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Abstract: Ultralight and highly flexible aerogel sensors, composed of sustainable macromolecules 

derived carbon crosslinked reduced graphene oxide, are prepared via facile freezing-drying and 

thermal annealing. The synergistic combination of crosslinked graphene nanosheets and 

micrometer-sized honeycomb pores gives rise to the exceptional properties of the aerogels, including 

superior compressibility and resilience, good mechanical strength and durability, satisfactory fire-

resistance, and outstanding electromechanical sensing performances. The corresponding aerogel 

sensors, operated at an ultralow voltage of 0.2 V and with power consumption below 2.0 mW, can 

efficiently respond to a wide-range strains (0.1 %-80 %) and pressures (13-2750 Pa) even at 

temperatures beyond 300 ℃. Moreover, ultrahigh pressure sensitivity of 10 kPa-1, and excellent 

sensing stability and durability are accomplished. Most importantly, the aerogel sensors sense the 

vibration signals with ultrahigh frequencies of up to 4000 Hz at more than 1, 000, 000 cycles, 

significantly outperforming those of other sensors. These enabled us to successfully demonstrate the 

exceptional performance of the crosslinked graphene based biomimetic aerogels for sensitive 

monitoring of mechanical signals, as wearable devices for monitoring human motions, and for non-

destructive monitoring of cracks on engineering structures, showing the great potential of the aerogel 

sensors as next-generation electronics for a wide range of applications. 
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Introduction 

Recently, three-dimensional (3D) porous carbon materials as low-density, compressible strain 

and/or pressure sensors that can sense mechanical deformations by measuring the change in 

electrical signals have shown great potentials in a wide of applications, such as aerospace, human-

machine interfaces, human motion detection, and structural health monitoring (SHM).[1, 2-7] 

Graphene, with its single-layer carbon atoms arranged into a honeycomb-like two-dimensional (2D) 

nanostructure,[4-6, 8, 9] has received tremendous interest for constructing porous aerogel based 

strain/pressure sensors due to its good conductivity, easy assembly, high stability, and excellent 

mechanical strength and flexibility.[10, 11] These 3D graphene aerogel sensors prepared via various 

methods such as solvent thermal, freeze-casting, or chemical vapor deposition, exhibit low density, 

good mechanical elasticity, and a wide sensing strain/pressure range,[2, 12-16] outperforming the 

traditional sensors made of metal and semiconductors.[5, 17] However, inherently weak connections 

and fragile joints of the graphene networks result in an undesirable mechanical strength and 

flexibility as well as a poor fatigue resistance of the 3D aerogel sensors under low density ranges,[3, 

16-18] which is not beneficial for the stability and durability in practical applications. Moreover, the 

graphene aerogel sensors are mainly focused on detecting the quasi-static or low-frequency dynamic 

strain/pressure, which might be attributed to the poor interactions of the graphene nanosheets leading 

to the difficulty in rapidly responding high-frequency mechanical signals. Sensing mechanical 

signals with higher frequencies such as acoustical or vibration signals of the lightweight graphene 

aerogels is highly desirable for many application scenarios yet remains rarely reported. [19-22]  
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Generally, in order to achieve the desired electrical, mechanical, and electromechanical sensing 

performances, a rational design of the building constituents and geometrical structures for the 

graphene-based 3D monoliths is crucial. Qiu et al. enhanced face-to-face interactions of graphene 

sheets in graphene aerogels via an ultrahigh-temperature annealing treatment, leading to largely 

improved mechanical strength and resilience of the resultant sensors at densities below 1.0 

mg/cm3.[18] The aerogels showed an unprecedented pressure sensitivity of up to 15 kPa-1 despite a 

maximum sensing pressure of merely 100 Pa. Inorganic one-dimensional carbon nanotubes (CNTs) 

were employed to prevent sliding between graphene sheets and enhance the stiffness of the cell walls 

in graphene-based aerogels, resulting in improved mechanical strength and resilience.[23, 24] 

Nevertheless, the construction processes of these graphene-based aerogel sensors usually required 

some special treatments such as unavoidable surface functionalization or treatment at extremely high 

temperatures to efficiently crosslink the graphene layers. Organic molecules were also employed to 

physically crosslink the graphene layers and enhance the interactions among the 2D layers, thereby 

improving the flexibility and elasticity of the resultant sensors. [9, 25, 26, 27] For instance, mechanically 

flexible and elastic reduced graphene oxide (RGO) embedded polyimide composite foams were 

prepared with high pressure sensitivity of up to 0.18 kPa-1 and excellent durable stability.[25] 

