting Equations 4 and 5 into

Equation 3, we can get the expression for the fatigue threshold of the nanofibrous

network as
1926 Matter 4, 1919–1934, June 2, 2021
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G0 = aFWLLfiber : (Equation 6)

To validate Equation 6, we fabricate a series of nanofibrous hydrogels with varying

values of F while maintaining WL and Lfiber approximately constant. We keep the

same fabrication conditions for the processes of electrospinning and dry annealing,

so that the parameters WLand Lfibercan be fixed for the series of nanofibrous hydro-

gels. The average length of the nanofibers in the nanofibrous hydrogel Lfiber is

measured to be around 20 mm from the SEM image in Figures 3D and S2. The

maximum strain energy density WL is identified to be 4:83106 J=m3 by the fatigue

test of a single nanofiber (the detailed experimental procedure is provided in the

supplemental information and Figures S6–S9). In addition, by varying the welding

time from 0 to 16 min, the nanofiber volume fraction F can be readily tuned from

14.6% to 70.3% (Figure 5C). As the welding time increases, the sample gets thinner,

thereby increasing the nanofiber volume fraction.

As shown in Figure 5D, our model gives a quantitative prediction for the experi-

mental results with the parameter a = 7:8, which is higher than the value for the

intrinsic fracture energy of polymer networks (�3).37 This indicates that, in addition

to the energy required to fracture a layer of bridging nanofibers on the crack path,

other effects can also contribute to the fatigue thresholds of the nanofibrous hydro-

gels. For example, the nanofibrous network can contain topological defects, which

lead to effectively longer bridging nanofibers for the enhanced fatigue threshold.

Moreover, the nanofibers after prolonged cyclic loading typically show a stiffening

stress-strain relation, which could lead to highly stretched nanofibers around the

crack tip, retarding the crack propagation.
Bouligand-type nanofibrous hydrogel as lobster underbelly-inspired

protective fabric

The soft membrane in the underbelly of the American lobster is a hydrogel that

contains 90 wt% water and exhibits extremely high fracture toughness (i.e.,

24.98 MJ/m3) and tensile strength (i.e., 23.36 MPa) under cyclic loading.27 Recent

studies further revealed that the extraordinary mechanical properties of the lobster

underbelly are mainly attributed to its unique multi-layered nanofibrous structure

which consists of aligned chitin nanofibers in each layer.27 The neighboring two

layers of aligned chitin fibers have a 36� twisting angle. The chitin fiber consists of

long-chain polymers of poly-N-acetylglucosamine (Figure 1A), which are assembled

into semi-crystalline structures with alternating amorphous and nanocrystalline do-

mains. Here, we demonstrate a lobster underbelly-inspired nanofibrous hydrogel

for potential application as a flexible protective fabric. We first fabricate a single

layer of aligned nanofibrous PVA film by ejecting charged threads of PVA polymer

solution on a rotating cylinder collector. Five layers of aligned nanofibrous PVA films

are further stacked together with a twisting angle of approximately 36� between the

adjacent films (Figures 6A and 6B), mimicking the layered nanofibrous structure of

the soft membrane in the lobster’s underbelly.27 The stacked films are further trans-

ferred into a humid chamber for subsequent dissolving-assisted welding process to

form the strong interfaces between adjacent layers. As schematically illustrated in

Figure 1B, the resultant nanofibrous hydrogel shows a bouligand-type structure

with rotating layers, each of which is composed of aligned nanofibers. Such bouli-

gand-type structure is verified by the SEM images (Figures 6A and 6B).

We first characterize the mechanical properties of the bouligand-type nanofibrous

hydrogel under a single cycle of load. The nominal tensile strength of the bouli-

gand-type nanofibrous hydrogel can reach as high as 8.4 and 7.4 MPa in the
Matter 4, 1919–1934, June 2, 2021 1927



Figure 6. Design and characterization of the bouligand-type nanofibrous hydrogel

(A) Schematic of the bouligand-type nanofibrous hydrogel and the corresponding SEM image.

(B) Probability histogram of the rotating angles of nanofibers on each layer.

(C) Nominal stress versus stretch curves of the bouligand-type nanofibrous hydrogel with the loading direction of q = 0� and q = 36�, and the randomly

distributed nanofibrous hydrogel with high crystallinity and strong interface (i.e., HC-SI ).

(D) Comparison chart of various reported nanofibrous hydrogels, the randomly distributed nanofibrous hydrogel with high crystallinity and strong

interface (i.e., HC-SI), and the bouligand-type nanofibrous hydrogel, in terms of nominal strength and ultimate stretch.

