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Experiment section 

Preparation of CNC. 15.0 g cellulose was added into 150 mL 64 wt% H2SO4 solution, 

and the mixture was stirred at 55 °C for 60 min. Then the reaction was stopped by 

adding 1 L cold deionized water, and the suspension was centrifuged for 10 min 

(5000 rpm) for 2 times to separate the CNC. The obtained CNC was dialyzed against 

deionized water for 2 days to obtain CNC suspension with 2.5 wt% concentration. 

 

Fabrication of carbon aerogels. Firstly, 6.4 g CNC suspension (2.5 wt%, 160 mg 

CNC) and 160 mg KGM powder were dispersed in 33.6 g deionized water, stirred for 

10 min, and then ultrasonicated for 30 min to make sure that KGM were sufficiently 

dissolved and CNC dispersed. After that, 13 mL of above mixture was placed in a 

plastic box (38 mm × 29 mm ×18 mm) and tied to an open lidless steel box. Then, 

liquid nitrogen was added into the steel box to create a temperature gradient, whereas 

parallel ice columns with long-range alignment formed because of the growth of ice 

nucleus along horizontal direction. The samples were freeze-dried to obtain 

KGM/CNC aerogel. The samples were freeze-dried to obtain KGM/CNC aerogels 

(the volume was about 13 cm3). For comparison, pure KGM (8 mg/mL) and, CNC (8 

mg/mL) aerogels and KGM/CNC aerogel with different ratios and concentrations 

were also prepared with the same process. Specifically, samples with different mass 

ratios of CNC to KGM (1:3, 1:2, 1:1, and 1:2 respectively) were also fabricated (total 

concentration is 0.8%). Samples with different concentrations were prepared at a ratio 

of 1:1 (CNC: KGM). The aerogels were carbonized in a tube furnace via a two-stage 
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process under N2 atmosphere. The first stage was carried out from 30 °C to 200 °C 

with a heating rate of 5 °C min-1 and held for 2 h. In the second stage, sample was 

pyrolyzed from 200 °C to 700 °C with a heating rate of 3 °C min-1 and then held for 

another 2 h to obtain carbon aerogels C-KGM, C-KC and C-CNC.  

Compression, elasticity, fatigue resistance and compression-responding 

conductivity. Compression, elasticity and cycling tests were performed on an Instron 

5565 equipped with a 50 N load cell. Cuboidal sample (about 25 mm × 20 mm × 11 

mm) was placed between two compression stages with the top stage applying uniaxial 

compression and release on carbon aerogel along the vertical direction. The resistance 

of carbon aerogel was recorded using a multimeter (VC 890D), and the electrical 

current was recorded on an electrochemical workstation (CHI660E). 

 

Assembly and sensing test of compressible and wearable sensor. The sensor was 

fabricated by placing the biomass-derived aerogel (the thickness of aerogel was 

controlled at 1 mm by cutting) between two Ni electrodes adhered to 10-μm-thick 

poly (ethylene terephthalate) (PET) substrates. The real-time current signals were 

recorded on a 2400 digital source-Meter and CHI660E electrochemical workstation 

(Shanghai Chenhua Instruments Corp., Shanghai, China Co).  

 

Real-time current signal of wearable sensor. A plain and arc-shaped PET 

(150-μm-thick) sheet with Ni electrode were used to sandwich the as-prepared aerogel, 
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and the distances between PET sheets were about 1 mm for bending test. The 

real-time current signals were recorded on a 2400 digital source-Meter. 

 

Characterizations. Raman spectra were recorded on a Raman spectrometer (LabRAM 

ARAMIS-Horiba JobinYvon) operating with 532 nm laser. XRD patterns were 

measured on a Bruker D8 diffractometer. Micromorphology was characterized with 

TEM (JEM-2100F) and SEM (Merlin, Zeiss). X-ray photoelectron spectra (XPS) 

were recorded on Thermo Scientific Thermo SCIENTIFIC  K-ALPHA with an 

exciting source of Al•Kα (1286.6 eV). TGA-FTIR of aerogels was performed on a 

simultaneous thermal analyzer (NETZSCH STA 449F5). The porosity was tesed on 

AutoPore IV 9500 (Micromeritics Instrument Corporation). A total of 5.0–10.0 mg of 

sample was placed in an aluminum pan, and heated from ambient temperature to 

200 °C at a heating rate of 15 °C min−1, and then heated to 700 °C at a heating rate of 

3 °C min−1 in a nitrogen atmosphere with a flush rate of 25 mL min−1. 

