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Fig. S1. Temperature-dependent FT-IR spectra of CS-50.
 Temperature-dependent FT-IR spectra of CS-50 upon heating from 30 to 80 °C in the 
wavenumber of 3600 to 3000 cm-1 a), 3010 to 2840 cm-1 b), and 1680 to 1580 cm-1 c).



Fig. S2 Photographs showing the transparency of CS-50.



 

Fig. S3 XRD spectroscopy of MCC a) and CSs b), and c) crystalline structure of 
cellulose.
XRD analysis showed that as compared to typical diffraction peaks of natural cellulose 
I crystalline structures which are observed at 2θ=16.5o, 22.5o and 34.8o (Fig. S3a), the 
characteristic peaks of supramolecular cellulose fibers were observed at 2θ=11.8o, 20.5o 
and 21.7o (Fig. S3b), indicating the conversion of cellulose I to cellulose II (Fig. S3c). 



Fig. S4 Complex modulus vs. strain curves for CS-50 at the frequency of 1.00 Hz.
Storage (G′) and loss modulus (G″) in linear viscoelastic region (LVR) curve of CS-50 
were measured at the strain (γ) range from 0.01% to 100% at an angular frequency of 
1 Hz to determine the constant strain (γ) of 1%, which was small enough to avoid the 
nonlinear response and simultaneously large enough to have a reasonable signal 
intensity.
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Fig. S5 XRD spectroscopy of CS-50 with different contact duration.
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Fig. S6 FT-IR of MCC and CSs in the wavenumber of 4000 to 550 cm-1.



Fig. S7 FT-IR of MCC, PAM, and BCEH-90 in the wavenumber of 4000 to 550 
cm-1 a) and 1800 to 1500 cm-1 b).



Fig. S8 Stretching, knotting, and twisting of BCEHs.



 

Fig. S9 SEM images of PAM, CS-50, and BCEH-50.



Fig. S10 Mechanical properties of cellulose enhanced hydrogel (CEH) and 
BCEH-90.
As shown in a and b, the CEH exhibited a stretchability of 371.74% with Young’s 
modulus of 1.06 MPa, while BCEH-90 exhibited a stretchability of 1291.0 % with 
modulus of 0.82 MPa (b). Due to the complete removal of ILs during the formation of 
CS, high density of physical crosslinking between cellulose was formed, leading to the 
enhanced Young’s modulus. 



Fig. S11 a) Strain-stress curves of BCEHs; b) Calculated modulus, strength, 
toughness, and strain of BCEHs. 



Fig. S12 a) Electrochemical impedance spectroscopy (EIS) curves of BCEHs; b) 
conductivity of BCEHs.

 



Fig. S13 Effect of cellulose content (a, b), AM concentration (c, d), and MBA 
content (e, f) on the mechanical properties of BCEHs. BCEH-C2.5, C5 and C7.5 and 
C10 indicate that the cellulose concentration was 2.5 wt%, 5.0 wt%, 7.5 wt% and 
10.0 wt%, respectively; BCEH-A5.6 and A8.4 indicate that the concentration of AM 
in the immersion solution was 5.6 M and 8.4 M, respectively; BCEH-M1, M2, M3 
and M4 indicate that the molar ratios of MBA to AM were 0.065, 0.13, 0.26 and 
0.39 mol %, respectively. 



Fig. S14 UV-vis transmittance spectra of BCEHs at wavelength from 400 to 800 
nm.



Fig. S15 Calculated modulus, strength, toughness, and strain of BCEHs.



Fig. S16 Tensile test of BCEH-90 in 300 cycles.



Fig. S17 Young’s modulus, maximum stress, and energy loss coefficient versus 
tensile cycles of BCEH-90.



Fig. S18 BCEH-90 exhibited a skin-like non-liner strain-stress behavior. 



Fig. S19 Elastic recovery of BCEH-90.



Fig. S20 Tensile test of BCEH-50 in 300 cycles.



Fig. S21 Tensile test of BCEH-70 in 300 cycles.



Fig. S22 Elastic recovery of BCEHs during the first 50 tensile test cycles.



Fig. S23 Loading-unloading curves of BCEH-90 with increased strain from 
100% to 500%.



Fig. S24 Dissipation energy of BCEH-90 with increased strain from 100% to 
500%.



Fig. S25 Two different stages during the stretching process of BCEH-90.



 

Fig. S26 Typical azimuthal intensity distribution of the SAXS pattern scattering 

intensity obtained at a strain of a) 0, b) 50%, c) 100%, and d) 300% for BCEH-

90. The red curve is the fitting result using the Maier-Saupe distribution 

function[1].