(E) Crack extension rate versus applied energy release rate for the bouligand-type nanofibrous hydrogel with the loading direction of q = 0�.
(F) Crack extension rate versus applied energy release rate for the bouligand-type nanofibrous hydrogel with the loading direction of q = 36�. Inset: the
bouligand-type nanofibrous hydrogel bears 3,000 times its own weight at the dry state after dynamic loading (i.e., tensile stress of 1 MPa for 5,000

cycles).

(G) Multi-frame sequence of a high-velocity impact loading on the bouligand-type nanofibrous hydrogel in the dry state by a steel microparticle at

795 m/s.

(H) Comparison of the residual velocity as a function of the impact velocity for the bouligand-type nanofibrous hydrogel in the dry and hydrated states.

A positive residual velocity indicates perforation, a negative velocity indicates rebound, and a zero velocity indicates embedment.

Scale bars, 100 mm in (A) and (G).
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directions of q = 0� and q = 36�, respectively (q is defined as the angle between the

applied load and the direction of aligned nanofibers at the bottom layer). The ulti-

mate stretch of the bouligand-type nanofibrous hydrogel can reach as high as 7.4

and 10.7 in the directions of q = 0� and q = 36�, respectively (Figure 6C). Compared

with the nanofibrous hydrogels with randomly oriented nanofibers (Figure 3J), the

bouligand-type nanofibrous hydrogel demonstrates substantial enhancements in

both the tensile strength and stretchability. We summarize the nominal tensile

strength and ultimate stretch of various nanofibrous hydrogels reported in litera-

ture38–45 in Figure 6D. The tensile strengths of existing nanofibrous hydrogels,

including PVA and PVA blended with chitosan,38 crosslinked and uncrosslinked

gelatin,39–42 alginate filled with halloysite nanotubes,43 and sodium polyacrylate

blended with tecophilic polymers,44 are typically lower than 4 MPa, and their ulti-

mate stretches are below 3. Tough hydrogels reinforced by wools45 or nanofibers46

can be stretched up to 10 times their original lengths, but they suffer from low tensile

strength (around 0.2 MPa). Bacterial cellulose nanofibrous hydrogels can achieve a

high tensile strength of 20–40 MPa, but these hydrogels have ultimate stretches

below 1.5 since the introduced bacterial cellulose themselves have relatively low

fracture strains.30,31 Notably, the bouligand-type nanofibrous hydrogel outperforms

existing nanofibrous hydrogels in both tensile strength and ultimate stretch. Howev-

er, the bouligand-type nanofibrous hydrogel’s tensile strength is still inferior to that

of the lobster underbelly. The microstructure of the lobster underbelly is much more

complex and hierarchical.47 In the lobster underbelly, the chitin macromolecules are

arranged in an antiparallel fashion forming alpha-chitin chains, 18–25 of which form

nanofibers with diameters of 2–5 nm and lengths around 300 nm. The nanofibers

further form fibers with diameters of 50–350 nm, assembling to form a bouligand-

type structure. The bouligand-type nanofibrous hydrogel in this work can only mimic

part of the structural features of the lobster underbelly.

We further characterize the fatigue performances of the bouligand-type nanofi-

brous hydrogel. As shown in Figures 6E and 6F, the fatigue threshold in the direc-

tions of q = 0� and q = 36� can reach up to 640 and 770 J/m2, respectively, com-

parable with the fatigue thresholds of nanofibrous biological tissues.33 To further

verify the superior fatigue-resistant properties of the bouligand-type nanofibrous

hydrogel, we deform the sample to the stress level of 1 MPa for 5,000 cycles

and show that it can still bear 3,000 times its own dry weight under tension (Fig-

ure 6F, inset).

We further conduct high-velocity microparticle impact experiments to characterize

the impact resistance of the bouligand-type nanofibrous hydrogel. In these experi-

ments, we impact the sample in both the dry and hydrated states with 17 G 1 mm

diameter steel particles over a range of impact velocities Vi up to 800 m/s. For

high-velocity impacts (Figure 6G), the steel microparticle perforates the film and

exits at a reduced residual velocity Vr . The ratio of Vr over Vi defines the coefficient

of restitution. Figure 6H plots the residual velocity Vr as a function of impact velocity

Vi for the bouligand-type nanofibrous hydrogel in both dry state and hydrated state.