 

Finite Element Simulations. The large geometric deformation and elastic behavior of 

C-KC aerogel were investigated by simulating solid mechanics model using the finite 

element method. The finite element simulation is carried out by using comsol 

multiphysics. For investigating the deformation and elastic strength, the displacement 

loading is applied on the rigid plane to control the compression. Two continuous 

arches are used to represent a wave-shaped layer. A cubic bezeir curve is used to 
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describe the arches, but it adopts a straight-line shape at the contact region between 

arch layer and rigid plane.  
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Figure S1. TEM image of CNCs. 
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Figure S2. Schematic illustration of the freeze-casting.
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Figure S3. SEM images of KC aerogel (a), CNC aerogel (b), and KGM aerogel (c).
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Figure S4. Digital photographs of (a) KC and C-KGM carbon aerogel, (b) CNC and 

C-CNC carbon aerogel, and (c) KGM and C-KGM carbon aerogel.
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Figure S5. Stress-strain curves of C-KGM carbon aerogel at 50% compression strain 

for 100 cycles (a). Digital photographs of C-KGM before and after 10 cycles at a 

compression strain of 50% (b).
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Figure S6. Stress-strain curves of C-CNC carbon aerogel at 50% compression strain 

for 100 cycles.
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Figure S7. Digital photographs of C-CNC before and after 100 cycles at a 

compression strain of 50% (a). Digital photographs of C-KC before and after 100 

cycles at a compression strain of 50% (b). The densities of carbon aerogels with 

different ratios and concentrations (c). The porosities of carbon aerogels with different 

ratios and concentrations (d). Mechanical performances of carbon aerogels with 

different ratios and concentrations (e).
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Figure S8. X-ray photoelectron spectra (XPS) of C-KGM (a), C-CNC (b), C-KC 

carbon aerogel (c), and XRD spectra of C-KGM, C-CNC, and C-KC (d).
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Figure S9. SEM image of C-KC after 10000 cycles at 50% strain. 
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Figure S10. Stress-strain curves of C-KC at 50% compression strain for 2 cycles 

(along the lamella direction) (a). Digital photographs of C-KC before and after 2 

cycles at a compression strain of 50% (along the lamella direction) (b).
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Figure S11. Schematic illustration of assembling C-KC based sensor for sensing 

performance testing. 
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Table S1. Comparison of stress and height retention of various carbon materials. 

 

Materials Stress 

retention 

Height 

retention 

Compression 

strain and cycle 

numbers 

Reference 

GO/CNT 88% 100% 50%, 1000  1 

Carbon nanofiber aerogels 93% 98 50%, 10000 2 

CNT sponge - 80% 60%,1000 3 

CNT foams _ 93 95%, 1000 4 

MXene/CNC 87.9% 95.4% 50%, 10000  5 

MXene/CS 68% 91.6% 50%, 10000 6 

MXene/BC 73.6% 93.3% 50%, 10000 7 

RF–GO 90% 88.6% 50%, 100  8 

Graphene oxide 

aerogel 

~92% 92% 50%, 15  9 

 

C-CNC/rGO-X 71.2% 

55.1% 

91.8% 

85% 

50%, 10000 

99%, 100 

10 

C–G monolith 86% 

60% 

98% 

93% 

50%, 250000 

80%, 10000 

11 

UCM aerogel 72% 84.7% 60%, 1000 12 
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Carbonaceous nanofibrous 

aerogels 

75% 95.7% 50%, 1000 13 

Elastin hybrid cryogels 91.2% 

73.2% 

100% 

87.8% 

80%, 100  

97.5%, 100 

14 

Graphene aerogel 89.8% - 50%, 20 15 

Biomimetic graphene aerogel 85% 

77% 

- 50%, 1000  

90%, 100 

16 

C-KC carbon aerogel 90.5% 100% 50%, 10000 This work 

 93% 100% 20%, 10000  

 80% 90% 90%, 1000  
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Table S2. Comparison of energy loss coefficient of various aerogels. 

 

Materials Energy loss 

coefficient 

Compression 

strain and cycle 

numbers 

Reference 

3D printed graphene 

aerogels 

60%-30% 50%, 10 17 

Macroporous graphene 

monoliths 

65%-58% 50%, 10 18 

Graphene-based aerogels 55%-44% 50%, 1000 19 

Graphene elastomer 56%-45% 80%, 10 20 

Wood carbon sponge 37%-25% 80%, 10 21 

Graphene-based cellular 

monoliths 

82.5%-65% 77%, 4 22 

rGO-CN 86%-55% 50%,4 23 

Holey graphene aerogel 48.8%-35.76% 50%, 20 24 

Carbonaceous nanofibrous 

aerogels 

42%-32% 50%, 1000 25 

GO/CS 36%-26% 80%, 10 11 

CNT composite 64%-42% 70%, 100 26 

CNT array(sponge) 80% 80%, 1 27 

C-KC carbon aerogel 18.6% 20%, 10000 This wok 
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 28.3% 50%, 10000  

 37.7% 90%, 1000  
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Table S3. Comparison of sensitivity of various aerogels. 

Materials Sensitivity (kPa−1) Reference 

Carbonaceous nanofibrous aerogels 1.02  25 

CuNWs 0.7  28 

rGO/PI 0.18  29 

Graphene aerogels 0.18  30 

Graphene–Polyurethane Sponge 0.26  31 

CB@PU 0.068  32 

Hard Carbon Nanofiber Aerogels 0.057  2 

C-KC carbon aerogel 6.83  This work 
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Movie S1. The comparison of C-KC at a strain of 95%. 

Movie S2. The comparison of C-KC at a strain of 50%. 

Movie S3. Simulated compression process of C-KC from finite element method.
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