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Abstract 

Mechanically responsive features are essential in devising mechanical sensors capable 

of sensing and differentiating loadings. We present a heterostructure composed of 

bilayer graphene oxides and confined water as a mechanical sensor that enables the 

detection and differentiation of tension, compression, pressure and bending. Guided by 

molecular simulations, we demonstrate that the thermal transport across solid-liquid 

interfaces is sensitive to loading modes owing to the reversible response of hydrogen 

bonding networks between confined water molecules and graphene oxides, and 

quantitatively elucidate the thermal transport mechanism by correlating thermal 

conductance, number and distribution of hydrogen bonds and interfacial energy with 

mechanical loadings. Such structure-enabled mechanical sensor with contrasting 

thermal response to different loading modes is devised to exemplify robustness of 

sensing functions. These results lay a foundation for rational designs of mechanical 

sensors that leverage the thermal response of solid-liquid systems, beyond the current 

strategy relying on electrical properties of sole solids. 
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1. Introduction 

Rational designs of flexible functional devices with the capability of sensing and 

differentiating multiple mechanical loading modes are of fundamental importance for 

the development of next-generation electronic devices,1 such as e-skin2 and humanoids 

robotics3 to track and mimic human intents associated with multiple human modalities 

in human-machine interactions and to record human daily exercises in healthcare 

monitoring and disease diagnosis. To achieve such design, sensor components with 

well-defined functions and structures are usually designed individually, fabricated and 

integrated on various substrates.4 In particular, a careful material selection and/or 

structural integration, ranging from the employment of individual functional material 

elements to the creation of composite materials,5 and from bioinspired structural 

designs to topological optimization designs,6 is required to improve the sensing 

sensitivity and loading mode identification. Typical examples include interlocked 

arrays of nanofibers for highly sensitive strain gauge sensors,7 layered assemblies of 

strain and pressure sensors in skin-like multifunctional sensors,8 and bioinspired crack-

type sensors in enhanced strain measurements.9 The operating efficiency of these 

devices is another critical consideration and usually is based on measurements of the 

electrical resistivity in response to mechanical loading conditions.10 Widespread 

adoption of such mechanism-driven sensors, however, is limited by surrounding 

environments with the coupling of multiple aspects. For example, minimizing the effect 

of temperature is challenging the designs and material selections in mechanical sensors 

because the electrical resistance of sensor materials is sensitive to temperature,11 similar 

to that with mechanical loading. In addition, the reduction of device size that will allow 

increasing numbers of sensing pixels per integrated area will significantly challenge 

thermal management, in particular, in nanosized sensor devices.12       

     

Heterostructures, composed of layered two-dimensional nanomaterials,13-14 have 

a well-established set of mechanical flexibilities15-16 and are emerging as an attractive 

structural platform for flexible mechanical sensors. The programmable pattern design 

to individual layer components17 and the regulatory interlayer distance18 further foster 



3 
 

the exploration of unprecedented properties that are capable of responding to external 

environments and stimuli means, which in turn can be leveraged for sensor and 

functional material designs. For example, recent work shows that heterostructures 

assembled by graphene oxide exhibit ten times higher of mechanical toughness than 

that of natural nacre due to the enhanced interlayer cohesion by surface functional 

groups.19 The direct coordination of heterostructures with polar materials such as 

cellulose nanocrystals facilitates assembly of their nanocomposites with a highly 

ordered morphology and improves the response sensitivity to external environments 

such as humidity sensor.20 These sensors enabled by heterostructures, similar to the 

ones enabled by metals and semiconductors, rely critically on the change in electrical 

resistance and possess limited ability to minimize the effect of temperatures in the use 

for mechanical loading sensing and mode differentiation.  