We further obtain the specific energy of penetration of the bouligand-type nanofi-

brous hydrogel by calculating the ratio of the kinetic energy loss over the mass

of the sample (see details in the experimental procedures). The specific energy

of penetration remaining is 70 G 10 kJ/kg for the sample in the dry state and

40 G 5 kJ/kg for the sample in the hydrated state, which is comparable with that

of polyethylene.48 The above results demonstrate the potential applications of the

bouligand-type nanofibrous hydrogel as flexible, lightweight, and impact-resistant

protective fabrics and textile electronics.
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DISCUSSION

Existing hydrogels are mostly homogeneous, lacking structural heterogeneity, and

are unable to match the mechanical properties of biological tissues. In this work,

we provide a general strategy to design fatigue-resistant nanofibrous hydrogels

by engineering nanofibers and nanocrystalline domains across varying length scales.

We show that the synergy of introducing nanocrystalline domains into nanofibers

and welding of neighboring nanofibers can remarkably enhance the fatigue

threshold of nanofibrous hydrogels from 41 to 600 J/m2. Inspired by the nanofibrous

structure found in the lobster underbelly, we also demonstrate a bouligand-type

nanofibrous hydrogel with further enhanced nominal strength up to 8.4 MPa, fatigue

threshold up to 770 J/m2, and specific penetration energy of impact resistance up to

70G 10 kJ/kg in the dry state and 40G 5 kJ/kg in the hydrated state. This work sug-

gests an avenue toward the next generation of nanofibrous hydrogels for diverse

emerging applications, including artificial replacement, lightweight physical protec-

tion, textile electronics, smart clothing, and tissue engineering scaffolds.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Xuanhe Zhao (zhaox@mit.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead con-

tact without restriction.

Data and code availability

The published article includes all data generated or analyzed during this study.

Fabrication of fatigue-resistant nanofibrous hydrogels

The aqueous solution for electrospinning contains 10 wt% PVA (MW 146,000–

186,000, 99+% hydrolyzed; MilliporeSigma) and 0.5 vol% Triton X-100 (Millipore-

Sigma) as a surfactant. The aqueous PVA solution was ejected by a syringe pump

(New Era Pump Systems, Inc.) with a flow rate of 0.01 mL/min at ambient tempera-

ture and relative humidity of 25%. A high voltage (10 kV) was applied between the

syringe pump and a grounded aluminum foil on a flat plate or a rotating drum.

The charged thread of PVA solution was collected by the aluminum foil for 3 h, result-

ing in a PVA film with randomly distributed nanofibers on the flat plate, or a PVA film

with aligned nanofibers on the rotating drum collector (1,000 rpm). After electro-

spinning, the PVA film was transferred into a closed chamber for welding at high hu-

midity (>90% relative humidity). The chamber containing deionized water was

placed on a hot plate with controlled temperature of 60�C to create the high-humid-

ity environment. We control the time for welding from 0 to 16 min to tune the

porosity and polymer content of the resultant nanofibrous PVA film. The PVA film af-

ter welding was then dried in an incubator at low humidity (<20% relative humidity)

and 30�C for 30 min to remove residual water, followed by annealing at 100�C for 1 h

to introduce the nanocrystalline domains in the nanofibers. Thereafter, the PVA film

was swollen in water, resulting in a nanofibrous hydrogel with either randomly

distributed nanofibers or aligned nanofibers.

Fabrication of bouligand-type nanofibrous hydrogels

Upon electrospinning, five layers of aligned nanofibrous PVA films were assembled

into a helicoidal architecture in which each layer rotates by 36� relative to the
1930 Matter 4, 1919–1934, June 2, 2021
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adjacent one. The bouligand-type assembly was then welded in a closed chamber

with high humidity (>90% relative humidity) to introduce strong interfaces between

the adjacent layers. The resultant multi-layered bouligand-type nanofibrous PVA

film was further dried at 50�C for 30 min and annealed at 100�C for 1 h. Thereafter,

the PVA film was swollen in water, resulting in a bouligand-type nanofibrous

hydrogel.

Simulation of coarse-grained nanofibrous network

The nanofibrous network was constructed by the assembly of 673 nanofibers,

and each of them was explicitly modeled by a coarse-grained bead-spring

model. The coarse-grained model had been developed to study the mechanics

of the cytoskeleton and fibrous membrane materials,27,49 and used to compare

the failure mechanism of the nanofibrous network by adjusting the topology, fi-

ber length, as well as the nonlinear mechanical properties of nanofibers and the

interfaces between adjacent nanofibers. The simulations were performed by us-

ing a LAMMPS package.50 The initial model and modification of the fiber inter-

actions at the interfaces were generated by using our MATLAB scripts (see the

supplemental information).

Fatigue characterization

Fatigue tests were performed using a UStretch testing machine (CellScale) at a strain

rate of 5 mm/s. The samples were submerged in a water bath to prevent dehydra-

tion.25,33 We adopted the single-notch method to measure the fatigue threshold.