Nevertheless, the poor thermal resistance and limited mechanical strength or rigidity of such 

composite architectures, as well as the predominantly fossil-fuel-based origin of the employed 

polymers, have limited their practical applications as lightweight, robust, and temperature-tolerance 

sensors.[27] In general the introduction of polymers also significantly reduces the conductivity of the 

graphene-based porous architectures, resulting in a high operating voltage or high energy 
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consumption of the sensors. Therefore, designing precise constituents to efficiently enhance the 

interactions among graphene nanosheets in the cellular macrostructures for high-performance 

sensing applications remains highly desirable. Other than that, it has also been demonstrated that 

biomimetic aligned porous graphene aerogels could exhibit better mechanical strength and resilience 

than random cellular architectures, [7, 14, 15, 19, 28] showing the potential of manipulating pore 

microstructures for improving electromechanical sensing performance, especially for the high-

frequency sensing capability. For instance, the aligned porous graphene-based aerogels were 

considered to be beneficial for sensing high-frequency vibration of 2000 Hz despite lacking the 

durability and application explorations.[20] In short, designing robust graphene-based aerogels that 

could simultaneously achieve ultralow density, excellent mechanical flexibility and sensing 

sensitivity, fast response, diverse sensing capabilities associated with efficient applications, 

remarkable durability, and low energy consumption via a straightforward, facile, and scalable 

approach remains urgently required yet a great challenge. 

  To address the aforementioned challenge, in this work, sustainable hydrophilic macromolecules, 

including but not limited to biomass lignin, [7, 29, 30] were utilized as both the crosslinkers and boosters 

for the assembly of graphene oxide (GO) layers into microhoneycomb porous monoliths via 

straightforward and facile ice-templated freeze-drying [31-33]. This enabled us to facilely prepare 

ultralight, flexible, and robust macromolecule derived carbon crosslinked graphene aerogels with 

biomimetic aligned pore morphology [7, 32, 34] via a scalable thermal annealing process. The 

sustainable macromolecule-derived carbons are instrumental in the excellent chemical and thermal 

stabilities and considerable conductivity. [6, 7, 29, 30, 35] Moreover, the carbons effectively crosslink the 



  

7 

graphene layers so as to improve the interactions among graphene layers, leading to good 

mechanical strength, excellent stability and durability, and significantly improved electromechanical 

sensing performances of the aerogel sensors. Our aerogel sensors are capable of efficiently detecting 

a wide-range of strains, between 0.1% and 80.0%, even at a temperature beyond 300 ℃ while 

operating at a low voltage level (0.2V) and low energy consumption rate (< 2.0 Mw). The aerogel 

sensors also show ultrahigh pressure-sensitivity of around 10 kPa-1 in a wide pressure range, from 

13 to 2750 Pa, and excellent sensing stability and durability. Moreover, they can detect vibrations 

at an ultrahigh frequency of 4000 Hz with an extremely large number of cycles (＞1, 000, 000 

cycles), significantly outperforming other reported carbon monoliths. Our ultralight and highly 

flexible sensors are compatible with the human body to detect pulse vibration and a variety of human 

motions including frequencies and amplitudes of wrist and finger bending. More intriguingly, the 

high-frequency vibration sensing capability is also efficiently employed for non-destructive 

monitoring of cracks on engineering structures. This thus demonstrates the promising application 

potentials of our ultralight, highly flexible, robust graphene-based biomimetic porous aerogels as 

next-generation electronics.  

 

Results and Discussion 

To fabricate the crosslinked graphene-based biomimetic aerogel sensors, the first step is to mix 

the aqueous solution of a selected type of macromolecules with a GO aqueous dispersion to facilitate 

their assembly into microhoneycomb structures via directional freeze-drying. In the unidirectional 

freezing process, [33, 34] a steep temperature gradient in the mixed aqueous dispersion is generated 

(Figure 1a), which leads to the rapid unidirectional growth of ice crystals (Figure 1b). Abundant 
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hydrophilic polar surface functional groups of both GO and the organic macromolecules are 

beneficial for the stability of the mixed dispersion (Figure S1a-f). The macromolecules employed in 

this work include lignin, polyvinyl alcohol (PVA) and polydopamine (PDA)[30], respectively. The 