 

Here, we explore a bilayer graphene-oxide (GO) heterostructure with liquid water 

molecules confined in the interlayer. Guided by the full-scale atomistic modeling and 

dynamics simulations, we present a design strategy of mechanical sensor that is based 

on the unique thermal response to four typical mechanical loading modes including 

tension, compression, pressure and bending. Specifically, we investigate the thermal 

transport across the solid-confined liquid interface of bilayer graphene-oxide 

heterostructure and reveal that its mechanism is closely related to the reversible 

dynamics of hydrogen bonds between graphene oxide-confined water and graphene 

oxide-graphene oxide. Fundamental studies of the correlation between thermal 

conductance of heterostructures and applied mechanical loadings demonstrate a 

contrasting thermal response to mechanical loading modes. Demonstration application 

of such heterostructure enabled mechanical sensor is exemplified to illustrate its sensing 

function and mode identification through the determination of temperature change in 

response to mechanical loadings. The sensing mechanisms of based-on-changes in the 

thermal response of confined liquid water-heterostructure systems from mechanical 

deformations reported here strategically establish a general rationale for designing 

flexible mechanical sensors capable of sensing multiple mechanical loadings with a 
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clear mode differentiation, and offer insights in future functional sensor designs by 

leveraging solid-confined liquid interactions.  

 

2. Computational Modeling and Methodology 

 

2.1.  Atomistic modeling and molecular dynamics simulations. All the molecular 

dynamics computations were carried out with LAMMPS package.21 The time step was 

set as 0.5 fs. The covalently bonded interactions within graphene oxide were modeled 

by OPLS-AA force field22 that proves to reproduce both mechanical23 and thermal 

transport properties24 of graphene oxide. The widely adopted SPC/E model25 was 

utilized to describe the behavior of water molecules. The non-bonded van der Waals 

interactions were modeled by Lennard-Jones potential,22 and the particle-particle-

particle-mesh (PPPM) with a root mean of 0.0001 was applied to evaluate the Coulomb 

interactions between charged atoms. This combined force field to non-bonded 

interactions has proved to generate similar cohesive relations of H-bonds (Figure S1) 

as those reflected by ReaxFF potential.26 The GO-water heterostructure was set 

between hot and cold substrates which are represented by GO layers with the same 

degree of oxidation. The periodic condition was applied in the in-plane direction of 

graphene oxide (x and y-direction) and non-periodic boundary condition was applied in 

the cross-plane direction (z-direction). 

 

The system was first relaxed in the NPT ensemble at a constant temperature of 300 

K maintained by Nose-Hoover method for 1 ns. Next, NVT ensemble was applied to 

further optimize the heterostructure at 300K for another 1 ns. To calculate the thermal 

conductance, the reverse nonequilibrium molecular dynamics was employed, detailed 

as: a constant amount of kinetic energy was added to/subtracted from the hot and the 

cold substrates by rescaling the velocity of atoms in substrates at each time step to 

generate a constant heat flow. To achieve an equal initial temperature difference at the 

heterojunction, ∆𝑇0 = 60 K that is usually employed in simulations,27 the heat flow 

ranging from 0.5 nW to 0.7 nW for different computational systems was applied. This 
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process continued for 4 ns and the thermal conductance was calculated via 𝐺 = 𝑞/Δ𝑇 

from the temperature data obtained during the last 2 ns. The temperature fluctuation in 

upper and lower GO layers in the simulations was reflected by error bars in data plots. 

 

To apply an external tensile or compressive strain, a uniform displacement at a 

strain rate 𝜀𝑥̇ = ± 0.5 ns-1 which can be approximately considered as a quasistatic 

manner was introduced to the system every 1000 time steps by remapping the x 

coordinates of atoms. In particular, consider these pristine graphene-oxide layers whose 

failure strain is around 15%28, 29, the tensile strain of no more than 10% was focused. 

To introduce external pressure to the system, an external yet equal force in z-direction 

was applied to the carbon atoms in the substrate. To apply a bending deformation, non-

periodic boundary condition was applied to replace the periodic one in the x-direction. 

