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Supplementary information

Figure S1 shows the relative change of the system size with 60 graphene sheets
randomly distributed in rubber matrix during the last stage of relaxation at 300 K. It can
be seen that the change amplitude of the system size is smaller than 0.3%, indicating

the equilibrated state of the simulation system.
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Figure S1. Relative change of the system size with 60 graphene sheets randomly

distributed in rubber matrix



The systems are adjusted to reach the equilibrium state through a sequence of relaxation

that has been described in the first paragraph of Section 3.2. In this study, the simulation

box length extends from 100 A to 113 A~125 A with a final rubber’s density of 0.78 g/

3 3
cm- ~ 1,06 g/M | varying among the simulation systems with different graphene

filling volume fractions, graphene dispersion patterns and interfacial interaction

strengths, which is closed to the actual density of rubber. Besides, all the system

energies reach a stable value with a relative change less than 5% after the equilibration

process as shown in Figure S2. Thus, it can be affirmed that the system has reached an

equilibrium state and the configuration has been fully relaxed.
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Figure S2. Relative change of the system energies with 60 graphene sheets randomly

distributed in rubber matrix



As for the mobility of graphene, it is true that the graphene sheets move relative slow
during the relaxation. However, the displacements of the graphene sheets are not small
at all over the tensile session. Figure S3 (Figure 3 in the manuscript) displays the
movement of the graphene sheets while the system is stretched to the strain of 0.1. It
can be seen that the locations of certain graphene molecules change a lot during the
deformation which leads to the evolution of the conductive network. Considering that
the object of this study is to capture the dynamic and instantaneous strain-resistance
behavior of graphene rubber systems, there is no need to decide whether the systems
reach the equilibrium state during the deformation. Therefore, the stretching process is
continuous without any relaxation or interruption, during which the coordinate

information of graphene sheets is recorded to calculated the system resistance.

(d)e=1.0

Figure S3. Configurations of graphene rubber during tension (vf =759 vol%)



The simulation results depend much on the initial dispersion state of graphene. In this
study, the graphene sheets were generated in the simulation box with random locations
and orientations. The distances between graphene sheets were calculated to decide
whether the configuration was reasonable without any overlap or intersection.
Afterwards, the initial locations of graphene are adjusted to form another two
distribution patterns, i.e., the diagonal distribution and the intermediate distribution.
The strain-resistance behaviors of systems with graphene of the three different initial
dispersion states have been studied in this paper. The results show that the initial
graphene distribution discrepancy can lead to different strain-resistance sensitivity of
the composites due to the different original spacing ratios.

Meanwhile, it should be noted that the specific locations and orientations of graphene
molecules can be different each time they are regenerated in the simulation box, even
for the same kind of graphene distribution pattern. Figure S4 shows the relative change
of the system resistance for four simulation systems, which all contain 60 graphene
sheets with random locations and orientations but are different from each other. It can
be seen that the curves show basically similar increasing trends despite of the difference
in specific values. Therefore, it is believed that the configurations chosen in this paper

are able to represent the responses of the systems with the same type of dispersion.
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Figure S4. Relative change of the system resistance with 60 graphene sheets randomly
distributed in rubber matrix

In this study, the simulation box length was initially set as 100 A, extending to 113



A~125 & after an equilibration sequence. The force field parameters of rubber used in
this study were determined according to the research of Uddin et al.? on a coarse-

grained molecular model of natural rubber, where the molecular dynamics (MD)

3
simulations were conducted in an orthogonal simulation box size of (54.018)° and

showed a good agreement with experimental results in the prediction of macroscopic

responses. Therefore, it is reasonable to believe that the simulation box of

3
(~100 A)° i large enough to reveal the true mechanical response of rubber matrix,

which plays a fundamental role in the simulations of graphene rubber’s strain-resistance
behavior .

In addition, a literature survey on MD simulations of graphene polymer
nanocomposites has been made to decide the proper size of graphene sheet, as listed in
Table S1. It can be concluded that the size of graphene sheets is chosen comparable in
certain dimensions to the simulation box only when the study is aimed at investigating
the properties of multilayer graphene like the work of Li et al. 3 and Alian et al.%, or a
single graphene molecule in the box like the work of Rahman et al.’>. In our study, the
system of graphene rubber was generated as a mixture of rubber chains and numerous
monolayer graphene sheets, similar to the work of Rissanou et al.® and Li et al.”.
Therefore, the size of graphene sheets in the simulations of this study are taken as 27.06

A X 23.43 A, about 1/4 of the box length.



Table S1. A literature survey on MD simulations of graphene polymer nanocomposites

Researcher System System/RVE size | Graphene size
Lietal. 3 Multilayer 9333 A 93.588 A
graphene/epoxy X 9333 A X 93.744 A
X 20.088 A X 19.648 A
Alian et al.4 Multilayer unprovided a) 100 A X 100 A
graphene/polyethylene b)49 A X 51 A
Rahman et al.? Graphene/amorphous 18.6 X 10° A3 211.62 A X 9.84 A
polyethylene 1003 % 106 A3
Rissanou et a.® | Graphene/polyethylene | unprovided a) 19 AX20 A
b)49 A X 51 A
c)84 A X 86 A
Lietal” Graphene/NBR 50 AX50 AX50|226A%X3444

A
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Figure S5. Distribution of deviations in different directions at the initial moment
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Figure S6. Distribution of the relative errors of node voltages at different strains



The atomic configurations were dumped to compute the average distance d between

graphene  sheets during the deformation by the following way:

N
=y O Ik
= X:— X
N(N-1) Ls "' ) x.
Lj=1i#] ,where N is the number of graphene molecules, *i and

13

*J are the centroid coordinates of the ith and the jth graphene sheets, respectively.

The strain-resistance responses of the system were studied in accordance with the

algorithm presented in Scheme S1 (a), where N dump is the number of atom
configurations during the deformation. Based on the Kirchhoff’s current law, the total
current I under an applied voltage can be calculated with the incomplete Cholesky

conjugate gradient method(ICCG). The details of calculating system resistances are

shown in Scheme S1 (b), where Aeentroid is the distance between the centroids of
adjacent graphene sheets, dcuwf f is the upper bound distance of tunneling effects,
N graphene is the number of graphene sheets, Noode is the number of conductive nodes

calculated while assembling the integral conductivity matrix, Iy and 4 are the total

current and the voltage applied in x direction of the system, respectively. According to

the Ohm’s law, the macroscopic electrical resistance of the composites can be evaluated

Vl

as Iy
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Scheme S1. (a) Flowchart to calculate the strain-resistance responses of the system. (b)

Detail on the box to calculate system resistances with grey background.
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