We first applied a cyclic loading of a maximum stretch la on a notched sample

with a pre-existing crack length smaller than one-fifth of its width. A digital micro-

scope (AM4815ZT, Dino-Lite; resolution, 20 mm/pixel) was used to record the crack

initiation and crack extension over cycles cðNÞ. The applied energy release rate can

be calculated by Gðla;NÞ = 2kðlaÞcðNÞWðla;NÞ, where k = 3=
ffiffiffiffiffi
la

p
, c is the crack

length measured by the camera, and W is the stored strain energy density, which

can be identified from the measured nominal stress versus stretch curves of an un-

notched sample at different stretches over cycles, i.e., Wðla;NÞ = R la
1 SðNÞdl. The

unnotched sample shares the identical geometrical dimensions with the notched

sample with a pre-existing crack. By varying the applied stretch of lmax, we acquired

the curve of crack extension per cycle dc=dN versus the applied energy release

rate G. The fatigue threshold was obtained by linearly extrapolating the curve of

dc=dNversus G to the intercept with the abscissa.

SEM imaging

The nanofibrous hydrogels in the dry state were sputter-coated with gold. The sur-

faces of nanofibrous hydrogels were imaged by a scanning electron microscope

(JEOL 5910).

Confocal imaging

To visualize the microstructures of PVA nanofibrous hydrogels, a fluorescent dye,

5-([4,6-dichlorotriazin-2-yl]amino) fluorescein hydrochloride (5-DTAF), was used to

label the hydroxyl groups in PVA.33 Specifically, 1.0 mL of 0.5 wt% 5-DTAF in anhy-

drous dimethyl sulfoxide was added into 100 mL of sodium bicarbonate aqueous so-

lution (0.1 M [pH 9.0]) to form a reactive dye solution. The PVA nanofibrous hydro-

gels were immersed in the dye solution for 12 h at 4�C in the dark to conjugate

fluorochrome to PVA. Finally, the nanofibrous hydrogel samples were rinsed several

times with water to wash away the non-conjugated dyes before fluorescence imag-

ing. To achieve in situ fluorescent imaging of the nanofibrous hydrogels, the hydro-

gel samples were stretched under uniaxial tension using a linear stretcher (MicroVice
Matter 4, 1919–1934, June 2, 2021 1931
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Holder, STJ-0116). The microstructures of nanofibrous hydrogel were imaged using

a confocal microscope (Leica TCS SP8). Laser intensity, filter sensitivity, and gray-

scale threshold were adjusted in each application to optimize the contrast of the

images.
X-Ray scattering

The X-ray scattering measurement was performed on the nanofibrous hydrogel sam-

ples with a PILATUS3 R 300K detector in an X-ray scattering instrument (Bruker

Nanostar). We used a wide-angle 2-mm beamstop with a sample-detector distance

of 109.1 mm for wide-angle X-ray scattering (WAXS) measurements. The exposure

time was set as 300 s. Raw WAXS patterns were processed with corrections by MAT-

LAB-based GIXSGUI software before analysis.
Measurement of crystallinity

We measured the crystallinities of nanofibrous hydrogels using DSC (DSC/cell:

RCS1-3277; cooling system: DSC1-0107).25 In a typical crystallinity measurement,

the sample was heated from 50�C to 250�C at a rate of 10�C/min under a nitrogen

atmosphere with a flow rate of 30 mL/min. The integration of the endothermic tran-

sition ranging from 200�C to 250�C gives the enthalpy for melting the crystalline do-

mains per unit mass of the dry sample Hcrystalline. Therefore, the crystallinity of the

sample can be calculated by Hcrystalline=H
0
crystalline, where H0

crystalline = 138:6 J=g is the

enthalpy of fusion of 100 wt% crystalline PVA measured at the equilibrium melting

point.51
Measurement of nanofiber volume fraction

We measured the mass m and volume V of one nanofibrous PVA sample in the

dry state. The volume fraction of the nanofibers in the dry state was calculated by

m=ðrPVAVÞ, where rPVA = 1:19 g=cm3 is the density of PVA polymers.
High-velocity microparticle impact experiment

Using the laser-induced particle impact test,52 we conducted microparticle impact

experiments to characterize the impact resistance of the bouligand-type nanofi-

brous hydrogels.48 Steel microparticles (diameter: 17 G 1 mm) were launched by a

laser excitation pulse with varying intensities to reach different impact velocities.

