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In contrast to conventional high-strength, high-modulus fibers, spider silk

® Check for updates uniquely combines high toughness, strength and diverse functionalities,
enabling spiders to thrive in natural environments. However, replicating the
sophisticated architecture and properties of spider silk through synthetic
approaches, particularly via scalable fiber manufacturing processes, remains a
formidable challenge. Herein, we report the tailored fabrication of spider silk-
like structures in sodium polyacrylate and polyacrylamide (PANa-PAM) com-
posite polymer hydrogel fibers via wet-spinning. The antisolvent-induced
phase separation process modulates composite polymer microphase, yielding
nascent PANa-PAM fibers abundant in hydrogen-bonded nanoclusters. Sub-
sequent post-drawing for strain programming facilitates uniaxial polymer
alignment and controlled crystallization. The optimized fiber comprises
aligned microfibrils, polymer-rich rigid nanoclusters surrounded by polymer-
loose regions, and S-sheet-like crystallites, closely mimicking the hierarchical
architecture of natural spider silk. As a result, the composite fiber achieves a
comprehensive set of spider silk-like properties and functionalities, including a
toughness of 118.7 M) m?, a tensile strength of 172.3 MPa, 50% elastic strain
recovery, 96% damping efficiency, 60% supercontraction, and moisture sen-
sitivity. This bioinspired wet-spinning of composite polymer hydrogels offers a
pathway to replicate biological fiber structures and attributes, enabling the
production of high-performance and intelligent fibers for wearable
technologies.

Modern fiber technologies increasingly demand materials with achieved through highly aligned molecular chains and crystalline
exceptional mechanical properties, multifunctionality, and intelli- structures. However, their lack of ductile components results in lim-
gence, advancing emerging applications toward impact protection ited extensibility and, consequently, insufficient toughness, restricting
gear', wearable electronics?, and artificial muscles®. Commercial high-  their ability to absorb high-impact energy in protective applications®.
performance fibers are renowned for their high strength and modulus, Among these, ultrahigh-molecular-weight polyethylene (UHMWPE)
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fibers exhibit relatively high toughness (40-70 M) m™) but suffer from
significant creep deformation, leading to performance degradation
under cyclic mechanical loading. Moreover, in the field of functional
and intelligent fibers>” for health monitoring/management, rehabili-
tation, and human-machine interaction applications, there is an urgent
need to enhance the mechanical robustness or work capacity of
emerging fiber-based electronic® and robotic devices™’® to meet
practical textile requirements.

Natural spider silk stands out as an exemplary material system,
uniquely combining high toughness (100-380 MJ m™) with excep-
tional strength (0.4-1.7 GPa), extensibility, and elastic recovery (up to
40% strain)'®". These extraordinary mechanical properties enable
spider silk to effectively capture prey and withstand mechanical
impacts. Additionally, spider silk exhibits intelligent behaviors, such as
reversible water absorption in response to environmental changes,
and supercontraction, contracting up to 50% under high humidity or
water exposure. This property allows spider webs to restore their
shape after deformation while maintaining tension for structural
integrity. The major ampullate spider silk is mainly composed of pro-
teins with molecular weights in the 250-400kDa range, and its
remarkable performance arises from its hierarchical protein structure,
which includes microscale fibrillar structures, abundant spherical
nanoclusters, and B-sheet nanocrystals with an orthorhombic lattice
stabilized by intermolecular hydrogen bonds between amino and
carbonyl groups®™® (Fig. 1a). The rigid B-sheet nanocrystals and
aligned fibrils govern strength and stiffness, while the soft amorphous
matrix contributes to ductility, entropic elasticity, and toughness.
Furthermore, the abundance of polar amino acids enables moisture
sensitivity, where hydrogen bonds between protein chains reversibly
break and reform with humidity changes, driving supercontraction. To
replicate the unique mechanical and intelligent behaviors of spider
silk, tremendous efforts on synthetic artificial silk focus on mimicking
the p-sheet nanocrystal function. Strategies include creating
microphase-separated structures” >, and hybrid organic-inorganic
composites of host-guest assembled networks***, mineralized
networks®?® or covalently crosslinked networks”?°. The hetero-
geneous structures of hard nanodomains embedded in a ductile
matrix achieve high toughness alongside high strength. In addition,
inducing orientation of multiscale oriented fibrous structures can
further enhance mechanical performance*'’2°?°-3!, Among artificial silk
materials, hydrogel-based fibers have emerged as particularly pro-
mising due to their versatile functionalities, such as moisture
sensitivity'®, environmental sensing®*, supercontraction'®?, and arti-
ficial muscle actuation®?. The highly tunable polymer networks and
hygroscopic nature of those hydrogels closely resemble spider silk,
making them ideal candidates for replicating its mechanical and
intelligent behaviors. However, owing to the limited compatibility
between hydrogel structure-function modulation and fiber spinning
techniques®, it remains a grand challenge to produce hydrogel fibers
matching spider silk’s properties, particularly ultrahigh toughness
(hundreds of MJ m™) for impact resistance, textile-grade strength
(hundreds of MPa), elastic recovery for durable mechanical loadings,
and responsive supercontraction for smart actuation.

