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1. Process to calculate energy variation  of the water and graphene infinitesimal ∆𝐸

system

The surface tension on solid-vapor, liquid-vapor and solid-liquid phases is dependent on 

temperature1-3. So when the graphene infinitesimal moves with a distance of  on the water ∆𝑥

surface with temperature gradient, the variation of water surface tension, graphene surface 

tension and graphene-water interfacial tension must be considered. Thus the total energy 

variation of the water and graphene infinitesimal system can be written as

 S\* MERGEFORMAT (1)( )H L L L H H
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where the corner marks,  and , on the upper right represent low and high temperature.𝐿 𝐻

In fact, according to our simulations, the temperature of graphene sheet changes very little 

when it moves on the water surface with temperature gradient. Fig. S1(a) depicts the 

temperature of the graphene sheet in two cases, in which symbols represent the temperature in 

the simulations and lines correspond to fitting curves. The stable temperature of the graphene 

sheet is noted as . As can be seen from this figure, after the graphene sheet is in contact with 𝑇𝑔

the water surface, its temperature rises rapidly and then reaches a stable stage (indicated in the 

figure). Fig. S1(b) shows the stable temperature of the graphene sheet at different temperature 

gradients and initial temperatures. It can be seen from this figure that  is closely dependent 𝑇𝑔

on temperature gradient and initial temperature. Hence, we can assume that during the 

movement of the graphene sheet, the temperature change is negligible, that is, the surface 

tension of the graphene sheet and the graphene-water interfacial tension can be considered 

unchanged. Thereby, the expression of  becomes∆𝐸

        S\* MERGEFORMAT (2)( )    H L
L LE xdy

2. Determination of friction coefficient of graphene sheet on water surface

The Green-Kubo (GK) model is used to determine the friction coefficient  between water 𝜆

and solid surface, and has the following expression in terms of the surface lateral force 

autocorrelation function at equilibrium4
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noting  is the contact area,  is the Boltzmann constant,  is the temperature, and  is 𝐴 𝑘𝐵 𝑇 𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙

the lateral force exerted on solid surface by liquid molecules. The factor 1/2 comes from the 

configuration of single-side contact model of the graphene sheet on water surface5. Extensive 

molecular dynamic (MD) simulations are performed to calculate , and the computational 𝜆

model is indicated in Fig. S3(a). Periodic boundary conditions are applied to  and  direction. 𝑥 𝑦

We choose the average of the plateau values as the friction coefficient6. Variation of the friction 

coefficient with temperature under different surface wettability is depicted in Fig. S3(b).

3. Wettability behavior of water droplet on graphene surface

We use 2000 water molecules for MD simulations. The L-J potential is employed to 

determine interactions between water and graphene, and the specific L-J parameters are noted 

in the Section 3 in the article. Firstly, NVT ensemble is performed for water at 300 K for 0.5 

ns, afterwards, NVE ensemble is performed for 0.5 ns to achieve a stable configuration of water 

droplet on the graphene surface, as a result, robust calculations of extracting the contact angle 

are guaranteed. Carbon atoms are fixed during all the simulations. The timestep is 1 fs. With 

temperature being 300 K, =0.0937 kcal/mole and =0.319 nm, the contact angle is , 𝜀𝐶𝑂 𝜎𝐶𝑂 97°

which is consistent with the acceptable range of 7. Fig. S4(a) illustrates the model to 95° ‒ 100°

extract contact angle by fitting the outermost profile of the water droplet. The inset exhibits the 

side view of the water droplet on the graphene surface at equilibrium when the temperature is 

300 K and =0.0937 kcal/mole.𝜀𝐶𝑂

Simulations of water droplet on graphene surface with different  and  are performed, 𝜀𝐶𝑂 𝑇

and variation of contact angle  with temperature  under different  is plotted in Fig. S4(b). 𝜃𝐶 𝑇 𝜀𝐶𝑂

With the increase of ,  has no significant change, meaning that the influence of temperature 𝑇 𝜃𝐶

on the contact angle can be ignored in our analysis. While the effect of  is significant, under 𝜀𝐶𝑂

the same temperature, with the increase of ,  shows a monotonous decrease. For instance, 𝜀𝐶𝑂 𝜃𝐶
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when T is 300 K, with  changing from 0.03 kcal/mole to 0.15 kcal/mole,  changes from 𝜀𝐶𝑂 𝜃𝐶

 to , which corresponds to the variations of surface wettability from super-160.0° 44.9°

hydrophobicity to high hydrophilicity. 

4. Method to define the velocity of graphene sheet

Velocities of graphene sheet are obtained by fitting the theoretical displacement-time 

curves and the stable sections of the simulated displacement-time curves linearly, as shown in 

Fig. S8(a) and Fig. S8(b). The magnitude of the velocity equals to the slope of fitted curve, 

which is indicated in the figure. The detailed method to determine the stable section is 

illustrated as the following: from the first point to the last point, the authors take each point as 

the target point, and select a series of points starting from the target point (the time length of 

these points accounts for 50% of total time length), we call these points point column. Then, 

the authors fit the point column linearly and take the slope and variance as a set of characteristic 

parameters. After all the points are handled in this way, the authors change the time length of 

point column from 50% to 60%, 70%,…, 100%, and the similar way is employed for each 

point. Finally, all the variances of each point column are compared, and the point column with 

the lowest variance is taken as the final point column, which is taken as the stable section of 

the curve.