Fig. S27 (a) Dependence of strength on the strain, the cycle 50 curve was divided 

into three regions depending on the ranges of strain; (b) a gradual increase in the 

modulus in the 50th cyclic test of BCEH-90.



Fig. S28 Tensile tests of IHs (a) and (b) compositions of IHs.



Fig. S29 As a conductor to light a LED bulb at 25 oC and 4.5 voltage.



Fig. S30 Electrochemical impedance spectroscopy (EIS) curves of BCEHs.



Fig. S31 Gauge factor (GF) of conductive BCEH-50 increases with an increase of 
strain from 0 to 600%.



Fig. S32 Cyclic stability tests of BCEH-90 under 150 % strain for 300 cycles



Fig. S33 a) Force/width curve for cycle-adhesion between the BCEH-50; b) 5 
times cyclic 180 o peeling tests of BCEH-50.

 



Fig. S34 The adhesive mechanisms between BCEH and adherends.



Fig. S35 Differential scanning calorimetry (DSC) curve of BCEHs during the 
heating process from -70 °C to 25 °C (scan rate 10 °C min-1).



Table S1 Comparison of BCEH-90 with previous strategy of fabricate cellulose 
enhanced hydrogels

Composition Type of 
cellulose

Toughnes
s (MJ/m3)

Strain 
(%)

Stress 
(MPa) Ref.

BCEH-90 Cellulose 19.5 1291 2.3 This work
CBH Cellulose 4.3 900 0.8 [2]

CPH
Cotton 

linter pulp 
cellulose

~0.06 747 0.04 [3]

~1.1 400 0.5
Wood hydrogel CNF

~2.7 14 36
[4]

~0.2 57.4±1.7 0.7±0.09
A-PDW CNF

~2.6 16.0±1.8 16.5±1.4
[5]

BC-PVA-PAMPS Bacteria 
cellulose ~1.75 17 20.6 [6]

PAM/CNF CNF ~1.6 ~1200 ~0.3 [7]

PVA/CNF CNF 4.9 660 2.1 [8]

BC/PDES Bacteria 
cellulose ~1.92 ~290 0.8 [9]

PAM/CMC CMC 1.0±0.05 2152±70 0.1±0.02 [10]

DCCG
Cotton 

linter pulp 
cellulose

1.5 107 2.8 [11]

PANa-cellulose 
hydrogel Cellulose ~3.5 1150 ~0.6 [12]

CNC-C8 DPC 
hydrogel CNC ~4.02 4268±1446 0.3±0.008 [13]

ABCH Bacteria 
cellulose ~2.78 38.9±11.2 14.3±2.2 [14]



Table S2 Comparison of BCEH-90 with other hydrogels

Composition
Conduct

ivity 
(S/m)

Transpar
ency (%)

Toughness 
(MJ/m3)

Strain 
(%)

 Tensile 
strength 
(MPa)

Ref.

BCEH-90 1.58 86 19.42 1291 2.36 This work
DC-PEO/LiTFSI 0.02 78 ~0.74 563 0.26 [15]

CBH 0.30 no 4.3 914 0.8 [2]

Cellulose/PVA 0.46 80 at 550 
nm ~0.28 747 0.04 [3]

MEA-AA-
graphene ~0.12 no ~1.09 ~1250 0.18 [16]

PAAm-oxCNTs 0.07 no 2.29 1041 0.71 [17]



Table S3 Comparison of reported hydrogels with this work

Composition Strategies
Stress

(MPa)
EF

Toughness

(MJ/m3)
EF Ref.

BCEH-50 1.30 41.37 10.07 84.97

BCEH-70 1.47 32.25 10.39 56.44

BCEH-90

Biomimetic

2.36 25.05 19.42 47.95

This work

Hydrolyzed keratin/ 

PVA/ NaCl
3.45 74.68 [18]

PAA/CMC1.0-Fe3+-S 

hydrogels
12.06 12.97 [19]

~0.03 ~3.57 ~0.05 ~4.86

~0.04 ~5.71 ~0.12 ~11.81
poly (SBMA-coAA)/ 

LiCl
~0.058 ~8.29 ~0.23 ~21.81

[20]

PVA/PAM/NaCl

Salting out

0.48 ~1.59 2.48 ~1.27 [21]

Agarose/PHEA 0.37 12 ~0.79 ~18.20 [22]