GO layers which can be well attached with organic macromolecules due to the hydrogen interactions 

are excluded from the surface of ice crystals, producing a microhoneycomb GO-based hybrid 

aerogel after the sublimation of ice crystals in the freeze-drying process (Figure S1g). Then, by 

annealing, the RGO/macromolecule-derived carbon hybrid aerogels are obtained. The flexible 

organic macromolecules, has relatively high diffusibility and hence could boost the migration of GO 

in the freezing process, while it could also effectively bind the GO layers in the GO based hybrid 

aerogels, ultimately resulting in the intercalation of macromolecule-derived carbon between RGO 

layers and the effective crosslink of graphene layers by the carbons in the graphene/carbon hybrid 

aerogels (Figure 1b, Figure S2a). Herein lignin and the corresponding lignin-derived carbon (LDC) 

will be used as the representative to demonstrate the effectiveness of our approach and illustrate the 

underlying mechanisms. This led to the efficient construction of the ultralight (~3.5 mg/cm3) yet 

robust, highly flexible crosslinked graphene aerogels (Figure 1c), which exhibit biomimetic 

microhoneycomb structure with unidirectional penetrating pores (Figure 1d, e). 

XRD patterns and Raman spectra reveal the properties and structure of the crosslinked graphene 

aerogel sensors. In the XRD patterns (Figure S2b), a sharp diffraction peak near 26.0° caused by the 

graphite structure and a broad peak around 24.5° due to carbon show the successful preparation of 

the RGO and LDC aerogels, respectively. The sharp peak around 22.5° of the hybrid ROG/LDC 

aerogels corresponds to an increased interlayer spacing of graphene, resulting from the incorporation 
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of LDC between the stacked graphene layers. Typical 2D peaks in Raman spectra (Figure S2c) of 

the hybrid aerogels further confirm the existence of graphene in the aerogels, while this peak is 

absent in the Raman spectrum of LDC. The ratio of D-band intensity (ID, the sp3 carbon atoms in 

amorphous carbon and defects at 1340-1350 cm-1) to G-band intensity (IG, the stretching of sp2 

carbon atoms in graphitic 2D hexagonal lattice at 1580-1590 cm-1) increases significantly from 0.86 

to 1.28 when the GO is reduced to RGO, which is ascribed to the decreased average size of the sp2 

domain after thermal annealing treatment of GO.[2, 29, 36] The ID/IG value of the aerogels decreases 

regularly with increasing LDC content, further indicating the efficient penetration43 of LDC into the 

graphene layers in the aerogels. Thus, the hybrid aerogels have ultrathin cell walls of ~10 nm with 

good integrity due to the efficient crosslink of the graphene layers (Figure 1f, Figure S3). By contrast, 

the cell walls of the RGO aerogel consist of smaller pieces of holey graphene layers that are much 

less interconnected (Figure S3c) due to the poor interlayer interactions among graphene nanosheets. 

The crosslinked, robust graphene-based cell walls with the help of the LDC are thus instrumental in 

enhancing the mechanical strength and stability of the aerogels. The shape of the crosslinked 

graphene-based aerogels is maintained when burnt under an ethanol flame (Figure S4, Video S1 in 

supporting information), further demonstrating their good mechanical stability and excellent fire-

resistance. In addition, like with other honeycomb-like carbon aerogels, [7, 14, 24] compression 

deformations of our microhoneycomb aerogels upon compression in the direction normal to the pore 

channels are also reversible. The crosslinked graphene microhoneycomb aerogels show excellent 

reversibility under various compressive strains ranging from 10 % to 80 % (Figure 1g). Finite 

element (FE) simulation is efficiently employed to prove an extremely tiny true strain of the ultrathin 
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cell walls for the micro honeycomb-like porous graphene-based monoliths upon a large deformation 

of 80% (Figure 1h, Figure S5). In contrast, at a large strain of more than 70%, the neat 

microhoneycomb-like LDC aerogels cannot recover completely (Figure S6), proving the 

significance of a rational design of both the constituents and pore structure. In addition, the dynamic 

mechanical performances of the crosslinked graphene aerogels under various frequencies are 

revealed to support the potential sensing ability in a high-frequency range (Figure 1i). The storage 

modulus increases while the loss modulus (and tan delta, the ratio of energy dissipated to energy 

stored in the deformation cycle) decreases considerably with increasing frequency, showing that the 

aerogel can maintain the elasticity with insignificant viscosity even under high-frequency conditions. 

Since the storage and loss moduli of the aerogels are also almost constant in a wide-range of 

temperatures, from room temperature to over 300 ℃, the crosslinked graphene aerogels show 

excellent temperature-independent mechanical performance, which is beneficial for the application 

in a harsh environment (Figures 1j). In short, the aforementioned favorable structural features and 

properties make our ultralight, robust, crosslinked graphene-based aerogels a class of promising 

materials for stable, high-performance electromechanical sensors. 