5. Influence of flexibility of graphene on the driving behavior

The influence of flexibility of graphene sheet on the driving behavior is studied using 

different layers of graphene (the bending stiffness of three-layers graphene is about four times 

than the value of monolayer graphene, which means three-layers graphene has low flexibility), 

and the theoretical and simulated results are plotted in Fig. S9. The stable sections of the 

theoretical curves of single-layer and three-layers graphene have almost the same slopes, which 

are 25.3 and 24.2 m/s, respectively. The slopes of the stable sections of the simulation results 

are 20.4 and 19.1 m/s, respectively, which are also very close. Therefore, we can conclude the 

flexibility of graphene has negligible influence on the driving behavior. The reasons can be 

found in our theory, firstly, we assume the graphene sheet stays on the water surface with one 
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side fully in contact with water. In this case, the solid-liquid interaction will prevent the out-of-

plane deformation, because if this happens, there will be gaps between water and graphene, 

causing the system energy increases. Secondly, the liquid is in static, with no capillary wave 

or other deformation on the surface, Although there is fluctuation, the whole water surface is 

relatively flat. As a result, the graphene sheet is always relatively flat (the area of graphene is 

large enough compared to the local fluctuation of water surface, for example, 7, 9, 11  in 𝑛𝑚2

our simulations) with negligible deformation.
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Fig. S1(a) Simulative temperature of the graphene sheet in two cases with different temperature 
gradients. The contact angle, initial temperature, geometry shape and area of the graphene sheet 

are set as , 340 K, circle and 9 . (b) Stable temperature of the graphene sheet under 97° 𝑛𝑚2

different temperature gradients and initial temperatures. We set the graphene sheet being circle, 

the area being 9  and the contact angle being .𝑛𝑚2 97°

Fig. S2. Variation of the surface tension of water with temperature.



 8 / 14

Fig. S3. The process to calculate friction coefficient  and variation of  with temperature 𝜆 𝜆
under different surface wettability. (a) Estimation of friction coefficient of water film on a 
graphene surface with different contact angles when . The inset shows the MD 𝑇 = 300 𝐾
model. (b) Variation of friction coefficient with temperature under different surface wettability 

represented by , where markers represent MD simulative results, and lines correspond to 𝜃𝐶

fitting results.

Fig. S4. Model to extract contact angle and variation of contact angle with temperature under 
different surface wettability. (a) Model to extract contact angle by fitting the outermost profile 
of the water droplet. The blue circles represent the water droplet boundary and the red line 
corresponds to fitting curve. (b) Variation of contact angle with temperature under different 
surface wettability.
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Fig. S5. Actual motion trajectory of graphene sheet on the water surface with temperature 
gradient on  direction. Random movement exists on the direction perpendicular to the 𝑥
temperature gradient because no gradient exists.

Fig. S6. Velocity fields of water at three time moments when the temperature gradient is -2 

K/nm, initial temperature is 340 K, contact angle is  and the area of the graphene sheet is 160°

9 . (a) corresponds to t=0 ns, (b) corresponds to t=0.09 ns and (c) corresponds to t=0.18 𝑛𝑚2

ns.
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Fig. S7. Theoretical and simulative displacement-time curves of different cases. Lines without 
markers represent theoretical results and dotted lines represent simulative results. (a) The 

displacement-time curves of three kinds of temperature fields (different  and ) when the 𝑝 𝑇0

contact angle is , the area is 9  and the shape is circle. (b) Other three displacement-97° 𝑛𝑚2

time curves of different temperature fields and settings are the same as (a). Setting the 

temperature gradient being -2 K/nm, initial temperature being 340 K, area being 9  and 𝑛𝑚2

geometry shape being circle, the displacement-time curves under five kinds of surface 
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wettability are depicted in (c) and (d). (e) Theoretical and simulative displacement-time curves 

under three area types (7, 9, 11 ). The temperature gradient, initial temperature, contact 𝑛𝑚2

angle and geometry shape are set as -2 K/nm, 340 K,  and circle. (f) Considering the effect 97°

of geometry shape (circle, rectangle and triangle), the displacement-time curves under three 
types of shape are exhibited when the temperature gradient is -2 K/nm, the initial temperature 

is 340 K, the contact angle is  and the area is 9 .97° 𝑛𝑚2

Fig. S8(a) Fitting the theoretical results linearly under three kinds of temperature fields. Lines 
are fitting curves, and the magnitude of the velocity equals to the slope. Setting the contact 

angle being , the area being 9  and the shape being circle. (b) Linearly fitting of the 97° 𝑛𝑚2

stable sections of the simulative results under the same three kinds of temperature fields. 
Annotations in this figure and the settings are the same with (a).

Fig. S9. Theoretical and simulated displacement-time curves of single-layer and three-layers 
graphene.



 12 / 14

Fig. S10. Schematic illustrations of the arrangement of the temperature field in the directional 
actuation and assembly parts. (a) Illustration of the arrangement of the temperature field with 

. (b) Schematic illustration of the arrangement of the assembly temperature field.𝛼 = - 14.4°
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Fig. S11(a) The simulative temperature field with . (b) The simulative  𝛼 = - 14.4°

temperature field with . (c) The simulative temperature field with  𝛼 = - 26.9° 𝛼 = - 59.0°



 14 / 14

Fig. S12. (a) Schematic illustration of the minimum distance  between three graphene 𝐷𝑚𝑖𝑛

sheets. (b) Total energy variation during simulation, the assembly process is indicated in the 
figure.