Besides, a neutral plane was assumed to locate in the middle of the centers of masses 

of two GO layers in heterostructures,30 the coordinates of atoms could be predicted by 

continuum mechanics and remapped. In the simulations, the atoms on curved edges 

were fixed and the system was further relaxed for 1 ns before calculations on thermal 

transport. This procedure of applying bending deformation is similar to that of the 

popular targeted molecular mechanics (TMM) method.31 

 

2.2. Calculation of thermal transport by GO-GO H-bonds and GO-W H-bonds. 

The thermal transport could be decoupled by calculating the power exchange in the 

lower graphene oxide with upper graphene oxide as well as water molecules according 

to 𝑞𝐺𝑂−𝐺𝑂 = 0.5(∑ 𝐹𝑖𝑗 ∙ 𝑣𝑗𝑖∈𝑢𝑝𝑝𝑒𝑟𝐺𝑂,𝑗∈𝑙𝑜𝑤𝑒𝑟𝐺𝑂 − ∑ 𝐹𝑗𝑖 ∙ 𝑣𝑖𝑖∈𝑢𝑝𝑝𝑒𝑟𝐺𝑂,𝑗∈𝑙𝑜𝑤𝑒𝑟𝐺𝑂 ) ,32 

where 𝐹𝑖𝑗 denotes the force vector exerted on atom 𝑗 by atom 𝑖 , and 𝑣𝑗  represents 

the velocity vector of atom 𝑗. Similarly,  𝑞𝐺𝑂−𝑊 = 0.5(∑ 𝐹𝑖𝑗 ∙ 𝑣𝑗𝑖∈𝑤𝑎𝑡𝑒𝑟,𝑗∈𝑙𝑜𝑤𝑒𝑟𝐺𝑂 −

∑ 𝐹𝑗𝑖 ∙ 𝑣𝑖𝑖∈𝑤𝑎𝑡𝑒𝑟,𝑗∈𝑙𝑜𝑤𝑒𝑟𝐺𝑂 )  can be obtained. Their contributions to the thermal 

conductance between upper and lower GO layers was further obtained by 𝐺GO−GO =

𝑞GO−GO/Δ𝑇 and 𝐺GO−W = 𝑞GO−W/Δ𝑇. 
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2.3.  Calculation of phonon spectra and hydrogen bonds. The phonon spectra were 

obtained by performing fast Fourier transform on the velocity autocorrelation function 

according to 𝑃𝑆(𝜔) = 1/√2𝜋 ∫ 𝑒−𝑖𝜔𝑡 <𝑣(𝑡)∙𝑣(0)>

<𝑣(0)∙𝑣(0)>
d𝜔

∞

0
 , where 𝜔  is the angular 

frequency and 𝑣(𝑡)  is the  atomic velocity vector at time 𝑡 . The symbol < > 

represents the average over atoms being concerned. 

 

The hydrogen bonds in the system were identified according to two criteria 

associated with the geometry of the donor and acceptor. First, the H⋯O distance should 

not exceed 0.24 nm to encompass the first solvation shell in the radial distribution 

functions and is used for both water−water and water−functional group interactions.33 

Second, the H-O⋯O angle should be less than 30 degrees, which is usually applied to 

identify H-bonds in the systems enabled by GO and water molecules.34 The amount of 

H-bonds in a specific system was obtained by calculating the number of H-bonds in 

100 timeframes in the last 1 ns during the simulations. 

 

3. Results and Discussion 

 

3.1. Thermal conductance of bilayer graphene oxide (GO)-confined water 

heterostructures and its response to mechanical loading. Figure 1a depicts the 

schematic of the graphene oxide (GO)-confined water heterostructure. The dimension 

was 𝑙 =  6.15 nm in length and 𝑤 =  6.39 nm in width, and more details of the 

modeling can be found in the Computational Modeling and Methodology section. 

The two GO layers were decorated with equal numbers of randomly distributed epoxy 

and hydroxyl functional groups.23 This surface functionalization led to two different 

degrees of oxidation 𝑝 (=0.4 and 0.5), which is defined as the ratio of the number of 

functional groups to the number of carbon atoms in a GO layer. Various numbers of 

water molecules are confined between these two GO layers, and is represented by the 

weight ratio, 𝑤𝑡 = 𝑚𝑤𝑎𝑡𝑒𝑟/𝑚𝐺𝑂 , where 𝑚𝑤𝑎𝑡𝑒𝑟  and 𝑚𝐺𝑂  are the mass of water 

molecules and a single graphene oxide layer, respectively, and 𝑤𝑡  usually changes 
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from 0 to 25%. A constant heat flow 𝑞 from the upper GO layer to the lower GO layer 

was applied to study the thermal transport properties of the heterostructure system (see 

