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Supplementary Table 1. Summary of elastic modulus, fracture tensile strength, fracture strain, 

and work-of-fracture (toughness) of previously reported mechanically reinforced PVA-based 

hydrogels. Bright blue square: published in 2021; brown rhombus-shape diamond: published in 

2022; green circle: published in 2023; purple triangle: published in 2024; Dark blue circle: 

published in 2025. The strength and elastic modulus of natural ligaments were displayed in a range 

based on literature, but the toughness value was not easy to be specifically displayed. 
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 Advanced Materials (2023)
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 Advanced Materials (2023)
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Nature Communications (2024)

5 14 1700 154
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natural hierarchical composite design principles,

 Nature Communications (2024)

20.3 6.9 350 17.5

Spider-silk-inspired strong and tough hydrogel fibers with anti-freezing and

water retention properties,

 Nature Communications (2024)
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Control nucleation for strong and tough crystalline hydrogels with high water

content,

 Nature Communications (2024)

1.9 7.4 1350

Bamboo-inspired ultra-strong nanofiber-reinforced composite hydrogels,

 Nature Communications (2025)
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Hierarchically aligned heterogeneous core-sheath hydrogels,

 Nature Communications (2025)
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testing,

Nature Communications (2025)

3.78 10.5 260 6.8
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 Nature Communications (2025)
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Advanced Science (2025)
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Advanced Materials (2025)
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Supplementary Fig. 1. (a) Fracture strength, (b) fracture strain, and (c) elastic modulus of PVA-

NC hydrogel fibers prepared by varying freezing-thawing cycles and treatment with 1.5 M Na2SO4 

and 1.5 M Na3Citrate, respectively. Data are presented as mean ± standard deviation (n = 5). 

 

  



 

 

 

Supplementary Fig. 2. (a) Fracture tensile strength and elastic modulus, and (b) toughness of 

PVA-NC/FT/S hydrogels in extruded fiber form and cast sheet form, respectively. The hydrogels 

were processed by a single FT cycle and treated with 2.8 M Na3Citrate solution. Data are presented 

as mean ± standard deviation (n = 5). 

  



 

 

 

Supplementary Fig. 3. Water content of two different hydrogels. Data are presented as mean ± 

standard deviation (n = 5). 

 

 



 

 

Supplementary Fig. 4. The relative resistance variation (∆R/R0) of 8-fiber-braided hydrogel 

bundle over a strain region of 0–100%. The gauge factor (GF), which is defined as the slope of the 

∆R/R0 versus applied strain, is 0.1978.  

  



 

 

 

Supplementary Fig. 5. Photographs of the printed structure of PVA-NC/FT/S hydrogel. 

  



 

 

Supplementary Fig. 6. Photographs of the printed structures of PVA-NC/FT/S hydrogel. (a) 

Square structure printed by a grid printing route. (b) Hexagon structure printed by a honeycomb 

printing route. 

  



 

 

 
Supplementary Fig. 7. (a) Stress-strain curves of PVA-NC/FT/S hydrogel after immersed in 

mineral oil and in pure water, respectively. (b) Swelling ratio of the hydrogel in pure water. Data 

are presented as mean ± standard deviation (n = 5). (c) Tensile strength of two different hydrogels. 

Data are presented as mean ± standard deviation (n = 5). 



 

 

 

Supplementary Fig. 8. SEM image of as-received dry NC powder. 

  



 

 

Supplementary Movie 1. Loading (404.5g) test of individual PVA-NC hydrogel fiber treated with 

one freezing-thawing cycle and 2.8 M Na3Citrate salting-out processes.  

Supplementary Movie 2. Loading (404.5g) test of individual PVA-NC/FT/S, PVA-NC/S and 

PVA-NC/FT hydrogel fiber.  

Supplementary Movie 3. Loading (13.6 kg) test of 50-fiber-braided hydrogel bundle. 

Supplementary Movie 4. Real-time printing process of PVA-NC mixture. 


