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A B S T R A C T   

Magnetic aerogels have attracted many practical applications in recent years, which requisites a comprehensive 
understanding on basic mechanics of this hybrid composite system. In this paper, the microscopic deformation 
mechanism and strain variation (εΔ) of such a hybrid material under external magnetic field (Ef) is systematically 
studied by the coarse-grained molecular dynamics simulation method. The major factors like layer thickness, 
magnitude of external magnetic field and crosslinks effects are mainly considered. The recovery behavior is also 
studied under cyclic Ef. Interestingly, the εΔ of such a hybrid material is much affected by the graphene sheet 
thickness, magnitude of applied Ef and crosslinks, due to their direct influences on the microstructural evolution. 
The εΔ of non-bonded hybrid composite with single layer thick graphene sheet (εΔ⁓0.19) is four times higher 
relative to eight layers thick system (εΔ⁓0.045). With the increase of graphene sheet thickness, the micro-
structural evolution of nanoparticles will change from wrapping of single layer sheets around them to flow and 
jump from one thick sheet to other. We also found the critical value of Ef, i.e., 200 nN for single layer thick 
graphene sheet hybrid systems beyond which the εΔ tend to decrease, however, εΔ for eight layers system 
continue to increase as a function of Ef magnitude. The addition of crosslinks remarkably enhances the εΔ 
(⁓0.74) and recovery (⁓90%) of hybrid composite system. The bonded nanoparticles initiate the folding and 
unfolding mechanism of graphene sheets during cyclic Ef. The results clarify the micro mechanism and basic 
mechanics of magnetic aerogels that will be helpful to the design the future devices and advanced sensors.   

1. Introduction 

Three dimensional graphene foam has proved to be as an exceptional 
material based upon distinctive properties of having super elasticity 
(Wang et al., 2019a), ultralow density (Samad et al., 2015), adequate 
conductivity (Chen et al., 2014), high surface area (Xu et al., 2019) and 
most importantly the higher tendency of accommodating other mate-
rials (as fillers) within their matrix which make them applicable to 
diverse potential fields like strain sensors, super capacitor electrodes, 
and shock damping (Shah et al., 2021; Pierre and Pajonk, 2002; Suktha 
et al., 2019). 

The inclusion of magnetic materials in aerogels leads to advanced 
composite material termed as magnetic aerogel (Shah et al., 2021). The 

magnetic nanoparticles inclusion can be achieved through dispersion, 
coating and growth in solutions followed by the various drying steps like 
pressure or freeze drying opted based upon desired applications (Shah 
et al., 2021). These magnetic aerogels owing responsive and active 
nanoparticles have attracted significant attention because of extraordi-
nary electronic, catalytic, optical and magnetic properties. (Kharissova 
et al., 2015; Casula, et al., 2001; Casu et al., 2007). Sang-Heon Lee et al. 
(2014) reported the novel 3D network of graphene-ferromagnetic 
hybrid composite for fast magneto shape memory alloy applications 
having significant mechanical and thermal stability. Shoupu Zhu et al. 
(2020) anchored the magnetic iron oxide nanoparticles into graphene 
foam matrix for high performance electromagnetic interference shield-
ing applications. Sudong Yang et al. (2014) also reported the magnetic 
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aerogel for efficient oil and various organic solvent adsorption. 
Furthermore, he also achieved the magnetic driven oil-water separation 
with greater selectivity of oil. Lee Huang et al. (2015) incorporated the 
Pd nanoparticles into graphene foam matrix for the synthesis of efficient 
magnetic and hydrogen detection sensor. Xiang Xu et al. (2015a) re-
ported 3D graphene aerogel decorated with Fe3O4 nanoparticles for 
magnetic field sensing applications, capable of 52% reversible magnetic 
field induced strain. M. Husnain Zaib et al. (Zeb et al., 2019) fabricated 
the graphene foam/metal sulphide nanocrystals device that elevated the 
magnetoresistance up to 130% at room temperature against 5T induced 
magnetic field strength as a results of the induced nanocrystals. Can Liu 
et al. (2015) synthesized the magnetic aerogel (Fe3O4/Graphene Foam) 
for oil-water separation application. 