Computational Modeling and Methodology section). Figure 1b presents the thermal 

conductance 𝐺 of heterostructures as a function of water content. In the absence of 

confined water, 𝐺  is 10.24 pW/K for the heterostructure with 𝑝 =  0.5, which is 

higher than the conductance 7.71 pW/K of the heterostructure with 𝑝 =  0.4. This 

relative higher 𝐺  with 𝑝 =  0.5 remains when 𝑤𝑡  increases to 25% due to the 

stronger atomic interactions provided by more functional groups at molecular 

junctions.18 As the water content increases, 𝐺  shows an increase until 𝑤𝑡  reaches 

10%, followed by a decrease as the water content continuously increases. Such 

variation is more obvious at a higher 𝑝 (= 0.5) due to more functional groups in GO 

layers, which will potentially benefit the formation of GO-water hydrogen (H)-bonds 

as both donors and acceptors.26 For the heterostructure, two types of H-bonds will be 

formed in the interlayer. One results from the interactions of the functional groups 

between GO layers, referred to as GO-GO H-bonds, as marked in red dash lines in the 

atomic schematics in Figure 1c, and the other governs the coordination between GO 

and confined water molecules, referred to as GO-W H-bonds, marked by the blue dash 

lines in Figure 1c. Further analysis shows that the contribution of van der Waals 

interaction associated with these two types of H-bonds to thermal transport is >90% 

and the effect of electrostatic interaction on thermal transport can be neglected (Figure 

S2). Consequently, the interactions associated with these two H-bonds can be 

considered to serve as two dominant paths of thermal transport across the interface, 

analogical to a circuit model, as illustrated in Figure 1c. By decoupling the heat flow 

(see Computational Modeling and Methodology section), Figure 1d gives the 

contribution of thermal transport along these two corresponding transfer routes, where 

𝐺𝐺𝑂−GO and 𝐺𝐺𝑂−W represent the thermal conductance with the transport path from 

upper GO to lower GO via GO-GO H-bonds and from upper GO to water molecules 

and then to lower GO via GO-W H-bonds, respectively. With the increasing of the 

confined water molecules between GO layers, the equilibrium distance between two 

GO layers increases (Figure S3), weakening firsthand interactions between GO layers, 
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and thus leading to a reduction of GO-GO H-bonds and a lower 𝐺𝐺𝑂−GO, as observed 

in Fig. 1d. By contrast, the interaction between GO and water molecules is enhanced 

through GO-W H-bonds, thus promoting 𝐺𝐺𝑂−𝑊.  

 

Given the stronger ability to form H-bonds in the heterostructure with 𝑝 = 0.5, 

we will take it as a material design platform to exemplify the response of thermal 

transport to external applied mechanical loadings. Four typical mechanical loading 

modes of in-plane tension and compression and out-of-plane pressure and bending will 

be investigated and their realization in atomistic modeling can be found in 

Computational Modeling and Methodology section. Figure 2a presents the effect of in-

plane external tensile loading 𝜀𝑡  on relative thermal conductance (𝐺 − 𝐺0)/𝐺0 , 

where 𝐺0 is the thermal conductance of heterostructures in the absence of mechanical 

loadings. Without water molecules (𝑤𝑡 = 0), 𝐺 increases by ~20% by 10% of 𝜀𝑡. As 

the water content reaches 10%, 𝐺 slightly increases with the tensile strain, and shows 

an enhancement similar to the one at 𝑤𝑡 = 0 at the water content of 25%. Figure 2b 

shows the relationship between 𝐺  and the in-plane compressive strain 𝜀c . Without 

confined water molecules, 𝐺   is approximately independent of 𝜀c . By contrast, at 

𝑤𝑡 =  10% and 25%, the thermal conductance decreases with the increase of 

compressive strain, to approximately 90% of its initial value at 𝜀c of 20%. When a 

cross-plane pressure loading 𝑃 is exerted on the GO layers, the heterostructure shows 

an enhanced thermal conductance 𝐺, as obtained in Figure 2c. As the water content 

increases, the enhancement remains but with a smaller ratio. With a cross-plane bending 

curvature 𝜅  applied to the heterostructure, Figure 2d shows that the thermal 

conductance without water molecules is slightly enhanced. When the water content 

increases to 10%, G increases by 10% at 𝜅 = 0.06/nm; at 𝑤𝑡 = 25%, the increase 

of 𝐺 with bending curvature is significantly suppressed, leading to similar behavior to 

that of GO heterostructures without the confinement of water molecules. 