In this work, we present a strategy for engineering spider silk-like
architectures and properties through controlled microphase separa-
tion and strain-programmed structural orientation in composite
polymer hydrogel fibers. This scalable process is enabled by the con-
ventional fiber manufacturing technique of wet-spinning combined
with post- drawing (Fig. 1b). A uniform composite hydrogel dope
composed of ultrahigh-molecular-weight (UHMW) sodium poly-
acrylate (PANa) and polyacrylamide (PAM) is extruded into a coagu-
lating bath, where it undergoes antisolvent-induced phase separation
to continuously produce nascent PANa-PAM fibers. UHMW PANa and
UHMW PAM are commercially available, low-cost, and biocompatible
polymers®*?®, Their linear chain structures, devoid of complex side

chains, feature carboxylic acid (PANa) and amide (PAM) groups. This
structural composition enables the composite to form regular, com-
pact hydrogen bonds, analogous to the S-sheet crystalline interactions
in spider silk protein. The strong hydrogen bonding between car-
boxylic acid and amide groups induces microphase separation and
generates hydrogen bond nanoclusters within the composite polymer
network. This process can be precisely modulated by adjusting the
hydrogel dope composition, pH, and antisolvent selection. Sub-
sequent post-drawing under controlled strains introduces tensile
stress along the fiber axis, promoting hydrogen bond reconstruction
and enabling programmable multiscale structural alignment and
crystallization. Conventional UHMWPE fibers suffer from low tough-
ness and pronounced creep deformation owing to their lack of ductile,
elastic components. In contrast, the bioinspired approach proposed in
this work yields UHMW PANa-PAM composite hydrogel fibers that
closely mimic the hierarchical architecture of natural spider silk, as
illustrated in Fig. 1ab, featuring aligned microfibrils, nanoscale
hydrogen-bonded clusters, and crystallites with an orthorhombic unit
cell similar to B-sheet crystallites in silk protein materials. Meanwhile,
the process of biomimetic structure engineering aligning with fiber
manufacturing enables scalable fabrication of tough yet strong
microfibers ready for textile usage (Fig. 1c). This work establishes a
pathway for creating spider silk-inspired fibers by wet-spinning UHMW
composite polymers, achieving high performance and multi-
functionality. Ashby diagrams comparing fracture strength versus
modulus, fracture strain versus toughness, and damping capacity
versus modulus across this work, reported fibrous materials, and
natural spider silk can be found in Supplementary Fig. 1. Overall,
optimized fibers exhibit comprehensive spider silk-like properties,
including a toughness of 118.7 M) m~, a fracture strength of 172.3 MPa,
elastic recovery from 50% tensile strain, 96% damping capacity, 60%
supercontraction, and moisture sensitivity, properties surpassing
existing synthetic fibrous materials (Fig. 1d and Supplementary
Table 1)4,10,11,18,2(),243(),3738.

Results

Controlled microphase separation in wet-spun composite
polymer hydrogel fibers

Biomacromolecular phase separation within spiders produces B-sheet
nanocrystals embedded in an amorphous matrix, which has greatly
inspired transformative research on enhancing the mechanical prop-
erties of gel materials by transitioning from microstructural homo-
geneity to heterogeneity”. While significant efforts have been devoted
to exploiting non-covalent interactions in polymer networks to induce
microphase separation in gel materials, the regulation of such phase
separation during a conventional wet-spinning process remains
unexplored. Here, the hydrogel spinning dope was prepared by uni-
formly mixing UHMW PANa and PAM in deionized water. Under opti-
mal conditions, these polymers are expected to form hydrogen bonds
between the carboxylic acid groups of PANa and the amide groups of
PAM, driving microphase separation within the resulting PANa-PAM
composite network. In the traditional wet-spinning process, anti-
solvents are commonly used to induce polymer precipitation and
produce nascent fibers. Apart from this effect, choosing antisolvents
(poor solvents) is crucial for regulating the microphase separation of
PANa-PAM composite hydrogel fibers. Upon injection into the coagu-
lant bath, bidirectional diffusion occurs between water in the hydrogel
dope and poor solvent from the bath, causing rapid accumulation of
poor solvent within the composite networks. When the poor solvent
concentration reaches a critical threshold, polymer aggregation is
triggered, leading to rapid dehydration of the PANa-PAM hydrogel
dope. This process significantly influences the hydrogen bonding
interactions between PANa and PAM in the resulting fibers. Fig. 2a.i and
Supplementary Movie 1 reveal that the formation of white polymer
precipitates from the same PANa-PAM hydrogel dope (PAM/PANa

Nature Communications | (2026)17:17


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66537-7

Nanocluster

Fig. 1| Bioinspired fabrication of PANa-PAM composite polymer hydrogel
fibers with spider-silk like hierarchical architectures and properties.

a Schematic illustration of the hierarchical structures of natural spider silk and (b)
the bioinspired approach of wet-spinning combined with post-drawing that fabri-
cate PANa-PAM hydrogel fibers via controlled microphase separation and strain
programming. This process enables the fabrication of tough and strong fibers that
exhibit a hierarchical structure resembling spider silk, including aligned microscale
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fibrils, hydrogen-bonded nanoclusters, and B-sheet-like crystallites analogous to
those found in natural silk protein materials. ¢ Scalable tough yet strong composite
hydrogel fibers permitting complex knotting and direct sewing. d Properties
comparison of our composite hydrogel fiber with spider silk'®" and reported bio-
mimetic fibers including the i-EASY yarn®, prestretched P2 fiber', PR:CNC-DNF
fiber'®, PDMAEA-Q/PMAA fiber?°, SOS fiber (5x)??, SPCH fiber*, PAA-VSNP-Zn*
fiber*®, regenerated silk fiber”’, and fc-DN*,