The velocities of the launched microparticles were measured using an ultrahigh-

frame-rate camera yielding 16 frames (SIMX16, Specialized Imaging) and a synchro-

nized quasi-cw laser imaging pulse for illumination (Cavilux, Specialized Imaging

640-nm wavelength, 10-ms duration). Depending on the impact velocity, the micro-

particles can perforate the film, be embedded in the film, or rebound. The specific

energy penetration of the measured sample was determined by fitting the perfora-

tion data to find the ballistic limit vbl using the Recht-Ipson model (details are pro-

vided in the supplemental information).53 The specific energy of penetration is

defined as the dissipated energy during perforation over the mass of sample

affected by the impact, ms, and can be directly related to the ballistic limit through

Ep =
1/2 Mp/ms vbl

2, whereMp is the projectile mass. For simplicity, we assumed that

the impact energy was absorbed by a plug of material whose cross-section equals

the cross-section of the particle and whose length equals the sample thickness, as

described in previous work.48
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.

2021.03.023.
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Modeling of deformation of nanofibrous networks 

The network is modeled by the assembly of 673 non-crosslinked nanofibers (composed of 98,586 coarse-

grained beads in total) with each of them explicitly modeled by a coarse-grained bead-spring model in a 

simulation box of 500500200 (x by y by z) μm3 with periodic condition in all the three directions. By 

keeping the dimension of the box constant in x and y directions, we apply an external pressure of 100 

MPa to the simulation box during an energy minimization in z direction. The energy minimization of 

10,000 steps is followed by a dynamics run in a NVT (constant particle number, volume and room 

temperature) ensemble with a time step of 0.1 μs and total steps of 2,000. We repeat this minimization-

dynamics process for 100 cycles to ensure the box is fully compressed in LAMMPS. After this, we relax 

the z dimension to 97 μm, allowing the fibers to get compressed together and get the contact at the cross 

point. We write a Matlab script to compute the distance between any pair of beads within any pair of the 

nanofibers. We modify the bond list by adding a crosslink bond if any two beads within two individual 

fibers are within 1.5 μm, which enables us to connect all the fibers to form an integrated network. We 

systematically change the interfacial interaction between two nanofibers in contact by tuning the stress-

strain curve of the interfacial material according to Equation 2 in the main paper. Using the NVT 

ensemble, we apply deformation to the network by deforming the entire simulation box and remap the 

coordinate of all the beads in the x direction. The strain rate of 100 /s is applied for each time step. To 

prevent the network from relaxing during the deformation, we fix all the beads within a rectangular 

region of 20 μm in width on each side by removing them from the integration step during the dynamics 

run. The total force on each side of the network during loading is obtained by summing up the atomic 

force on all the beads in each region. Because the thickness of the network in the simulation box is not 

quite uniform because of its limited thickness and increasing the thickness can significantly increase the 

simulation time, we use the density of the polymer network in the experiment to define the model 

thickness. In experiment, the 3D polymer content is ~20% as ρଷ஽=0.2 m3/m3. In the simulation model, 
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the 2D polymer content is given by ρଶ஽ = 𝑁
గ௥బௗమ

ସ
/(𝑙௫ ∙ 𝑙௫) = 3.10 × 10ି଻ m3/m2, we thus define the 

mean thickness of the simulation model as t=ρଶ஽/ρଷ஽=1.55 μm for stress calculation. 

The nominal stress (𝜎୤୧ୠୣ୰) versus nominal strain (𝜀) curve of each fiber is modelled by a tri-

section potential  

𝜎୤୧ୠୣ୰(𝜀) = ቂexp ቀ
ఌିఌౘ

ଵାఌౘ
Ξቁ + 1ቃ

ିଵ

ቐ

𝐸ଵ𝜀                                    𝜀 < 𝜀ଵ

  𝐻ఝ(𝜀)                    𝜀ଵ ≤ 𝜀 <  𝜀ଶ

𝑅ଶ + 𝐸ଶ(𝜀 − 𝜀ଶ)             𝜀ଶ ≤ 𝜀

             (Equation S1)     

In Equation S1, 𝐸௜ and 𝜀௜  are spring constants that are derived directly from the force-extension curve 

of the experimental tensile test of the PVA nanofiber at different regions, as 𝐸ଵ is the Young’s modulus 

of the thread. The Fermi–Dirac distribution function introduces two additional parameters 𝜀ୠ and Ξ. 1,2 

The parameter 𝜀ୠ denotes the critical strain for breaking of the filament and the parameter Ξ describes 

the amount of smoothing around the breaking point (the smaller Ξ, the smoother the curve becomes). 