The compressions of the crosslinked graphene biomimetic aerogels cause an increase in current 

when a fixed voltage of 0.2 V is applied (Figure 2a-e). The aerogels show a reversible and repeatable 

current change ratio (ΔI/I0 = (I-I0)/I0, where I0 and I are the current values in the initial and 

compression state, respectively) [27, 31, 37] at cyclic compressive strains from 10% to 70 % (Figure 

2a). A higher compressive strain corresponds to a larger ΔI/I0 value. At the same compressive strain 

of 50%, ΔI/I0 corresponds to the aerogel sensors’ strain sensitivity, which increases with increasing 
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LDC content (Figure 2b). The ΔI/I0 value can be as large as 28.0 for aerogels with 79.2 wt% LDC, 

which is much higher than that of neat RGO aerogels (~3.0). This can be ascribed to the fact that the 

interactions and crosslinking between graphene layers are improved by incorporating more LDC, 

which leads to more aligned cell walls with better integrity (Figure S3). As a result, more efficient 

contacts between adjacent conducting cell walls are formed when the same compressive strain is 

applied. This contributes to a more significant change in the electrical signals. Moreover, more LDC 

between graphene layers reduces the initial contacts between the RGO layers and thus decreases 

initial conductivity of the hybrid aerogels, leading to a larger change of conductivity upon the 

compressive deformation. PDA- or PVA-derived carbons (PDAC (C-2) or PVAC (C-3)) in the 

corresponding graphene/carbon hybrid aerogels also give rise to the similar sensing behavior (Figure 

2c, d). For example, the graphene/C-2 hybrid aerogels can increase the ΔI/I0 value to ~40. This 

clearly demonstrates the critical role played by the more macromolecule derived carbons (LDC, 

PVAC and PDAC) in improving sensing performances of the graphene-based aerogels. Certainly, 

the graphene layers significantly enhance the mechanical stability and durability when cycling under 

large deformation strains. Therefore, although LDC aerogels show relatively high ΔI/I0 values of 

around 30 in the initial tens of compression cycles, a better balance between elasticity and sensitivity 

is attainable with the carbon crosslinked graphene biomimetic aerogels.  

Aerogels with a higher density of 5.5 mg/cm3 are also prepared by simply increasing the 

concentration of the GO/lignin dispersion. At compressive strains above 30%, a higher strain 

sensitivity is displayed, in contrast to that of aerogels with a lower density of 3.5 mg/cm3 (Figure 

2f). This can be attributed to more intact cell walls that derive from more building blocks, and the 
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formation of more contacts between adjacent cell walls of the higher density aerogels. However, at 

strains below 30%, higher density aerogels show a lower strain sensitivity. This can be attributed to 

the presence of more building blocks per volume in the aerogel and therefore an initial presence of 

more conductive paths. As a result, there is less change in the electrical signals upon low strains and 

the bending of the cell walls becomes the dominant factor responsible for the increase in 

conductivity. In short, the strain sensing properties of the hybrid aerogels are determined by both 

the structure and amount of the building blocks in the aerogels.  

Moreover, it is worthy noted that the high sensing performance allows the crosslinked 

graphene-based aerogels to detect subtle deformations that are as small as 0.1 % (Figure 2g, h). 

Under the cyclic compressive deformations between 5.0 % to 0.1 %, the current change is displayed 

with good stability and repeatability (Figure S7). Therefore, the aerogel sensors could act as high-

performance compressive strain sensors with outstanding strain sensitivity, wide-range sensing 

strain, considerable mechanical durability, and excellent high-temperature stability. The stable 

macromolecule derived carbon crosslinked graphene aerogels also show remarkable and stable 

electromechanical sensing performance even at a high temperature of 300 ℃, showing the high 

potentials for sensing applications in a harsh environment (Figure 2i). 

The excellent mechanical properties and resilience of the crosslinked graphene aerogels could 

endow the aerogels with high pressure sensing performances including wide sensing pressure range, 

high sensitivity, and excellent durability. The pressure sensitivity (S) is quantitatively defined as the 

ratio of ΔI/I0 to the applied pressure/stress.[7, 11, 18, 38] In the cyclic testing process, a gradual increase 

in the pressure from 0.75 to 2.75 kPa induces the corresponding change in ΔI/I0 with excellent 
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reversibility and repeatability (Figure 3a-b). Furthermore, a good liner relationship between the 

ΔI/I0 and applied pressure is observed in a wide pressure range (0-2.75 kPa). The S in the linear 

region is calculated to be around 10 kPa-1, which is comparable to the maximum values of the present 

piezoresistive sensors reported in the literature (Figure 3c, Table S1). Such aerogel sensors with both 

a wide linear sensing pressure range and excellent sensitivity are very useful for quantitatively 

monitoring mechanical deformations.  