 

3.2. Mechanism and generalized correlation between thermal conductance and H-

bonds. To understand the underlying mechanism of the thermal response to mechanical 
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loadings, we first examine the atomic vibration features by investigating the phonon 

spectra. Under different mechanical loadings, Figure 3a shows no significant change 

in the phonon spectra of heterostructures, indicating negligible lattice deformation in 

the heterostructures, and thus phonon properties are barely changed.17 This non-change 

of phonon spectra of heterostructures is further confirmed under different loading levels 

with these four loading modes (Figure S4).   

 

   The strength of atomic interactions, as another physical parameter that is usually 

employed to understand the thermal transport at non-bonded molecular junctions,18, 35 

is then extracted and characterized by the interfacial interaction energy 𝐸𝑖𝑛𝑡. Figure 

3b plots the variation of thermal conductance 𝐺  with 𝐸𝑖𝑛𝑡 . When there are no 

confined water molecules, a generalized linear relationship between  𝐺  and 𝐸𝑖𝑛𝑡 , 

independent of mechanical loading magnitude and modes, can be obtained, consistent 

with thermal transport across interfaces of bulk-bulk materials.32, 36 When water 

molecules are introduced to the interlayer, although a higher 𝐸𝑖𝑛𝑡  is obtained, the 

generalized linear relationship with the same slope between 𝐺 and 𝐸𝑖𝑛𝑡 remains with 

a small deviation. This deviation becomes a little large at a high pressure loading and/or 

water content (25%) and is expected to be caused by the breaking of partial GO-GO 

interaction featured by functional groups and enhanced GO-water interactions, where 

the GO-water interactions suppress the thermal transport with Kapitza resistance by the 

contrasting vibration nature of atoms in GO and water.37 Similar results can be obtained 

in heterostructures with 𝑝 = 0.4 (Figure S5). 

 

Since the atomic interaction and interaction energy at non-bonded interfaces are 

essentially associated with H-bonds,32 the variation in the number of GO-GO and GO-

W H-bonds are further investigated, as shown in the five subplots of Figure 3c. As the 

number of the confined water molecules increases, the number of GO-GO H-bonds 

decreases and the number of GO-W H-bonds increases (Figure 3c(i)), consistent with 

the thermal contributions to their corresponding 𝐺𝐺𝑂−GO  and 𝐺𝐺𝑂−W  in Figure 1d. 

With the increasing of in-plane tensile strain 𝜀𝑡 , the number of GO-GO H-bonds 
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increases at 𝑤𝑡 = 0%, but decreases with an increase in GO-W H-bonds at 𝑤𝑡 =10%, 

which echoes with that of 𝐺𝐺𝑂−GO and 𝐺𝐺𝑂−W with 𝜀t in Figure S6a. At an in-plane 

compressive strain 𝜀c, the total number of H-bonds barely changes when there are no 

confined water molecules in the heterostructures (Figure 3c(ii)). On the other hand, at 

the water content of 10%, 𝜀c will lead to an increase in GO-W H-bonds and a decrease 

of GO-GO H-bonds (Figure 3c(iii)), which also agrees with that of 𝐺𝐺𝑂−GO  and 

𝐺𝐺𝑂−W  with 𝜀c  in Figure S6b. By contrast, when an out-of-plane pressure 𝑃  is 

applied (Figure 3c(iv)), the number of both GO-GO and GO-W H-bonds at 𝑤𝑡 = 0 

and 10% will increase, corresponding to the increasing of 𝐺𝐺𝑂−GO  and 𝐺𝐺𝑂−W  in 

Figure S6c. The effect of bending curvature 𝜅 on H-bonds (Figure 3c(v)) indicates 

that larger 𝜅 lead to higher GO-GO and GO-W H-bonds. This increase will be larger 

at a higher 𝑤𝑡, which is also confirmed by the thermal conductance in Figure S6d. 