The parameters 𝑅ଵ = 𝐻ఝ(𝜀ଵ) = 𝐸ଵ𝜀ଵ and 𝑅ଶ are calculated from force continuity conditions. 𝐻ఝ is the 

Hermite interpolation function that is used to smoothly connect the two linear curves 3, which is defined 

as: 

𝐻ఝ(𝜀) = (𝑚ଵ𝜀 + 𝑛ଵ) ቀ
ఌିఌమ

ఌభିఌమ
ቁ

ଶ

+ (𝑚ଶ𝜀 + 𝑛ଶ) ቀ
ఌିఌభ

ఌమିఌభ
ቁ

ଶ

        (Equation S2) 

where 𝑚௜, 𝑛௜ are coefficients determined by the connectivity conditions as 𝐻ఝ(𝜀ଵ) = 𝑅ଵ, 𝐻ఝ(𝜀ଶ) = 𝑅ଶ, 

𝐻ఝ′(𝜀ଵ) = 𝐸ଵ and 𝐻ఝ′(𝜀ଶ) = 𝐸ଶ and hence their values are given by 

⎩
⎪⎪
⎨

⎪⎪
⎧𝑚ଵ = 𝐸ଵ − 2

ோభ

ఌభିఌమ
                 

𝑛ଵ = 𝑅ଵ − (𝐸ଵ − 2
ோభ

ఌభିఌమ
)𝜀ଵ

𝑚ଶ = 𝐸ଶ − 2
ோమ

ఌమିఌభ
                 

𝑛ଶ = 𝑅ଶ − (𝐸ଶ − 2
ோమ

ఌమିఌభ
)𝜀ଶ

              (Equation S3)                                          

The bending stiffness of the thread is reflected by the angular spring between two neighbouring springs 

that defines the bending stiffness of the thread, and its numerical value is given by 
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𝐾୆ = 𝐸ଵ𝐼୲/(2𝑟଴) = 𝐸ଵ𝜋𝑑ସ/(128𝑟଴)                   (Equation S4)     

The bending energy of each angular spring is 𝜑୆(𝜃) = 𝐾୆(𝜃 − 𝜋)ଶ, where 𝜃 is the angle between two 

neighbouring springs. By carefully design the force-extension function and the parameters of the 

nonlinear spring, this model can very well reproduce the experimental measurement of a single fiber 

(Figure S4). All the numerical values of the parameters for PVA nanofiber are summarized in Table S1. 

 

Fatigue characterization of a single nanofiber 

Existing methods for measuring mechanical properties of a single nanofiber typically rely on a three-

point bending test by atomic force microscope (AFM)4 or a uniaxial tensile test using nano tester.5   

However, most of these methods still face challenges for measuring the mechanical properties of a 

hydrogel nanofiber in the hydrated state due to the uncontrollable dehydration during the measurement. 

The force level for a hydrogel nanofiber with a diameter of 1000 nm is on the order of 1 μN, lower than 

the measurable force of a typical nano tester. Moreover, none of these methods have been adopted to 

measure the mechanical properties of a single nanofiber under multiple cycles of load. Here, we propose 

a new method to characterize the fatigue properties of a single fiber. Instead of applying load on a single 

fiber, we apply mechanical load on a fibrous film which contains a bundle of aligned continuous long 

fibers. This method shows several benefits. First and foremost, the force level can be highly amplified 

for high-resolution measurements. Secondly, the aligned fibrous film can be immersed in a water bath 

for the equilibrium swollen state. Lastly, common mechanical tester can be readily used to apply cyclic 

loading on the aligned nanofibrous film for fatigue characterization. 

We first fabricate aligned fibrous PVA films by ejecting charged threads of PVA polymer 

solution on a rotating cylinder collector. We specifically set the rotation speed as 1000 rpm such that the 

linear velocity of the rotating cylindrical surfaces matches that of the ejected polymer threads. The SEM 

image in Figure S7B verifies the aligned fibrous structure in the film. The aligned fibrous film is further 

transferred into a water bath for hydration and swelling, and thereafter subjected to mechanical loading 
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for fatigue characterization (Figure S7). We first characterize the engineering stress versus stretch curve 

of the aligned fibrous film under a single cycle of uniaxial loading. With the measured porosity of the 

film in the dry state  , the corresponding stress (i.e., S) versus stretch (i.e.,  ) for a single fiber can be 

calculated by 

t plane

F
S

A Q Q



               (Equation S5) 

where F is the measured force applied on the film, A  is the cross-sectional area of the film at undeformed 

dry state, and 1    is the polymer volume fraction of the film in the dry state (i.e., 50 %), tQ  is the 

swelling ratio along the thickness direction (i.e., 1.77), and planeQ  is the swelling ratio along the in-plane 

directions (i.e., 1.05), as shown in Figure S6. Figures S7C and S7D plot the measured stress versus 

stretch curve of a single fiber in the swollen state, which shows the identical Young’s modulus and stress 

versus stretch curve at relatively small deformations (stretch below 3) for the films with different lengths. 