The capability to detect subtle and rapid pressure changes is also important for many pressure 

sensing applications. By gradually decreasing the applied cyclic pressure from 683 to 13 Pa, the 

current of the aerogels changes accordingly with good reversibility and repeatability (Figure 3d, e). 

Moreover, under cyclic loadings, the ΔI/I0 change shows good repeatability and reversibility for 

more than 1000 cycles, highlighting the excellent sensing durability and reliability of our aerogel 

pressure sensors (Figure 3f). 

In contrast to the polymer-based sensors with intrinsic viscoelastic characteristics18, electrical 

signals of the carbon aerogels can change instantly and then remain constant upon rapidly 

loading/unloading pressure. To demonstrate the excellent performance of our sensors in this aspect, 

pressure sensing performances at various compressive speeds have been tested, e.g., a pressure (350-

600 Pa) with frequencies varying from 0.005 to 0.4 Hz is applied (Figure 4a) while a similar ΔI/I0 

value is observed. As we have known that the carbon crosslinked graphene-based aerogel can 

maintain the elasticity with insignificant viscosity even under high-frequency conditions. Therefore, 

a sensing performance test under high-frequency mechanical vibrations has been designed to further 

investigate the aerogels’ responses to broadband sensing frequency. Briefly, a vibration shaker is 
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used to excite a solid beam to which a piece of aerogel has been attached, causing the loading-

unloading of pressure on the sensor at high frequencies (Figure 4b). The aerogel sensors showcase 

a stable, reversible and repeatable electrical response to vibrations from 400 to 4000 Hz, as displayed 

in Figure 4c-e. In such as high frequency of 4000 Hz, a response time of merely 0.125 ms is achieved, 

further demonstrating the advancement of the crosslinked graphene aerogels in detecting high-

frequency mechanical signals in practical applications. To the best of our knowledge, the sensing 

frequency of our crosslinked, ultralight graphene aerogel is much higher than that of other typical 

strain/pressure sensors ever reported (Table 1). Larger amplitude of the vibration signals further 

contributes to the higher deformation of the aerogel sensors and thus the output voltage signals, 

showing the quantified sensing capability to high-frequency signals. More importantly, the 

crosslinked, stable graphene aerogel sensors can detect the ultrahigh-frequency vibrations with an 

extremely large number of cycles (＞1, 000, 000 cycles), significantly outperforming those of other 

reported sensors. In summary, the crosslinked graphene-based biomimetic aerogel sensors exhibit 

excellent high-frequency pressure sensing performances, demonstrating their potential as broadband 

sensors for monitoring mechanical signals. 

The excellent electromechanical sensing performances of the robust, crosslinked graphene-

based biomimetic aerogels are promising for practical applications. Touching or pressing the aerogel 

sensors can be detected efficiently by observing the corresponding current signals (Figure 5a, Video 

2 in supporting information). The current inside the aerogel increases immediately in response to 

the pressure induced by a touch of the finger. The current can also recover quickly when the pressure 

is released. Although the touch speed is high, the sensor detects and distinguishes each touch clearly, 
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which is consistent with its ability to respond to pressures at various frequencies. Owing to their 

great mechanical robustness and flexibility, the aerogel sensors can easily be attached to the human 

body as a wearable device for detecting human motions. Current signals of aerogel sensors attached 

to the wrist show that the subtle beat of the pulse and the bending movement of the wrist/finger are 

well detected (Figure 5b, c, d). The slow and fast movements of the wrist are also distinguished well. 

When the sensor is attached to a finger that bends slightly and then keeps steady, the current of the 

aerogel sensor initially increases due to the introduced pressure caused by the bending and then 

keeps stable. A larger bending radius of the finger leads to a higher compressive strain/pressure 

applied on the sensors, and thus a higher change in current. Leveraging on the high sensitivity to 

high-frequency structural vibrations, the aerogel sensors are employed for damage detection in 

engineering structure, which is of critical importance for the application of SHM. As a representative 

example shown in Figure 5e, the distribution of the frequency response functions (FRFs) of a 

cantilever beam are measured accurately using an aerogel sensor, indicating the capacity of the 

sensor in measuring structural strains not only in time domain, but also in frequency domain. Such 

capacity enables the sensor to capture the subtle decrease in eigen-frequencies, as can be recognized 

from the shift of FRFs, which can be utilized for the identification of a generated crack in the 

beam.[22] In short, on the basis of the great performances demonstrated above, the ultralight, 

crosslinked graphene-based biomimetic aerogels are useful as novel wearable sensors for detecting 

various human movements, and for non-destructive monitoring of cracks on engineering structures. 