mass ratio = 1/2, pH 4.1) occurs more rapidly and distinctly in anti-
solvents with higher polarity (methanol > ethanol > isopropyl alcohol).
The mechanical properties of PANa-PAM fibers were measured at a
relative humidity (RH) of 65% and a strain rate of 2 throughout unless
stated otherwise. Notably, the resulting PANa-PAM fibers exhibit pro-
gressively enhanced strength and modulus without significantly
compromising extensibility. As the antisolvent is varied from isopropyl
alcohol (IPA) to ethanol (EtOH) and to methanol (MeOH), the elastic

modulus increases significantly from 81.7 MPa to 155.0 MPa and to
252.9 MPa, respectively (Fig. 2a.ii). Notably, using a methanol/water
mixed antisolvent (optimal mass ratio of 7:3) further enhanced the
mechanical properties of PANa-PAM hydrogel fibers. As water content
increases from 10wt% to 20wt% and 30 wt%, fiber strength and
modulus continuously increase, achieving an elastic modulus of
455.6 MPa, fracture strength of 17.5 MPa, and fracture strain of 290.5%
with the methanol/water mixture (7:3 mass ratio) (Supplementary
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Fig. 2 | Antisolvent-induce phase separation for controlled microphase
separation in wet-spun nascent PANa-PAM hydrogel fibers. a The effect of
antisolvent on fiber structure and properties. (i) Optical microscope images
showing composite hydrogel filamentation in IPA and EtOH. (ii) Stress-strain curves
of PANa-PAM fibers (fpam = 1/2, pH 4.1) precipitated from different antisolvents. (i)
An AFM image for the PANa-PAM fiber processed from MeOH. (iv) 1D SAXS profiles
of PANa-PAM fibers precipitated from IPA and MeOH. b The effect of polymer
composition on fiber structure and properties. (i) Photos of PANa-PAM hydrogel
dopes (pH = 4.1) with different fpan and (ii) stress-strain curves of the resulting
fibers. (iii) An AFM image of the PANa-PAM fiber with fpay = 1/4. (iv) 1D SAXS profiles
of PANa-PAM fibers with different fpay. € The effect of hydrogel dope pH on fiber

structure and properties. (i) Photos of PANa-PAM hydrogel dopes (fpam =1/4) at
different pH and (ii) stress-strain curves of the resulting fibers. (iii) An AFM image of
the PANa-PAM fiber processed from hydrogel dope of pH 4.6. (iv) 1D SAXS profiles
of PANa-PAM fibers processed from hydrogel dopes of different pH. d PeakForce
quantitative nanomechanical AFM analysis for the PANa-PAM fiber with an opti-
mized microphase separation structure in terms of nanoscale morphology, mod-
ulus, and adhesion force. e TEM image, HAADF image and elemental maps of the
optimized PANa-PAM fiber. f Mechanical properties tunability of PANa-PAM fibers
based on controlled microphase separation. The dots of different colors represent
the measured data points. Data are presented as mean + standard deviation from
n = 5independent samples.
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Fig. 2). This effect might be attributed to the fact that hydrogels in a
mixture of poor/good solvent usually achieve the optimal microphase
separation structure for mechanical reinforcement*°. Atomic force
microscope (AFM) imaging reveals microphase-separated nanos-
tructures in methanol-derived PANa-PAM hydrogel fibers, featuring
hydrogen-bonded polymer-rich nanoclusters with sizes within 100 nm
(Fig. 2a.iii and Supplementary Fig. 3). These nanoclusters are absent in
fibers precipitated with EtOH or IPA. Small-angle X-Ray scattering
(SAXS) analysis confirms the structural heterogeneity through distinct
polymer-rich nanoclusters surrounded by polymer sparse regions,
with methanol-processed fibers showing significantly stronger scat-
tering intensity (Fig. 2a.iv and Supplementary Fig. 4). Additionally,
scanning electron microscope (SEM) imaging was employed to char-
acterize the macroscopic and microscale morphologies of the fibers.
The hydrogel fiber surfaces become progressively smoother as the
antisolvent polarity increases from isopropanol to ethanol to metha-
nol, respectively. Fibers containing polymer-rich nanoclusters fabri-
cated using the methanol/water mixture (7:3) show the ultimate
microscale smoothness without macroscopic wrinkles (Supplemen-
tary Fig. 5). This reduction in surface roughness and microstructural
defects likely contributes to the observed mechanical enhancement.
To further optimize the microphase structures arising from
hydrogen bonds between PAM and PANa, we investigated PANa-PAM
hydrogel fibers with varying polymer compositions. By maintaining a
constant PANa concentration (0.073gml™, pH 4.1), we prepared
composite hydrogel dopes with different PAM/PANa mass ratios
(fram)- As fpam increases, the hydrogel dopes transition from trans-
parent to translucent and finally to opaque (Fig. 2b.i), demonstrating
significant microphase separation driven by enhanced hydrogen
bonding between PAM and PANa (Supplementary Fig. 6 and Supple-
mentary Movie 2). All hydrogel dopes exhibit viscoelastic behavior
with shear-thinning properties. The apparent viscosity initially
increases as fpam rises from 1/6 to 1/2 but decreases upon further
increase to 1 (Supplementary Fig. 7). Strain-dependent oscillatory
rheology measurements reveal the highest storage modulus
(G’'=365Pa) in the linear viscoelastic region for the composite
hydrogel dope at fpam=1/2, and the gradual decrease in gel-to-sol
crossover points with increasing fpam may result from enhanced strain
sensitivity due to stronger hydrogen bonding interactions within the
gel networks (Supplementary Fig. 8). Fourier-transform infrared
spectroscopy (FT-IR) analysis (Supplementary Fig. 9) reveals enhanced
hydrogen bonding interactions in the composite polymer network.
The absorption band at 1630 cm™ corresponds to C=0 stretching,
while the peak at 1401 cm™ arises from COO' stretching in PANa. With
the incorporation of PAM, distinct NH; stretching vibrations emerge at
3235cm™ and 3417 cm™. Additionally, the appearance of two bands at
3547 cm™ and 3475 cm™ suggests the formation of extensive intra-
molecular and intermolecular hydrogen bonds. Temperature-
dependent FT-IR reveals the gradual dissociation of hydrogen bonds
associated with carboxylic acid groups and amide groups within PANa-
PAM fibers during heating (Supplementary Fig. 10). Mechanical mea-
surements reveal that PANa-PAM fibers exhibit significantly enhanced
strength and modulus with minimal loss of extensibility as fpam
increases from 1/6 to 1/4. However, further increasing fpam leads to a
decline in mechanical performance. At fpam=1, the fibers become
brittle, showing the lowest strength, modulus, and extensibility
(Fig. 2b.ii). AFM imaging reveals distinct microphase separation, with
abundant spherical nanoclusters (50-100 nm) at fpam = 1/4 (Fig. 2b.iii).
As fpam further increases, these nanoclusters tend to grow in size and
adopt irregular morphologies (Supplementary Fig. 11). SAXS analysis
confirms the strongest scattering intensity in PANa-PAM fibers at
fram =1/4 (Fig. 2b.iv and Supplementary Fig. 12), indicating the optimal
microphase-separated structure with dense, well-defined nanoclusters
that significantly enhance fiber toughness and strength. Additionally,
the ellipsoidal SAXS pattern (inset, Fig. 2b.iv) indicates an axial