With 𝑤𝑡 = 25%, similar results of H-bonds under these four loading modes are also 

obtained, as shown in Figure S7, indicating continuous agreement with the results of 

𝐺𝐺𝑂−GO  and 𝐺𝐺𝑂−W  in Figure S6a-d. Figure 3d shows a generalized relationship 

between 𝐺 and the number of H-bonds by considering water content 𝑤𝑡 as well as 

magnitudes and modes of mechanical loadings. A linear variation for both GO-GO and 

GO-W H-bonds is obtained but with a clearly different slope. The larger slope for GO-

GO H-bonds indicates its higher contributions to thermal transport of heterostructures. 

The same generalized relationship is also obtained in the heterostructures with 𝑝 = 0.4 

(Figure S8). 

 

Afterward, to elucidate the role of H-bonds, Figure 4a-e shows the density 

distribution of H-bonds 𝜌HB  in the heterostructures with 10% of water ratio. 

Compared with the loading free condition in the heterostructure in Figure 4a, Figure 4b 

shows that an increase in tensile loading from 2.5% to 10% constrains the out-of-plane 

displacement of GO layers (Figure S9a-b), strengthening the confinement effect of 

water molecules and thus facilitating the formation and in-plane spread of GO-W H-

bonds, yet leading to a slight reduction of GO-GO H-bonds. This distribution can be 

further confirmed from the planar area occupation rate 𝜙 of GO-W and GO-GO H-
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bonds, where 𝜙 is defined as the ratio of the total planar occupation covered by the 

number of GO-W or GO-GO H-bonds to the total interlayer area of the heterostructure. 

The planar occupation of a single hydrogen bond can be estimated via 𝜋𝑟HB
2  (𝑟HB = 

0.24 nm is the cutoff distance of our employed OPLS-AA force field33).  At a 

compressive strain (Figure 4c), the formed GO-W H-bonds spread in the y-direction, 

leading to a larger region of GO-W H-bonds with the destruction of GO-GO H-bonds, 

which can be seen clearly in the plot of 𝜙. Different from the constraint to the out-of-

plane deformation under the tensile loading, the compression loading will promote an 

out-of-plane displacement and prevents the effective contact of GO-GO layers and GO 

layer-water (Figure S9c), which decreases the number of GO-GO H-bonds and also 

impedes the formation of GO-W H-bonds, leading to a smaller thermal conductance, as 

shown in Figure 2b. When an external pressure 𝑃 is applied to the heterostructure, the 

interlay distance between GO layers will decrease (Figure S9d), leading to enhanced 

interactions including enhanced confinement effect of water molecules. Consequently, 

an increase in both GO-GO and GO-W H-bonding density is observed (Figure 4d). 

However, the formation of more GO-GO H-bonds leads to a higher 𝜙 meanwhile the 

𝜙 of GO-W H-bonds remains, which indicates the external pressure does not spread 

the water in planar directions. The increase of both H-bonds becomes more obvious at 

a higher pressure, leading to an enhanced thermal conductance, as shown in Figure 2c. 

When the heterostructure is subjected to a mechanical bending, the interactions among 

water molecules will be weakened because of their interrupted (even discontinuous) 

distributions by bending deformation (Figure S9e), and GO-GO H-bonds will form, 

corresponding to the increased 𝜙 of GO-GO H-bonds (Figure 4e) and thus leading to 

a larger increase in thermal conductance (Figure 2d). As 𝑤𝑡 changes (e.g. 0 and 25%), 

the distribution and occupation rate 𝜙  of H-bonds with mechanical loadings will 

change correspondingly and has also been confirmed along with snapshots in Figure 

S10-13, consistent to the change in 𝐺 (Figure 2). 