Conclusions 



  

16 

In this study, a type of ultralight, highly flexible, crosslinked graphene-based biomimetic aerogels 

have been successfully fabricated from GO and sustainable hydrophilic macromolecules, such as 

biomass lignin, via facile directional freeze-drying and thermal annealing. The structural and 

morphological studies show that macromolecule-derived carbons inserted between graphene 

nanolayers can enhance the interactions of graphene in the cell walls of the aerogels, leading to more 

cell walls with better integrity, and hence remarkable mechanical strength and flexibility, and 

excellent mechanical resilience and durability under large compressive deformations, as well as 

efficient fire-resistance. The bending capability and increased contacts of crosslinked graphene-

based cell walls upon a compressive deformation significantly improve strain/pressure sensing 

sensitivity with respect to the neat RGO aerogels, showing the advantages of cost-effective 

macromolecule-derived carbons for improving the sensing performance in the graphene-based 

aerogels. The ultralight aerogel sensors can be operated at an ultralow voltage of 0.2 V and a low 

power consumption that is below 2.0 mW. They can also be successfully used to detect a wide range 

of strains, from 0.1% to 80.0%, in a wide temperature range, from room temperature to more than 

300 ℃. The crosslinked graphene aerogel sensors also achieve an ultrahigh pressure sensitivity of 

10 kPa-1 in a wide pressure range, from 13 to 2750 Pa, and excellent sensing stability and durability. 

Moreover, the aerogel sensors sense the vibration signals with ultrahigh frequencies of up to 4000 

Hz at more than 1, 000, 000 cycles, significantly outperforming those of other sensors. The high 

flexibility and robustness, ultralow density, and excellent piezoresistive sensing capability of the 

crosslinked graphene biomimetic aerogel sensors make them promising wearable sensors for 
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sensitive and reliable monitoring of various mechanical signals and human motions with various 

frequencies or amplitudes, and non-destructive monitoring of cracks on engineering structures. 

 

Experimental  

Preparation of macromolecule-derived carbon crosslinked graphene-based biomimetic aerogel 

sensors. 0.6 wt% GO aqueous dispersion (prepared by a modified Hummer's method as shown in 

our previous work [28]) and 0.6 wt% of a macromolecule such as lignin (USA, TCI product number: 

L0082, soft lignin) or PVA (USA, Average Mw 85000-124000, 87-89 % hydrolyzed, Aldrich 

Chemistry) aqueous dispersion were mixed in the desired ratio using a magnetic stirring bar for two 

hours. The GO/PDA mixed dispersion was prepared by adding dopamine hydrochloride (DA, 98%, 

Aldrich Chemistry) into 0.6 wt% GO dispersion that had already been mixed with 0.4 wt% 

tris(hydroxymethyl)aminomethane (Tris, 99%, Aldrich Chemistry) by magnetic stirring for 4 h, 

followed by stirring the dispersion for 24 h and adjusting the water to achieve the desired 

concentration.38 The GO/macromolecule mixed dispersion was subsequently poured into a Teflon 

mold with stainless steel as cold finger immersed in the liquid nitrogen for freezing process. A steep 

temperature gradient provided by liquid nitrogen resulted in a unidirectional ice crystal growth that 

started from the cold finger in the mixed dispersion. Following the roughly 24 h freeze-drying 

process in a freeze-drying vessel (‒80 oC and 10 Pa), the microhoneycomb GO/macromolecule 

composite aerogels with aligned cell walls were obtained. The attained GO/macromolecule aerogels 

were heated at a rate of 5 ºC/min in a tube furnace and annealed at the temperature of 800 ºC for 2 

h in an argon atmosphere, resulting in the successful fabrication of the carbon crosslinked graphene 

based microhoneycomb aerogels. Using the thermogravimetric analysis of these precursors, the 
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corresponding mass ratios of macromolecule-derived carbon in the hybrid aerogels were also 

calculated. Herein, neat PVAC and PDAC aerogels would collapse because of their low mechanical 

strength at ultralow densities while LDC aerogels could have a stable structure. Therefore, the LDC 

was selected as the representative macromolecule-derived carbon to describe its influence on the 

properties of the crosslinked graphene-based biomimetic aerogels.   