Magnetic aerogels have become the advanced multifunctional 
emerging materials based upon its diversified applications. However, 
they are still in embryonic stage and many challenges need to be 
addressed. The thorough comprehension of magnetic aerogel mechanics 
is linked to the conception of particles arrangements, movement and 
particle–sheets interaction under applied magnetic field, that will lead 
to the further improvement in design and performance of magnetic 
aerogels (Li et al., 2020a). Gao wei et al. (Gao and Wang, 2019) 
attempted to investigate the particle size combination on magneto-
mechanical properties of magnetorheological elastomers. The varying 
particle size combination showed negligible effect on magnetic prop-
erties, the highest mechanical properties could be achieved at optimal 
mixture ratio of 1:2 for medium to small particles at fixed mass ratio of 
large size particles. However, the microstructural deformation and basic 
mechanics like particles-sheet interaction, particles movements still 
need to be examined for better understanding of such an auspicious 
composite system. To our best knowledge, no one have specifically re-
ported the numerical model of magnetic aerogels, subjected to magnetic 
or any external field. Nanoparticles and graphene sheet interaction 
under magnetic field in still unclear, which can be key factor to under-
stand basic mechanics of magnetic aerogel systems. 

In this work, CGMD simulations are performed as numerical exper-
iments to orderly investigate the strain variation, recovery behavior and 
the corresponding micro deformation mechanism of particle-filled gra-
phene foam materials under external magnetic field (Ef) applied on 
active nanoparticles only. The particles movements, particles-sheet 
interaction and folding-unfolding of graphene sheets have been clearly 
divulged as a function of graphene sheet thickness, crosslink density and 
applied field magnitude. These results could not only enhance funda-
mental understanding, but also obliging for better design of future 
magnetic aerogels materials. 

2. Numerical model of GrFs contained-NPs 

2.1. Mesoscopic coarse-grained method 

We not only endorse but also extensively applied the Cranford and 
Buehler (2011) proposed coarse-grained model to study the deformation 
mechanisms and mechanical properties of both graphene and pure GrFs 
(Wang et al., 2018a, 2019b; Liu et al., 2018; Pan et al., 2017, 2018; 
Shang et al., 2018). In this model, a single coarse-grained bead repre-
sents the 2.5 × 2.5 nm2 graphene sheet and connection of beads 
equivalent to large piece of graphene layer is achieved through linear 
and angle springs. The potential energy of linear springs among bonded 
beads is described by φP = kP(r− r0)2/2, where kP and r are the spring 
constant and the distance between two bonded beads with an equilib-
rium distance r0 = 2.5 nm, respectively. The equation φφ = kφ(φ− φ0)2/2 
is used to evaluate the potential energy of in-plane springs, where kφ 
denotes the spring constant related to the bending angle φ among three 
beads with a referenced equilibrium angle φ0 = 90◦. The potential en-
ergy of out-of-plane angle springs is denoted by φθ = kθ(θ-θ0)2/2 with a 
spring constant kθ, where θ denotes the bending angle among three 
beads with a referenced equilibrium value θ0 = 180◦. The Lennard-Jones 

potential φ = 4ε((σ/r)12-(σ/r)6), is used for the van der Waals interaction 
between neighbor beads (NPs and/or graphene sheets) with different 
values of ε and σ, where ε, σ and r is the depth of potential well, the 
zero-energy distance and the bead-to-bead distance, respectively. For 
clarity, we distinguished the beads type through subscript, i.e., εn and σn 
for NP beads, εg and σg for graphene sheets beads, εng and σng for beads 
between NPs and graphene sheets. In all our simulations, εp = εng = εg is 
set for simplicity. εg and σg for graphene sheets is obtained based on the 
equivalent energy principle and given in Table S1. 