However, the ultimate tensile strength varies significantly for films with different lengths (Figure S7E). 

For the film with a length of 25 mm, the measured fibril strength is only 17 MPa (Figures S7D and S7E). 

As the film length decreases, the fiber strength gradually increases up to 28 MPa and maintains constant. 

This result reveals that the measured fiber strength is highly sensitive to the sample length if the sample 

length is much greater than the length of a single fiber, because such a long sample tends to fail by 

fracturing the interface between adjacent fibers instead of fracturing the fibers. Instead, if the sample 

length is smaller than that of a single fiber, the measured fiber strength should approach the ideal nominal 

strength of a single fiber (i.e., 28MPafiberS  ), which is independent of the sample length. 

We further apply cyclic loading on the film under constant maximum stress of aS  below the 

measured strength of a single fiber (i.e., 25.5MPaaS  , 28MPafiberS  ), recording the stretch applied 

on the film (Figures S8B and S8C). The maximum stretch applied on the film gradually increases due 
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to the plastic deformation accumulated in the fibers under such dynamic creep loading. The film 

eventually breaks as the cycle number reaches a critical value (i.e., 496cN   for 25.5MPaaS  ). 

Figure S9B summarizes the critical cycle number cN  as a function of applied maximum stress aS . It is 

notable that the critical cycle number increases dramatically as the applied maximum stress decreases 

and there exists a critical maximum stress of aS , below which the sample does not fail under repeated 

cycles of loading. We take the critical stress as the strength limit of a single fiber that can sustain under 

repeated cycles of loading, i.e., 16.3MPaLS  . Unlike the case when the applied maximum stress is 

slightly lower than the strength of a single fiber (e.g.,  25.5MPa < 28MPaa fiberS S  ), the maximum 

applied stretch gradually increases and maintains a plateau when the applied maximum stress is equal to 

the strength threshold (i.e., 16.3MPaaS  ) as shown in Figure S8E. We further calculate the stored 

elastic energy in a single fibril W over cycles by integrating the area of stress versus stretch curve over 

cycles at a LS S , 

   
1

,a LW N S S S N d


                            (Equation S6) 

As shown in Figure S9C, the stored elastic energy under the 1st cycle of loading can reach as high as 

7 31.3 10 J/m , but decreases over cycles and maintains a steady-state value of 6 34.8 10 J/m . We take the 

steady-state value of the stored elastic energy of a single fiber at a LS S  as the strain energy limit of a 

single fiber (i.e., 34.8MJ/mLW  ) that can sustain multiple cycles of load with no fatigue failures.  

 

Determination of specific impact penetration energy 

We follow the analysis described by Veysset et al. to determine the specific penetration energies of the 

films 6. We define the impact (incident) velocity of the projectile as vi, the mass of the projectile as Mp, 

and the residual projectile velocity as vr, with vr < 0 for rebound and vr > 0 for perforation (see Figure 
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6H). The residual velocity is zero in case of particle embedment. For perforation cases, we assume that 

the projectile punches a mass of sample, corresponding to the mass of material encountered by the 

projectile during perforation through the film thickness h and with a cross-section equals the projectile’s 

cross-section Ap. We further assume that the mass of the plug hence ejected, ms = ρsamplehAp, travels with 

the same velocity as the projectile, vr. Thus, the conservation of energy yields:  

ଵ

ଶ
𝑀௣𝑣௜

ଶ =
ଵ

ଶ
൫𝑀௣ + 𝑚௦൯𝑣௥

ଶ + 𝑊                         (Equation S7) 

where W is the energy loss due to film deformation, heating, and failure. This energy can be directly 

found at the impact velocity threshold, in other words the ballistic limit vbl, where vr = 0 

𝑊 =
ଵ

ଶ
𝑀௣𝑣௕௟

ଶ                            (Equation S8) 

We define the specific penetration energy, Ep, as W over the mass of sample affected by the impact, ms. 

The residual velocity and the specific penetration energy can be rewritten as 

𝑣௥ = ට
ெ೛

ெ೛ା௠ೞ
(𝑣௜

ଶ − 𝑣௕௟
ଶ )                         (Equation S9) 

and  

𝐸௣ =  
ଵ

ଶ

ெ೛

௠ೞ
𝑣௕௟

ଶ                            (Equation S10) 

We fit the perforation data (Figure 6H) to find the ballistic limit. We find the specific penetration energy 

for the dry state to be 70±10 kJ/kg and for the hydrated state to be 40±5 kJ/kg, which is on the same 

order of magnitude as what was found for polyethylene but about half.  