Characterization. The microstructure was investigated with scanning electron microscopy (SEM, 

JSM-7600F). X-ray diffraction (XRD) curves were obtained by a specular reflection mode (Cu Ka 

radiation, PANalytical, Holland) at room temperature. Raman spectra were obtained with a 

Renishaw Raman Spectroscope using the 632.8 nm line of a He-Ne laser. The compression behavior 

of the aerogels was evaluated with a dynamic mechanical analyzer (DMA, TA Q800), and for each 

component of aerogel at least five samples were tested. Unless specifically mentioned, the 

compressive direction was perpendicular to the honeycomb pore channels of the aerogels. An 

autolab apparatus (Metrohm Autolab, the Netherlands) was used to measure the electrical properties 

with a two-probe setup on the sensors and an applied voltage was 0.2 V. In order to achieve good 

electric contact, a silver paste was coated on two opposite sides of the samples. In the sensing test 

for high-frequency mechanical vibration, the electric signals were recorded by an oscilloscope 

(Agilent® DSO9064A). 

 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author.  
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Figure 1. Preparation, structure, and mechanical performance. (a) A FE simulation showing the 
temperature gradient in the unidirectional freezing process. (b) A schematic showing the preparation 
of the sustainable macromolecules assisted crosslinked graphene-based aerogels sensors. (c) A 
typical optical image of the ultralight (~3.5 mg/cm3), crosslinked graphene aerogel sensor bent in 
one’s hand showing the great mechanical robustness and flexibility. SEM images in the (d) 
longitudinal and (e) transverse planes of the aerogel, (f) SEM image of the crosslinked graphene-
based cell walls (inset shows the intercalation of carbon between graphene layers and the crosslink 
of graphene layers in the cell walls). (g) Typical stress-strain curve of the crosslinked graphene 
aerogel sensor during cyclic compressions with various strains. (h) The simulated model with similar 
microhoneycomb porous structure of the crosslinked graphene aerogel sensor showing the true 
material deformation under various compression strains. The (i) frequency and (j) temperature 
dependence of storage modulus, loss modulus, and damping ratio of the crosslinked graphene 
aerogel sensor.  
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Figure 2. Strain sensing performance of the ultralight, crosslinked graphene-based aerogel sensors. 
(a)ΔI/I0 value of the aerogel sensors at various large compressive strains, (b) the ΔI/I0 of the aerogel 
sensors with various LDC mass ratios at a cyclic 50 % compressive strain.ΔI/I0 of the (c) PDAC 
(C-2) crosslinked graphene aerogel sensors prepared from GO/PDA composite aerogels with 
different carbon contents (d) 50 wt% PVAC (C-3) crosslinked graphene aerogels when the samples 
are subjected to a cyclic compressive strain of 50 %. (e) The schematic showing the compression 
strain sensing experiment and process. (f) The crosslinked graphene-based aerogel sensors with 
different densities as a function of compressive strain. (g, h) The current change of the aerogel 
sensors at various small deformations. (i) The ΔI/I0 of the aerogel sensor upon various compressive 
ratios at temperatures of 25 and 300 ℃. 
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Figure 3. Pressure sensing performance of the ultralight, crosslinked graphene-based aerogel 
sensors. (a) The ΔI/I0 of the aerogel sensors at a cyclic compressive stress and the sensing sensitivity 
(S), (b) the cyclic ΔI/I0 of the aerogel sensors at various large compressive stresses, (c) the 
comparison in sensing sensitivity of typical carbon-based pressure sensors (the experimental data 
and source reference used in this figure are shown in Table S1). (d, e) The ΔI/I0 of the aerogel sensors 
at various small compressive stresses. (f) Long life-time of the aerogel pressure sensors.  
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Figure 4. Low-frequency strain/pressure to high-frequency vibration sensing performance of the 
ultralight, crosslinked graphene-based aerogel sensors. (a) The response electric signals to various 
pressure frequencies for the aerogel sensors. (b) Schematic of the sensing test of the high-frequency 
vibration signals for the aerogel sensor. The mechanical shaker (B&K® 4809) leads to the vibration 
of the solid board with controlled frequency, which leads to the vibration of the sensors with subtle 
yet high-frequency mechanical deformations. Response of the aerogel sensor to a (c) 400 Hz, (d) 
700 Hz, and (e) 4000 Hz vibration signals, and (f) response of the aerogel sensor to 2000 Hz 
vibrations with various amplitudes caused by the shaker. (g) Extremely long cyclic tests with a 
vibration signal of more than 1 million cycles, showing the excellent durability and reliability of the 
aerogel-based vibration sensors.  
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Figure 5. Application demonstration of the ultralight, crosslinked graphene-based aerogel sensors. 
(a) The response current to the finger touch of the aerogel sensors. Detecting the (b) pulse, (c) bent 
wrist, and (d) bent fingers of the wearable aerogel sensors. (e) Aerogel based vibration sensors for 
structural health monitoring application, showing the efficient detection of a crack on the 
engineering structure (cantilever beam).  
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Table 1. Frequency sensitivity of typical sensors ever reported 
Material Response frequency Sensing signla Reference 