 

3.3. Application of mechanical sensor design and demonstrations for multiple 

mechanical loading sensing and mode differentiation. The thermal transport 
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response of GO-water heterostructures to multiple mechanical loadings can be utilized 

as a sensor platform to distinguish mechanical modes that are commonly required in 

sensor design for applications in human-machine interfaces and smart e-skins. As a 

demonstration, a constant heat flow 𝑞  is introduced to generate a temperature 

difference across the interface in the GO-water heterostructure with the water content 

of 10%, as illustrated in Figure 5a. Four typical mechanical loading modes, in-plane 

tension and compression and out-of-plane pressure and bending, are studied. The 

temperature difference between upper and lower graphene oxide layers Δ𝑇  will be 

measured as a parameter characterization for mechanical loading sensing and loading 

mode differentiation. For instance, with a tensile loading to the heterostructure, Figure 

5b shows a continuous decrease of (Δ𝑇 − Δ𝑇0)/Δ𝑇0, where Δ𝑇0 is the temperature 

difference in the absence of mechanical loading. By contrast, if the mechanical loading 

is an in-plane compression, (Δ𝑇 − Δ𝑇0)/Δ𝑇0 shows a continuous increase (Figure 5c). 

The contrasting variation of temperature indicates that the in-plane tension and 

compression modes can be determined from the decreasing and increasing trend of 

temperature, respectively. Besides, the strain range can be as high as 10%, much higher 

than that of conventional strain sensors (usually less than 3%9), and can be used to sense 

a large mechanical strain. By analogy with electrical resistance-based strain sensors, we 

further define the gauge factor of this thermal property-based strain sensor via 𝐺𝐹 =

Δ𝑇−Δ𝑇0

Δ𝑇0
/𝜀, where 𝜀 is the applied in-plane strain, and 𝐺𝐹 is ~1 for both tension and 

compression, which is comparable with that of conventional strain sensors.38-39 It is 

expected that both the gauge factor and sensing range can be enhanced by programming 

the GO layers into meshed or kirigami structures.17 When an out-of-plane pressure or 

bending is applied, Figure 5d and e show a continuous decrease of (Δ𝑇 − Δ𝑇0)/Δ𝑇0 

as the increasing of the pressure and bending curve, respectively, which is similar to 

that at tension. Further, the change rates of temperature difference can be used to 

identify the mechanical mode among tension, pressure and bending. For example, the 

external pressure leads to the fastest drop of temperature while there is the slowest one 

for the tension among these four types of mechanical loading modes. For comparison, 
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we designed a mechanical sensor enabled by heterostructure without water confined 

(i.e. 𝑤𝑡 = 0) and performed the calculations. A similar change of temperature with 

that in the presence of confined water is observed to tensile, compression and bending 

modes, but the temperature remains unchanged to compression loading. This 

independence indicates that the compression loading mode cannot be sensed and results 

from the unchanged number of H-bonds (Figure 3c(iii)) due to the conformal 

attachment between GO layers under compression, which in turn confirms the critical 

role of confined water in the sensor design for mechanical model differentiation. In 

addition, extensive simulations on the sensor enabled by GO-water heterostructure 

under a small initial temperature drop Δ𝑇0  further confirm the robustness and 

sensitivity of sensing and differentiating these mechanical loading modes (Figure S14). 

 

4. Conclusions  

 

To reduce the effects of temperature variations and/or physical couplings associated 

with inputs of electrical power during measurements, mechanically flexible, 

structurally simple but functionally multiple sensors whose sensing mechanism does 

not rely on the electrical response are in the development to achieve comparable 

sensitivity. The structural design of sensors, from the packing and layer integration 

down to the nanoscale control and selection of materials microstructures, could yield 

unique response of underpinned properties to external mechanical loadings and 

environmental stimuli, thereby creating avenues for strategically extending sensor 

designs. We here provide a possibility by constructing a bilayer graphene-oxide 

heterostructure with liquid confined in the interlayer and report its unique thermal 

response to mechanical loading magnitudes and modes. Extensive atomistic modeling 

and comprehensive mechanism analysis elucidate the fundamental principle of solid-

liquid interaction in the confined interlayer spaces associated with dynamically 

reversible hydrogen bonding networks. The application demonstration of such solid-

confined liquid heterostructures based mechanical sensors confirms that the mechanical 