 

  



8 
 

 

Figure S1. Schematic illustration of the fabrication process of electrospinning, welding, and dry-

annealing.  
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Figure S2. Histogram of nanofiber diameters from SEM images for various nanofibrous hydrogels 

with (A) Low crystallinity and weak interface, (B) How crystallinity and weak interface, (C) Low 

crystallinity and strong interface, and (D) High crystallinity and strong interface. The scale bars in the 

SEM images are 10 μm. 
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Figure S3. Fatigue characterizations of nanofibrous hydrogels. (A) Representative images of the 

notched nanofibrous hydrogels (i.e., high crystallinity-weak interface) under the applied energy release 

rate of 312 and 389 J/m2 at the cycle numbers of 1, 500, and 1000. (B) Fatigue crack extension rate versus 

energy release curve of the nanofibrous hydrogels with high crystallinity and weak interface. (C) Fatigue 

crack extension rate versus energy release curve of the nanofibrous hydrogels with low crystallinity and 

strong interface. The scale bars in (A) are 1 mm.  
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Figure S4. Nominal stress versus nominal strain curve of a single nanofiber. The fitted nominal 

stress versus nominal strain curve of a single fiber using the model in Equations S1-S4 to reproduce the 

experimental measured curve. 
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Figure S5. SEM images of the crack tip of a nanofibrous hydrogel with high crystallinity and strong 

interface at different stretch levels. The crack tip displays significant blunting followed by the scission 

of aligned primary fibers at the crack path. The scale bars are 100 μm. 
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Figure S6. Measurement of the swelling ratio of the fatigue-resistant nanofibrous hydrogel. (A) 

1.77tQ   along thickness direction and (B) 1.05planeQ   along in-plane directions. The scale bars in (A) 

and (B) are 200 μm. 
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Figure S7. Mechanical characterization of a single nanofiber. (A) Schematic illustration of a uniaxial 

tensile test in a water bath. (B) The SEM image of the nanofibrous hydrogel with aligned fibers and 

corresponding histogram of the orientation of the aligned fibers. (C) Engineering stress versus stretch 

curve of a single nanofiber measured from the sample with the length of 2 mm. (D) Engineering stress 

versus stretch of the samples with different lengths. (E) Summarized nominal strengths of fibers versus 

the sample length. The scale bar in (B) is 10 μm.   
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Figure S8. Fatigue characterization of a single nanofiber. (A) Schematic illustration of performing 

cyclic tensile loading on the sample with a constant maximum stress of aS  and measuring the stretch 

applied on the sample  . (B) Engineering stress versus stretch under cyclic loading with a constant 

maximum stress of 25.5 MPa (i.e., 25.5MPaaS  ). (C-E) Measured stretch applied on the sample versus 

cycle number under cyclic loading (C) with a constant maximum stress of 25.5 MPa (i.e., 

25.5MPaaS  ), (D) with a constant maximum stress of 23 MPa (i.e., 23MPaaS  ), and (E) with a 

constant maximum stress of 16.3 MPa (i.e., 16.3MPaaS  ).   
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Figure S9. Measurement of the strain energy limit of a nanofiber. (A) Schematic illustration of 

calculating the elastic energy density per volume of the sample under cyclic loading with a constant 

maximum stress. (B) The critical cycle number cN  that a sample can sustain before fracture under cyclic 

loading with a constant maximum stress aS . The strength limit of a nanofiber is identified as 16.3 MPa. 

(C) The elastic energy density of a single fiber W versus cycle number N under cyclic loading with a 

constant maximum stress of the strength limit (i.e., 16.3MPaa LS S  ). The strain energy limit of a 

nanofiber is identified as 4.8 MJ/m3. 
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Table S1. Parameters for modeling the mechanics of coarse-grained nanofibers. 

Parameter and units Numerical value 

Initial modulus E1 (MPa) 13.84 

Yielding modulus E2 (MPa) 3.03 

Critical strain 𝜀ଵ, 𝜀ଶ 0.4, 2.0 

Rupture strain 𝜀ୠ 6.0 

Force continuity conditions R1, R2 (MPa) 5.536, 16.38 

Hermite interpolation parameters m1, m2 (MPa) 20.76, -17.445 

Hermite interpolation parameters n1, n2 (MPa) -2.768, 51.27 

Initial bond length r0 (m) 1×10-6 

Equilibrium angle θ0 (rad) π 

Bending stiffness parameter KB (Nm/rad2) 3.4×10-13 

Mass of each mesoscale particle Mthread (kg) 1.02×10-15 

Switch function Ξ 200 

Length constant of nonbonding interaction 𝑟௖ (μm) 1 

Energy constant of nonbonding interaction α (J) 3×10-9 
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