orientation of polymers along the fiber axis, resulting from the
extrusion and shear forces experienced during the spinning process
(Supplementary Fig. 13). The translucent/opaque hydrogel dopes at
fram=1/2 and 1 produce PANa-PAM fibers with large and irregular
polymer aggregates, which tend to embrittle the composite networks.
SEM observations for the fibers with varying polymer compositions
support this result. The composite fibers with high contents of PAM
(feam =1/2 and 1) exhibit nonuniform, rough surface microstructures
(Supplementary Fig. 14), which likely cause stress concentration dur-
ing fiber stretching at low strains.

The hydrogen bonds in PANa-PAM hydrogel fibers can be well
controlled by modulating the protonation state of carboxylate groups
in PANa. At pH 4.1, the globule chain conformation of PANa and the
protonated carboxylate groups facilitate the formation of hydrogen
bond nanoclusters. AFM images for the pH 4.1 fiber in Supplementary
Fig. 15 show the optimized microphase separation structure at differ-
ent magnifications. However, even a slight increase in pH significantly
weakens microphase separation. For composite hydrogel dopes
(fram =1/4), the viscosity and storage modulus exhibit a continuous
increase as pH rises from 4.1 to 9.2 (Fig. 2c.i and Supplementary
Figs. 16 and 17) attributed to the globule-to-coil conformational tran-
sition of PANa chains, consistent with earlier findings®’. Notably, when
pH increases marginally from 4.1 to 4.6, the stress-strain curves
undergo a dramatic change, with the elastic modulus dropping sharply
from 643.8 to 39.4 MPa. Across the pH range of 4.1 to 9.2, PANa-PAM
fibers exhibit progressively reduced strength and modulus but
enhanced extensibility (Fig. 2c.ii). AFM imaging reveals corresponding
nanostructural changes: as pH increases, the heterogeneity of the
composite network progressively decreases. Concurrently, the size of
the microphase-separation nanoclusters increases, while their number
significantly decreases (Fig. 2c.iii and Supplementary Fig. 18). At pH
9.2, the fiber exhibits a homogeneous nanostructure devoid of
aggregated nanoclusters. These observations align with SAXS analysis,
which shows a decrease in scattering intensity as pH increases
(Fig. 2c.iv and Supplementary Fig. 19). The SAXS 1D curve fitting results
for the fiber at pH = 4.1 show ¢>* scaling, indicating the presence of
molecular chain scattering originating from hydrogen bond
nanoclusters with well-defined interfaces® (See more details in Sup-
plementary Fig. 20). Quantitative nanomechanical AFM imaging was
applied to reveal the modulus contrast between polymer-rich
nanoclusters stabilized by dense hydrogen bonding and polymer-
sparse regions lacking strong interactions. As shown in Fig. 2d, the
nanoclusters observed in the topography image correspond to the
high-brightness regions in the modulus map, with values ranging from
2.1 to 4.5GPa. In contrast, the surrounding regions exhibit a lower
modulus of 0.7 to 2.1 GPa. In the adhesion map, the nanoclusters well
align with areas of reduced adhesion force, indicating that these
clusters possess enhanced stiffness and smoother surfaces. Quantita-
tive nanomechanical AFM imaging for fibers with different microphase
separation structures shown in Supplementary Fig. 21 reveals con-
sistent results. Transmission electron microscopy (TEM) imaging
reveals nanoclusters with well-defined spherical morphologies, whose
distribution characteristics closely match those observed in the AFM
images (Fig. 2e). High-angle annular dark field (HAADF) image
demonstrates a densely packed arrangement of clusters, exhibiting
structural similarities to silk protein assemblies. Elemental mapping
confirms a uniform distribution of C, N, and O, originating from the
intermolecular hydrogen bonding between PANa and PAM.