Crosslinked graphene aerogel 
sensor 

0.005 - 4000 Hz Cycle compression 
& Vibration 

This work 

    
Platinum 
(Pt)-PDMS 

200 Hz vibration; 
＜ 2 kHz sound wave 

Crack-based sensor [39] Nature 
2014 

Graphene foam 2 kHz Vibration [20] Adv Mater 
2016 

Aligned CNT-PDMS / Breathing response [40]Nat 
Nanotechnol 
2011 

ZnO nanowire/PDMS 2 Hz  [41]Adv Mater 
2011 

Graphene-rubber composite 160 Hz Vibration [21]ACS Nano 
2014 

Graphene /PEI foam 0.167 Hz Cycle compression [25]ACS Nano 
2015 

Graphene woven microfabrics 100 Hz Acoustic vibration [13]ACS Nano 
2015 

Microcracked graphite -
elastomer 

99 Hz Sound wave  [42]ACS AMI 
2016 

AuNW/PANI-rubber 1 Hz  [43]ACS AMI 
2015  

Hierarchical graphene foam 0.4 Hz Cycle compression [14]Nanoscale 
2013 

CNF/PU nanocomposite 0.0125 Hz Cycle tension [44]Carbon 
2015 
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Video S1. One hybrid aerogel with good fire-resistance. 

Video S2. The press to the aerogel sensors and corresponding current signals. 

 
 

 
 

Figure S1. (a) SEM and (b) TEM images of the as-prepared GO layers. Images of the (c) GO, (d) 
GO/lignin, (e) GO/PDA, and (f) GO/PVA mixed dispersion, (g) flexible lignin crosslinked 
microhoneycomb GO aerogels, (d) TGA curves of the GO/lignin aerogels with different GO/lignin 
ratios. A thermogravimetric analyzer (TGA, TA Instrument Q500) was employed to study the mass 
change.  
  



  

33 

 

 

Figure S2. (a) TGA curves of the GO/lignin aerogels with different GO/lignin ratios, showing 

the mass change during the annealing process. A thermogravimetric analyzer (TGA, TA Instrument 

Q500) was employed to study the mass change.  (b) XRD patterns and (c) Raman spectra of the 

as-prepared carbon-based aerogels 
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Figure S3. Microstructure of the (a) LDC crosslinked graphene-based aerogel sensors, (c) LDC 
aerogels, and (d) graphene aerogels without crosslink. 
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Figure S4. The fire-resistance of the crosslinked graphene aerogel sensors. 

 

  
Figure S5. Optical images showing the reversible compressions of the crosslinked graphene-based 
aerogels with a strain of 80%. 
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Figure S6. Irreversible compression of pure LDC aerogels at a strain beyond 70%. 
 

 

 
 

 

Figure S7. Strains change of the sensors for the test of small deformations. 
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Table S1. Comparison of sensistivity of the crosslinked graphene baed sensors with previously 

reported carbon based pressure sensors. 

Sensor Sensitivity 
(kPa-1) 

Density 
(mg/cm3) 

Reference 

Crosslinked graphene micro 
honeycomb aerogel 

10.2 3.5  This work 

Carbon/graphene lamellar 1.17 11 [1] Adv Mater 2021 
Carbon 0.057  [2] Adv Mater 2019 
Carbon 0.43  [3] Adv Mater 2016 
Graphene 15.2  [4] Adv Mater 2014 
SWCNTs@PDMS 1.8  [5] Adv Mater 2014 
RGO@PU 0.26  [6] Adv Mater 2013 
CNTs/GO@PDMS 0.13  [7] Adv Funct Mater 2018 
CNTS/RGO-CNF 11.82  [8] J Mater Chem A 2018 
RGO/MXene 4.05  [9] ACS Nano 2018 
RGO@PI 0.18  [10] ACS Nano 2015 
Graphene/CNTs 0.19  [11] Nanoscale 2015 
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