2.2. Numerical fabrication of GrFs contained-NPs 

The two-step method aligned with experimental approach (Wang 
et al., 2018b) is opted for the creation of our numerical NPs-contained 
GrF model: first, a pure GrF without NPs is assembled by randomly 
distributed 100 square CG sheets (the side length of 50 nm) in a box 
having length, width and height about 178 nm, 180 nm and 170 nm, 
respectively. For section 3.2, i.e., the crosslink density effect, a certain 
amount of crosslinks with respect to existing bonds are also added to 
connect the neighbor sheets into the as-synthesized pure GrF similar to 
the strong physical adhesion or chemical bonds (i.e., chemical groups) in 
practical systems (Chen et al., 2020), and the potential energy of 
crosslinks is stated by the harmonic function φc = kc(r− rc0)2/2 as well as 
that for the linear spring in bonded beads, where kc, rc0 and r is the 
spring constant, the equilibrium and current length of crosslinks, in all 
our simulations, kc = ks and rc0 = r0 = 2.5 nm. In the second step, a 
desired volume fraction of NPs are randomly intercalated into the 
porous structure of the as-synthesized pure GrF, later an equilibrium 
simulation is conducted to attain a stable and well-equilibrated state of 
NPs-contained GrFs, showing total energy fluctuation less than 1% as 
shown in Fig. S1 Our numerical model density range is 180–240 
mg/cm3, which is consistence with the experimentally reported density 
range of 12–280 mg/cm3 (Kang et al., 2020; Shi et al., 2019; Li et al., 
2020b). The relative density of our model is ~8.9% corresponding to the 
porosity of 91.1%. A single sheet in real materials usually comprise of 
1–10 graphene layers (Nieto et al., 2015; Chen et al., 2011; Dienwiebel 
et al., 2004). In our numerical model, we willingly opted the 1,4, and 8 
layered sheets as per requirement, however the detailed study related to 
sheet layers effect in pure graphene foams system can be found in our 
previous work (Wang et al., 2016). 

2.3. Simulation of external magnetic fields 

The direct magnetic field function cannot be used in numerical ex-
periments due to limitation of MD simulation. Therefore, we extract the 
force experienced by nanoparticles under applied magnetic field in 
experimentation through expression (Brown and L.J.J.o.A.P. Flax, 1964) 
F = πR2B2/2μ0(μm/μ0 -1), where B is magnetic field used in experiments, 
R is solenoid radius in nm for our model dimensions and μ0, μm are the 
magnetic permeabilities. The force magnitude generated by experi-
mentally applied uniform magnetic field range i. e 0.1–1.2T is in range 
of ~10–1000 nN (Xu et al., 2015b). Analogous to experiments (Xu et al., 
2015b), the nanoparticles were subjected to uniaxial external force (Ef) 
along non-periodic boundary (y-axis) in numerical experimentation. 
The force range applied on nanoparticles is opted based upon the force 
magnitude generated experimentally. 

The system owes both periodic (x & z-axis) and non-periodic(y-axis) 
boundary conditions. NPT assembly technique is adopted to deal with 
the system at a constant room temperature 300 K and one barometric 
pressure. The lower boundary of the box along y-axis is fixed using fix/ 
wall function to mimic the real scenarios as observed in experiments (Xu 
et al., 2015b). A time step of 1 fs is opted. All the simulations are per-
formed in the large-scale atomic/molecular massively parallel simulator 
(LAMMPS) (Plimpton, 1995). The results are visualized based on the 
Open Visualization Tool (OVITO) (Stukowski, 2010). 

The initial state of the well-equilibrated 3D numerical model of GrFs 
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contain-NPs is depicted in Fig. 1a, in which bonded graphene sheets 
(blue) and bonded/non-bonded NPs (green) with graphene sheets are 
randomly distributed as demonstrated in Fig. 1b. The bonded and non- 
bonded NPs particles are uniformly distributed, well consistent with 

experimental findings. Like experimental results (Xu et al., 2015b; Gu 
and Zhu, 2020; Wang et al., 2020; Zhang et al., 2020; Yuan et al., 2020), 
the NPs are anchored (through coupling agent) and adsorbed on surface 
of graphene sheets. In Fig. 1c, schematic demonstration of induced 

Fig. 1. Numerical model of 3D GrFs contain-NPs. (a) The initial well-equilibrated configuration of GrFs contain-NPs with NPs (green) adsorbed on the graphene 
sheets (blue); (b) crosslinks and nanoparticles distribution in 3D GrFs contain-NPs; graphene sheets-bonded to-graphene sheets, both bonded and non-bonded NPs 
distribution on graphene sheets; (c) Schematic illustration; (I) Experimental study of 3D NPs-contained GrFs under magnetic field (Xu et al., 2015b), (II) Our Nu-
merical model of 3D GrFs contain-NPs subject to external magnetic field (Ef). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 2. The strain variation (εΔ) and microscopic deformation of GrFs contain-NPs system.(a) Strain variation of single, four and eight layers thick GrFs contain-NPs 
system at Ef⁓200 nN relative to time (ns); (b) Stress distribution in single layer thick GrFs contain-NPs system at Ef⁓200 nN; (c) Maximum strain of single and eight 
layer thick GrFs contain-NPs system as function of Ef magnitude. 
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uniaxial external field in our numerical experiments mimicking to 
experimental setup is demonstrated. The simulations of uniaxial 
external field along non-periodic boundary conditions are conducted on 
the numerical model of GrFs contain-NPs to extract the strain-time 
relationship and unveil the microscopic deformation mechanisms. The 
lower boundary wall (y-axis) of 3D GrFs contain-NPs is fixed to generate 
the reaction mechanism like real scenario, otherwise NPs and sheets 
continue to drift uniaxially under applied Ef. 