Taken in sum, the microphase separation governed by hydrogen
bond nanoclusters in wet-spun PANa-PAM composite polymer
hydrogel fibers can be effectively modulated by adjusting the anti-
solvent, polymer composition, and hydrogel dope pH (Fig. 2f and
Supplementary Table 2). Under optimized conditions (fpam =1/4, pH =
4.1, and precipitation in a methanol/water mixture with a 7:3 mass
ratio), the resulting PANa-PAM fibers exhibit exceptional stiffness and
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Fig. 3 | Post-drawing enabled strain programming for uniaxial orientation and
controlled crystallization in PANa-PAM hydrogel fibers. a Stress-strain curves,
(b) mechanical properties and (c) multiscale structures of prestrained PANa-PAM
fibers. Fracture stress, fracture strain, elastic modulus, and toughness are respec-
tively represented by g, ¢, E, and T. All data were tested for five times, and the error

Azimuthal angle (°)

Prestrain (%)

bars are presented as mean + standard. (i) SEM images, (ii) AFM images and (iii) 2D
WAXS patterns of prestrained PANa-PAM fibers. d 1D WAXS profiles perpendicular
to the fiber axis of prestrained PANa-PAM fibers. e Azimuthally dependent scat-
tering spectra at 26 =12.1° and (f) full width at half maximum (FWHM) of azimuthal
peaks and orientation factor calculation at different prestrains.

toughness, achieving a fracture stress of 29.6 MPa, an elastic modulus
of 643.8 MPa, a fracture strain of 369.4%, and a toughness of 75.6 MJ
m~. Notably, pH adjustment enables wide control over structural
heterogeneity of the composite polymer network, allowing for a broad
spectrum of mechanical properties. For instance, soft and highly
stretchable PANa-PAM fibers prepared at pH 9.2 display an elastic
modulus of 0.39 MPa and an extraordinary fracture strain of 1120.2%.

Post-drawing for strain programming in microphase-separated
hydrogel fibers

After extrusion from the spinneret, the spider silk fibers are
mechanically post-drawn by the spider’s legs, significantly enhancing
their axial molecular alignment. This ordered, hierarchical micro-
structure is a hallmark of high-performance natural uniaxial
materials**% In both biological and synthetic spinning processes,
inducing such uniaxial alignment is critical for producing fibers with
high strength and stiffness. The PANa-PAM hydrogel fibers with an
optimized microphase-separated structure underwent strain pro-
gramming via post-drawing to introduce varying degrees of molecular
orientation and crystallization. During this process, the PANa-PAM
fiber was prestretched at 100% to 400% strain in a 75% RH environment
to align the polymer chains, followed by stabilization at 65% RH for
=6 h to fix the aligned structure. Tensile stress-strain curve of the fiber
at 75% RH is shown in Supplementary Fig. 22. As shown in Fig. 3a,

increasing the prestrain leads to progressively higher strength and
stiffness but reduced stretchability. The 400% prestrained PANa-PAM
(PANa-PAM-400%) fiber achieves a fracture stress of 172.3 MPa, an
elastic modulus of 3.05 GPa, and a maximum toughness of 118.7 M) m™
(Fig. 3b and Supplementary Table 3). These mechanical properties are
comparable to those of spider silk, and remain highly stable over a 28-
day measurement period (Supplementary Fig. 23). Meter-scale PANa-
PAM-400% fibers were successfully fabricated, and demonstrated
excellent knotability in various configurations (Supplemen-
tary Fig. 24).