Agar/ PAAc-Fe3+ 0.32 10.67 ~3.65 ~27.60 [23]

CS-P(AM-co-AA) 15.90 7.23 [24]

PAMPS 0.40 50 [25]

CS-PAAm 0.14 6.14 1.31 8.73 [26]

PAM/CMC/Fe3+ 0.90 ~15 5.24 ~13.97 [10]

    SA/PAM/NaCl                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

DN

0.75 ~6.82 4.77 ~5.96                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         [27]

SFRH/NaCl 2.98 3 [28]

MMT/PVA ~2.22 ~2.23 [29]

PAA-rGO 0.40 2 ~0.40 ~2.79 [30]

CNT-CNF/PVAB 0.05 1.6 [31]

NPs-P-PAA ~0.11 ~1.74 [32]

ANFs-PVA

Composite

3.30 ~4.71 [33]

PSeD-U elastomers 2.42 3 4.59 11 [34]

skin-inspired bilayer 

hydrogel
0.26 2.43 ~1.50 2 [35]

Skin-inspired bilayer 

composite hydrogel
0.2 5.71 ~4.10 ~7.32 [36]

0.74 18.50 5.45 23.08

7.83 32.63

7.96 33.17

8.66 36.08

P(AAm-co-

LMA)/HLPs

8.99 37.46

[37]

QCS-AMP/PAAm

Biomimetic

0.35 3.99 1.46 3.29 [38]



PDA-rGO-PAM 0.15 10

1.58 1.34

1.63 1.38

1.72 1.46
PAN-PVDF

1.86 1.58

[39]

PVA/EMImAc
Physically 

crosslinked
~0.32 ~3.20 0.60-0.80

~5.71-

7.62
[40]

chitosan elastic gel Oriented ~0.85 ~5 ~0.17 ~1.82 [41]

Alginate-

polyacrylamide

Ionically and 

covalently 

crosslink

0.16 14.18 [42]

0.12 12
PANi/PA/PVA ItG ITLP

0.12 12.30
0.10 29 [43]

0.07 2.06 0.60 18

0.15 4.78

0.23 7.13
PVA/PSBMA

Semi-

interaction

0.60 18.63

[44]

(RAFT)-modified 

PAMPS/PAM

Modified first 

work
0.82 2.24 3.30

2.63-

8.51
[45]



Table S4 Comparison of reported natural macromolecules-based hydrogels with 
this work

Composition
Natural 

macromolecules 

Stress

(MPa)
EF

Toughness

(MJ/m3)
EF Ref.

BCEH-50 1.30 41.37 10.07 84.97

BCEH-70 1.47 32.25 10.39 56.44

BCEH-90

MCC

2.36 25.05 19.42 47.95

This work

PAM/CMC
Carboxymethyce

llulose
0.14 ~2.38 0.98 ~2.61 [10]

1.40 2.33 5.25 4.09

1.70 2.83PVA/CNF

2.10 3.50 4.90 3.88

[8]

PAM/CNF

Cellulose 

nanofibrils

~0.27 ~3.60 ~1.62 ~3.32 [46]

BC/PDES
Bacterial 

cellulose
0.80 4.40 1.92

~14.2

2
[9]

CS-PAAm 0.14 6.14 1.31 8.73 [26]

~0.09 3.60 ~0.49 5.74

~0.15 6 ~1.17 13.76PAM-CS

~0.12 4.80 ~1.28 15

[47]

chitosan elastic gel ~0.85 ~5 ~0.17 ~1.82 [41]

PAA/nano chitin/Al3+

Chitosan

0.40 5.33 ~1.58 ~3.87 [48]

Agar/PAM 1 3.33 9 4.74 [49]

Agar/HPAAm 0.27 7.22 9.35 5.40 [50]

Agar/PAMAAc-Fe3+ 1.55 2.31 9.13 4.52 [51]

Agar/PAAc-Fe3+

Agar

0.32 10.67 ~3.65 ~27.6 [23]

Agarose/PHEA Agarose 0.37 12 ~0.79
~18.2

0
[22]

SA 

nanofibrillar/PAM/NaC

l

0.75 ~6.82 4.77 ~5.96 [27]

SA/AAm/AAc

Sodium alginate

25.10 23.80 [52]

PVA/ferritin ferritin ~12.15 2.70 ~38.7
~12.3

8
[53]

0.54 7.50 ~1.08 4.29
Wood hydrogel

36 500 ~2.70 10.71
[4]

~0.16 65.20

~0.21 82.40PDW

wood

~2.63 1052

[5]
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