loading sensing and mode differentiation to four typical mechanical modes, tension, 
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compression, pressure and bending can be realized from the measurement of the 

temperature difference in the sensor. The results and findings extend a design solution 

of mechanical sensors from electrical resistance based to thermal transport-based 

responses. The employment of confined liquid and the resultant dynamic interactions 

with solid components in response to external environments and stimuli foster the 

opportunities for designing devices that currently rely on solid materials only. 
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Figure 1.  Thermal conductance of graphene oxide (GO)-confined water 

heterostructures. (a) Atomistic modeling of the graphene oxide (GO)-confined water 

heterostructure with the size of 𝑙 = 6.15 nm and 𝑤 = 6.39 nm. The surface of both 

GO layers that is decorated with epoxy and hydroxyl functional groups reflects the 

oxidation. The heat is transferred from upper graphene oxide layer to the lower one. (b) 

Thermal conductance 𝐺 of the heterostructures with a degree of oxidation 𝑝 =0.4 and 

0.5 as functions of confined water content. (c) Schematic of the hydrogen bonds-

featured interactions between graphene oxide layers (GO-GO) and between graphene 

oxide and water molecules (GO-W) (left) and their correspondence to a circuit model 

consisting of the two heat transfer paths with thermal conductance of 𝐺GO−GO  and 

𝐺GO−W , respectively (right). (d) Variation of 𝐺GO−GO  and 𝐺GO−W  as functions of 

water content in the heterostructure with a degree of oxidation 𝑝 = 0.4 and 0.5. 
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Figure 2. Responses of thermal conductance in graphene oxide (GO)-confined 

water heterostructures to different mechanical loading modes. The thermal 

conductance 𝐺 in the heterostructure with a degree of oxidation p = 0.5 and water 

content of 0, 10% and 25% as functions of (a) in-plane tensile strain 𝜀t, (b) in-plane 

compressive strain 𝜀c , (c) cross-plane pressure 𝑃  and (d) cross-plane bending 

curvature 𝜅. 
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Figure 3. Thermal transport mechanism and correlation with hydrogen bonds. (a) 

Phonon spectra of graphene oxide under mechanical loadings of tension, compression, 

pressure and bending. (b) Thermal conductance 𝐺 versus interfacial interaction 

energy 𝐸int. (c) The number of hydrogen (H)-bonds between graphene oxide (GO-GO 

H-bonds) and graphene oxide and water (GO-W H-bonds) as functions of (i) water 

content, (ii) tensile strain 𝜀t, (iii) compressive strain 𝜀c, (iv) external pressure 𝑃, and 

(v) bending curvature 𝜅. (d) Decoupled contribution of GO-GO H-bonds to thermal 

conductance 𝐺GO−GO and GO-W H-bonds to thermal conductance 𝐺GO−W. 
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Figure 4. Planar distribution and occupation of hydrogen (H)-bonds in the 

interlayer of confined water and graphene oxide. The density 𝜌HB  and planar 

occupation rate 𝜙 of hydrogen bonds in the interlayer of heterostructures with degree 

of oxidation 𝑝 = 0.5 and water weight ratio 𝑤𝑡 = 10% (a) in the absence of loading, 

under (b) tensile strain 𝜀t, (c) compressive strain 𝜀c, (d) external pressure 𝑃, and (e) 

bending curvature 𝜅. The H-bonds formed between graphene oxide layers (GO-GO) 

and between graphene oxide and water molecules (GO-W) are represented by red and 

blue dots, respectively. 
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Figure 5. Design and demonstration application of mechanical sensor enabled by 

graphene oxide-confined water heterostructure. (a) Schematic of mechanical sensor 

design, where a constant heat flow 𝑞 is applied to generate a temperature difference 

𝛥𝑇  between the graphene oxides in the heterostructure. Measurement of relative 

temperature (Δ𝑇 − Δ𝑇0)/𝑇0  with respect to external mechanical loadings of (b) 

tension 𝜀t , (c) compression 𝜀c , (d) pressure 𝑃  and (e) bending curvature 𝜅 . Δ𝑇 

(~60 K) is the temperature difference in the absence of mechanical loading. 
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