3. Results and discussions 

3.1. Effect of graphene layers 

Initially similar to our previous work (Khan et al., 2020), we opted 
the 3D GrFs contain-NPs system with volume fraction (Vf) 8% and size 3 
nm of non-bonded NPs, freely adsorbed on the surface of uniformly 
distributed graphene sheets. We specifically expose the non-bonded 
adsorbed NPs to Ef systematically as a function graphene sheets thick-
ness and, Ef magnitude. We evaluated the effect of graphene sheets 
thickness on strain variation of 3D GrFs contain-NPs system, Further-
more, we also investigated the effect of Ef magnitude on micro structural 
deformation and maximum induced strain in 3D GrFs contain-NPs sys-
tem Initially, we studied the strain variation behavior of single, four- and 
eight-layers thick 3D GrFs contain-NPs system at constant external field 
(Ef⁓200 nN) as shown in Fig. 2a. We found that εΔ of single layer thick 
3D GrFs contain-NPs system increases linearly to the maximum value of 
εΔ ⁓18% at 8 ns and eventually become stable, i.e., beyond 8 ns the 
system exhibits negligible strain variation, i.e., ΔεΔ⁓0%. The four 
layers thick system exhibits similar trend to single layer and shows strain 
variation value of εΔ ⁓11%. However, the eight layers thick 3D GrFs 
contain-NPs system shows insignificant εΔ (<2.5%) as highlighted in 
Fig. 2a. Therefore, we deduced that layer’s thickness has significant 
effect on the overall deformation of 3D GrFs contain-NPs systems. The 
interaction of NPs and graphene sheets are much contrasting as a 
function of layer thickness of graphene sheets. We further demonstrated 
the deformation behavior of single layer thick system at Ef⁓200 nN in 
Fig. 2b. We observed the homogeneous collapse of 3D GrFs contain-NPs 

system composed of single layer graphene sheets particularly. The gra-
phene sheets and NPs deform simultaneously and stress is evenly 
distributed throughout the system as shown in Fig. 2b. To further 
elaborate this, we evaluated the maximum strain variation in single 
layer 3D GrFs contain-NPs system as function of Ef magnitude range i.e. 
⁓10–1000 nN as shown in Fig. 2c. The εΔ behavior of 3D GrFs 
contain-NPs system as function of Ef magnitude for single layer 3D GrFs 
contain-NPs system is much contrasting. To further elaborate this point 
precisely, we categorized Ef magnitude in three different ranges, i.e., 
lower (Efl⁓10–200 nN), medium (Efm⁓200–800 nN) and high external 
field (Efh⁓800–1000 nN). The 3D GrFs contain-NPs system composed of 
single layer thick graphene sheets possesses initially increasing trend of 
strain variation at Efl, followed by the decreasing behavior at Efm and Efh, 
the critical Ef value beyond which the εΔ begins to decrease for single 
layer thick system is ⁓200 nN. To further explain the transition of strain 
variation beyond the critical value, we diminished the graphene sheets 
to highlight the NPs distribution in single layer 3D GrFs contain-NPs 
systems as shown in Fig. 2c inset. The NPs remain adsorbed and intact 
with graphene sheets in single layer thick system and homogenous 
collapse of single layer 3D GrFs contain-NPs system is particularly 
observed before critical value. However, we noticed the agglomeration 
of NPs at the lower fixed boundary in single layer 3D GrFs contain-NPs 
systems beyond critical value, i.e., in Efh range. The agglomeration of 
NPs at Efh in single layer 3D GrFs contain-NPs systems occurs due to the 
flow out of NPs laying on surface of graphene sheets near lower 
boundary, when subjected to sudden impact generated by Ef. The 
nanoparticles eventually attract each other to form agglomerates or 
clusters similar to previously reported results (Khan et al., 2020, 2022, 
Khan, 2023). Similarly, the four layers thick system also shows similar 
increasing εΔ behavior up to Efm followed by decreasing behavior at Efh. 
However, the behavior of eight layers thick graphene sheet system is 
much different, as εΔ continuous to increase till Efh with 
non-homogenous collapses agglomeration of NPs shown in Fig. 2c. The 
NPs flow out in the direction of applied Ef leaving behind the graphene 
sheets skeleton even at Efl and Efm, however, this phenomenon is 
exponentially pronounced particularly at Efh (⁓1000 nN). 

