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Supporting Note 1 -The continuous printing of Polyacrylamide (PAA)-graphene 

oxide (GO) tough-hydrogel microfibers 

  The PAA-graphene oxide tough-hydrogel microfibers are printed using the similar 

approach (Fig. S1 a-b). The outer aqueous phase consists of graphene oxide (GO, 

0.66wt%), acrylamide (AA, 94.56wt%), N,N’’-methylenebisacrylamide (MBAA, 

1.589wt%), and ammonium persulphate (APS,3.178wt%); the inner phase is 10 wt% 

CaCl2 aqueous solution. The flow rate ratio of the inner and outer phases is 

Qin/Qout=5:20, and the printing speed of the translation stage is 1mm/s.  

 

Figure S1. (a) The schematic and image of microfluidic nozzle-head for continuous 

fabrication and printing PAA-GO tough-hydrogel fibers; (b) Optical images of 

PAA-GO tough-hydrogel fiber under different stretches: 0%, 100%, 400% and 700%. 

The original length of microfiber are 1 cm. 
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Supporting Note 2 -The effect on the water content of the tough-hydrogel 

microfibers on their toughness   

 

 

Figure S2. The plot of the calculated toughness (kJ/m
3
) as a function of the water 

content (Cw%) of tough-hydrogel microfibers 
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Supporting Note 3 -The influence of flow rate ratio Qin/Qout on the stretchability 

of the resultant PAA-alginate tough-hydrogel microfibers  

The mechanical property of the tough-hydrogel microfibers varies as the flow 

rate ratio of the inner and outer phase Qin/Qout is tuned. The flow rate ratio is 

optimized to be 3:5 for the largest stretchability of the resultant microfibers (Fig. S3). 

 

Figure S3. The plot of Qin/Qout as a function of the stretchability (λ) of PAA-alginate 

tough-hydrogel microfibers 
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Supporting Note 4 -The effect of the cross-section area of tough-hydrogel 

microfibers on their stretchability 

Under a water content of 65%, when the cross-section area of microfibers is 

varied from 0.75 mm
2
 to 2.75 mm

2
, the stretchability, λ=12±3, shows negligible 

changes (Fig. S4). Compared with thick pieces of tough-hydrogels, of which 

cross-section areas are from 4.8 mm
2
 to 12 mm

2
, their stretchability are slightly higher, 

λ=13±2.5 (Fig. S4). 

 

Figure S4. The plot of the cross-section area A (mm
2
) as a function of the 

stretchability (λ) of PAA-alginate tough-hydrogels. The tough-hydrogels with 

A >4mm
2
 are no longer termed as microfibers.  
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Supporting Note 5 -The the porous structures of the printed tough-hydrogel 

microfibers  

 

Figure S5. Scanning electronic microscopic (SEM) image showing the porous 

structures of the printed tough-hydrogel 
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Supporting Note 6 -The stretchability of the re-hydrated tough-hydrogel 

microfibers in aqueous solutions  

 

 

 

Figure S6. (a) Optic images of dehydrated/dried tough-hydrogel microfibers and 

rehydrated ones; (b) Optic images showing the rehydrated tough-hydrogel fiber 

remains ultra-stretchable under 0% and 1000% stretches, respectively. The original 

length of microfiber are 1.3 cm. 
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Supporting Note 7 - The effect on the water content of the tough-hydrogel 

microfibers on their electrical resistivity   

 

Figure S7. The plot of the measured resistivity (Ω·m) as a function of the water 

content (Cw%) of tough-hydrogel microfibers 
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Supporting Note 8 - The schematic of measuring electrical resistance of the 

tough-hydrogel microfibers 

 

 

 

Figure S8. The schematic showing the measure of electrical resistance of the 

tough-hydrogel fibers with and without the electrolytes, while stretching. The basic 

design places the tough-hydrogel fiber, the ends of which are bonded on two metal 

linear stages, on an insulating substrate.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-10 

 

 

Supporting Note 9 - The linear current-voltage relationships of the 

tough-hydrogel microfibers 

 

 

Figure S9. A plot of the measured currents against applied voltages for ionic 

tough-hydrogel fibers during stretching, using the set-up as shown in Fig. S3. The 

electrical behaviors of the stretched tough-hydrogel fibers remain omhic, as indicated 

by the linear fitting with exponent of 1, as the voltage is larger than 0.3 V. The 

different colors correspond to fibers of different stretches.  

 

 

Figure S10. (a) The schematic showing that the electrode/electrolyte interface forms 

an electrical double layer; (b) When the applied voltage is below certain value, 

electrons and ions do not across the interface, and thus no electrochemical reaction 

occurs. The electrical double layer behaves like a capacitor. From reference 1. 

Reprinted with permission from AAAS. 
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Supporting Note 10 - The effect of electrolyte concentrations on the stretchability 

of re-hydrated tough-hydrogel microfibers 

 

 

Figure S11. The stretchability of the tough-hydrogel fibers is not influenced by 

different mass ratios of electrolytes 
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Supporting Note 11 - The egg jump on the printed tough-hydrogel web 

 

 

 

Figure S12. Series of optical images showing the egg jump from a height of 1.2m. 

The egg bounces and stretches the tough-hydrogel web, finally rests on the web.  

 

 

Figure S13. Optical images showing the printed tough-hydrogel web before and after 

the egg jump. The robustness of the printed web remains intact and stretchable. 
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Supporting Note 12 - The rheology characterization of PAA-alginate 

tough-hydrogels  

 

Figure S14. Viscoelasticity of the PAA-alginate tough-hydrogels with different molar 

mass ratio of alginate to AA, 8:1 and 20:1. (a) Storage modulus G’; (b) Loss modulus 

G’’.  
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Supporting Note 13 - The stretchability of the PAA-alginate hybrid microfibers 

with a alginate-to-AA mass ratio of 20:1 

  The ultra-stretchability of PAA-alginate tough-hydrogels are the following two 

mechanisms: PAA network maintain its elasticity under large deformation and the 

reversible Ca
2+

 crosslinking alginate network dissipates mechanical energy
1–6

. As the 

portion of alginate increases, the elastic modulus of the hybrid hydrogel is decreased 

and thus the maximum deformation is also decreased
2
 (Fig. S15a-b).  

 

Figure S15. Optic images showing the maximum stretchability of PAA-alginate 

tough-hydrogel microfiber with different mass ratios between alginate and AA.   
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Supporting Movie 1. The lightening up of a series of LED bulbs connected by 

tough-hydrogel fibers. 

Supporting Movie 2. The high-speed video showing the close-up of the egg 

impacting onto the printed web.   
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