We systematically investigated the multiscale structural changes
in the strain-programmed composite polymer fibers. Under polarized
light, the fibers exhibit pronounced birefringence, with interference
colors shifting from yellow to purple as prestrain increases, reflecting
enhanced polymer alignment (Supplementary Fig. 25)*’. SEM imaging
shows a progressive reduction in fiber width, from an original 820 pm
to =450, 310, and 270 pm at 200%, 300%, and 400% prestrain,
respectively (Fig. 3c.i). Simultaneously, the initially smooth surface
develops uniaxially oriented textures, forming densely aligned
microfibrillar structures as polymer chains reorganize into bundled
microfibers at higher prestrains. The nanostructural evolution induced
by increasing prestrain was systematically characterized using AFM
(Fig. 3c.ii and Supplementary Fig. 26). In contrast to the original PANa-
PAM fiber featuring randomly distributed nanoclusters, the PANa-
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PAM-200% fiber exhibits significantly enlarged nanoclusters, suggest-
ing a reconstruction of hydrogen-bonded networks under stressed,
high-humidity conditions, and the phase contrast between
nanocluster-rich and amorphous regions was decreased. The PANa-
PAM-300% fiber demonstrates highly elongated nanoclusters aligned
along the fiber axis, clearly evidencing both microphase separation
and structural alignment. Notably, nanoclusters become virtually
indistinguishable in the PANa-PAM-400% fiber, likely due to extreme
alignment and densification of polymer chains. Complementary 2D
SAXS patterns show progressively intensified diffraction perpendi-
cular to the fiber axis with increasing prestrain (Supplementary
Fig. 27), further corroborating nanoscale structural alignment. The
wide-angle X-ray scattering (WAXS) measurements offer further evi-
dence of molecular-scale reorganization (Fig. 3c.iii and d). The as-
prepared PANa-PAM fiber shows only weak diffraction peaks, sug-
gesting a low degree of crystallinity in the absence of post-drawing
treatment. As the prestrain increases from 200% to 400%, the dif-
fraction peaks become more intense. The asymmetric peak shapes
indicate the presence of overlapping reflections. Specifically, the
WAXS profile of the PAA-PAM fiber under 400% prestrain displays
diffraction peaks at 260 =7.7°,11.5°, 12.1°, 16.5°, and 17.1°. Among these,
the peaks at 11.5° and 16.5° are assigned to the (110) and (101) reflec-
tions, respectively, of polyacrylic acid (PAA) crystals with an orthor-
hombic unit cell, consistent with previous reports*** and also
observed in the pure PANa fiber (Supplementary Fig. 28). The
remaining peaks at 26 =7.7°,12.1°, and 17.1° are attributed to the (010),
(110), and (101) reflections, respectively, of a PAA-PAM co-crystal
structure. These reflections correspond to an orthorhombic unit cell
with slightly different parameters than those of pure PAA crystals
(Supplementary Table 4). Quantitative analysis of the azimuthal
intensity distribution for the (110) reflection yields the crystallite
orientation parameters (Fig. 3e, f). The orientation factor (f) evolves
from near-isotropic (f=0) in the unstretched state to highly aligned
(f=0.84) at 400% prestrain. Post-drawing for strain programming
under stressed, high-humidity conditions induces pronounced align-
ment and oriented crystallization of the composite polymer chains,
which in turn guides the formation of highly oriented nanoclusters and
microfibrils along the fiber axis while simultaneously enhancing com-
posite polymer crystallization within the nanoclusters. The resulting
PANa-PAM-400% fiber integrates aligned microscale fibrils composed
of orientated polymer chains, rigid hydrogen-bonded nanoclusters
surrounded by softer polymer-sparse domains, and composite poly-
mer crystallinity analogous to S-sheet crystals in silk protein. This
sophisticated hierarchical architecture enables the fiber to closely
replicate both the structural complexity and mechanical character-
istics of natural spider silk.

Spider silk-like attributes of composite polymer hydrogel fibers
With high structural similarity to spider silk, the PANa-PAM-400%
fibers not only replicate the exceptional toughness and strength of
spider silk but also possibly acquire a range of advanced function-
alities, including shock resistance, moisture sensitivity, elastic
recovery, energy absorption, and supercontraction. We system-
atically evaluated these spider silk-like behaviors in PANa-PAM-400%
fibers. Dragline silk serves as a lifeline for spiders, enabling critical
functions including body weight support, locomotion, controlled
descent from heights, and prey capture, all of which demand high
strength and stiffness under both static and dynamic loading con-
ditions (Fig. 4a, left). The PANa-PAM-400% fibers demonstrate high
load-bearing capacity, with a single 9.2 mg fiber (cross-sectional area
of =0.5 mm?) supporting a 1kg static load, approximately 110,000
times its own weight (Fig. 4a, right), surpassing most reported bio-
mimetic fibers?>*34>4¢47_Progressive increases in stretching rate from
10 to 160 mm/min result in corresponding enhancements of elastic
modulus from 1.98 to 4.32GPa and yield stress from 63.5 to

152.9 MPa (Fig. 4b, c). Consequently, these fibers exhibit enhanced
deformation resistance and higher load-bearing capacity at elevated
strain rates, making them particularly suitable for protective appli-
cations under dynamic mechanical conditions. Natural spider silk
exhibits significant moisture sensitivity due to its high content of
hygroscopic amino acids. Similarly, the PANa-PAM-400% fiber con-
taining amide and carboxylate groups demonstrates comparable
hygroscopic properties. Under identical environmental conditions,
the PANa-PAM-400% fiber shows higher water content than spider
silk, reaching =23 wt% at 65% RH, approximately twice that of natural
spider silk (Fig. 4d)*. As relative humidity decreases, the fiber exhi-
bits increased stiffness and strength but reduced extensibility (Sup-
plementary Fig. 29a, b). At 55% RH, the fracture strength and
modulus of the fiber with =13 wt% water content reach 231.2 MPa and
3.91GPa, respectively, while the fracture strain remains relatively
high at 77.6%. The J-shaped stress-strain curve observed at 85% RH
suggests that hydrogen bond clusters persist as robust crosslinks
within the composite network, enabling effective strain stiffening
under high tensile deformation (Supplementary Fig. 29c). The
damping properties of spider silk enable effective shock absorption
during high-velocity prey capture, preventing prey rebound through
efficient energy dissipation. Our cyclic loading tests reveal high
energy dissipation performance of the biomimetic fiber (Fig. 4e),
with the damping capacity stably maintaining at =96% across
20-100% strain, and the dissipated energy at 100% strain reaches
116.4 MJ m (Fig. 4f). Progressive loading tests demonstrate con-
sistent enhancement of energy absorption, where stepwise 20%
strain increments from 20% to 100% strain yield steadily increasing
energy dissipation (Supplementary Fig. 30). The spider silk is
damping yet elastic, enabling restoration of both shape and
mechanical properties following energy absorption. The PANa-PAM-
400% fiber exhibits substantial residual strain exceeding 40% and
strength degradation following initial loading to 50% strain, accom-
panied by a significant reduction in energy dissipation capacity
(Fig. 4g). However, moisture treatment followed by stabilization at
65% RH facilitates structural reorganization, resulting in full recovery
of both mechanical properties and damping performance. Notably,
under elevated humidity conditions (85% RH), the fiber demonstrates
exceptional elastic recovery and maintains consistent mechanical
stability throughout repeated 100% strain loading cycles (Supple-
mentary Fig. 31). Figure 4h demonstrates that a single PANa-PAM-
400% fiber hanging a load 50,000 times its own mass effectively
absorbs impact energy from free-falling weights at varying heights.
The fiber rapidly dissipates vibrational energy, bringing the oscillat-
ing mass to complete rest within seconds. With a 96% damping
capacity coupled with elastic recovery from 50% tensile strain, sur-
passing the performance of spider silk (damping capacity of
50-70%)**** as well as most other natural and synthetic materials®,
the PANa-PAM-400% fiber represents the state-of-the-art in high-
performance damping materials for energy absorption applications.