The microstructural evolution of single- and eight-layers thick 

Fig. 3. Microstructural evolution of single- and eight-layers thick 3D GrFs contain-NPs system under applied Ef. (a) Single layer thick graphene sheets wrap around 
the NPs; similar to SEM image of wrapped graphene sheets around nano-balls (Wei et al., 2013); (b) Eight layers thick graphene sheets; (I) In plane flow of NPs on the 
surface of graphene sheets that eventually rushed into pores at 9 ns ; (II) Jump of NPs from one sheet (pink) to another (red) under Ef impact and eventually drain out 
into pores, the (I) and (II) is similar to SEM images explaining the flow of NPs across surface of graphene sheets (Jin et al., 2010). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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graphene sheet systems under Ef is elaborated in Fig. 3. We observe the 
phenomenon of wrapping of thin graphene sheets (single layer) around 
NPs (See movie M1). Furthermore, in case of thick graphene sheets 
(eight layers) we observe the movement of NPs on surface of graphene 
sheets and jump of NPs from one (pink) to another (red) graphene sheet 
(See movie M2 and M3) as shown in Fig. 3. It is evident that in-plane 
stiffness of single layer graphene sheets is much less relative to multi 
layered graphene sheets (Kordkheili and Moshrefzadeh-Sani, 2013). So, 
the thin or single layer graphene sheets can easily wrap, deform or twist 
when subjected to external stimuli. Similar wrapping of single layer 
graphene sheets around NPs is observed in our numerical experiments as 
shown in Fig. 3a. This wrapping phenomenon of single layer sheets 
around NPs is perfectly aligned with experimental results (Wang et al., 
2020), that quote the wrapping of nano balls around thin graphene 
sheets as elaborated in Fig. 3a. (Wei et al., 2013). However, it is obvious 
that eight-layer thick graphene sheet owns high in-plane strength and 
stiffness, that eventually resists the bending or deformation of graphene 
sheets, when subjected to Ef. Hence, the negligible bending of thick 
sheets is observed in our numerical experiments. The NPs experiencing 
Ef stimuli initially move on the surface of graphene sheets and then 
eventually migrate out into pores as shown in Fig. 3b-I. Furthermore, we 
also observed the jump of NPs from one sheet to another sheet and 
finally flow out of NPs into the pores as highlighted in Fig. 3(c-II). The 
movement of NPs on graphene sheets is much similar to experimentally 
observed migration phenomenon of Pd NPs on exfoliated graphene 

sheets actuated by thermal gradient as function of time (Jin et al., 2010). 
The deformation behavior of four layers thick 3D GrFs contain-NPs 
system is mostly dominated by bending of sheets followed by migra-
tion of NPs into the pores. It is obvious that 3D GrFs contain-NPs systems 
composed of thin graphene sheets exhibit high εΔ comparative to thick 
graphene sheets systems, which resist the bending and deformation 
when subjected to Ef. These findings can be helpful in design of futuristic 
ultra-sensitive sensors. 

3.2. Effect of crosslinks and recovery behavior of GrFs contain-NPs 

Owing to the effect of layers thickness on deformation of non-bonded 
3D GrFs contain-NPs system under Ef., we particularly opted the single 
layer thick system to further study the effect of crosslinks on deforma-
tion behavior and strain variation of 3D GrFs contain-NPs system. We 
evaluated the two different cases of crosslinks at Ef⁓400 nN and 
Vf⁓3%; (I) Gra-Gra bond, i.e., system having bonds between graphene 
sheets only, (II) NPs-Gra & Gra-Gra bond, i.e., the system having bonds 
both between nanoparticles-graphene sheets and graphene-graphene 
sheets. The εΔ of two cases as function of crosslinks at Ef⁓400 nN is 
depicted in Fig. 4a. We found that εΔ of 3D GrFs contain-NPs system is 
much influenced by the addition of crosslinks. The addition of crosslinks 
between graphene sheets only improved the εΔ to ⁓22.3%. Further-
more, if nanoparticles-graphene sheets and graphene-graphene sheets 
both are bonded, the colossal improvement in εΔ of 3D GrF contain-NPs 

Fig. 4. Strain variation and deformation behavior of 3D GrFs contain-NPs system; (a) Strain variation (εΔ) with respect to time as function of crosslinks in 3D GrFs 
contain-NPs systems; (b) Microstructural deformation of two cases of GrFs contain-NPs at Ef⁓400n; (I) The system with Gra-Gra bond deform up to ⁓22.3%, (II) The 
system with NPs-Gra & Gra-Gra bond deform up to ⁓74.2% respectively; (c) Maximum strain sensitivity as function of Ef magnitudes at varying crosslinks in 3D GrFs 
contain-NPs systems; (d) The strain variation of case (II) GrFs contain-NPs system as function of NPs and graphene bonds density. 
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system is found, i.e., ⁓74.2% at Ef⁓400 nN as shown in Fig. 4a. The 
effect of crosslinks effects on εΔ can further be intricate through 
microstructural evolution. The strain variation and microstructural 
deformation of both cases when subjected to Ef⁓ 400 nN has been 
demonstrated in Fig. 4b. We observed that in case (I) the non-bonded 
adsorbed particles come out of graphene sheets skeleton to agglom-
erate at the fix wall boundary. This effect is more pronounced at Efh 
range that lead to lower εΔ of systems. However, addition of crosslinks 
between nanoparticle-graphene sheets significantly can enhance the εΔ 
and impart homogenous deformation of GrF contain-NPs system as 
shown in Fig. 4b (II). We further evaluated the crosslinks effect on εΔ as 
function of Ef magnitude as shown in Fig. 4c. The case (I) Gra-Gra bond 
depicts similar trend of increase in εΔ of 3D GrFs contain-NPs system 
from Efl to Efm followed by the decreasing behavior beyond Efm up to Efh 
as shown in Fig. 4c, that is attributed to the drainage of adsorbed 
nanoparticles to agglomerate at fix boundary when subjected to high 
magnitude Ef. The case (II) has different trend comparative to case (I). 
The εΔ of case (II) continues to increase with increasing magnitude of Ef 
and eventually attain the magnetic saturation at Efh similar to experi-
mentally reported results (Xu et al., 2015b). The bonded nanoparticles 
with graphene sheets ensure the continual dragging of graphene sheets 
in direction of applied Ef, that eventually causes the increased εΔ of 
overall 3D GrFs contain-NPs system. The graphene sheets are also 
bonded to each other along with nanoparticles-graphene bond, the 
deformation mechanism become more homogenous and essence of 
uniformity in deformation is observed that ultimately increases εΔ value 
as shown in Fig. 4c. We also evaluated the effect of NPs-graphene 
crosslink density effect on strain variation in case (II). We found that 
below 25% crosslink density, the effect in strain variation is relatively 
less, however beyond 25% the strain variation increases exponentially 
with increase in crosslink density up to 75% as highlighted in Fig. 4d. 
This can be realized easily that bonded NPs when experiencing external 
field can effectively deform the system more homogenously comparative 

to non-bonded adsorbed NPs. 
To further investigate the cyclic loading effect, we opted case (II) 

having layer thickness equal to four. We systematically turn on and off 
the applied Ef⁓400 nN for five consecutive cycles and found ⁓90% 
recovery of case (II) as depicted in Fig. 5a. The bonded graphene sheets 
and nanoparticles enables the maximum recovery when Ef is removed. 
However, the case (I) exhibits poor recovery of ⁓30%. The recovery 
behavior of case (II) is much better relative to case (I) where only sheets 
recovers partially leaving behind the agglomerated nanoparticles stick 
to fix boundary. The recovery behavior of case (II) is much similar to 
experimentally reported results as elaborated in Fig. 5b, where magnetic 
aerogel recovers to original height when magnetic field is removed (Xu 
et al., 2015b). 