The supercontraction of spider silk under high humidity or water
exposure primarily results from the disruption of intermolecular
hydrogen bonds, which leads to molecular chain disorientation and
subsequent recoiling®™. Inspired by this mechanism, we expected that
strain-programmed PANa-PAM fibers with rich hydrogen bonds and
aligned polymer chains should exhibit similar supercontraction
behavior through the breakdown of their hydrogen-bonded compo-
site network. To test this, we applied thermal (100 °C) and moisture
(85% RH) stimuli to induce supercontraction in PANa-PAM fibers with
varying degrees of structural alignment (Fig. 5a). The actuation strain
increases with the prestrain level, attributed to the greater contraction
distance of more aligned PANa chains. Thermal stimulation produces
higher actuation strains than moisture for the same fiber, with the
PANa-PAM-400% fiber reaching 57% at 100 °C. As shown in Fig. 5b,
thermal actuation stress increases from 0.4 to 2.4 MPa as prestrain
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Fig. 4 | Spider silk-like loading bearing, moisture sensitivity, damping-yet-
elastic properties of PANa-PAM-400Y% fibers. a Schematic illustration of spider
silk hanging its body for self-protection and a photo of the biomimetic fiber
hanging a static load of 1kg (right). b Stretching rate-dependent stress-strain curves
and (c) yield stress and elastic modulus of the biomimetic fiber. The dots of dif-
ferent colors represent the measured data points of three. Error bars are presented
as mean + standard deviation from n = 3 independent samples. d The effect of

relative humidity on water retention capability of spider silk*® and the biomimetic
fiber. e Cyclic stress-strain curves of the biomimetic fiber within 20-100% strain.
f The dissipated energy and damping capacity within 20-100% strain. g The cyclic
stress-strain curves with and without moisture treatment. h Time-dependent
impact force oscillations of a free-falling object from different heights damped by
the biomimetic fiber.

rises from 100% to 400%. Higher prestrains also accelerate actuation,
with stress peaking within =3s. Temperature-dependent studies
revealed that supercontraction in the PANa-PAM-400% fiber was not
triggered at 40 °C. However, increasing the temperature from 60 to
120 °C enhances actuation strain from 3% to 60%, while the actuation
stress at 120 °C reaches 3.2 MPa (Supplementary Fig. 32). To further
enhance the actuation performance, we applied a secondary prestrain
(100%) to the PANa-PAM-400% fiber, yielding the PANa-PAM-400%x2
fiber. This modification improves thermal sensitivity and actuation
strain, with the actuation strain reaching 18% at 40 °C and 69% at
120 °C (Fig. 5¢). More strikingly, the actuation stress of PANa-PAM-
400%x2 increases by over an order of magnitude compared to PANa-
PAM-400% at the same temperature, reaching 42 MPa at 120 °C versus
3.2 MPa for the untreated fiber (Fig. 5d). This suggests substantially
greater stress storage in the highly stretched and aligned polymer
chains after secondary prestretching. We assessed the work capacity of
the prestrained fibers by performing weight-lifting tests at 120 °C. As
expected, both actuation stroke and work capacity of the fibers
increases with prestrain (Fig. 5e). The PANa-PAM-400%x2 fiber rapidly

contracts under a load >1000 times its own mass (Fig. 5f and Supple-
mentary Movie 3), achieving =54% actuation stroke and a work capa-
city of 516]Jkg™, far surpassing biological muscle (39]kg™)".
Additionally, the thermal supercontraction can promote the mechan-
ical properties recovery of the tough and strong PANa-PAM-400%
fibers. After energy dissipation at 50% tensile deformation, =45% resi-
dual strain is fully recovered via heating (120 °C)-induced super-
contraction followed by stabilization at 65% RH. The fiber maintains
consistent mechanical performance over ten energy absorption cycles
(Fig. 5g). Supplementary Movie 4 demonstrates that the PANa-PAM-
400% fiber after large deformation recovered by thermal super-
contraction can still stably bear a1 kg load. These findings highlight the
high reversibility of hydrogen bond reorganization that drives repea-
table supercontraction in our biomimetic composite polymer hydro-
gel system (Fig. 5h).