We further observe the folding of sheets caused by the bonded NPs, 
when subjected to Ef as shown in Fig. 5c. The NPs are bonded to both 
surfaces of graphene sheet as shown in side view of Fig. 5c. When NPs 
experienced the Ef as indicated by red arrows, the four layers graphene 
sheet is enforced to pull in the direction of applied Ef, the eventually 
cause the folding of graphene sheet around fix boundary at 10 ns?as 
shown in Fig. 5c. When Ef is applied, initially bonded NPs dragged the 
graphene sheet to fix boundary and finally graphene sheet folds due to 
continuous force experienced by bonded NPs (See Movie M4). The four 
layer graphene sheet even at 0 ns is slightly crumpled due to lower in- 
plane stiffness which is consistent to previously reported results (Liao 
et al., 2021). We noted that when Ef is removed the four-layer graphene 
sheet unfold gradually retaining the ⁓9.6% residual strain at 10 ns?as 
shown in Fig. 5c (See Movie M5). The unfolding of sheets along with 
bonded nanoparticles causes the recovery of NPs- Gra bond systems to 
maximum values. Hence, the crosslink is vital factor to tune the εΔ and 
recovery feature of magnetic aerogels. The experimental reported re-
sults as depicted in Fig. 5b was also bonded magnetic aerogel (i.e., 
NPs-sheet & graphene) that eventually showed the maximum recovery 
with similar structure similarity (Xu et al., 2015b). In our study the 

Fig. 5. Microstructural deformation of GrFs contain-NPs; (a) Recovery behavior of NPs-Gra & Gra-Gra bonded 3D GrFs contain- NPs at Ef ⁓400 nN for five cyclic 
loadings; (b) Comparison of our numerical experimental results of NPs-Gra & Gra-Gra bonded 3D GrFs contain- NPs system to reported experimental results under 
magnetic field (Xu et al., 2015b); (c) The folding and unfolding of four layer graphene sheet actuated by directional motion of bonded NPs (shown in side view) under 
applied external field (Ef⁓400 nN). 
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variation of temperature and air pressure is countered through NPT 
ensemble. Air may cause a negligible effect on strain variation of mag-
netic aerogels however dust or pollutants or air moisture (fog) may in-
fluence the strain variation of such a heterogeneous system through the 
possible chemical reaction between nanoparticles and pollutants (Li 
et al., 2016). These aspects should be investigated separately. 

4. Conclusions 

In this paper, the strain variation and its microscopic deformation 
mechanism of graphene foam contained nanoparticles materials under 
external magnetic field (Ef) are systematically investigated with coarse- 
grained molecular dynamics simulation method, in which effects of the 
graphene thickness and crosslinks on the strain variation, recovery 
behavior and microstructural evolution are considered. The proposed 
numerical model is in good agreement with the our previously reported 
model and experimental results. 

With the gradual increase of layer thickness from single to eight 
layers, the microstructural evolution process changes from wrapping of 
nanoparticles between single layer to flow and jump of nanoparticles 
from one sheet to another. Furthermore, the strain sensitivity is much 
influenced by the layer thickness. The single layer thick system exhibits 
higher strain variation relative to eight layers thick system. We further 
found the critical values of applied external field magnitude for single 
(Ef⁓200 nN) layer thick system beyond which the strain sensitivity of 
system decreases. However, sensitivity continues to increase with 
increasing Ef magnitude for the eight-layer thick system. 

The addition of crosslinks has significant effect on the strain sensi-
tivity of hybrid composite. With the addition of crosslink, homogenous 
deformation of hybrid composite occurs, yielding improved strain 
sensitivity of the composite. The NPs-Gra & Gra-Gra bond system re-
covers to ⁓90% relative to non-bonded system which recovers to 
maximum ⁓30% respectively. The folding and unfolding mechanism of 
graphene sheet is also observed. The strain sensitivity of hybrid system 
acquiring crosslinks continues to increase with increasing external field 
and eventually attains the magnetic saturation level. However, strain 
sensitivity of non-bonded system finally decreases after critical external 
field value (⁓200 nN). The results in this study should be helpful not 
only to understand the microscopic deformation mechanism of magnetic 
aerogel, but also to the design of advanced functional devices by tuning 
the layer thickness and crosslink variation in nanoparticle-filled foam 
materials. 
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