Discussion
In summary, we report PANa-PAM composite polymer hydrogel fibers
with spider silk-like architectures and properties, fabricated via
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Fig. 5 | The supercontraction performance of prestrained PANa-PAM hydrogel
fibers. a Actuation strain of PANa-PAM hydrogel fibers processed with different
prestrains induced by moisture (85% RH) or thermal supercontraction (100 °C).

b Actuation stress of prestrained PANa-PAM fibers induced by heating at 100 °C.
¢ Actuation strain of the PANa-PAM-400% fiber and PANa-PAM-400%x2 fiber as a
function of heating temperature. d Actuation stress of the PANa-PAM-400%x2 fiber
at different heating temperatures. e Actuation stroke and work capacity of
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prestained PANa-PAM fibers. f Photos showing the thermal supercontraction (120
°C) of PANa-PAM-400%x2 fiber lifting a 5 g load. g Cyclic stress-strain curves of the
PANa-PAM-400% fiber with thermal treatment. h Schematic illustration of the
structural changes of the strained PANa-PAM fiber for supercontraction. All data in
(a, ¢, e) were tested for three times and the error bars are presented as

mean * standard.

conventional wet-spinning. The composite polymers of UHMW PANa
and PAM are selected, as the hydrogen bonds between the carboxylic
acid and the amide group drive polymer microphase separation at
suitable conditions. The antisolvent-induced phase separation process
determined by the hydrogel dope composition, pH, and antisolvent
selection controls the microphase separation, modulating hydrogen-
bonded PANa-PAM nanoclusters within the composite polymer net-
work, while the post-drawing under a high-humidity condition enables
strain programming to engineer uniaxial structural alignment and
composite polymer crystallization. The optimized PANa-PAM-400%
fiber integrates aligned microscale fibrils composed of oriented poly-
mer chains, nanoclusters of PANa-PAM polymer-dense domains sur-
rounded by polymer-sparse regions, and S-sheet-like composite
polymer crystallization, well mimicking the hierarchical architecture of
spider silk. Consequently, it achieves comprehensive spider silk-like
properties and functionalities unmatched by existing synthetic fibers,
including a toughness of 118.7 M) m™, a fracture strength of 172.3 MPa
suitable for textile usage, 50% elastic strain, 96% damping capacity,
thermal/moisture supercontraction with over 60% actuation strain,
and moisture sensitive mechanical properties. These findings provide
a bioinspired, fiber manufacturing-compatible strategy to tailor bio-
mimetic multiscale structures in composite polymer hydrogels,
advancing high-performance and functional fibers for smart wearable
technologies.

Methods

Materials

Sodium polyacrylate (PANa, M,,=3 x 10”Da), polyacrylamide (PAM,
M, =12 x 10’ Da), methyl alcohol (MeOH), ethanol (EtOH), and iso-
propanol (IPA) were purchased from Sinopharm Chemical Reagent Co.
Ltd. Concentrated hydrochloric acid (HCI) was purchased from
Shanghai Lingfeng Chemical Reagent Co., Ltd. Deionized water was
used in all experiments.

Preparation of hydrogel spinning dopes

The PANa powder was dissolved in 20 mL of 0.5 M HCl under magnetic
stirring at 70°C for 5min until complete polymer swelling was
achieved, yielding PANa gels with a fixed concentration of 0.073 g ml™.
HCI was used to adjust the protonation state of carboxyl groups
(-COO) in PANa. Subsequently, varying ratios of PAM powder were
gradually added to the swollen matrix under continuous mechanical
agitation at 65°C for 6 h, forming a uniform hydrogel. Finally, the
hydrogel spinning dope was obtained by high-speed centrifugation to
remove entrapped air bubbles.

Preparation of PANa-PAM fibers with controlled microphase
separation

The PANa-PAM hydrogel spinning dope was extruded through an 18 G
needle (outer diameter: 3 mm) into a coagulation bath at a constant

Nature Communications | (2026)17:17


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66537-7

injection rate of 0.15 mL min™. The fibers were collected tension-free
using a synchronized-speed collector and equilibrated under ambient
humidity (65% RH) for 8 h to achieve moisture equilibrium, yielding the
final PANa-PAM fibers. To study the influence of antisolvent on fiber
structure and properties, hydrogel dopes (fpam = 1/2, pH 4.1) were spun
and precipitated in MeOH, EtOH, IPA, and MeOH/water mixed solu-
tions. To examine the effect of polymer composition, hydrogel spin-
ning dopes (pH 4.1) with fpam ranging from 1/6 to 1 were spun and
precipitated in a methanol/water mixture (mass ratio 7:3). To assess
the impact of pH, hydrogel dopes (PAM/PANa mass ratio =1/4) with pH
values from 4.1 to 9.2 were spun and precipitated in the same metha-
nol/water mixture (7:3).

Strain programming in PANa-PAM fibers

The PANa-PAM fibers (fpam = 1/4, pH 4.1), precipitated from the MeOH/
water (7:3) coagulation bath, were retrieved and subjected to pre-
stretching at a constant rate (20 mm min™) with incremental strains
ranging from 100% to 400% under 75% RH. The prestretched wet fibers
were then hygroscopically equilibrated at 65% RH for 6 h to promote
molecular chain alignment and hydrogen bond reorganization, yield-
ing PANa-PAM fibers with distinct uniaxial orientation and crystallinity
structures.

Data availability

The data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
Data is available from the corresponding author on request. Source
data are provided with this paper.
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